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ABSTRACT

The increasing frequency and severity of forest disturbances challenge the sustainable provision of ecosystem
services by forests, and this is true even in regions with net forest growth. The combination of ecosystem service
losses from forest disturbances that are immediate as well as the slower post-disturbance process of forest
regrowth could result in long-lasting social, economic, and environmental costs. Using economic and geospatial
analysis, we estimate the value of recreational services losses due to drought and quantify the social cost of
carbon emissions due to wildfires and bark beetle damage in three National Forests in the Sierra Nevada region,
California (Inyo National Forest, Tahoe National Forest, and Lake Tahoe Basin Management Unit). Our findings
indicate that recent droughts resulted in an annual reduction of about $73 million, $36 million, and $15 million
for Lake Tahoe Basin Management Unit, Tahoe, and Inyo National Forests, respectively. Tree biomass loss due to
wildfires and bark beetle damage generated around 10 Mt CO; of total emissions from 2003 and 2012. The
estimated cumulative social costs of such emissions were around $0.8 million for fire and $2.4 million for bark
beetle (using a 3% discount rate for related climate change damage). The social costs almost tripled under
extreme climate damage projections. Our analysis could inform adaptation and management strategies to
conserve or enhance the health and function of publicly managed forests, and to protect their flow of ecosystem
services for present and future generations.

1. Introduction

economic, and environmental consequences (Dale et al., 2000; Mar-
cos-Martinez et al., 2019).

Healthy forests generate a myriad stream of ecosystem services, such
as regulating climate through carbon sequestration, filtering air and
water, boosting biodiversity, providing timber and generating a positive
effect on human health. Those services enhance human well-being
(McMicheal et al., 2005). In turn, disturbances that disrupt the struc-
ture and composition of forests and compromise the provision of
ecosystem services diminish people’s well-being (Fiihrer, 2000). While
most disturbances are a natural component of forest ecosystems, their
increasing frequency and intensity may alter forests’ health too fast for
natural adaptation to occur (Trumbore et al., 2015). The slow process of
post-disturbance forest recovery or regrowth may result in an almost
permanent reduction in the ability of disturbed forests to generate
ecosystem services; this reduction may have long-lasting social,
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Climate change is projected to amplify damages to forests caused by
disturbances (Seidl et al., 2017). The interplay between forest distur-
bances and climate change may have cascading effects on ecological and
socioeconomic systems across temporal and spatial scales (Huo et al.,
2019). In addition, interactions between disturbances themselves can
compromise the ability of forests to sustainably generate services for
individuals and communities (Allen et al., 2010). For instance, tree pest
outbreaks have the potential to alter the probability, extent, or severity
of wildfires, and post-fire forest regeneration (Hicke et al., 2012).
Similarly, drought in combination with other physiographic parameters,
pest types, and time since pest outbreaks, are key determinants of fuel
conditions and fire frequency and impact (Andrus et al., 2016; Hicke
et al., 2012).
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Additionally, the socioeconomic system influences forest ecosystem
responses to stressors (Maes et al., 2016, Marcos-Martinez, et al., 2018).
Policy initiatives that positively affect social responses or forest man-
agement on public lands that, in turn, enhance ecosystem services can
improve human well-being. The economic quantification of forests dis-
turbances effects on human well-being may provide public land man-
agers and stakeholders with critical information that better aligns policy
initiatives and budgets with changing social preferences. An under-
standing of the economic effects may improve the protection of and
access to forests ecosystem services at different temporal and spatial
scales.

In the United States (U.S.), tree mortality on publicly managed for-
ests caused by disturbances has been increasing since the 1980s (Wil-
liams et al., 2016). This increasing mortality has resulted in forest cover
loss at rates comparable to global deforestation hotspots (Hansen et al.,
2010). Based on remotely sensed data, around 1.42% (~3.6 million
hectares) of U.S. forest lands were disturbed each year from 1985 to
2015 (Masek et al., 2013). This estimate, however, does not account for
low-intensity disturbances. Using estimates based on land management
inventories, Dale et al. (2001) report that insect and pathogen outbreaks
alone affected around 20.4 million hectares at an average annual eco-
nomic cost of $1.5 billion.

Despite the significant annual average cost of disturbances, few
studies have investigated this issue in detail (see Dale et al., 2001;
Hanewinkel et al., 2013; Holmes et al., 2008 for some examples). To fill
this gap, we investigate the following research question: what is the
economic impact of forest disturbances on ecosystem services? We
address this question by examining two important services provided by
national forests in detail using benefit transfer: outdoor recreation and
climate regulation services impacted by forest carbon emissions.

