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Abstract

Recent drought, wildfires, and rising temperatures in the western U.S. highlight the urgency of increasing resiliency in
overstocked forests. However, limited valuation information hinders the broader participation of beneficiaries in forest
management. We assessed how historical disturbances in California’s central Sierra Nevada affected live biomass, forest water
use, and carbon uptake, and estimated marginal values of these changes. On average, low-severity wildfire caused greater
declines in forest evapotranspiration (ET), gross primary productivity (GPP), and live biomass than did commercial thinning.
Low-severity wildfires represent proxies for prescribed burns and both function as biomass removal to alleviate overstocked
conditions. Increases in potential runoff over 15 years post-disturbance were valued at $108 thousand per km? for commercial
thinning, versus $234 thousand per km? for low-severity wildfire, based on historical water prices. Respective declines in GPP
were valued at —$305 and —-$1317 thousand per km?, based on an average social cost of carbon. Considering biomass levels
created by commercial thinning and low-severity fire as more-sustainable management baselines for overstocked forests, carbon
uptake over 15 years post-disturbance can be viewed as a benefit rather than loss. Realizing this benefit upon management re-
entry may require sequestering thinned material. High-severity wildfire and clearcutting resulted in greater declines in ET and
thus greater potential water benefits, but also substantial declines in GPP and live carbon. These lessons from historical
disturbances indicate what benefit ranges from fuels treatments can be expected from more-sustainable management of mixed-
conifer forests, and the importance of setting an appropriate baseline.

Keywords: forest management; wildfire; valuation; nature-based solution; runoff; carbon stability; land ownership.

Practitioner points

— Following moderate management or wildfire disturbance, both water use and gross primary productivity in central Sierra
Nevada forests increased rapidly, reaching pre-disturbance levels within about 15 years.
— Carbon storage has historically recovered more slowly following disturbance, requiring 20 years or longer to reach pre-

disturbance levels.

— Realizing net carbon-storage benefits in overstocked forests may require setting a lower, more-sustainable baseline, together
with sequestration of material removed through management actions.

1. Introduction

In the western U.S., recent drought, tree die-offs,
wildfires, and rising temperatures have decreased the
provision of various ecosystem services by worsening
forest health (Anderegg et al., 2020; McDowell et al.,
2020; Westerling et al., 2006). Historic wildfire
suppression in forests exacerbates these ecosystem-
service risks (Abatzoglou and Williams, 2016; Hessburg
et al., 2021; Mclntyre et al., 2015). The suppression of
wildfires for over a century has drastically changed the
structure and composition of forest density and species
(Moritz et al., 2014; Prichard et al., 2021). These
biophysical changes have led to increases in wildfire
frequency and severity (Halofsky et al., 2020; Hessburg
et al., 2021), which has drastically changed in forest
carbon and water cycles (Guo et al., 2023; Guo et al.,
2022). For instance, high-severity wildfires can cause
long-lasting impairment to the carbon sequestration
capacity of forests by transforming biomass into
atmospheric carbon, resulting in western U.S. forests
increasingly acting as carbon sources (Coffield et al.,
2021; Law et al., 2018). In addition, while the high
density of fire-suppressed forests influences key water
processes such as evapotranspiration with high forest
water uses, severe droughts exacerbate decreases in
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water runoff (Bales et al., 2018; Goulden and Bales,
2019; McKinnon et al., 2021). As a result, rapid
increases in wildfire frequency and severity negatively
impact the supplies of key ecosystem services to people
(e.g., landowners, farmers, and urban residents) such as
air quality, tourism, water supplies, and carbon storage
(Nyelele et al., 2023; Quesnel Seipp et al., 2023). In this
study, ecosystem services are the direct and indirect
benefits provided by ecosystems that contribute to
human well-being (Adams, 2014; Potschin and Haines-
Young, 2011).

These negative impacts of both severe wildfire and
historical management highlight the urgency of
management actions for lowering forest biomass and
fuels towards sustainable levels (Collins et al., 2017;
Forest Climate Action Team, 2018; North et al., 2015).
Although the rate increased in the 2000s, current levels
of investment in restoration treatments are not sufficient
to keep pace with management needs in public forest
lands (Knight et al., 2022b; Starrs et al., 2018). In
addition, private landowners account for approximately
one-third of total forest lands in the western U.S.
However, many management practices have occurred
on lands managed by federal and state agencies (Starrs
et al., 2018). For this research, forest management refers



to implementing practices for increasing forest
resilience to meet specific environmental and economic
objectives while reducing risks of high-severity
wildfires and other disturbances such as drought-
induced mortality (Collins et al., 2017; Hessburg et al.,
2021). Examples of management activities include
timber harvesting and stewardship treatments involving
mechanical thinning and prescribed burning (Forest
Climate Action Team, 2018).

Forest management aimed at reducing wildfire
severity can produce co-benefits of ecosystem services
such as water production (Ma et al., 2020; Roche et al.,
2020) and carbon fluxes (Liang et al., 2018) across
public and private entities, in addition to their main
purpose of reducing risks to infrastructure and benefit
flows (Eriksson et al., 2022; Kalies and Yocom Kent,
2016; Stephens et al., 2020). For example, management
actions can change the biophysical structure and
processes (e.g., evapotranspiration, photosynthesis, and
plant respiration) controlling water and carbon fluxes.
These changes affect the degree of water production and
carbon sequestration that can provide economic benefits
(e.g., additional water provision and carbon storage) to
agencies and landowners, and monetizing those benefits
can represent a financing source for further management
(Liang et al., 2018; Mueller et al., 2013). To effectively
expand management actions for climate risk reduction,
funding sources through stakeholder partnerships need
to be diversified. However, there is little valuation
information to estimate the degree to which forest-
management actions provide these co-benefits to any
public and private entities during planning and
implementing, particularly in the context of the western
U.S. (Guo et al., 2023; Quesnel Seipp et al., 2023). The
lack of valuation information can prevent further
management actions by excluding important
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beneficiaries such as water agencies, who may be
underrepresented in public-land-management planning.

