
 

 

June 15, 2018 
 
Comments submitted online via: 
https://www.arb.ca.gov/lispub/comm2/bcsubform.php?listname=nat-workinglands-
ws&comm_period=1 
 
Shelby Livingston  
Air Resources Board  
1001 I Street  
Sacramento, CA 95814  
 
RE: California’s Natural and Working Lands Implementation Plan Concept Paper 
 
Dear Ms. Livingston, 
 
 Thank you for the opportunity to comment on the Natural and Working Lands 
Implementation Plan Concept Paper (“NWL Concept Paper”). These comments are submitted on 
behalf of the Center for Biological Diversity (“Center”). The Center appreciates the 
responsiveness of the California Air Resources Board (“CARB”) and California Natural 
Resources Agency (“CNRA”) to some of our concerns regarding the NWL Implementation Plan 
and CALAND model. However, many concerns raised in our comment letters and workshop 
participation remain unaddressed. 
 
 As detailed below, we recommend the following: (1) Allow for adequate public review of 
the NWL Emissions Inventory, CALAND Model, and Draft NWL Implementation Plan and 
2030 Goal; (2) Clarify and provide a sound scientific basis for the 2030 Emissions Reduction 
Goal; (3) Focus on forest management measures that support carbon storage while protecting 
forest ecosystem function and values; (4) Conduct CEQA review for the NWL Implementation 
Plan. 
 
I. Allow For Adequate Public Review of the NWL Emissions Inventory, CALAND Model, 
and Draft NWL Implementation Plan and 2030 Goal 
 
 The current timeline for public release and review of the draft NWL Emissions Inventory, 
CALAND model version 3, and draft NWL Implementation Plan and 2030 Goal does not appear 
to allow for adequate public review and input. The NWL Concept Paper states that the final 2030 
goal for sequestration and emissions will be informed by CARB’s NWL Emission Inventory data 
and the CALAND and COMET-Planner model outputs on expected GHG emissions from 
management activities. In addition, monitoring progress in reducing GHG emissions will be 
based on the CALAND and COMET-Planner tools. Because of the central role of the CALAND 
model and Inventory in informing the NWL Implementation Plan and Goal, public stakeholders 
must be given adequate opportunity to assess and provide input on the Inventory and CALAND 
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model, including technical documentation, inputs and outputs, in advance of the comment period 
for the draft NWL Implementation Plan and Goal.  
 
 At present, the NWL Concept Paper states that CARB will publish a draft updated NWL 
Inventory for public review in “fall 2018.” The timeline for release of Version 3 of the 
CALAND model is unclear. The Concept Paper states that Version 3 will be completed in July 
2018, but there is no indication of when the model, outputs, and technical documentation 
specifying the assumptions, data sources, and inputs are to be released for public review. The 
current timeline does not appear to provide sufficient time for review of the Inventory and 
CALAND model before the draft 2030 goal and NWL Implementation Plan is released, which is 
currently schedule for “summer 2018.”  CARB must also ensure that there is a transparent 
process on how public input will be incorporated into the final NWL 2030 Goal (to be released 
September 2018) and final Implementation Plan (to be released November 2018). 
 
 We are particularly concerned because a year and a half has passed since the public was 
able to see any results from the CALAND model, and those December 2016 results were 
preliminary. LBNL and CARB have still not released the detailed technical documentation 
needed to evaluate the model – or its inputs and assumptions – and whether this tool is adequate 
for fulfilling its intended purpose for informing the selection of management interventions under 
the NWL Implementation Plan. As detailed in our October 2017 comment letter, it does not 
appear that the CALAND model is capable of providing the robust carbon accounting that state 
agencies will be relying on it for – that is, providing robust estimates of GHG emissions 
associated with a set of management measures that will be used to justify recommending, 
funding, and pursuing those strategies. The model is too coarse, its input data too limited, and its 
outputs too broadly aggregated to provide a rational evidentiary basis for pursuing any particular 
management strategy.  
 
II. Clarify and Provide a Sound Scientific Basis for the 2030 Emissions Reduction Goal 
 
 The NWL Concept Paper sets a preliminary goal to reduce GHG emissions “by at least 
15 - 20 MMT CO2e by 2030.”  It is unclear how this number was selected and what baseline 
scenario it will be compared with. As we have previously recommended, we suggest that CARB 
and CNRA build a robust carbon accounting model that informs the reductions that are possible 
based on a comprehensive set of management measures, and derive the 2030 goal from that—not 
set an arbitrary goal, identify a preconceived set of management strategies, and build a model 
with the apparent purpose of making it appear that those strategies will achieve the goal.  
 
III. Focus on Forest Management Measures that Support Carbon Sequestration While 
Protecting Forest Ecosystem Function and Values 
 
 The forest management measures presented in the NWL Concept Paper continue to focus 
on logging and thinning activities and forest bioenergy projects which the scientific literature 
indicates will increase carbon emissions and decrease ecosystem function. We recommend that 
the NWL Implementation Plan instead focus on management activities that support forest carbon 
storage while protecting biodiversity and ecosystem function. 
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 The proposed forest management measures focus on cutting trees and clearing understory 
vegetation as “fuels reduction,” paired with increased forest biomass utilization, which have been 
shown by scientific studies to increase carbon emissions for decades to centuries. Harvest of live 
trees from the forest not only reduces current standing carbon stocks, but also reduces the 
forest’s future rate of carbon sequestration, and its future carbon storage capacity, by removing 
trees that otherwise would have continued to grow and remove CO2 from the atmosphere. 
Numerous studies indicate that thinning forests to reduce fire activity decreases forest carbon 
stocks and results in increased carbon emissions to the atmosphere that can persist for decades. 
Forest biomass utilization for bioenergy is completely unwarranted: forest biomass combustion 
is extremely carbon-intensive and detrimental from a climate and carbon perspective. These 
practices are also harmful to biodiversity and wildlife habitat, air and water quality, public 
health, and forest connectivity. Rather than promoting logging, bioenergy, and further loss of 
carbon from forest ecosystems, forest management should prioritize the opportunities to keep 
forest biomass circulating within forest ecosystems. 
 
 We appreciate the addition of land management measures – land protection and 
reforestation -- that will promote carbon sequestration while protecting ecological function on 
forestlands, as well as less intensive forest management. The importance of these practices was 
highlighted by a recent study by Law et al. (2018) in Oregon forests which found that lengthened 
harvest cycles on private lands and restricting harvest on public lands were the most effective 
management measures for increasing net ecosystem carbon balance, followed by reforestation 
and afforestation.1 In contrast, using forest harvest residue for bioenergy production increased 
cumulative net emissions compared to leaving residues in the forest to slowly decompose.2  We 
recommend that the “less intensive forest management” category include clearly defined 
alternatives for reduced levels of harvest (including understory clearing and logging) with “no 
harvest” alternatives, longer harvest rotations, avoidance of clearcutting on private lands and 
other intensive forms of tree removal, and the retention of larger trees, all of which allow forests 
to accumulate more carbon. In the “understory clearing” category, the Plan should model 
scenarios where all understory biomass is scattered as dead debris. 
 
 The NWL Implementation Plan should also add important forest management measures 
that support forest carbon and ecosystem function, specifically managed wildland fire in which 
land managers make a decision to allow lightning-caused fires to burn in order to enhance 
natural heterogeneity, increase forest health and resilience, and benefit wildlife. Wildfire is a 
natural and necessary component of California’s forest ecosystems, with many critical functions 
for supporting structural heterogeneity, biodiversity, nutrient cycling, and ecosystem resilience. 
Wildfire levels in most forest ecosystems are well below historical levels due to a long history of 
fire suppression, and it is widely recognized that restoring wildfire is important for forest health. 
Studies have demonstrated that “fuels reduction” is unnecessary, expensive, carbon-emitting, and 
is not needed as a precondition to the restoration of mixed-severity fire through managed 
wildland fire and prescribed mixed-severity fire. In short, the restoration of natural fire regimes 

                                                 
1 Law, B.E. et al., Land use strategies to mitigate climate change in carbon dense temperate forests, 115 
PNAS 3663-3668 (2018) 
2 Id. 
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to California’s forests should be a core forest management measure in the NWL Implementation 
Plan. 
 
 Finally, many of the justifications provided for logging and thinning management 
measures are predicated on false premises and not grounded in the scientific literature. 
Statements in the Concept Paper that “disturbances such as severe wildfire… can cause these 
landscapes to emit more carbon dioxide than they store” and that forests need “fuels reduction” 
for health and carbon benefits are inaccurate and misleading. For example, a recent study by 
Berner et al. (2017) highlighted that logging is the highest source of tree mortality in the western 
United States, including California -- much more than fires, beetles, or drought.3 The statement 
that “biomass” can advance statewide objectives for renewable energy is inconsistent with 
evidence that burning woody biomass is more carbon-intensive at the smokestack than coal, and 
emits pollutants harmful to public health. In the “understory clearing” category, the statement 
that removing the forest understory “supports forest health” is not consistent with the scientific 
literature. Likewise, in the “understory clearing” and “partial cut” categories, the claim that these 
practices “enhance net carbon accumulation and reduces the fraction of high-severity wildfire for 
20 years without additional treatment” is not consistent with the scientific literature, and many 
studies indicate that fuel treatment effects last for much less than 20 years. These statements 
should be omitted or corrected. 
 
IV. CEQA Compliance is Required for the NWL Implementation Plan 
 
 There has been no indication thus far that CARB intends to comply with the California 
Environmental Quality Act (“CEQA”) in connection with NWL Implementation Plan. The Plan 
is clearly a discretionary action that will cause (and indeed is intended to cause) both direct and 
reasonably foreseeable indirect changes in the environment. (Pub. Resources Code § 21065.) 
And to the extent any aspect of the Plan will be implemented by CARB or any other agency (or 
used to direct funding to any particular types of projects) in a manner that, as a practical matter, 
commits any agency to a particular course of management action, the Plan is a project that will 
be approved, supported, and/or carried out by public agencies. (Ibid.; see also CEQA Guidelines 
§ 15352.). CEQA compliance is therefore mandatory.  
 