Outdoor recreation is one of the most valued ecosystem services from
U.S. public lands. Approximately half of all Americans participate in
outdoor recreation at least once per year (Outdoor Industry Association,
2018), spending more on this activity than on pharmaceutical products
and fuel combined (Outdoor Industry Association, 2017). Outdoor rec-
reation has significant economic benefits for many U.S. rural commu-
nities. The Outdoor Industry Association (2017) reports that outdoor
recreation nationally generates $887 billion in consumer spending
annually while supporting 7.6 million jobs. With respect to federal
lands, in 2016, there were around 890 million recreational visits to
federal lands resulting in around $49 billion in spending that supported
around 826,000 jobs (Cline and Crowley, 2018). Given the importance
of outdoor recreation to Americans, we focus on a case study of the effect
of forest disturbances on the value of these activities over time
(comparing 2015 to 2005) for a range of activities (wildlife and
water-based pursuits), and across seasons (warm weather and winter).

Adequate protection of forest carbon stocks is critical for climate
change abatement efforts. American public forests and forest products
offset around 16% of the annual domestic CO3 emissions (Durkay and
Schultz, 2016). Past forest disturbances, however, have reduced forest
carbon stocks to around half of their maximum storage potential (Wil-
liams et al., 2016). Biomass regrowth in previously disturbed areas
sequestered around 1,600 million metric tons of CO (Mt CO;) between
1990 and 2016 (Woodall et al., 2015). During this period, wildfires and
timber harvests reduced forest carbon stocks in U.S. public forest land by
around 791 Mt CO,. These carbon fluxes have resulted in annual net
sequestration of around 30 Mt CO; per year on average, contributing to
offsetting around 15% of annual U.S. carbon emissions from fossil fuel
combustion (Woodall et al., 2015). From 2006 to 2010, the main dis-
turbances creating CO, emissions from the continental U.S. were timber
harvest (69%), wildfires (10%), land-use change (6%), wind (7%), insect
outbreaks (7%), and droughts and other natural disturbances (1%)
(Woodall et al., 2015). Since climate change mitigation and adaptation
strategies require an accounting of the effects of natural and anthropo-
genic forest disturbances on carbon stocks and flows, part of our
empirical analysis focuses on recent changes in forest emissions and
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their potential economic costs.

Our study contributes to the literature by providing key evidence of
the economic effects of forest disturbances on outdoor recreation and
carbon at different spatial and temporal scales. Using the benefit transfer
method and geospatial data, we estimate the effects of forest disturbance
on outdoor recreation and changes in carbon storage for three national
forests located in California’s Sierra Nevada region. The findings could
be used to inform decision making in national forest management to
properly mitigate the losses and maintain the forest health, especially in
this critical time of changing global climate.

2. Study area

California has 18 national forests, three of which in the Sierra
Nevada provide a wide variety of recreational opportunities. The Inyo
National Forest is in the southern Sierra, while Tahoe and Lake Tahoe
Basin Management Unit are in the central Sierra (Fig. 1). The Inyo Na-
tional Forest is home to two ski areas, 100 miles of snowmobile trails,
and 25 miles of Nordic ski trails. Inyo National Forest has nine federally
designated wilderness areas covering approximately 400,000 hectares
(~1 million acres). It is also home to winter sports and popular in the
summer for fishing and mountain biking; hiking to the top of Mount
Whitney is popular among visitors.

The Tahoe National Forest is situated within a 2-hour drive of Reno,
Sacramento, and San Francisco. There are numerous special places that
include Donner Camp Picnic Site and Interpretive Trail that is of his-
torical interest. Moreover, in 1978, the North Fork American River was
designated as a Wild and Scenic River. It provides recreational oppor-
tunities in late fall and spring when other recreation areas of the forest
are still covered in snow.

The Lake Tahoe Basin Management Unit has one of the highest peaks
in the state and has one of the highest snow packs. The Lake Tahoe Basin
Management Unit jointly manages the Desolation Wilderness which
covers over 63,900 acres of lakes, subalpine forest, and alpine habitat.
The Desolation Wilderness is amongst the most popular in the National
Wilderness Preservation System and reservations for the day, and
overnight use are required in advance to manage the demand. The Tallac
Historic Site is maintained for historical interest and is open late spring
through early fall for hiking and sightseeing, with summer-season her-
itage tours.