To fill these information gaps, the objectives of this
study are (1) to assess the impacts of historical forest
management and wildfire disturbance on water and
carbon fluxes across different forest ownerships and (2)
to estimate the monetary values of carbon fluxes and
water production for historical management as well as
low-severity wildfires as a proxy of prescribed burns.
To achieve these objectives, we performed a case study
in the planning area of the Tahoe-Central Sierra
Initiative (TCSI), which was launched in 2004 in the
central Sierra Nevada of California, to stimulate large-
area forest management in order to enhance forest
resilience to climate-related disturbances (Wilson and
Manley, 2021). The TCSI area has had diverse
management actions in forests, based on an array of
innovative planning, investment, and management tools.

This study focuses on carbon sequestration and
water production, which increasingly play crucial roles
for climate-change mitigation and human welfare. The
co-benefits of water production and carbon
sequestration are different for each type of land
ownership and the corresponding management action.
We use spatially explicit modeling to combine Landsat-
based data with valuation data.

2. Methods

2.1. Study area. The Tahoe-Central Sierra study area is
in the central Sierra Nevada of California (Fig. 1). The
area receives 700-1800 mm of annual precipitation, with
an elevation range of 600-2200 m and corresponding
annual mean temperature of 1.6-18.4 °C (Roche et al.,
2020; Wilson and Manley, 2021). The area falls within
the Sierran Steppe-Mixed Forest-Coniferous Forest-Alp
ecoregion and is made up of 70% conifer species
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Figure 1. Spatial distribution of (A) forest land ownership in 2017, (B) historical wildfires and (C) management activities during 1999-
2020. FACTS indicates the Forest Service Activity Tracking System database from the USFS. THP indicates timber harvests, HAZ
indicates hazardous fuel treatment reduction, and NTMP indicates nonindustrial timber management plans. Headwaters of five main
river basins are outlined for reference. FACTS and CalFire refer to data sources (see Knight et al. (2022b)).



(Wilson and Manley, 2021). This study area
encompasses three main watersheds (i.e., Yuba,
American, and Tahoe) with different environmental
characteristics. For example, the Yuba watershed has
higher precipitation and lower temperature compared to
the American watershed (He et al., 2019). Forested
watersheds in the Tahoe-Central Sierra region provide
water that is crucial to downstream urban residents and
farmers, while sequestering carbon at an annual rate
equivalent to 3.1 million tons of CO, (Wilson and
Manley, 2021). However, a combination of
unprecedented climate change plus overgrown and
unhealthy forests in this region increases risks of high-
severity wildfires and drought-related tree die-offs that
degrade water security and carbon storage (Roche et al.,
2020; Wilson and Manley, 2021). Over the last three
decades, this region has recorded 31 large wildfire
incidents (>2 km?, or 500 acre) that covered over 942
km? (Fig. 1). For example, the King Fire of 2014 burned
over 395 km? of natural lands.

The TCSI, which covers approximately 9,800 km?,
was initiated under the Sierra Nevada Watershed
Improvement Program in 2004 to reduce the risks of
climate-related disturbances. The TCSI partnership
includes federal and state agencies as well as nonprofit
and private partners, encompassing 5,578 km? of public
lands and 2,841 km? of private lands, excluding open
water bodies (Sass et al., 2020). This initiative uses
innovative planning, investment, and management tools
to enhance the pace and scale of forest management that
reduces the risk of severe wildfires while protecting the
capacity for water production and carbon sequestration
(Wilson and Manley, 2021). In the Tahoe-Central Sierra
area, clearcutting on public lands was mainly conducted
before 2000, with private clearcutting largely occurring
between 2001 and 2003 (Fig. S1). After decreases in the

areas of clearcutting and commercial thinning in the
TCSI, forest stewardship practices were rapidly
expanded after 2015.

2.2. Conceptual framework. In this study, we first
suggest a conceptual framework for ecosystem-service
valuation with forest management (Fig. 2). This
framework captures both the impacts of management
actions on ecosystem-service values and how these
values affect beneficiaries and financing mechanisms
for forest management. First, forest management affects
the supply of ecosystem services (e.g., water production
and carbon sequestration) through changes in
biophysical structure and processes in the study area
(Diaz et al., 2019; Potschin and Haines-Young, 2011).
Such changes in ecosystem-service supplies can both
directly and indirectly contribute to human well-being
by providing benefits and values. We separated benefits
from values in this framework because benefits are
defined as gains in welfare from ecosystem services,
and there are multiple ways to value the benefits across
different times, places, and beneficiaries (Adams, 2014;
Potschin and Haines-Young, 2011). For example, water
prices in California fluctuate across different water
districts, agencies, and drought versus wet seasons.

2.3. Data. To examine the economic impacts of forest
management on water production and carbon
sequestration, we used data on the spatial distribution of
management actions from 1999 to 2020. We focused
specifically on clearcutting and commercial thinning as
the two representative historical forest-management
activities, which account for over 37% of total
management activities in the Tahoe-Central Sierra area.
Clearcutting and commercial thinning also represent
regeneration cutting methods and intermediate cutting
methods, respectively. The U.S. Forest Service defines
clearcutting as the harvesting of all live trees from an
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Figure 2. Conceptual framework for ecosystem service valuation with
management activities. This framework captures both the impacts of forest
management actions on ecosystem-service values and how these values affect
beneficiaries and financing mechanisms for forest management. This
framework provides a conceptual foundation for valuing multiple ecosystem
services associated with diverse management actions, while examining how
agencies and landowners fit into the financing and implementation of

management activities on their lands.

CalFire management records by using
Landsat-based management pixels with the
Continuous Change Detection and
Classification algorithm (Knight et al.,
2022b). We excluded forest-management
polygons that were smaller than 0.04 km?



(~10 acres) as this threshold minimized missing values.
We also obtained gridded disturbance layers at a 30-m
resolution, which were used to train the Landsat data on
archival disturbance datasets (i.e., fire, harvest, and die-
off) based on random-forest algorithms (Goulden et al.,
2022).

We also obtained polygon data on 31 historical
wildfires that burned across an area larger than 500
acres (~2 km?) between 1999 and 2020 from the U.S.
Forest Service database (USFS, 2017, 2022). Each
wildfire reported four burn severities (0-25%, 25-50%,
50-75%, 75-100%) based on changes in forest basal
areas using pre- and post-fire satellite imagery.