 CEQA compliance will be critical in helping stakeholders, the public, and decision 
makers across state government understand the full implications of the Plan. Management 
interventions under the Implementation Plan could have profound effects not only on climate and 
emissions, but on California’s landscape and environment. Managing natural and working lands 
solely for carbon can cause other impacts, and making programmatic decisions solely on the 
basis of meeting a carbon goal can undermine assessment of alternatives and efforts to mitigate 
environmental damage. In concrete terms, all of the interventions under discussion in the Plan 
(including agriculture, forest management, and bioenergy) have a range of environmental 
consequences far beyond carbon emissions and sequestration. Those consequences must be 
disclosed and considered in evaluating alternatives for possible funding. 
 

                                                 
3 Berner, L.T. et al., Tree mortality from fires, bark beetles, and timber harvest during a hot and dry 
decade in the western United States (2003-2012), 12 Environmental Research Letters 065005 (2017) 
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 Thank you for your consideration of these comments. We look forward to reviewing the 
draft NWL Implementation Plan and 2030 Goal, CALAND technical documentation and 
outputs, and NWL Emissions Inventory. We are submitting pdfs of the cited references with 
these comments. Please contact me if you have any questions or would like to discuss these 
comments. 
 
Sincerely, 
 

 
Shaye Wolf, Ph.D. 
Climate Science Director 
Center for Biological Diversity 
(510) 844-7101 
swolf@biologicaldiversity.org 
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Abstract
High temperatures and severe drought contributed to extensive tree mortality from fires and bark
beetles during the 2000s in parts of the western continental United States. Several states in this
region have greenhouse gas (GHG) emission targets and would benefit from information on the
amount of carbon stored in tree biomass killed by disturbance. We quantified mean annual tree
mortality from fires, bark beetles, and timber harvest from 2003–2012 for each state in this
region. We estimated tree mortality from fires and beetles using tree aboveground carbon (AGC)
stock and disturbance data sets derived largely from remote sensing. We quantified tree mortality
from harvest using data from US Forest Service reports. In both cases, we used Monte Carlo
analyses to track uncertainty associated with parameter error and temporal variability. Regional
tree mortality from harvest, beetles, and fires (MORTHþBþF) together averaged 45.8 ± 16.0 Tg
AGC yr�1 (±95% confidence interval), indicating a mortality rate of 1.10 ± 0.38% yr�1. Harvest
accounted for the largest percentage of MORTHþBþF (∼50%), followed by beetles (∼32%), and
fires (∼18%). Tree mortality from harvest was concentrated in Washington and Oregon, where
harvest accounted for ∼80% of MORTHþBþF in each state. Tree mortality from beetles occurred
widely at low levels across the region, yet beetles had pronounced impacts in Colorado and
Montana, where they accounted for ∼80% of MORTHþBþF. Tree mortality from fires was highest
in California, though fires accounted for the largest percentage of MORTHþBþF in Arizona and
New Mexico (∼50%). Drought and human activities shaped regional variation in tree mortality,
highlighting opportunities and challenges to managing GHG emissions from forests. Rising
temperatures and greater risk of drought will likely increase tree mortality from fires and bark
beetles during coming decades in this region. Thus, sustained monitoring and mapping of tree
mortality is necessary to inform forest and GHG management.
1. Introduction

Forests help regulate Earth’s climate in part by
sequestering carbon from the atmosphere (Bonan
2008, Pan et al 2011a, Anderson-Teixeira et al 2012),
yet tree mortality from disturbance accelerates carbon
transfer from these ecosystems back to the atmosphere
(Kurz et al 2008, Baccini et al 2012, Brinck et al 2017).
© 2017 The Author(s). Published by IOP Publishing Ltd
Forests globally store a similar amount of carbon as the
atmosphere (Pan et al 2011a, Houghton 2013), with
much of the carbon (∼42%) held in the biomass of
living trees (Pan et al 2011a). Disturbances such as
forest fires, insect outbreaks, and timber harvest can
kill trees over large areas each year (Goetz et al 2012,
Meddens et al 2012, Kautz et al 2016, Williams et al
2016) and thus contribute to increased regional

mailto:logan.berner@nau.edu
https://doi.org/10.1088/1748-9326/aa6f94
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/aa6f94&domain=pdf&date_stamp=2017-6-8
https://doi.org/10.1088/1748-9326/aa6f94
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carbon emissions as tree biomass subsequently
decomposes or is rendered into wood products that
have finite longevity (Harmon et al 1990, Harmon et al
2011, Ghimire et al 2015). Carbon emissions from
forest disturbance can challenge efforts to meet
greenhouse gas (GHG) emission targets (Gonzalez
et al 2015), but are also highly uncertain in many parts
of the world (Pacala et al 2010). Both the growing
global demand for wood products (FAO 2017) and the
increase in forest disturbance due to ongoing climatic
change (Allen et al 2010, Williams et al 2012, Kautz
et al 2016) underscore the need to better understand
carbon implications of tree mortality from distur-
bance.

Forest disturbance by fires and insects increased
during recent decades in the western contiguous
United States as the regional climate became warmer
and more arid (Westerling et al 2006, Williams et al
2012, Dennison et al 2014, Hicke et al 2015,
Abatzoglou and Williams 2016). Regional mean
annual air temperature increased 0.8 °C–1.1 °C from
1895 to 2011, with most of the warming having
occurred in recent decades (Mote et al 2014, Walsh
et al 2014). Higher temperatures contributed to higher
atmospheric vapor pressure deficits (Abatzoglou and
Williams 2016), reduced mountain snowpack (Mote
et al 2005), and more frequent and severe drought
(McCabe et al 2004, Diffenbaugh et al 2015). For
instance, the western US recently experienced its most
severe drought (2000–2004) in the past 800 years
(Schwalm et al 2012), with hot and dry conditions
then prevailing through the 2000s (Diffenbaugh et al
2015, Abatzoglou and Williams 2016). These con-
ditions contributed to extensive forest disturbance by
fires and bark beetles relative to recent decades
(Williams et al 2012, Creeden et al 2014, Abatzoglou
and Williams 2016). High temperatures and drought
increase regional forest fire occurrence (Littell et al
2016) and the likelihood of post-fire tree mortality (i.e.
increased fire severity; van Mantgem et al 2013), while
also increasing beetle populations and the vulnerabili-
ty of drought-stricken trees to beetle attack (Raffa et al
2008, Creeden et al 2014, Hart et al 2014). Projections
indicate that regional temperatures could rise another
∼3.8 °C–5.5 °C by the end of the 21st century and that
much of the region, particularly the Southwest, could
become increasingly arid and prone to drought under
a high GHG scenario (RCP 8.5; Kunkel et al 2013,
Walsh et al 2014, Cook et al 2015). These changes in
regional climate could further accelerate tree mortality
(Adams et al 2009, Allen et al 2015) and increase
carbon emissions from forest ecosystems (Spracklen
et al 2009, Jiang et al 2013, McDowell et al 2015).

Several states in the western US have GHG
reduction targets (e.g. Oregon, California) and would
thus benefit from information on the magnitude and
primary causes of recent tree mortality. Prior studies
have shown that fires, bark beetles, and timber harvest
2

are important causes of tree mortality in this region
(Masek et al 2011, Meddens et al 2012, Hicke et al
2015). In this study, we asked ‘What was the
magnitude and relative contribution of mean annual
tree mortality from fires, bark beetles, and timber
harvest from 2003–2012 both regionally and among
the 11 western states?’ Tree mortality can be quantified
over large areas in terms of carbon using remote
sensing estimates of tree aboveground biomass (AGB)
together with information on the carbon content of
AGB, as well as disturbance extent and severity
(Baccini et al 2012, Hicke et al 2013). Here we
quantified tree mortality as the amount of carbon
stored in tree AGB (AGC) killed by disturbance (e.g.
Mg AGC ha yr−1 or Tg AGC state yr−1). Specifically, we
developed spatially explicit estimates of annual tree
mortality from fires and bark beetles across regional
forestland building off of a remote sensing framework
from an earlier study (Hicke et al 2013). In addition to
the remote sensing analysis, we estimatedmean annual
tree mortality from timber harvest for each state using
harvest statistics from the US Forest Service (USFS;
Smith et al 2009, Oswalt et al 2014). The USFS recently
recommended that metrics related to fire and insect
effects be used to track national climate change
impacts (Heath et al 2015), further underscoring the
importance of quantifying the magnitude and regional
variation in tree mortality from these types of
disturbance.

2. Methods
2.1. Geospatial data sets and preprocessing
2.1.1. General information
We quantified tree mortality from fires (MORTfire, Mg
AGC ha yr−1) and bark beetles (MORTbeetle, Mg AGC
ha yr−1) from 2003–2012 across 802 575 km² of
forestland located in the western US (figure 1, 31.3°N-
–49.0°N, 102.0°W–124.5°W). Forestlands were includ-
ed if consistently mapped as forest by three separate tree
AGB data sets (described below). We conducted the
analysis on a 1 km resolution grid in an Albers Equal
Areaprojection,with the resolutionchosen tomatch the
bark beetle data set (Meddens et al 2012). We analyzed
and visualized the data using ArcGIS 10 (ESRI,
Redlands, CA) and R statistical software (version 3.2;
R Core Team 2015), along with the R packages raster
(Hijmans and van Etten 2013) and dplyr (Wickham
and Francois 2015). The data preprocessing work flow
described in the following section is illustrated in
figure 2.

2.1.2. Tree carbon stocks
We estimated tree AGC using three tree AGB
geospatial data sets together with information on
the fraction of dry biomass that is carbon (fcarbon). The
tree AGB data sets were produced by spatially
interpolating USFS inventory measurements (FIA)
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Figure 1. Study area extent, state boundaries, and live tree aboveground carbon (AGC) stocks on forestland in the western United
States. Tree AGC stocks reflect conditions during the 2000s and are based on the average of three recent tree aboveground biomass data
sets (Blackard et al 2008, Kellndorfer et al 2012, Wilson et al 2013) together with information on carbon content of dry biomass
(Lamlom and Savidge 2003).
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using satellite and geophysical data sets in conjunction
with machine learning algorithms (Blackard et al 2008,
Kellndorfer et al 2012, Wilson et al 2013). Wilson et al
(2013) provided estimates of tree AGC assuming that
fcarbon was 50%; we converted these estimates back to
tree AGB by multiplying by 2. We acquired each data
set at 250 m spatial resolution, reprojected it to an
Albers Equal Area projection, and then applied a
common mask that identified pixels consistently
classified as forest among all data sets. Next, we
aggregated from 250 m to 1 km resolution by
computing total tree AGB in each 1 km pixel (i.e.
Mg AGB pixel�1).