Since forest stands at higher elevations are likely to be characterized
by high tree density and include old-growth, they are important from a
carbon standpoint. Red fir forest is the largest forest type in the higher
elevation (1830 to 2286 m.a.s.l.; North, 2014). Other forest types found
in the study site region are largely comprised of mixed-conifer, Western
Ponderosa Pine, Jeffrey Pine and Lodgepole Pine (North, 2014).

With respect to compounding disturbances in our study area, mild
drought conditions were observed in the eastern part of Inyo National
Forest in 2005 (Fig. 2a) and in Tahoe National Forests in 2010. The state-
wide drought observed in 2015 generated significant stress to forest
ecosystems with almost all the study area recording high cumulative
drought index values (Fig. 2b). In terms of tree mortality, wildfires had a
small effect on forest ecosystems in the study area in 2005, 2010 and
2015—high-intensity fires only occurred in some regions of Tahoe Na-
tional Forest. Bark beetle damage was also low in 2005, occurring
mostly in the Lake Tahoe Basin Management Unit (Fig. 2b). In 2010,
however, only the eastern section of Inyo National Forest (a region with
low forest cover) was not disturbed by bark beetles. Unfortunately, 2010
was the beginning of an ecological catastrophe that resulted in around
163 million death trees by 2019, mostly in the Sierra Nevada National
Forest (California Forest Pest Council, 2019).

3. Materials and methods

Our modelling approach in examining both a cultural ecosystem
service and a regulating service with global climate change implications
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Fig. 1. Study area: Tahoe national forest, lake Tahoe basin management unit, and Inyo national forest.

is based on analysis of visitor surveys and remotely sensed data, benefit
transfer estimates of economic valuation of recreational activities, and
estimates of global economic impacts of carbon emissions.

3.1. Recreation

Estimation of the economic benefits of outdoor recreation is groun-
ded in economic efficiency criteria which provides a useful framework
for evaluating trade-offs for at least three reasons: 1) maximizing net
economic benefits can be an important objective when facing scarcity
and competing uses, 2) it provides a way to evaluate the opportunity
costs of competing objectives, and 3) it provides a measure of the net
benefits that both non-local and local visitors receive from recreation
(Young and Loomis, 2014). Since entrance fees are not required to
participate in outdoor recreation on national forest lands®, non-market
valuation techniques are useful to characterize the economic value of
outdoor recreation activities.

If original non-market valuation studies cannot be undertaken due to
limited resources or time constraints, benefits transfer method can be
used to derive economic values (Johnston et al., 2015; Rosenberger and
Loomis, 2001). In estimating the economic effect of forest disturbances
on recreation, we apply a benefit transfer function. Johnston et al.
(2015) explain that the benefits transfer method can be used to estimate
economic values, where benefit transfer is “...defined as the use of
research results from pre-existing primary studies at one or more sites or
policy contexts (often called study sites) to predict welfare estimates
such as willingness to pay (W.T.P.) or related information for other,
typically unstudied sites or policy contexts (often called policy sites).”

There are two types of benefit transfer: unit value transfers and
benefits function transfer. Unit value transfer uses a single number or set

2 As listed in the Recreation Enhancement Act (2005), standard amenity fee
sites are those that provide designated developed parking, picnic tables, toilet
facilities, security, interpretive signs and trash receptacles. Visitors do not have
to display a valid recreation pass if they park outside these sites.

of numbers from previous primary studies to transfer to the new study
area. For benefit function transfers, a single pre-estimated function from
a single primary study — called a single-site benefit function transfer —
can be used, or a set of previously calibrated functions for a meta-
analysis — called meta-regression models — can be employed. It is
generally accepted that benefit function transfers provide more accurate
estimates than unit value transfers (e.g. Kaul et al., 2013). A more
detailed description of the benefit transfer method can be found in
Johnston et al. (2015) and Rosenberger and Loomis (2001).

For this study, we use recreation values estimated from a benefit
function transfer by Rosenberger et al. (2017). We use Rosenberger
et al. (2017) as they provide the most up-to-date recreation economic
values available, applying a meta-analysis benefit transfer function for
estimation. The meta-analysis are based on an exhaustive review of U.S.
and Canadian economic studies ranging from 1958 to 2015. The benefit
transfer is applied to the per person, per day average value estimates for
recreational activities for three national forests (Inyo, Lake Tahoe, Lake
Tahoe Basin Management Unit), explained below.® Economic value es-
timates for outdoor recreation activities derived by Rosenberger et al.
(2017) are used to estimate the loss of annual economic benefits to
recreationists due to forest disturbances.