Forest-ownership data were obtained from the U.S.
Forest Service (Sass et al., 2020). The data modeled
eight types of land ownership using Forest Inventory
and Analysis points from 2012 to 2017 (Sass et al.,
2020). The Tahoe-Central Sierra area had only a small
portion (<0.01%) of Native American tribal lands, and
thus we excluded this land type from our analyses. We
divided the seven remaining ownership types into public
(federal, state, and local) and private (family, corporate,
timber investment management organization and real-
estate-investment trust, and other private entities such as
conservation organizations and unincorporated
associations). Using the forest-ownership data, we
divided management and wildfire polygons based on
public and private boundaries in ArcGIS 10.3 (ESRI,
2015).

To examine various aspects of changes in carbon
and water with forest management, we obtained gridded
data on evapotranspiration (ET), runoff, gross primary
production (GPP), live carbon, and dead carbon in
natural lands from the Natural Climate Solutions Data
Atlas, which provides Landsat-based modeling data
annually from 1995 to 2021 with a 30-m resolution
(Goulden et al., 2022). In the data atlas, annual gridded
ET estimates were from a model that used the
Normalized Difference Vegetation Index (NDVI),
climate data, and empirical ET measurements at
California’s flux towers (Goulden and Bales, 2019).
Based on an annual water balance (precipitation =
runoff + ET), runoff yields were the amounts of excess
water from precipitation after ET and soil storage
occurred at a pixel level (Bales et al., 2018; Roche et al.,
2020). In our reported results the absolute values of
changes in runoff (precipitation — ET) were not exactly
equal to changes in ET because management actions
and wildfire occurring in different years were averaged
and stacked based on the year of the disturbance. Actual
precipitation was from the Parameter-elevation
Regressions on Independent Slopes Model (PRISM)
data (Oregon State University, 2014). Since runoff
occurs when there is less water used by vegetation and
soil infiltration than precipitation, runoff yield is

equivalent to potential water production (Ma et al.,
2020; Roche et al., 2020).

The carbon pool of natural lands in this study
consisted of GPP, live carbon, and dead carbon. GPP,
that is the above- and below-ground gross amount of
carbon dioxide fixed in the process of plant
photosynthesis, represents the carbon-sequestration
capacity in natural lands (Watson et al., 2000). Live-
carbon stocks include total live biomass above and
below ground, in addition to net primary productivity.
Dead carbon stocks include dead biomass such as
standing snags, as well as coarse and fine woody
detritus. The available dead-carbon data did not account
for biomass removal (e.g., woody-product transport
and/or direct emission to the atmosphere) after
disturbance, leading to potential overestimations.
Therefore, using the percent loss of tree canopy data
from the data atlas, we adjusted the amounts of dead
carbon by accounting for biomass removal due to
disturbance (Figs S2-5). Specifically, we multiplied the
percent loss of tree canopy by the amounts of dead
carbon to estimate biomass removal due to disturbance.
All carbon and water data were based on water years
(Oct-Sept). See Goulden et al. (2022) for more
information on these carbon and water datasets.

2.4. Data extraction with spatial analyses. Each type
of management activity produces ecosystem-service
benefits (i.e., water production and carbon
sequestration) differently across public and private
lands. As such, we used spatially explicit modeling to
combine Landsat-based data with historical forest
management actions, while comparing managed areas
with undisturbed and burned areas.

We excluded forest-management polygons from
burned areas when the spatial distribution of
management activities overlapped with burned areas.
Because each management polygon had different
biophysical, geologic, and geographic characteristics,
we created undisturbed polygons and compared them
with management polygons to control for such
differences. We controlled for these differences by
subtracting water and carbon attributes in undisturbed
polygons from management polygons. Specifically, we
created a control polygon that was a 1-km buffer zone
around each management polygon, in the same HUC
(Hydrologic Unit Code) 12 watershed. Then, historical
disturbed pixels were excluded from the buffer zone
over the period of 1985-2021.

Using these disturbed and undisturbed polygons, we
extracted carbon and water attributes (i.e., ET, runoff,
GPP, live carbon, and dead carbon) for both types of
polygons. For forest-management actions, there were
2,172 polygons, and wildfires had 31 polygons and
buffer zones in TCSI. All management and wildfire
polygons covered 1999-2020. We then calculated
annual changes in carbon and water attributes that were



compared between disturbed and undisturbed areas for
1995-2021. We repeated the same processes for the
wildfire-disturbance polygons. To check whether our
comparison approach can control for biophysical,
geologic, and geographic characteristics across different
watersheds, we also performed the same comparisons in
the Yuba and American watersheds separately.

As the timing of management activities varied
across different projects and management types, we also
calculated annual changes in carbon and water attributes
in a normalized year. For example, for a commercial
thinning performed in 2010, this management polygon
had year zero in 2010, -5 in 2005, and +9 in 2019.
Finally, in both normalized and actual years, the annual
changes of carbon and water attributes were averaged
with the weights of management projects’ size across
management types and land ownerships. All spatial
analyses were performed in R 4.1.3 and ArcGIS 10.3
(ESRI, 2015; R Core Team, 2017).

2.5. Carbon and water valuation. Using the data of
annual changes in carbon and water attributes, we
estimated the economic values of changes in carbon
fluxes and water production with forest management.
Valuation of annual changes were expressed on a per-
square-kilometer basis using the social cost of carbon
and market values for carbon and water. In addition, we
estimated the economic values of changes in carbon
fluxes and water production resulting from low-severity
wildfires. Low-severity wildfires can represent
prescribed burns, which reduce flammable fuels to
mitigate the risk of severe wildfires (Miller et al., 2020).

The social cost of carbon is the monetized value of
the marginal damages from one additional metric ton of
carbon emissions into the atmosphere with the value
discounted over time (National Academies of Sciences
and Medicine, 2017). We used the social cost of carbon
on the basis of global damages that were estimated from
the Interagency Working Group under Executive Order
12866 in the U.S. (Interagency Working Group, 2021;
National Academies of Sciences and Medicine, 2017).
To capture the range of these estimates, we selected $50
(3% discount rate) and $74 per metric ton of CO; (2.5%
discount rate) in 2018 U.S. dollars (Table S1).
Additionally, cap-and-trade programs that aim to reduce
the total of carbon emissions with a limited number of
emissions allowances play an important role in forming
most global carbon prices. California’s cap-and-trade
program is one of the largest programs in the world, and
thus we also used the average value of carbon prices
($15.05 per metric ton of CO») in the program in 2018.
These low, mid, and high prices per metric ton of CO,
were converted to metric tons of C.