We quantify tree mortality from 2003–2012 and
required estimates of tree AGB prior to disturbance.
Two of these data sets represented tree AGB circa 2000
(Blackard et al 2008, Kellndorfer et al 2012), whereas
the third depicted tree AGB circa 2003–2008 (Wilson
et al 2013). Therefore we needed to estimate pre-
disturbance tree AGB in pixels that were disturbed
during these six years in the Wilson et al (2013) data
set. We followed an existing approach (Hicke et al
2013) that involved comparing tree AGB in fire and
beetles disturbed pixels against the average tree AGB of
undisturbed pixels from the same forest type
(Ruefenacht et al 2008) and ecoregion (Omernik
1987). If tree AGB in the disturbed pixel was less than
the average tree AGB of undisturbed pixels, then we set
tree AGB in the disturbed pixel to this average, but
otherwise left the disturbed pixel unaltered. After
implementing this correction, we then computed the
average and standard error (SE) of tree AGB for each
3

pixel over the three data sets (AGB, SEAGB). Lastly, we
estimated the average and SE of fcarbon (f carbon ,
SEcarbon) for hardwood (angiosperm, 48.49 ± 0.42%
C, n¼ 8) and softwood (gymnosperm, 50.87 ± 0.63%
C, n ¼ 11) tree species found in this region (Lamlom
and Savidge 2003).

2.1.3. Forest fires
We used annual maps of fire severity from 2003–2012
produced by the Monitoring Trends in Burn Severity
(MTBS) project (Eidenshink et al 2007). These maps
were derived from 30 m resolution Landsat images
acquired before and after fires larger than ∼405 ha in
the western US. Fire severity was mapped using the
differenced Normalized Burn Ratio (dNBR) and then
each pixel was classified as one of five thematic severity
classes. We focused on pixels that burned at low-,
moderate-, or high-severity and excluded those that
were unburned or showed post-fire greening. We
identified fire in forests by generating a 30 m
resolution forest mask based on forestland in either
of two national land cover maps (Homer et al 2007,
Rollins 2009). We then computed the annual fraction
of forest area that burned at each severity (As) in each 1
km pixel over the decade. Lastly, we incorporated field
measurements of the fraction of tree biomass killed at
each severity (ffire). We computed the mean and SE of
ffire (f f ire, SEfire) for forests dominated by hardwood
and softwood tree species based on 116 estimates of
ffire synthesized from 29 field studies conducted in the
western United States (table S1 available at stacks.iop.
org/ERL/12/065005/mmedia, Ghimire et al 2012).

http://stacks.iop.org/ERL/12/065005/mmedia
http://stacks.iop.org/ERL/12/065005/mmedia


Figure 2. Workflow illustrating data sets (solid boxes) and processing steps (dashed boxes) for estimating tree mortality due to bark
beetles and fires from 2003–2012 across the western United States (thick solid box). Data citations, spatial resolutions, and temporal
ranges are shown where applicable.

Environ. Res. Lett. 12 (2017) 065005
2.1.4. Bark beetles
We used annual maps depicting the areal extent of tree
canopy mortality due to 12 bark beetle species that
were produced from aerial surveys, forest inventory
measurements, and high-resolution satellite imagery
(Meddens et al 2012). The USFS National Forest
Health Monitoring program conducts aerial detection
surveys (ADS) that provide a coarse snapshot of insect
and other forest disturbance at a landscape scale
(Johnson and Wittwer 2008). Trained observers
conduct surveys from fixed-wing aircraft that involve
sketch-mapping the extent of areas affected by insect
outbreaks and then visually estimating the number of
dead trees within affected areas. Meddens et al (2012)
used the ADS observations to estimate annual canopy
mortality area due to bark beetles across the western
US from 1997–2010, with estimates then extended
through 2012 (Hicke et al 2015).

Canopy mortality area was estimated at 1 km
resolution based on the number of recently killed trees
and the average canopy area of each tree species. The
4

ADS observations underestimated the number of trees
killed by bark beetles in comparison with field
observations and QuickBird (2.4 m resolution) satel-
lite imagery from Colorado, Idaho, and New Mexico.
This led to the development of adjustment factors for
several forest types based on the ratio of dead trees
mapped from satellite to ADS tree kill counts. These
adjustment factors were then used to modify ADS tree
kill counts, resulting in high and middle (most
realistic) estimates as well as low estimates based on
unaltered ADS numbers (more details in: Meddens
et al 2012, Hicke et al 2015). The data set includes bark
beetle species that cumulatively killed at least 100 000
trees across the domain from 1997–2010. Specifically,
it includes (from greatest to least mortality area)
mountain pine beetle (Dendroctonus ponderosae
Hopkins), piñon ips (Ips confusus (LeConte)),
Douglas-fir beetle (Dendroctonus pseudotsugae Hop-
kins), western balsam bark beetle (Dryocoetes confuses
(Swaine)), and fir engraver (Scolytus ventralis
LeConte), as well as seven additional beetle species
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that killed fewer trees. We masked these data to our
domain and then summed canopy mortality area
across bark beetle species for each 1 km pixel in a given
year (i.e. a voxel) from 2003–2012. We then calculated
annual tree canopy mortality fraction (fbeetle) for each
voxel by dividing canopy mortality area by forest cover
fraction. We incorporated the lower, middle, and
upper estimates of fbeetle into our analysis.
2.2. Tree mortality from bark beetles and fires
We developed spatially explicit estimates of annual
MORTbeetle and MORTfire from 2003–2012 and
quantified uncertainty in these estimates using a
Monte Carlo approach (e.g. Harmon et al 2007,
Gonzalez et al 2015). The Monte Carlo involved
generating 100 realizations of annual tree mortality
in each voxel, where each realization iteratively
varied tree AGC, f carbon, f beetle, and f f ire based on
uncertainty in each term. We assumed that tree AGC
within a pixel only changed due to disturbance (i.e.
no tree growth or recruitment), which potentially
caused us to slightly underestimate tree mortality.
For instance, stand age averaged 97 ± 73 years
(± 1SD) in our study area (Pan et al 2011b). Field
measurements from the Western Cascades (Hudi-
burg et al 2009) and the Rocky Mountains showed
that tree AGC could increase 6%–7% between stands
that are 97 and 106 years old. This simplifying
assumption made it so that cumulative tree mortality
within a pixel could not exceed the initial tree AGC.
For each realization r we first computed tree AGC for
pixel p of year t = 2003 as

AGCr;p;t ¼ ðAGBp;t þ aAGB;r � SEAGB;pÞ
� ðf carbon þ acarbon;r � SEcarbonÞ ð1Þ

where f carbon and SEcarbon varied by forest type and ax
was a random number from a normal distribution
(mean = 0, SD = 1) that differed for each variable with
each realization. The other variables are defined above.
We then calculated MORTbeetle as

MORTbeetle;r;p;t ¼ AGCr;p;t � f̂ beetle;p;t ð2Þ

where f̂ beetle;p;t was an estimate of fbeetle drawn
randomly from a triangular distribution defined
uniquely for each voxel using the low, middle, and
high estimates of fbeetle. Each distribution was fit using
the triangle package in R (Carnell 2016). Next, we
computed MORTfire as

MORTfire;r;p; t ¼ AGCr;p;t�MORTbeetle;r;p; t

� �

�
X
severity
classes

s

½Ap;t ;s �ðf f ire; sþaf ire;s;r
� SEfire;sÞ� ð3Þ
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We then reduced tree AGC stocks at the start of year t
þ 1 to account for mortality in year t, such that

AGCr;p;tþ1 ¼ AGCr;p;t � ðMORTbeetle;r;p;t

þMORTfire;r;p;tÞ ð4Þ

We repeated equations 2–4 annually through 2012 and
then repeated the entire process 100 times.

We then computed the mean and standard
deviation (SD) of these multiple estimates of tree
mortality for each voxel, where the SD represented
uncertainty due to parameter error (e.g. SEAGB, SEfire).
Altogether, this process yielded spatially explicit
estimates of annual tree mortality (and uncertainty)
caused by fires and bark beetles from 2003–2012 across
forestland in the western United States.

Following the geospatial analysis, we estimated
mean annual tree mortality from fires (MORTfire) and
bark beetles (MORTbeetle) for each state from 2003-
–2012 and used a Monte Carlo analysis to propagate
uncertainty in these estimates associated with param-
eter error and temporal variability. As illustrated for
fires (identical for beetles), we first derived 1000
realizations r of annual tree mortality in each state
from t ¼ 2003 to 2012, as per

MORTfire; r;state;t ¼
XN pixels

p¼1
ðMORTfire;p;t

þ ar�SDMORT fire;p;t Þ ð5Þ

and then summarized (mean and SD) each set of
realizations. We used these annual statewide summa-
ries to then repeatedly (Nr ¼ 1000) estimate both the
mean and SE of annual mortality from 2003–2012 for
each state, where each realization randomly varied
annual statewide mortality by its parameter error (i.e.
SD computed above). We again summarized (mean
and SD) each set of realizations for both statistics. This
yielded an estimate of MORTfire for each state and
produced estimates of uncertainty in MORTfire due to
parameter error (i.e. SD of estimates of MORTfire )
and temporal variability (i.e. mean of estimates of SE
of annual mortality).