For valuing annual marginal water production, we
used marginal water prices per unit area that were
obtained from local water agencies in the Tahoe-Central
Sierra area. The low estimate is $62 per thousand m?

($50 per acre-foot), the medium estimate is $247 per
thousand m? ($200 per acre-foot), and the high estimate
is $617 per thousand m? ($500 per acre-foot) (Table
S1). Low, mid, and high unit prices of water can
represent marginal water prices of wet, normal, and dry
periods respectively (Guo et al., 2023). All marginal
water prices are in 2018 U.S. dollars.

Due to a large variability in carbon and water
attributes across individual management projects, we
used a bootstrap approach to estimate the economic
values of changes in carbon sequestration and water
production with forest management. The bootstrapping
procedure, a type of Monte Carlo analysis (Hungate et
al., 2017), allows us to account for the statistical
uncertainty of carbon sequestration and water
production across different management projects (i.e.,
clearcutting and commercial thinning) and land
ownerships (i.e., public and private lands). In each of
the four groups, we first randomly selected the amounts
of marginal changes in carbon sequestration or water
production for each of the 21 normalized years (-5 to
15) using the observed marginal changes described
above. For example, the sample size of clearcutting in
public and private lands of the normalized year 0 was
182 and 697 polygons respectively. The resampling
probability of each bootstrapping iteration was based on
the size of management projects. Large-sized
management projects had high probability during this
resampling process. Then, we multiplied this sample
with low, mid, and high carbon or water prices. Our
bootstrapping algorithm iterated 10,000 times, and then
we calculated means and 95% confidence intervals of
carbon and water values in each management type and
land ownership. All valuation analyses were performed
in R 4.1.3 (R Core Team, 2017).

3. Results

Cumulative area evaluated was 2016 km? for the 31
wildfires; and for the 2172 management polygons the
area was 7417 km?. Public land accounted for 69% and
72%, respectively, with the balance on private lands. As
an example of the data, we show selected attributes for
four polygons representing different elevation,
precipitation, and tree densities that received
commercial thinning in 1997-98 (Fig. 3). Each shows
the polygon-average drop in GPP, ET and live biomass
following thinning, and a gradual recovery over the
following 20-25 years. Figure 3 also shows NPP, which
is dominated by trees, with shrub and herbaceous
vegetation being much lower. In the following sections
we present TCSI-wide results, indexed to the year of
disturbance, for GPP, ET and live biomass.

3.1. Changes in ET. Changes in water production
became evident in the reduced ET and increased
potential runoff the year following a management action
(Fig. 4A and B). In the second year post management,
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Figure 3. Annual changes in biophysical characteristics (GPP, NPP, live carbon, ET, and runoff) with commercial thinning in public
lands. (A) Forested areas with low elevation in the Bear watershed, (B) Forested areas with high elevation in the Yuba watershed,
(C) Forested areas in the northern Tahoe of the Truckee watershed, and (D) Forested areas in the southern Tahoe of the Tahoe
watershed. Dotted lines indicate the year of a commercial thinning was performed. Annual runoff values are calculated as

precipitation minus ET.

clearcutting on public lands produced an average of 7%
additional water, than on private lands (373+19 versus
347+8 mm). However, commercial thinning on private
lands gave an average gain 63% higher than on public
lands (163+38 versus 98+5 mm). Results were similar
across the TCSI area. For example, in the second year of
post management, public clearcutting in the American
versus Yuba watersheds had similar runoff gains
(385£30 versus 371423 mm), as did clearcutting on
private lands (344+14 versus 34049 mm).

Integrated over 15 years, the average gain in
potential runoff (precipitation minus ET) from
clearcutting averaged 244 mm and was 5% lower for
private versus public lands (Table 1). The corresponding
average for commercial thinning was 45 mm, 116%
higher on private versus public lands. Averaged over 15

years post-disturbance, low-severity burned areas
produced 96 mm yr!, with higher values on private
lands (Fig. 4C and D; Table 1). Averaged over 15 years,
clearcutting on public lands yielded 254 mm yr'!, 59%
higher runoff than did high-severity burned areas (160
mm yr'!). Respective values expressed as reductions of
ET were similar (-253 versus -167 mm yr'!). Averages
across the TCSI study area were 244 and 188 mm yr'!
for clearcutting and high-severity fire.

After the peak runoff gain, clearcut areas across both
public and private lands had 6% decreases in runoff per
year, with high-severity burned areas decreasing more
rapidly, by 9% per year. Some increased runoff with
clearcutting persisted at least 15 years after disturbance,
with the increase in runoff from commercial thinning



0.5|A Manageltnent GPP C. Wildfire ¢pp

private lands had average GPP reductions 2.6
times those on public lands (Table 1).

-1.5

@ ! S~
o 0.0 =] Over 15 years post-disturbance, the
' . .
05 average live-carbon loss in clearcut areas was
9-1.0 17.8 kgCm2, and was 9% lower for private

versus public lands (Table 1). The average

live-carbon loss for commercial thinning was

B. Mana ey{nenl Clive

D. Wildfire 4\‘\,9
i ]

3.4 kgCm2, and was 122% more for private

o~ [l
E 1
o -10 I
2 !
1
20 :
- Pu, clharcut - Pr, clearcut = Pu, 0-26% - Pu, 75-100 = Pr, 25-75
> Pu, commercial -= Pr, commercial = Pu, 25-7/5 -= Pr, 0-25% = Pr, 75-100
-5 0 5 10 15 -5 0 5 10

versus public lands (Fig. 5B; Table 1). GPP in
managed forests recovered to pre-disturbance
levels (12-44% of recovery rate per year)
faster than the recovery of live-carbon stocks
(-0.2-7% per year) 15 years after management

year post disturbance
Figure 5. Annual differences in average GPP and live carbon stock

between disturbed and undisturbed areas. Year 0 indicates the year of a
forest-management action and/or wildfire ignition. The bolded zero x-axis
separates differences for undisturbed versus disturbed areas. Positive
values indicate that pre- or post-disturbed areas had higher GPP and live
carbon than undisturbed areas. Negative values indicate that pre- and
post-disturbed areas had lower GPP and live carbon than undisturbed
areas. Values are averaged over all polygons in a category. Caption A in
the figure shows the offset between undisturbed versus pre-disturbed

areas. Pu indicates public lands, and Pr indicates private lands.

returning to the pre-disturbance level after about 15
years (Fig. 4).

Averaged over five years pre-disturbance, the
amounts of ET and runoff in clearcut versus undisturbed
areas differed by less than 4%. However, commercial-
thinning areas in public lands had 5% higher ET and
13% lower runoff than undisturbed areas. Before
commercial thinning, private lands had 7% higher ET
and 17% lower runoff than did undisturbed areas (Fig.
4). This suggests that commercial thinning in public and
private forested areas led to relatively higher ET than
those in undisturbed areas (Fig. S6).

3.2. Changes in GPP and carbon stocks. In the
second-year post-management, clearcutting reduced
GPP on average by about 1.3 kgCm2yr! (1.2840.07
versus 1.26+0.03 kgCm2yr! on public and private
lands, respectively, Fig. 5A). Consistent with ET
reductions, commercial thinning reduced GPP on
private lands by 74% more than on public lands
(0.54+0.14 versus 0.31+0.02 kgCm2yr!). Averaged
over 15 years, GPP reductions from clearcutting were
around 0.7 kgCm2yr!, whereas commercial thinning on

Table 1. Cumulative values of changes in forest runoff (gain),
GPP (loss), and live carbon (loss) with clearcut, commercial
thinning, and wildfire

Average value for public/private lands
Runoff, GPP, Ciive,
mm kgCm?yr! kgCm™
Clearcut 254/242 0.70/0.72 19.3/17.5
Commercial thin 43/92 0.11/0.28 3.2/72
Low severity fire 81/152 0.44/0.59 5.1/9.0
High-severity fire | 160/250 0.58/0.83 14.6/16.4

15 actions (Fig. 5). A longer time-series after
disturbance shows that live-carbon stocks
slowly recovered to pre-disturbance levels,
but not sufficiently 15 years post disturbance;
and a full recovery may take 25 years or
longer (Fig. 3). Specifically, the recovery
rates of live-carbon stocks after disturbance
fluctuated across different elevation,
precipitation, and tree-biomass conditions.

Averaged over 15 years post-disturbance,
public versus private clearcutting reduced dead carbon
stocks 4.0 versus 3.4 kgCm (Fig. S4). In the case of
commercial thinning, there were large differences in
dead-carbon storage between public and private lands.
After commercial thinning, public lands gained
additional dead-carbon stocks (0.6 kgCm2) while
private lands lost dead-carbon stocks (-0.6 kgCm2).

Averaged over the five years pre-disturbance, the
amounts of GPP and live-carbon storage in clearcut
versus undisturbed areas differed by less than 3%.
However, commercial thinning areas in public lands had
9% higher GPP and 6% greater live carbon storage than
undisturbed areas, averaged over five years pre-
disturbance. Before commercial thinning, private lands
had 9% higher GPP and 7% higher live-carbon storage
than undisturbed areas (Fig. 5). Like with ET, this
suggests that commercial thinning was in public and
private forested areas with relatively higher GPP and
carbon storage in undisturbed areas (Fig. S7).

In the second-year post-disturbance, GPP reductions
in public and private clearcut areas were 39% and 52%
lower than in respective high-severity burned areas.
Averaged over 15 years post-disturbance, however,
public clearcut areas had 18% greater reduction in GPP
compared to high-severity burned areas (Table 1)
because GPP recovered more slowly in public-clearcut
versus high-severity burned areas (Fig. 5). Private-
clearcut areas maintained 15% lower GPP than in high-
severity-burned areas over 15 years (Table 1). In
addition, clearcut areas in public and private lands had
25% and 6% greater reductions in live carbon compared
to high-severity wildfire areas, respectively, over 15
years.



Over 15 years, areas with low-severity wildfires
maintained lower GPP and live-carbon losses compared
to clearcut areas, with similar differences between
public and private lands (Figs 5C and D). Low-severity
burned areas had 25% smaller GPP reductions on public
versus private lands (Table 1). While maintaining
relatively higher GPP, low-severity burned areas in
public lands had 43% lower live-carbon losses than
those in private lands (Table 1).

3.3. Valuation of carbon fluxes and water
production. Using low, mid, and high unit prices, we
estimated annual marginal economic values for water
and carbon across managed compared to undisturbed
areas (Figs 6 and S8). For water, the low, mid, and high
represent wet, normal, and dry years. Summed over 15
years post management, clearcut areas produced
cumulative water values of $0.6 million km on public
lands, about 5% more than on private lands (Table 2 and
Fig. 6A). Commercial thinning on private lands
produced $0.2 million km? of cumulative water value,
about double that for public lands (Fig. 7 and S8). TCSI
averages across all lands were $0.6 million km™ for
clearcut and $0.1 million km for commercially thinned
areas.

The additional water-production values were
accompanied by losses in carbon uptake and storage.
Over the 15 years after clearcutting, average cumulative
carbon sequestration (GPP) declines represent nearly $2
million km (Table 2 and Fig. 6B). Over 15 years,
commercial thinning averaged $0.3 million km™ of the
cumulative carbon sequestration declines and was 2.6
times more for private versus public lands (Table 2).
Following neither clearcutting nor commercial thinning
did carbon losses owing to lower GPP recover over 15
years (Figs 7 and S8).

The value of live-carbon stocks in clearcut and
commercially thinned areas recovered very slowly over
the post-disturbance 15-year period. In sum, clearcutting
on public lands represented a loss with an average value
of about $3.6 million km™, about 10% greater than on
private lands (Table 2 and Fig. 6C). Over the 15 years
after commercial thinning, public lands lost carbon
stocks valued at an average of about $0.6 million km,
versus about double that for private lands.