In the final step, we derived a 95% confidence
interval (CI) around each estimate of MORTfire that
accounted for both parameter error and temporal
variability. This involved repeatedly estimating
MORTfire for each state, where each realization
randomly varied MORTfire by uncertainty associated
with both parameter error and temporal variability.
We then computed the 95% CI (Gonzalez et al 2015)
for each state, as per

95% CI ¼ MORT
97:5
f ire �MORT

2:5
f ire

2
ð6Þ

where MORT
97:5
f ire and MORT

2:5
f ire were the 97.5th and

2.5th percentiles of 1000 realizations of MORTfire.
Overall, this approach yielded estimates of mean
annual tree mortality (±95% CI) due to fires and bark
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beetles from 2003–2012 for each state in the western
US. We present these estimates both in terms of
absolute tree mortality (Tg AGC yr�1) and mortality
rate (i.e. % of statewide AGC in tree biomass killed
each year).
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Figure 3. Regional mean annual tree mortality from fires,
bark beetles, and timber harvest from 2003–2012 on
forestland in the western United States. Tree mortality was
quantified as the amount of aboveground carbon (AGC)
stored in tree biomass killed by disturbance (Tg AGC yr�1).
Tree mortality from bark beetles and fires was derived using
remote sensing, whereas harvest was derived fromUSFS forest
resource assessments (Smith et al 2009, Oswalt et al 2014).
Error bars depict 95% confidence intervals computed with a
Monte Carlo analysis and incorporate temporal variability
and parameter error. We estimated that regional mean annual
tree mortality from fires, beetles, and harvest was 45.8 ± 16.0
Tg AGC yr�1 from 2003–2012, with fires, beetles, and harvest
accounting for 18%, 32%, and 50% of annual mortality,
respectively.
2.3. Tree mortality from timber harvest
We estimated mean annual tree mortality caused by
timber harvest from 2003–2012 for each state
(MORTharvest, Tg AGC yr�1) using timber product
output surveys from several USFS reports along with
information on tree characteristics. We again used a
Monte Carlo analysis to propagate uncertainty in
MORTharvest that was associated with parameter error
and temporal variability. The USFS reported harvest
for each state in terms of mean annual growing stock
volume (GSV, m3 yr�1) removed from c. 2003 to 2007
(Smith et al 2009) and c. 2008 to 2012 (Oswalt et al
2014). Harvest was reported separately for hardwood
and softwood tree species. We calculated mean
annual GSV removed across these two periods for
both species groups in each state (GSV). In each case,
we then estimated MORTharvest from GSV using
information on the ratio of total aboveground tree
volume to GSV(R), wood density (WD, Mg m�3),
and the fraction of dry woody biomass that is carbon
(fcarbon), as per

MORTharvest ¼ GSV � R � WD � f ð7Þ

We repeatedly (Nr ¼ 1000) estimated MORTharvest for
both species groups in each state as part of the Monte
Carlo analysis, which again involved randomly varying
each parameter by its uncertainty (e.g. as shown in
equation (1)). It was not possible to directly compute
the uncertainty (SE) associated with temporal
variability in the amount of GSV annually removed
since annual harvest data were not available for each
state. We therefore assumed that the SE was 4.6% of
GSV based concurrent annual harvest data from
Oregon, which accounted for 35% regional harvest
(Oregon Department of Forestry 2017). We used
estimates of average R (R) that varied for hardwoods
and softwoods, as well as among states in different
USFS regions (Birdsey 1992), assuming in each case
that the SE was 2% of R (Levy et al 2004). We
computed average WD (WD) and its uncertainty
(SEWD) for both species groups in each state by (1)
identifying the four tree species in each group that
accounted for the largest percentages of total tree AGB
on USFS inventory plots surveyed 2003–2012 (Smith
2002) and then (2) summarizing WD measurements
among these species (Miles and Smith 2009). After
repeatedly estimating MORTharvest, we then derived
the average and associated 95% CI from each set of
1000 realizations (e.g. equation (6)). We report
MORTharvest (± 95% CI) for each state both in terms
of absolute mortality (Tg AGC yr�1) and mortality
rate (% yr�1).
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3. Results
3.1. Regional tree mortality from disturbance
Taken together, mean annual tree mortality from
timber harvest, bark beetles, and fires (MORTHþBþF)
was 45.8 ± 16.0 Tg AGC yr�1 from 2003–2012 across
the western US. Regional tree AGC stocks totaled 4.16
± 0.12 Pg, suggesting that the tree mortality rate was
1.10 ± 0.38% yr�1. Timber harvest accounted for the
largest percentage of MORTHþBþF (50%), followed by
bark beetles (32%) and then fires (18%, figure 3,
table S2).

3.2. Tree mortality from fire
Mean annual tree mortality from fires (MORTfire) was
8.2± 6.2 TgAGCyr�1 and themortality rate was 0.20±
0.15%yr�1 from2003–2012 in thewesternUS(figures3,
4(a), 5, table S2). Absolute MORTfire was highest in
northern California, central Idaho, and western
Montana, with these states accounting for 64% of
regionalMORTfire. Forests in Arizona andNewMexico
experienced the highest annual rates of MORTfire

(0.36%–0.57%yr�1), aswell as the highest percentage of
MORTHþBþF caused by fire (51%–55%). Conversely,
forests in Colorado, Oregon, and Washington had
the lowest rates of MORTfire (0.03%–0.08% yr�1)
and the lowest percentage of MORTHþBþF caused by
fire (2%–8%). Fires that occurred in Oregon and
Washington were largely concentrated along the eastern
slopes of the Cascade Range.
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Figure 4. Cumulative tree mortality due to (a) fires and (b) bark beetles from 2003–2012 on forestland in the western United States.
Tree mortality was quantified as the amount of aboveground carbon (AGC) stored in tree biomass killed by disturbance (e.g. Mg AGC
ha�1). Note that (a) tree mortality from fire was concentrated in northern California, central Idaho, and southern Arizona/New
Mexico, whereas (b) tree mortality from bark beetles occurred widely at low levels, but was highest in northern Colorado and western
Montana.

(a)
Disturbance type
Fire
Bark beetle
Harvest

Tr
ee

 m
or

ta
lit

y 
(T

g 
AG

C
 y

r−1
)

2

4

6

8

10

12

OR WA CA ID MT CO WY AZ NM UT NV

(b)

Tr
ee

 m
or

ta
lit

y 
ra

te
 (%

 y
r−1

)

0.5

1.0

1.5

2.0

2.5

OR WA CA ID MT CO WY AZ NM UT NV

Pe
rc

en
ta

ge
 o

f t
re

e 
m

or
ta

lit
y 

(%
)

20

40

60

80

100

OR WA CA ID MT CO WY AZ NM UT NV

(c)

Figure 5. Mean annual tree mortality from fires, bark beetles, and timber harvest on forestland from 2003–2012 for each state in the
western US. Tree mortality was quantified as the amount of aboveground carbon (AGC) stored in tree biomass killed by disturbance.
Mean annual tree mortality is summarized in terms of (a) absolute mortality (Tg AGC yr�1), (b) mortality rate (percentage of
statewide AGC in tree biomass killed per year, % yr�1), and (c) percentage of mortality caused by each type of disturbance (%). Tree
mortality from bark beetles and fires was derived using remote sensing, whereas harvest was derived from USFS forest resource
assessments. Error bars depict 95% confidence intervals that were computed using a Monte Carlo analysis and incorporate temporal
variability and parameter error from all three types of disturbances.
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3.3. Tree mortality from bark beetles
Mean annual tree mortality from bark beetles
(MORTbettle) was 14.6 ± 7.0 Tg AGC yr�1 and the
mortality rate was 0.35 ± 0.17% yr�1 from 2003–2012
in the western US (figures 3, 4(b), 5, table S2).
Absolute MORTbettle was highest in northern Colo-
rado, western Montana, and central Idaho, with these
states accounting for 52% of regional MORTbettle

(table S2). Forests in Colorado and Wyoming had the
highest annual rates of MORTbettle (1.12%–1.22%
yr�1) and the highest percentage of MORTHþBþF

caused by bark beetles (80%–93%). Conversely,
Oregon and Washington had not only two of the
lowest rates of MORTfire, but also two of the lowest
rates of MORTbettle (0.10%–0.20% yr�1).

3.4. Tree mortality from timber harvest
Mean annual tree mortality from timber harvest
(MORTharvest) was 23.0±2.8 Tg AGC yr�1 and the
mortality rate was 0.55±0.07% yr�1 from 2003–2012
in the western US (figures 3, 5, table S2). Timber
harvest in Oregon andWashington accounted for 67%
of regional MORTharvest. These two states had the
highest rates of MORTharvest (0.85%–0.86% yr�1)
and the highest percentage of MORTHþBþF caused by
harvest (76%–83%). Conversely, forest in Colorado,
Utah, and New Mexico had the lowest rates of
MORTharvest (0.04%–0.06% yr−1) and among the
lowest percentage of MORTHþBþF caused by harvest
(3%–10%).
4. Discussion
4.1. Regional tree mortality from disturbance
In this study, we quantified tree mortality caused by
timber harvest, bark beetles, and fire from 2003–2012
across the western US. We found that regional mean
annual tree mortality from timber harvest (∼23 Tg
AGC yr�1) was quite similar in magnitude to the
mortality from fires and bark beetles combined (∼22
Tg AGC yr�1). Regional timber harvest declined about
40% since the 1980s (Oswalt et al 2014), yet harvest
still caused significantly more tree mortality than bark
beetles or fires during the 2000s, a period during which
hot and dry conditions contributed to extensive beetle
and fire activity relative to the last several decades
(Williams et al 2012, Hicke et al 2015, Meddens et al
2015, Abatzoglou and Williams 2016, Cohen et al
2016).

Our regional tree mortality estimates were compa-
rable with several other studies from the western US.
For instance, forest inventories indicated that the
regional tree mortality rate was ∼0.72%–0.92% yr�1

during the 2000s in areas unaffected by harvest or land
clearing (Oswalt et al 2014). By comparison, we
estimated that the tree mortality rate from fires and
bark beetles combined was ∼0.56% yr�1, suggesting
that these disturbances together might have accounted
8

for∼60%–80%of regional treemortality not associated
timber harvest or land clearing. Our estimates of tree
mortality fromfires and bark beetles were also of similar
magnitude to those predicted using the CASA
(Carnegie–Ames–Stanford Approach) carbon cycle
model with fire (Ghimire et al 2012) and beetle
(Ghimire et al 2015) disturbances prescribed using
MTBS and ADS data sets, respectively. Lastly, our
estimates of regional MORTHþBþF in 2003 and 2004
differed by±5% from estimates of tree mortality due to
all forms (undifferentiated) of disturbance that were
derived using a regional sample of Landsat scenes from
1986–2004 (Powell et al 2014). Similarity among these
field, modeling, and remote sensing estimates of
regional tree mortality is encouraging. Together these
comparisons suggest that timber harvest, bark beetles,
and fires were the primary causes of tree mortality from
disturbance during the 2000s in the western US.

Our current estimates of cumulative (2003–2012)
regional tree mortality from fires and bark beetles were
both ∼40% lower than earlier best-estimates reported
by Hicke et al (2013). This downward revision
stemmed from refinements in representation of
tree AGB, more realistic parameterization of tree
mortality from fire, and a routine that tracked
prior tree mortality within each grid cell. Estimating
tree mortality in terms of carbon necessitated accurate
representation of tree AGB; however, estimates of tree
AGB differ among available data sets, particularly at
the pixel scale (figure S1; Huang et al 2015, Neeti and
Kennedy 2016). We therefore chose to incorporate an
ensemble of available data sets (Blackard et al 2008,
Kellndorfer et al 2012, Wilson et al 2013) rather than
rely on a single data set as was done in the prior study
(Hicke et al 2013). This improvement accounted for
∼10% of the reduction in tree mortality between
studies and allowed us to propagate uncertainty in tree
AGB into our estimates of mortality. Our current
analysis also used a regional synthesis of field
measurements (Ghimire et al 2012) to vary tree
mortality fraction by forest type and fire severity rather
than assume complete tree mortality in areas that
burned at moderate or high severity (Hicke et al 2013).
This further reduced our estimates of tree mortality
from fire. Lastly, we found that 39% of the forested
grid cells (1 km2) registered multiple disturbances
during this decade. We therefore implemented a
routine that reduced tree AGB each time a disturbance
occurred, which reduced the amount of tree AGB
killed by subsequent disturbance. These improve-
ments enabled more robust estimation of how much
carbon was stored in trees recently killed by fires and
beetles across the western US.

The carbon in trees killed by disturbance will be
emitted to the atmosphere as dead trees decompose in
the forest and as harvested trees are processed into
wood products with varying efficiency and longevity
(Harmon et al 1990, Harmon et al 2011, Hudiburg
et al 2011). Ignoring pyrogenic emissions, mean
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annual tree mortality from fire and beetles could
together lead to emission of ∼0.8 Tg C yr�1 during the
following decade assuming exponential decay and an
intermediate rate constant (k ¼ 0.04; Harmon et al
1986). Actual decomposition rates will depend on the
interplay among snag fall rate, microclimate, wood
chemistry, tree anatomy, and other factors (Weedon
et al 2009, Harmon et al 2011). Similarly, mean annual
tree mortality from harvest could lead to emission of
around 1.3 Tg C yr�1 during the following decade
assuming that (1) 60% of harvested material went to
fuels, paper, and residues that lasted < 5 years
(Harmon et al 1990) and that (2) the remaining
40% of material went to longer term storage that
remained unchanged during the first decade. In other
words, tree mortality from harvest, bark beetles, and
fires averaged 45.8 ± 16.0 Tg AGC yr�1, yet annual
emissions are potentially closer to 2 Tg C yr�1 during
the first decade following disturbance and will persist
for decades to centuries. By comparison, regional fossil
fuel emissions averaged ∼260 Tg C yr�1 during this
period (US Energy Information Administration 2015).
More accurate assessment of the timing and magni-
tude of carbon emissions requires using robust
ecosystem models and life cycle assessments (e.g.
Hudiburg et al 2011, Ghimire et al 2015).

4.2. Tree mortality from fire
Tree mortality from fire was highest in the Southwest,
with regional variation in mortality associated with
differences in drought severity and human activities.
States with more consistently severe summer drought
tended to have the highest average tree mortality rate
from fires (e.g. Arizona), whereas states that experi-
enced less consistently severe drought tended to have
lower mortality from fires (e.g. Oregon, figures S2, S3).
Hot and dry conditions increase fuel flammability and
fire occurrence among forests in the western US
(Littell et al 2009, Morton et al 2013, Abatzoglou and
Williams 2016). Furthermore, drought-stricken trees
aremore likely to die if a fire does occur (vanMantgem
et al 2013), potentially because of more extensive
xylem cavitation and hydraulic impairment during a
fire (Michaletz et al 2012, van Mantgem et al 2013).

Human activities, including fire ignition and
suppression, also affected regional variation in fire
activity. Human fire ignitions were responsible for
∼32% of the total area burned in the western US from
1992–2012 and were concentrated among the more
densely populated coastal states (Balch et al 2017).
Humans were the primary cause of fire ignitions in
California (Balch et al 2017), where drought-affected
forests experienced the highest tree mortality from fire
of any western state (∼2.6 Tg AGC yr�1). The federal
government recently spent ∼$400 million per year on
fire suppression in California, which accounted for
about half of the federal expenditure on fire
suppression in the western US (Kenward and Raja
2013). Nevertheless, plant mortality from fire averaged
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∼4.3 Tg AGC yr�1 across all of California’s ecosystems
from 2001–2010, which led to an estimated 8% net
reduction in statewide plant AGC and complicated
efforts to reduce GHG emissions (Gonzalez et al
2015).

It is widely perceived in California and other parts
of the region that beetle-killed trees increase subse-
quent risk of fire (Heller 2017), yet recent studies
indicate that beetle outbreaks have not increased burn
area (Hart et al 2015, Meigs et al 2015a) or fire severity
in the region (Bond et al 2009, Meigs et al 2016, Reilly
and Spies 2016). Similarly, we found no association
between statewide tree mortality rates from fires and
beetles (P ¼ 0.88), though lagged effects and the
spatial scale of this comparison could mask potential
interactions.

The MTBS data set provides a valuable record of
fire extent and severity across the nation (Eidenshink
et al 2007), though additional efforts are needed to
better quantify fire severity (Kolden et al 2015). It is
also important to better understand how mortality
differs among co-occurring trees species with different
functional traits (e.g. bark thickness; Pausas 2015).
Projected shifts towards a hotter, drier climate could
potentially increase fire activity in the Southwest
and other dry parts of the region over the coming
century (Spracklen et al 2009, Williams et al 2014),
contributing to increases in tree mortality, cost of
wildfire management, and GHG emissions.

4.3. Tree mortality from bark beetles
Tree mortality from bark beetles was pervasive at low
levels across the region, though was pronounced in the
Rocky Mountains (e.g. Colorado) where beetles
accounted for ∼80% of MORTHþBþF. Mountain pine
beetles were responsible for ∼62% of tree mortality
area (5.37 Mha) caused by bark beetles from
1997–2010 in the western US and largely affected
lodgepole pine (Meddens et al 2012, Hicke et al 2015).
In this region, lodgepole pine occur most extensively
in the Rocky Mountains, where stands were generally
of an age (80–120 years) and stem density (>500 stems
ha�1) that rendered them more susceptible to beetle
attack than lodgepole pine in the coastal states, which
tended to be younger and less widespread (Hicke and
Jenkins 2008). Forests in the Rocky Mountains also
experienced long-term warming that increased beetle
populations by reducing beetle mortality during
winter and accelerating beetle development (Logan
and Powell 2001, Creeden et al 2014). Furthermore,
states with the most severe singe-year summer drought
tended to have the highest average tree mortality rate
from beetles (e.g. Colorado, Wyoming), whereas states
that experienced less acute drought tended to have
lower mortality from beetles (e.g. Oregon, figure S4).
High tree mortality from beetles in the Rocky
Mountains has been linked to acute drought that
weakened tree defense against beetle attack (Creeden
et al 2014, Hart et al 2014) in stands already subject to
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high structural susceptibility and larger beetle pop-
ulations (Logan and Powell 2001, Hicke and Jenkins
2008).

Lower tree mortality from beetles in other parts of
the region could reflect less severe drought (Abatzo-
glou and Redmond 2017), lower stand susceptibility
(Hicke and Jenkins 2008), and different host and
beetle species. Low insect-caused mortality among
wet coastal forests (Meddens et al 2012, Meigs et al
2015b, Reilly and Spies 2016) might be linked to
higher tree species diversity (Waring et al 2006)
limiting host availability and population size of host-
specific beetle species (Anderegg et al 2015). The
coastal forests also tend to be younger than forests in
the Rocky Mountains (Pan et al 2011b) due to more
extensive timber harvest (Masek et al 2011), which
might reduce the likelihood of beetle attack since
beetles tend to prefer large old trees (Raffa et al 2008).
On the other hand, land-use activities that homoge-
nize forest structure and composition can increase
the likelihood of beetle outbreaks (Raffa et al 2008).
Future efforts are needed to reduced uncertainty in
the causes, extent, and severity of bark beetle
outbreaks (Meddens et al 2012, Gartner et al 2015)
given that rising temperatures and local land use
activities could amplify tree mortality from bark
beetles over the coming century in parts of this region
(Hicke et al 2006, Raffa et al 2008).

4.4. Tree mortality from harvest
Tree mortality from timber harvest was highest in
Oregon and Washington and accounted for ∼80% of
MORTHþBþF in these states. Much of the timber
harvest in these states occurs in highly productive
coastal forests, where rates of timber extraction per unit
of forest area are the highest in the country (Masek et al
2011, Law andWaring 2015). These coastal forests were
a net source of carbon to the atmosphere during the
1980s due to high rates of timber harvest, though
declines in harvest following implementation of the
Northwest Forest Plan in 1994 led forests on public
lands to became a net carbon sink during the 2000s
(Turner et al 2011). Forests in Oregon and northern
California currently store ∼3.2 Pg C, yet could
theoretically store ∼5.9 Pg C if stand-replacing
disturbances did not occur on the landscape (Hudiburg
et al 2009). Recent tree mortality from timber harvest
far exceeded tree mortality caused by both bark beetles
and fires in the Pacific Northwest, highlighting that
reductions in timber harvest could help these states
meet GHG emission reduction targets. Continued
warming and drying could reduce the amount of tree
biomass available to be harvested in the Interior West
over the coming century (Williams et al 2012, Jiang et al
2013, Berner et al 2017), yet it is currently unclear how
the net effects of ongoing climate change will affect tree
biomass and resource availability in the Pacific
Northwest (Hudiburg et al 2013, Jiang et al 2013, Kang
et al 2014, McDowell et al 2015).
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5. Conclusions