The changes in values of water and carbon fluxes for
low-severity wildfires, a proxy of
prescribed burns, were greater

losses in low-severity burned areas were $1.2 million
km and $1.6 million km? for public and private lands,
respectively. After 15 years, low-severity burned areas
recovered their carbon-sequestration losses to near pre-
disturbance levels. With low-severity wildfires, public
lands lost about $1.0 million km™ of live carbon stocks,
while private lands lost $1.7 million km? (Table 2 and
Fig. 6C).

4. Discussion

4.1. Valuing water and carbon impacts. Our study
examined and estimated the economic values of
historical forest management on two key ecosystem
services: water production and carbon storage. For
example, in the study area, forest management increased
water production over at least 15 years, providing an
important co-benefit to historical timber production.
Going forward, this same co-benefit will accrue with
fuels treatment by mechanical means or prescribed fire
(Eriksson et al., 2022).

Our valuation outcomes from past management
activities provide information regarding the spatial and
temporal changes in both carbon and water values, with
or without management actions, for historic or
simulated inputs. Because different agencies and
landowners may have different management goals (e.g.,
wildfire-risk reduction, carbon storage, timber
production, or watershed protection), the benefits and
values of ecosystem-service changes depend on the
management objectives.

The consistently higher values for ET, GPP, and
carbon-storage declines following commercial thinning
on private lands indicate greater biomass removal than
for commercial thinning on public lands (Starrs et al.,
2018). Going forward, it is instructive to assess the
values of changes in water and carbon fluxes and carbon
storage with management actions equivalent to
historical disturbances. Based on our findings, an
average ET decline of 98 mm yr!, a value averaged
over 15-years post disturbance by low-severity wildfire
for public and private lands combined, can be used as a
proxy for the benefits of management by prescribed or
the equivalent mechanical thinning.

Table 2. Cumulative economic values of marginal changes in runoff (gain), GPP (loss),
and live carbon (loss) with clearcut, commercial thin, and prescribed burn

than for commercial thinning, but
not as high as for clearcutting.

Value, thousand dollars per km? (mid, low, high scenarios)
Runoff GPP Clive

Low-severity burned areas
annually produced average water

Clearcut, public

Clearcut, private

618; 155; 1,546 | 1,948; 586; 2,882 3,569; 1,074; 5,282
587;147; 1,467 | 1,988;599; 2,943 3,235; 974; 4,788

benefits of $0.23 million km
over 15 years, with 87% more for

private versus public lands (Table
2 and Fig. S8). The average values

Commercial thin, public 103; 26; 258 286; 86; 423 600; 181; 888
Commercial thin, private 218; 55; 545 733;220; 1,084 1,289; 388; 1,907
Prescribed burn, public 197, 49; 493 1,226; 369; 1,814 951; 286; 1,408
Prescribed burn, private 369; 92; 924 1,647, 496; 2,438 1,670; 503; 2,471

of carbon sequestration (GPP)
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Figure 6. Cumulative economic values of runoff, GPP, and
live carbon stock over 15 years post-disturbance. Blue and
red bars indicate private and public land ownerships
respectively, using mid-unit water and carbon prices. The
error bars indicate the ranges of cumulative economic
values between low- and high-unit water and carbon
prices. All values were in 2018 US dollars.

4.2. Mitigating wildfire and drought risks. To address
increasing wildfire risks in high-dense forests under a
changing climate, it is crucial to rapidly adopt a range of
fuels treatments. The California Forest Carbon Plan
suggests that prescribed burns can act as one of the
major fuels-treatment options on both public and private
lands to meet the goal of treating one million acres of
natural lands annually (Forest Climate Action Team,
2018; Knight et al., 2022b; Miller et al., 2020). Our
results showed that low-severity wildfires, as a proxy
for prescribed burning, provided additional water
benefits for at least 15 years and had similar low losses
of live carbon-stock losses as did commercially thinned
areas. Further, prescribed burning has historically had
lower per unit area costs, compared to mechanical
thinning (Loeffler et al., 2022). Using our low, mid and
high marginal water values, a 98 mm yr'! depth over 1
km for 15 years (1.47 million m?, or 1,192 AF) has
respective water values of $59,600, $238,400, and
$596,000 km™. Using a historical mix of 3 wet years, 6
normal (mid) years and 6 dry years in a 15-year period
(Guo et al., 2023), this provides an annual value of
$238,400 km™ ($965 ac™) for 15 years. This is in the
same range as recent costs for fuels treatment in the
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Figure 7. Economic values of marginal changes in runoff,
GPP, and live carbon with private clearcutting and public
commercial thinning. Year 0 indicates the year of forest
management practices. Blue and red lines indicate the
mean values of water production and carbon fluxes across
each type of management and land ownership, using mid-
unit water and carbon prices. In the TCSI area, more
clearcutting is on private than public land, and vice versa
for commerecial thinning. All other types of management
and land ownership are shown in Fig. S8. All values are in
2018 US dollars. Pu indicates public lands, and Pr

area, reported by Guo et al. (2023). Although prescribed
burning activity is a cost-effective option to mitigate
severe wildfire risks and enhance key ecosystem
services, prescribed fire for fuel treatment has not been
actively facilitated due to multiple barriers such as
negative public perceptions, poor weather conditions,
and environmental regulations in California (Miller et
al., 2020).

In the western U.S., the combination of long-term
droughts with historical wildfire suppression has
increased forest water use and decreased water
availability for stakeholders, which has rapidly raised
water unit prices (Bales et al., 2018; McKinnon et al.,
2021; Roche et al., 2020). For example, marginal prices
for water during recent drought years have been
reported to be over $1,100 ac™!, double the $500
assumed in this analysis (Chediak and Chipman, 2022).

Our results also show that burned areas increased
the amount of water production over time, but
moderate- and high-severity wildfires in forest lands
severely exacerbate damage to the ecological processes
of plant photosynthesis, evaporation, and transpiration,
with resulting negative effects on both water quantity



and quality (Halofsky et al., 2020; Hessburg et al.,
2021; Prichard et al., 2021). After wildfires, for
example, additional runoff degrades water quality with
increased sediment loads and debris (Ice et al., 2004).
The degradation of water quality increases water
treatment costs for downstream users (Hohner et al.,
2019). Additionally, moderate- and high-severity
wildfires worsened other types of ecosystem services
such as air quality and recreational activities within and
beyond burned areas (Quesnel Seipp et al., 2023).

4.3. Balancing co-benefits and management costs.
These water co-benefits from forest-management
actions come at the cost of losses in carbon
sequestration and storage. In the TCSI study area, large
reductions of carbon storage on both public and private
lands were apparent for at least 15 years after the
disturbance by wildfire and management actions. In
public and private lands combined, our results show that
low-severity wildfires, a proxy of prescribed burns,
reduced 0.47 kgCm2yr "' and 5.96 kgCm? of GPP and
live carbon stocks, respectively, over 15-years post
disturbance. Using our mid unit price, the cumulative
monetary values of GPP and live carbon losses were
approximately $1.3 million km? and $1.1 million km™
for 15 years, respectively.

While prescribed burns and wildfires emit stored
carbon into the atmosphere immediately, forest
management using mechanical fuels treatments can
provide wood products and bioenergy (Marcille et al.,
2020). Huge amounts of low-value wood residues that
are frequently burned or left to decay after thinning can
also provide additional carbon benefits with innovative
wood-use technologies, such as zero or low-carbon
biofuels and building products (Cabiyo et al., 2021).
For example, our results indicate that commercial
thinning reduced 3.4 kgCm™ of an average live carbon
stocks for public and private lands combined over 15
years. Since such forest biomass can be used for wood
products and bioenergy, the amounts of live carbon
reduction can be a proxy of largest carbon benefits
obtained from commercial thinning. Based on our mid
unit price from the social cost of carbon, the largest
carbon benefits for commercial thinning can be
estimated as $0.6 million km™.

We also note that the recovery rates of live carbon
stocks from disturbances varied based on biophysical
and environmental conditions across the study area. For
example, in the western Sierra Nevada watersheds,
forested areas at lower elevations had relatively larger
biomass recovery rates than those in higher elevations.
Further, forested areas in the eastern Sierra Nevada
watersheds (east of the Sierra crest) had relatively lower
precipitation and thinner biomass than those in the
western watersheds. Then, forested areas in the eastern
Sierra did not recover as fast as the western forests after
disturbance. These results indicate that while averaged
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results of changes before and after disturbances can be
useful, decision makers and local practitioners still need
to consider the detailed biophysical information of their
specific contexts to plan optimal management actions
and maximize the co-benefits.

4.4, Setting sustainable baselines for forest
management. To restore overstocked forests towards
sustainable levels, current forest management often
depends on historical biomass baselines before Euro-
American colonization (Knight et al., 2022a). However,
in addition to rapid climate changes, the lack of
scientific information about historical biomass records
may prevent the designation of sustainable baselines for
restoration actions (Safford and Stevens, 2013). In this
context, our approach and results provide scientific
information to set sustainable baselines that balance the
reduction of wildfire risks and multiple ecosystem-
service benefits together at both local and regional
levels. For example, to maintain carbon-storage benefits
and stable water production along with wildfire risk
reductions in forested areas, decision makers can set a
new baseline based on average biomass after the first
prescribed burns or mechanical thinning to restore the
forest to more-sustainable conditions. Specifically, our
results show that low-severity wildfires, a proxy of
prescribed burns or the equivalent mechanical thinning,
reduced about 0.96 kgCm?yr"! of GPP in the second
year post prescribed burns. Based on the second year
post prescribed burns, resetting a biomass baseline for
forest management can annually provide $98,050 of
carbon-storage benefits (0.53 kgCm?yr’!, based on mid
unit price) in treated forests over the study area for a
decade.

4.5. Research limitations. In drawing conclusions, we
note a few limitations of the study. First, we did not
estimate values for actual water diversion, but for
potential water benefits due to forest management.
Future research will be needed to extend our valuation
approach to examine the impacts of forest management
on actual water diversions. Second, it is challenging to
select unit prices for water and carbon, although our unit
prices were based on the best literature review available.
Water prices have continuously changed across different
water use types and rainfall periods. For example, in
2021, the Metropolitan Water District of Southern
California spent $625 per acre-foot ($0.507 per cubic
meter) to purchase water from Northern California
(Kasler, 2022). In addition, the social cost of carbon in
the U.S. has been updated with advanced climate and
socioeconomic projections (Interagency Working
Group, 2021; Voosen, 2021; Wagner et al., 2021).
Third, our valuation outcomes mainly focused on water
and carbon fluxes, but forest management can also
improve various ecosystem services such as recreational
activities and air quality for human welfare. Using the
framework of multi-benefits (Fig. 2), our valuation



approaches can extend to estimating the economic
values of other ecosystem services for decisions about
forest land management.

5. Conclusion

This study estimated the economic values of forest
management and wildfire disturbances on water and
carbon fluxes in California's central Sierra Nevada. We
found that both water runoff and GPP recover rapidly,
reaching pre-disturbance levels within about 15 years
following moderate management or wildfire
disturbance. Carbon storage, however, typically requires
20 years or longer to reach pre-disturbance levels. To
realize net carbon storage benefits in overstocked
forests, we suggest setting a lower, more sustainable
baseline and sequestering material removed through
management actions.

Despite these limitations, this study provides
scientific information about the co-benefits of forest
management by estimating monetary values of water
production and carbon storage. Our aggregated results,
while based on historical dataset, give average values
that can help in planning, with results for individual
polygons reflecting the range of responses, or
heterogeneity. The historical wildfire data are at a larger
scale and offer a second dataset to inform planning of
fuels treatments. The information of ecosystem-service
values can help decision makers identify financing
mechanisms to promote public-private partnerships for
sustainable forest management among state and federal
agencies, non-governmental organizations, and other
private entities (e.g., landowners and water agencies).
Additionally, our framework and approaches can extend
to other large high wildfire-risk landscapes for
estimating monetary values of ecosystem-service co-
benefits with forest management and for leveraging
sustainable climate-risk reduction strategies in
productive but stressed mountain forests across the
western U.S.
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Figure S2. Changes in dead carbon in disturbed areas. Upper figures show the amounts of dead carbon without adjusting biomass
processes after disturbances (no fix). Bottom figures show the amounts of dead carbon with adjusting biomass processes (fix). Pu
indicates public lands, and Pr indicates private lands.
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Figure S3. Changes in dead carbon in undisturbed areas. Upper figures show the amounts of dead carbon without adjusting biomass
processes after disturbances. Bottom figures show the amounts of dead carbon with adjusting biomass processes. Pu indicates public

lands, and Pr indicates private lands.