Timber harvest, bark beetles, and fires were important
causes of tree mortality from 2003–2012 across forests
in the western US. This was a period during which
high temperatures contributed to severe drought
that increased both fire and bark beetle activity
relative to recent decades. Regional tree mortality
from these disturbances together averaged 45.8 ±
16.0 Tg AGC yr�1, with harvest accounting for a
significantly larger percentage (50%) than bark beetles
(32%) or fires (18%). The amount of carbon in tree
aboveground biomass killed each year by these
disturbances was equivalent to ∼18% of concurrent
regional carbon emissions from fossil fuel consump-
tion (US Energy Information Administration 2015).
Tree mortality from timber harvest was concentrated
in the high-biomass forests of the Northwest, where it
accounted for ∼80% of the mortality caused by these
three types of disturbance. Shifts in management
priorities in the Northwest could reduce tree mortality
and subsequent GHG emissions as a means of
mitigating climate change. Bark beetles caused tree
mortality widely across the region, thought mortality
was concentrated in the Rocky Mountains. Tree age
and high stem density in these mountain forests made
them susceptible to beetle attack, while rising air
temperatures increased beetle populations and caused
drought-induced reductions in tree defense against
beetle attack. Lastly, tree mortality from fires peaked in
California, where high temperatures increased fuel
aridity and human activities increased fire ignitions.
Tree mortality from bark beetles and fires will likely
increase in parts of the regions over the coming
decades as anthropogenic GHG emissions drive higher
temperatures and increased risk of drought. Efforts to
manage natural resources and meet GHG emission
targets will all benefit from better understanding of the
magnitude, location, and causes of tree mortality.
Data Availability

Our geospatial estimates of tree mortality from fires
and bark beetles will be publicly archived with Oak
Ridge National Laboratory at the Distributed Active
Archive Center for Biogeochemical Dynamics (https://
daac.ornl.gov/). This data set includes annual esti-
mates of tree mortality and uncertainty from 2003 to
2012 at 1 km spatial resolution for the western US.
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Strategies to mitigate carbon dioxide emissions through forestry
activities have been proposed, but ecosystem process-based in-
tegration of climate change, enhanced CO2, disturbance from fire,
and management actions at regional scales are extremely limited.
Here, we examine the relative merits of afforestation, reforesta-
tion, management changes, and harvest residue bioenergy use in
the Pacific Northwest. This region represents some of the highest
carbon density forests in the world, which can store carbon in
trees for 800 y or more. Oregon’s net ecosystem carbon balance
(NECB) was equivalent to 72% of total emissions in 2011–2015. By
2100, simulations show increased net carbon uptake with little
change in wildfires. Reforestation, afforestation, lengthened har-
vest cycles on private lands, and restricting harvest on public lands
increase NECB 56% by 2100, with the latter two actions contribut-
ing the most. Resultant cobenefits included water availability and
biodiversity, primarily from increased forest area, age, and species
diversity. Converting 127,000 ha of irrigated grass crops to native
forests could decrease irrigation demand by 233 billion m3·y−1.
Utilizing harvest residues for bioenergy production instead of leav-
ing them in forests to decompose increased emissions in the short-
term (50 y), reducing mitigation effectiveness. Increasing forest carbon
on public lands reduced emissions compared with storage in wood
products because the residence time is more than twice that of wood
products. Hence, temperate forests with high carbon densities and
lower vulnerability to mortality have substantial potential for reduc-
ing forest sector emissions. Our analysis framework provides a tem-
plate for assessments in other temperate regions.

forests | carbon balance | greenhouse gas emissions | climate mitigation

Strategies to mitigate carbon dioxide emissions through for-
estry activities have been proposed, but regional assessments

to determine feasibility, timeliness, and effectiveness are limited and
rarely account for the interactive effects of future climate, atmo-
spheric CO2 enrichment, nitrogen deposition, disturbance from
wildfires, and management actions on forest processes. We examine
the net effect of all of these factors and a suite of mitigation strat-
egies at fine resolution (4-km grid). Proven strategies immediately
available to mitigate carbon emissions from forest activities in-
clude the following: (i) reforestation (growing forests where they
recently existed), (ii) afforestation (growing forests where they did
not recently exist), (iii) increasing carbon density of existing for-
ests, and (iv) reducing emissions from deforestation and degra-
dation (1). Other proposed strategies include wood bioenergy
production (2–4), bioenergy combined with carbon capture and
storage (BECCS), and increasing wood product use in build-
ings. However, examples of commercial-scale BECCS are still
scarce, and sustainability of wood sources remains controversial
because of forgone ecosystem carbon storage and low environmental
cobenefits (5, 6). Carbon stored in buildings generally outlives
its usefulness or is replaced within decades (7) rather than the
centuries possible in forests, and the factors influencing prod-
uct substitution have yet to be fully explored (8). Our analysis
of mitigation strategies focuses on the first four strategies, as
well as bioenergy production, utilizing harvest residues only and
without carbon capture and storage.

The appropriateness and effectiveness of mitigation strate-
gies within regions vary depending on the current forest sink,
competition with land-use and watershed protection, and envi-
ronmental conditions affecting forest sustainability and resilience.
Few process-based regional studies have quantified strategies that
could actually be implemented, are low-risk, and do not depend
on developing technologies. Our previous studies focused on re-
gional modeling of the effects of forest thinning on net ecosystem
carbon balance (NECB) and net emissions, as well as improving
modeled drought sensitivity (9, 10), while this study focuses mainly
on strategies to enhance forest carbon.
Our study region is Oregon in the Pacific Northwest, where

coastal and montane forests have high biomass and carbon se-
questration potential. They represent coastal forests from northern
California to southeast Alaska, where trees live 800 y or more and
biomass can exceed that of tropical forests (11) (Fig. S1). The
semiarid ecoregions consist of woodlands that experience frequent
fires (12). Land-use history is a major determinant of forest carbon
balance. Harvest was the dominant cause of tree mortality (2003–
2012) and accounted for fivefold as much mortality as that from fire
and beetles combined (13). Forest land ownership is predominantly
public (64%), and 76% of the biomass harvested is on private lands.

Significance

Regional quantification of feasibility and effectiveness of forest
strategies to mitigate climate change should integrate observa-
tions and mechanistic ecosystem process models with future cli-
mate, CO2, disturbances from fire, and management. Here, we
demonstrate this approach in a high biomass region, and found
that reforestation, afforestation, lengthened harvest cycles on
private lands, and restricting harvest on public lands increased net
ecosystem carbon balance by 56% by 2100, with the latter two
actions contributing the most. Forest sector emissions tracked
with our life cycle assessment model decreased by 17%, partially
meeting emissions reduction goals. Harvest residue bioenergy use
did not reduce short-term emissions. Cobenefits include increased
water availability and biodiversity of forest species. Our improved
analysis framework can be used in other temperate regions.
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Many US states, including Oregon (14), plan to reduce their
greenhouse gas (GHG) emissions in accordance with the Paris
Agreement. We evaluated strategies to address this question: How
much carbon can the region’s forests realistically remove from the
atmosphere in the future, and which forest carbon strategies can
reduce regional emissions by 2025, 2050, and 2100? We propose
an integrated approach that combines observations with models
and a life cycle assessment (LCA) to evaluate current and future
effects of mitigation actions on forest carbon and forest sector
emissions in temperate regions (Fig. 1). We estimated the recent
carbon budget of Oregon’s forests, and simulated the potential to
increase the forest sink and decrease forest sector emissions under
current and future climate conditions. We provide recommenda-
tions for regional assessments of mitigation strategies.

Results
Carbon stocks and fluxes are summarized for the observation
cycles of 2001–2005, 2006–2010, and 2011–2015 (Table 1 and
Tables S1 and S2). In 2011–2015, state-level forest carbon stocks
totaled 3,036 Tg C (3 billion metric tons), with the coastal and
montane ecoregions accounting for 57% of the live tree carbon
(Tables S1 and S2). Net ecosystem production [NEP; net primary
production (NPP) minus heterotrophic respiration (Rh)] aver-
aged 28 teragrams carbon per year (Tg C y−1) over all three
periods. Fire emissions were unusually high at 8.69 million metric
tons carbon dioxide equivalent (tCO2e y−1, i.e., 2.37 Tg C y−1) in
2001–2005 due to the historic Biscuit Fire, but decreased to
3.56 million tCO2e y−1 (0.97 Tg C y−1) in 2011–2015 (Table S4).
Note that 1 million tCO2e equals 3.667 Tg C.
Our LCA showed that in 2001–2005, Oregon’s net wood

product emissions were 32.61 million tCO2e (Table S3), and 3.7-
fold wildfire emissions in the period that included the record fire
year (15) (Fig. 2). In 2011–2015, net wood product emissions were
34.45 million tCO2e and almost 10-fold fire emissions, mostly due
to lower fire emissions. The net wood product emissions are
higher than fire emissions despite carbon benefits of storage in
wood products and substitution for more fossil fuel-intensive
products. Hence, combining fire and net wood product emis-
sions, the forest sector emissions averaged 40 million tCO2e y−1

and accounted for about 39% of total emissions across all sectors
(Fig. 2 and Table S4). NECB was calculated from NEP minus
losses from fire emissions and harvest (Fig. 1). State NECB was
equivalent to 60% and 70% of total emissions for 2001–2005 and
2011–2015, respectively (Fig. 2, Table 1, and Table S4). Fire
emissions were only between 4% and 8% of total emissions from

all sources (2011–2015 and 2001–2004, respectively). Oregon’s for-
ests play a larger role in meeting its GHG targets than US forests
have in meeting the nation’s targets (16, 17).
Historical disturbance regimes were simulated using stand age

and disturbance history from remote sensing products. Comparisons
of Community Land Model (CLM4.5) output with Forest Inventory
and Analysis (FIA) aboveground tree biomass (>6,000 plots) were
within 1 SD of the ecoregion means (Fig. S2). CLM4.5 estimates of
cumulative burn area and emissions from 1990 to 2014 were 14%
and 25% less than observed, respectively. The discrepancy was
mostly due to the model missing an anomalously large fire in 2002
(Fig. S3A). When excluded, modeled versus observed fire emis-
sions were in good agreement (r2 = 0.62; Fig. S3B). A sensitivity
test of a 14% underestimate of burn area did not affect our final
results because predicted emissions would increase almost equally
for business as usual (BAU) management and our scenarios,
resulting in no proportional change in NECB. However, the ratio
of harvest to fire emissions would be lower.
Projections show that under future climate, atmospheric carbon

dioxide, and BAUmanagement, an increase in net carbon uptake due
to CO2 fertilization and climate in the mesic ecoregions far outweighs
losses from fire and drought in the semiarid ecoregions. There was not
an increasing trend in fire. Carbon stocks increased by 2% and 7%
and NEP increased by 12% and 40% by 2050 and 2100, respectively.
We evaluated emission reduction strategies in the forest sector:

protecting existing forest carbon, lengthening harvest cycles, re-
forestation, afforestation, and bioenergy production with product
substitution. The largest potential increase in forest carbon is in the
mesic Coast Range andWest Cascade ecoregions. These forests are
buffered by the ocean, have high soil water-holding capacity, low
risk of wildfire [fire intervals average 260–400 y (18)], long carbon
residence time, and potential for high carbon density. They can
attain biomass up to 520 Mg C ha−1 (12). Although Oregon has
several protected areas, they account for only 9–15% of the total
forest area, so we expect it may be feasible to add carbon-protected
lands with cobenefits of water protection and biodiversity.
Reforestation of recently forested areas include those areas im-

pacted by fire and beetles. Our simulations to 2100 assume regrowth
of the same species and incorporate future fire responses to climate
and cyclical beetle outbreaks [70–80 y (13)]. Reforestation has the
potential to increase stocks by 315 Tg C by 2100, reducing forest sector
net emissions by 5% by 2100 relative to BAU management (Fig. 3).
The East andWest Cascades ecoregions had the highest reforestation
potential, accounting for 90% of the increase (Table S5).
Afforestation of old fields within forest boundaries and non-

food/nonforage grass crops, hereafter referred to as “grass crops,”
had to meet minimum conditions for tree growth, and crop grid
cells had to be partially forested (SI Methods and Table S6). These
crops are not grazed or used for animal feed. Competing land uses
may decrease the actual amount of area that can be afforested.
We calculated the amount of irrigated grass crops (127,000 ha)
that could be converted to forest, assuming success of carbon
offset programs (19). By 2100, afforestation increased stocks by

– FireNPP – Rh – HarvestNECB = 

Fig. 1. Approach to assessing effects of mitigation strategies on forest
carbon and forest sector emissions. NECB is productivity (NPP) minus Rh and
losses from fire and harvest (red arrows). Harvest emissions include those
associated with wood products and bioenergy.

Table 1. Forest carbon budget components used to compute
NECB

Flux, Tg C·y−1 2001–2005 2006–2010 2011–2015 2001–2015

NPP 73.64 7.59 73.57 7.58 73.57 7.58 73.60
Rh 45.67 5.11 45.38 5.07 45.19 5.05 45.41
NEP 27.97 9.15 28.19 9.12 28.39 9.11 28.18
Harvest removals 8.58 0.60 7.77 0.54 8.61 0.6 8.32
Fire emissions 2.37 0.27 1.79 0.2 0.97 0.11 1.71
NECB 17.02 9.17 18.63 9.14 18.81 9.13 18.15

Average annual values for each period, including uncertainty (95%
confidence interval) in Tg C y−1 (multiply by 3.667 to get million tCO2e).
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94 Tg C and cumulative NECB by 14 Tg C, and afforestation
reduced forest sector GHG emissions by 1.3–1.4% in 2025, 2050,
and 2100 (Fig. 3).
We quantified cobenefits of afforestation of irrigated grass crops

on water availability based on data from hydrology and agricultural
simulations of future grass crop area and related irrigation demand
(20). Afforestation of 127,000 ha of grass cropland with Douglas
fir could decrease irrigation demand by 222 and 233 billion m3·y−1

by 2050 and 2100, respectively. An independent estimate from
measured precipitation and evapotranspiration (ET) at our ma-
ture Douglas fir and grass crop flux sites in the Willamette Valley
shows the ET/precipitation fraction averaged 33% and 52%, re-
spectively, and water balance (precipitation minus ET) averaged
910 mm·y−1 and 516 mm·y−1. Under current climate conditions,
the observations suggest an increase in annual water avail-
ability of 260 billion m3· y−1 if 127,000 ha of the irrigated grass
crops were converted to forest.
Harvest cycles in the mesic and montane forests have declined

from over 120 y to 45 y despite the fact that these trees can live
500–1,000 y and net primary productivity peaks at 80–125 y (21).
If harvest cycles were lengthened to 80 y on private lands and
harvested area was reduced 50% on public lands, state-level stocks
would increase by 17% to a total of ∼3,600 Tg C and NECB would
increase 2–3 Tg C y−1 by 2100. The lengthened harvest cycles re-
duced harvest by 2 Tg C y−1, which contributed to higher NECB.
Leakage (more harvest elsewhere) is difficult to quantify and could
counter these carbon gains. However, because harvest on federal
lands was reduced significantly since 1992 (NW Forest Plan),
leakage has probably already occurred.
The four strategies together increased NECB by 64%, 82%,

and 56% by 2025, 2050, and 2100, respectively. This reduced
forest sector net emissions by 11%, 10%, and 17% over the same
periods (Fig. 3). By 2050, potential increases in NECB were largest
in the Coast Range (Table S5), East Cascades, and Klamath

Mountains, accounting for 19%, 25%, and 42% of the total
increase, whereas by 2100, they were most evident in the West
Cascades, East Cascades, and Klamath Mountains.
We examined the potential for using existing harvest residue

for electricity generation, where burning the harvest residue for
energy emits carbon immediately (3) versus the BAU practice of
leaving residues in forests to slowly decompose. Assuming half of
forest residues from harvest practices could be used to replace
natural gas or coal in distributed facilities across the state, they
would provide an average supply of 0.75–1 Tg C y−1 to the year
2100 in the reduced harvest and BAU scenarios, respectively.
Compared with BAU harvest practices, where residues are left to
decompose, proposed bioenergy production would increase cu-
mulative net emissions by up to 45 Tg C by 2100. Even at 50% use,
residue collection and transport are not likely to be economically
viable, given the distances (>200 km) to Oregon’s facilities.

Discussion
Earth system models have the potential to bring terrestrial ob-
servations related to climate, vulnerability, impacts, adaptation,
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and mitigation into a common framework, melding biophysical
with social components (22). We developed a framework to
examine a suite of mitigation actions to increase forest carbon
sequestration and reduce forest sector emissions under current
and future environmental conditions.
Harvest-related emissions had a large impact on recent forest

NECB, reducing it by an average of 34% from 2001 to 2015. By
comparison, fire emissions were relatively small and reduced NECB
by 12% in the Biscuit Fire year, but only reduced NECB 5–9%
from 2006 to 2015. Thus, altered forest management has the po-
tential to enhance the forest carbon balance and reduce emissions.
Future NEP increased because enhancement from atmospheric

carbon dioxide outweighed the losses from fire. Lengthened har-
vest cycles on private lands to 80 y and restricting harvest to 50%
of current rates on public lands increased NECB the most by 2100,
accounting for 90% of total emissions reduction (Fig. 3 and Tables
S5 and S6). Reduced harvest led to NECB increasing earlier than
the other strategies (by 2050), suggesting this could be a priority
for implementation.
Our afforestation estimates may be too conservative by limit-

ing them to nonforest areas within current forest boundaries and
127,000 ha of irrigated grass cropland. There was a net loss of
367,000 ha of forest area in Oregon and Washington combined
from 2001 to 2006 (23), and less than 1% of native habitat remains
in the Willamette Valley due to urbanization and agriculture (24).
Perhaps more of this area could be afforested.
The spatial variation in the potential for each mitigation option

to improve carbon stocks and fluxes shows that the reforestation
potential is highest in the Cascade Mountains, where fire and
insects occur (Fig. 4). The potential to reduce harvest on public
land is highest in the Cascade Mountains, and that to lengthen
harvest cycles on private lands is highest in the Coast Range.
Although western Oregon is mesic with little expected change

in precipitation, the afforestation cobenefits of increased water
availability will be important. Urban demand for water is pro-
jected to increase, but agricultural irrigation will continue to
consume much more water than urban use (25). Converting
127,000 ha of irrigated grass crops to native forests appears to
be a win–win strategy, returning some of the area to forest land,
providing habitat and connectivity for forest species, and easing
irrigation demand. Because the afforested grass crop represents
only 11% of the available grass cropland (1.18 million ha), it is
not likely to result in leakage or indirect land use change. The
two forest strategies combined are likely to be important con-
tributors to water security.
Cobenefits with biodiversity were not assessed in our study.

However, a recent study showed that in the mesic forests, cobe-
nefits with biodiversity of forest species are largest on lands with
harvest cycles longer than 80 y, and thus would be most pro-
nounced on private lands (26). We selected 80 y for the harvest
cycle mitigation strategy because productivity peaks at 80–125 y
in this region, which coincides with the point at which cobenefits
with wildlife habitat are substantial.
Habitat loss and climate change are the two greatest threats to

biodiversity. Afforestation of areas that are currently grass crops
would likely improve the habitat of forest species (27), as about
90% of the forests in these areas were replaced by agriculture.
About 45 mammal species are at risk because of range contraction
(28). Forests are more efficient at dissipating heat than grass and
crop lands, and forest cover gains lead to net surface cooling in all
regions south of about 45° latitude in North American and Europe
(29). The cooler conditions can buffer climate-sensitive bird pop-
ulations from approaching their thermal limits and provide more
food and nest sites (30). Thus, the mitigation strategies of affor-
estation, protecting forests on public lands and lengthening harvest
cycles to 80–125 y, would likely benefit forest-dependent species.
Oregon has a legislated mandate to reduce emissions, and is

considering an offsets program that limits use of offsets to 8% of

the total emissions reduction to ensure that regulated entities
substantially reduce their own emissions, similar to California’s
program (19). An offset becomes a net emissions reduction by
increasing the forest carbon sink (NECB). If only 8% of the GHG
reduction is allowed for forest offsets, the limits for forest offsets
would be 2.1 and 8.4 million metric tCO2e of total emissions by
2025 and 2050, respectively (Table S6). The combination of affor-
estation, reforestation, and reduced harvest would provide 13 million
metric tCO2e emissions reductions, and any one of the strategies
or a portion of each could be applied. Thus, additionality beyond
what would happen without the program is possible.
State-level reporting of GHG emissions includes the agriculture

sector, but does not appear to include forest sector emissions, ex-
cept for industrial fuel (i.e., utility fuel in Table S3) and, potentially,
fire emissions. Harvest-related emissions should be quantified,
as they are much larger than fire emissions in the western United
States. Full accounting of forest sector emissions is necessary to
meet climate mitigation goals.
Increased long-term storage in buildings and via product sub-

stitution has been suggested as a potential climate mitigation op-
tion. Pacific temperate forests can store carbon for many hundreds
of years, which is much longer than is expected for buildings that
are generally assumed to outlive their usefulness or be replaced
within several decades (7). By 2035, about 75% of buildings in
the United States will be replaced or renovated, based on new
construction, demolition, and renovation trends (31, 32). Re-
cent analysis suggests substitution benefits of using wood versus
more fossil fuel-intensive materials have been overestimated by at