15




15

A. Managema‘nt (no fiX)cdead

: EEReRIC)

B. Wildfire (n

fiX)cgead

10
e
S
Q
)
4
5
0
2.5
0.0
e
1S
% -2.5
-5.0

C. Managemolen_@ (ﬂx)Cdead
[

. ().
I, Q'o

0-0--0-d." ey 2r0o,

@-W--A-A..A.." .

t

y—

1
- Pu, clearcut

= Prclearcut
= Pu, commercial thin - Pr, commercial thin
1

> Pu, 0425% = Pu, 75-100 = Pr, 25-75
= Pu, 2?-75 = Pr,0-25% - Pr, 75-100

-5 0 5 10 15
year post disturbance

-5 0 5 10 15

Figure S4. Differences in dead carbon between disturbed and undisturbed areas. Upper figures show the amounts of dead carbon
without adjusting biomass processes after disturbances. Bottom figures show the amounts of dead carbon with adjusting biomass

processes. Pu indicates public lands, and Pr indicates private lands.

16




A. Managemlentieeioss B. Wildfireyegoss

AR e IICIY
()"Dl@a °

PSR SP
NP Y Y SRR

-
"@--@—6—93“9"@'@"@‘@
Pl o e Rl

— o S,

1
-~ Pu, cleancut -~ Pr, clearcut > Pu, 0-25% - Pu, 75-100 = Pr, 25-75
> Pu, commercial thin -= Pr, commercial thin = Pu, 25¢75 = Pr, 0-25% -~ Pr, 75-100
- 1 1
80 -5 0 5 10 15 -5 0 5 10 15

year post disturbance
Figure SS. Differences in tree canopy losses (%) between disturbed and undisturbed areas. Pu
indicates public lands, and Pr indicates private lands.

1000
A. Buffer Wlng ET B. Buffer F:ire ET
| |
et |
750 . . '
@-@-s-e,-azé-a:g:g:g:ggo_®,®_®.;'.g_;;o .
| |
E 1 1
| |
1 1
| |
250 ! !
- Pu, clearcut " _ " -
o :Eu clommetrcial thin . Bﬂ 852§’;/° - Eg 85257_’?
~1Pr, clearcu - pl’ 75 - Py 7E_
= 1Pr, commercial thin PP’ 75-100 ~ Pr, 75-100
0 1 1

-5 0 5 10 15 -5 0 5 10 15
year post disturbance

Figure S6. Changes in ET in undisturbed areas. Pu indicates public lands, and Pr indicates private lands.

17



kgC m2

A. Buffer Mng app
1

N TR
aebeen

0.0 O .50 O @000 O OO0

oe

R I TSI = Ry

C. Buffer Firg gpp

50

B. Buffer Mn:g Clive
1

40M

LA an A
Dl B Ae s v b

-@-®-O--0-®-©-O.@_©

14

O G @@ BB BB
30{ &= B

1

1

1

1

1

20 1
1

1

1

10 :

1
=~ Pu,cleancut = Pr,clearcut
> Pu, comnercial thin -= Pr, commercial thin
1

D. Buffer Firé Clive
1

1
= Pu, 0-25% - Pu, 75-100 = Pr, 25-75
= Pu, 25:75 = Pr,0-25% ~ Pr, 75-100

-5 0 5 10 15

-5 0 5 10 15
year post disturbance

Figure S7. Changes in GPP and live carbon stock in undisturbed areas. Pu indicates public lands, and Pr indicates private lands.

18




A. Clearcit
150 P Runoff

-
o
[=]

1000 US$ km =2 yr™’
w
o

D. Commercial thin gunofr
[}

G. Prescribed burn gynoft
1

1
1
1
1
1
1
1
1
1
1
1
Y
1
1
1

1
1
[}
[}
1
1
1
1
[}
[}

B . @
XX'LA’EXX'ZX'#.' DB D Bg.g-0
TG T

1
1
[}
1

e b+ XX'XE
& 0, TRy
gh@t}yg'-x:é*'“n-n_ = o ++VH~$-4;.ZX B By e
0 ] 2 - =0 L
1
1
1
-50 1
100 | | |
B. Clearcht gpp E. Commgrcial thin gpe H. Prescribed burn gpp
1 2:1.A.<g;\:@ I
| I, 300 6o
0 - % il \/ -
‘T; : \\ 97.(:-f(') -’v).(e-\'v::\;;‘. - " ? @fi
: 7 ‘ : @8 .
= = \ 0
§ | S e i e
N-g : ;
E - | A 1% 2%
: | I 1 ﬁ +.+ &
03) | I | v, 8 m‘m
] o
I | 1% =
8 -200 : | A’
S i | I
- ! | |
1 I |
-300 1 | I
1 I |
1 I |
1 : : . .I
C. Clearqut cjve F. Commercial thin cjve I. Prescribed burn cjye
JE— 50 © .0
I ORima . I
0 | a %“ © 3 & & D@
I o0 © soSrnde
; '.\)- | ol eo0eooe™ e,
\E ! .:")m - - lé—A"‘.A 1520000000 2®°®®
X [} 1 oDl Loy ot ) |
&% 2000 [ | e
B | | |
=) | I |
8 : | I
S | | I
- | | |
-4000 : | I
1 ! |
1 I |
1 I |
1 I |
O 0

-5

10

15

-5 0 5 10 15
year post disturbance

-5 5 10 15

Figure S8. Economic values of marginal changes in runoff, GPP, and carbon stock with forest management practices. Year 0 indicates
the year of forest management practices. Blue (private) and red (public) lines indicate the mean values of water production and carbon
fluxes across each type of management and land ownership, using mid-unit water and carbon prices. Green and orange lines indicate the
mean values of water production and carbon fluxes for low-severity wildfires as a proxy of prescribed burns. The colored shades indicate
the ranges of annual economic values between low- and high-unit water and carbon prices. All values are in 2018 US dollars. Pu indicates
public lands, and Pr indicates private lands.
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