A

B

Change in forest carbon from BAU

Fig. 4. Spatial patterns of forest carbon stocks and NECB by 2091–2100. The
decadal average changes in forest carbon stocks (A) and NECB (B) due to
afforestation, reforestation, protected areas, and lengthened harvest cycles
relative to continued BAU forest management (red is increase in NECB)
are shown.
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least an order of magnitude (33). Our LCA accounts for losses in
product substitution stores (PSSs) associated with building life
span, and thus are considerably lower than when no losses are
assumed (4, 34). While product substitution reduces the overall
forest sector emissions, it cannot offset the losses incurred by
frequent harvest and losses associated with product trans-
portation, manufacturing, use, disposal, and decay. Methods
for calculating substitution benefits should be improved in
other regional assessments.
Wood bioenergy production is interpreted as being carbon-

neutral by assuming that trees regrow to replace those that burned.
However, this does not account for reduced forest carbon stocks
that took decades to centuries to sequester, degraded productive
capacity, emissions from transportation and the production pro-
cess, and biogenic/direct emissions at the facility (35). Increased
harvest through proposed thinning practices in the region has
been shown to elevate emissions for decades to centuries regardless
of product end use (36). It is therefore unlikely that increased wood
bioenergy production in this region would decrease overall forest
sector emissions.

Conclusions
GHG reduction must happen quickly to avoid surpassing a 2 °C
increase in temperature since preindustrial times. Alterations in
forest management can contribute to increasing the land sink and
decreasing emissions by keeping carbon in high biomass forests,
extending harvest cycles, reforestation, and afforestation. For-
ests are carbon-ready and do not require new technologies or
infrastructure for immediate mitigation of climate change. Grow-
ing forests for bioenergy production competes with forest carbon
sequestration and does not reduce emissions in the next decades
(10). BECCS requires new technology, and few locations have
sufficient geological storage for CO2 at power facilities with
high-productivity forests nearby. Accurate accounting of forest
carbon in trees and soils, NECB, and historic harvest rates,
combined with transparent quantification of emissions from the
wood product process, can ensure realistic reductions in forest
sector emissions.
As states and regions take a larger role in implementing climate

mitigation steps, robust forest sector assessments are urgently
needed. Our integrated approach of combining observations,
an LCA, and high-resolution process modeling (4-km grid vs.
typical 200-km grid) of a suite of potential mitigation actions
and their effects on forest carbon sequestration and emissions
under changing climate and CO2 provides an analysis frame-
work that can be applied in other temperate regions.

Materials and Methods
Current Stocks and Fluxes. We quantified recent forest carbon stocks and
fluxes using a combination of observations from FIA; Landsat products on
forest type, land cover, and fire risk; 200 intensive plots in Oregon (37); and a
wood decomposition database. Tree biomass was calculated from species-
specific allometric equations and ecoregion-specific wood density. We esti-
mated ecosystem carbon stocks, NEP (photosynthesis minus respiration), and
NECB (NEP minus losses due to fire or harvest) using a mass-balance approach
(36, 38) (Table 1 and SI Materials and Methods). Fire emissions were computed
from the Monitoring Trends in Burn Severity database, biomass data, and
region-specific combustion factors (15, 39) (SI Materials and Methods).

Future Projections and Model Description. Carbon stocks and NEP were
quantified to the years 2025, 2050, and 2100 using CLM4.5 with physiological
parameters for 10 major forest species, initial forest biomass (36), and future
climate and atmospheric carbon dioxide as input (Institut Pierre Simon
Laplace climate system model downscaled to 4 km × 4 km, representative
concentration pathway 8.5). CLM4.5 uses 3-h climate data, ecophysiological
characteristics, site physical characteristics, and site history to estimate the
daily fluxes of carbon, nitrogen, and water between the atmosphere, plant
state variables, and litter and soil state variables. Model components are
biogeophysics, hydrological cycle, and biogeochemistry. This model version
does not include a dynamic vegetation model to simulate resilience and

establishment following disturbance. However, the effect of regeneration
lags on forest carbon is not particularly strong for the long disturbance in-
tervals in this study (40). Our plant functional type (PFT) parameterization
for 10 major forest species rather than one significantly improves carbon
modeling in the region (41).

Forest Management and Land Use Change Scenarios. Harvest cycles, re-
forestation, and afforestationwere simulated to the year 2100. Carbon stocks
and NEP were predicted for the current harvest cycle of 45 y compared with
simulations extending it to 80 y. Reforestation potential was simulated over
areas that recently suffered mortality from harvest, fire, and 12 species of
beetles (13). We assumed the same vegetation regrew to the maximum
potential, which is expected with the combination of natural regeneration
and planting that commonly occurs after these events. Future BAU harvest
files were constructed using current harvest rates, where county-specific aver-
age harvest and the actual amounts per ownership were used to guide grid cell
selection. This resulted in the majority of harvest occurring on private land
(70%) and in the mesic ecoregions. Beetle outbreaks were implemented using
a modified mortality rate of the lodgepole pine PFT with 0.1% y−1 biomass
mortality by 2100.

For afforestation potential, we identified areas that are within forest
boundaries that are not currently forest and areas that are currently grass crops.
We assumed no competition with conversion of irrigated grass crops to urban
growth, given Oregon’s land use laws for developing within urban growth
boundaries. A separate study suggested that, on average, about 17% of all
irrigated agricultural crops in the Willamette Valley could be converted to
urban area under future climate; however, because 20% of total cropland is
grass seed, it suggests little competition with urban growth (25).

Landsat observations (12,500 scenes) were processed to map changes in
land cover from 1984 to 2012. Land cover types were separated with an
unsupervised K-means clustering approach. Land cover classes were assigned
to an existing forest type map (42). The CropScape Cropland Data Layer (CDL
2015, https://nassgeodata.gmu.edu/CropScape/) was used to distinguish nonforage
grass crops from other grasses. For afforestation, we selected grass cropland
with a minimum soil water-holding capacity of 150 mm and minimum pre-
cipitation of 500 mm that can support trees (43).

Afforestation Cobenefits. Modeled irrigation demand of grass seed crops
under future climate conditions was previously conducted with hydrology
and agricultural models, where ET is a function of climate, crop type, crop
growth state, and soil-holding capacity (20) (Table S7). The simulations
produced total land area, ET, and irrigation demand for each cover type.
Current grass seed crop irrigation in the Willamette Valley is 413 billion m3·y−1

for 238,679 ha and is projected to be 412 and 405 billion m3 in 2050 and 2100
(20) (Table S7). We used annual output from the simulations to estimate irrigation
demand per unit area of grass seed crops (1.73, 1.75, and 1.84 million m3·ha−1 in
2015, 2050, and 2100, respectively), and applied it to the mapped irrigated crop
area that met conditions necessary to support forests (Table S7).

LCA. Decomposition of wood through the product cycle was computed using
an LCA (8, 10). Carbon emissions to the atmosphere from harvest were cal-
culated annually over the time frame of the analysis (2001–2015). The net
carbon emissions equal NECB plus total harvest minus wood lost during
manufacturing and wood decomposed over time from product use. Wood
industry fossil fuel emissions were computed for harvest, transportation, and
manufacturing processes. Carbon credit was calculated for wood product
storage, substitution, and internal mill recycling of wood losses for bioenergy.

Products were divided into sawtimber, pulpwood, and wood and paper
products using published coefficients (44). Long-term and short-term prod-
ucts were assumed to decay at 2% and 10% per year, respectively (45). For
product substitution, we focused on manufacturing for long-term structures
(building life span >30 y). Because it is not clear when product substitution
started in the Pacific Northwest, we evaluated it starting in 1970 since use of
concrete and steel for housing was uncommon before 1965. The displacement
value for product substitution was assumed to be 2.1 Mg fossil C/Mg C wood
use in long-term structures (46), and although it likely fluctuates over time, we
assumed it was constant. We accounted for losses in product substitution as-
sociated with building replacement (33) using a loss rate of 2% per year (33),
but ignored leakage related to fossil C use by other sectors, which may result
in more substitution benefit than will actually occur.

The general assumption for modern buildings, including cross-laminate
timber, is they will outlive their usefulness and be replaced in about 30 y (7).
By 2035, ∼75% of buildings in the United States will be replaced or renovated,
based on new construction, demolition, and renovation trends, resulting in
threefold as many buildings as there are now [2005 baseline (31, 32)]. The loss of
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the PSS is therefore PSS multiplied by the proportion of buildings lost per year
(2% per year).

To compare the NECB equivalence to emissions, we calculated forest sector
and energy sector emissions separately. Energy sector emissions [“in-boundary”
state-quantified emissions by the Oregon Global Warming Commission (14)]
include those from transportation, residential and commercial buildings, industry,
and agriculture. The forest sector emissions are cradle-to-grave annual carbon
emissions from harvest and product emissions, transportation, and utility fuels
(Table S3). Forest sector utility fuels were subtracted from energy sector emissions
to avoid double counting.

Uncertainty Estimates. For the observation-based analysis, Monte Carlo sim-
ulations were used to conduct an uncertainty analysis with the mean and SDs
for NPP and Rh calculated using several approaches (36) (SI Materials and
Methods). Uncertainty in NECB was calculated as the combined uncertainty of
NEP, fire emissions (10%), harvest emissions (7%), and land cover estimates

(10%) using the propagation of error approach. Uncertainty in CLM4.5 model
simulations and LCA were quantified by combining the uncertainty in the
observations used to evaluate the model, the uncertainty in input datasets
(e.g., remote sensing), and the uncertainty in the LCA coefficients (41).

Model input data for physiological parameters and model evaluation data
on stocks and fluxes are available online (37).
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