Additionally, we use the National Visitor Use Monitoring (NVUM)
program which the USDA Forest Service employs to track the number of
annual visitors to each national forest and the recreational activities
they engage in during their visits (English et al., 2002; USDA Forest
Service, 2020). The NVUM surveys are quite comprehensive, reporting
28 primary recreation activities such as fishing, hiking, and viewing
natural features, and is conducted annually while ensuring that each
forest is surveyed every five years. There are 3 years of available NVUM
data. The economic estimates for each outdoor recreation activity
derived by Rosenberger et al. (2017) uses the most recent updated

3 For more detail information on this procedure, see Rosenberger et al.
(2017).
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Fig. 2. Spatial distribution and intensity of forest disturbances: Drought, and wildfire and bark beetle tree damage. Note: Wildfire and beetle mortality are only
available for the period 2003-2012. The legend in panel b is based on the quantile distribution of the carbon emissions.

Recreation Use Values Database, 2016. NVUM data for our study area
were available for the periods 2005, 2010, and 2015 for Tahoe National
Forest and Tahoe Basin Management Unit; and for 2006, 2011 and 2016
for Inyo National Forest.

Following Rosenberger et al. (2017), we first estimate total annual
visits for each national forest for 28 primary recreational activities using
the formula:

No. of Visits Per Activity = NVUM Total Annual Visits
X Main Activity Percentage (€))

Next, the number of visits per recreational activity is multiplied by

conversion coefficients and average economic values (Eq. (2)) to arrive
at the aggregate recreation benefit value. The conversion coefficients
translate visits into primary activity days. NVUM defines primary days
as main activity participation for some portion of a day. For example, a
recreationist whose main activity is hiking and engages in that activity
for 3 hours a day is one primary activity day of hiking. If it is two in-
dividuals, then the primary activity days for hiking will be two. The
conversion coefficient is defined as the average number of calendar days
per national forest visit and is imputed by Rosenberger et al. (2017)
using NVUM survey results. The conversion coefficient is estimated for
each main activity and may vary by recreation activity and national
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forest. The average economic value is estimated for each main activity
using a meta-regression model that estimates the average value for each
recreation activity (Rosenberger et al., 2017).

Aggregate Rec. Benefit Value = No. of Visits Per Activity
% Conversion Coefficient

x Economic Value (2)

Climate change and drought appear to affect recreation excursions
(Crowley et al., 2020; Hand and Lawson, 2018; Halofsky et al., 2017);
winter activities can be negatively affected (Hand and Lawson, 2018) as
can water-based activities (Hand and Lawson, 2018; Loomis et al.,
2004), but these can have a positive effect on summer activities (Albano
et al., 2013; Fisichelli et al., 2015; Hewer and Gough, 2019), thus we
investigate how changes in visitation rates are linked to forest distur-
bances in the study area by using spatiotemporal data of drought,
wildfires, and bark beetle damage. As a measure of drought intensity, we
use the annual Cumulative Drought Index (CDI), which accounts for the
intensity and duration of drought throughout the year (NOAA, USDA,
NDMC, 2020). The CDI accounts for the number of weeks a site was
classified in one of five drought categories with a maximum value of 208
(NOAA, USDA, NDMC, 2020). Data for 2005, 2010, and 2015 are used to
investigates changes in recreational activities. Changes in aesthetic
conditions due to tree mortality from wildfires and bark beetle in 2005,
2010 and 2012 are explored using tree mortality data from Berner et al.
(2017).

3.2. Climate regulation

Although 60 to 80 percent of total CO, emissions are absorbed by
land and ocean ecosystem within 200 to 2000 years, the remaining can
persist in the atmosphere for thousands of years (Archer et al., 2009).
The gradual accumulation of CO, emissions in the atmosphere con-
tributes to global warming. Climate change is expected to generate
significant net costs to society, reducing crop yields, increasing risks to
property and human health. We apply estimates of the global net
monetary impact per additional metric ton of COy emitted based on
three integrated assessment models (IAMs) of human and ecological
systems (Interagency Working Group, 2016). This quantification is
called the Social Cost of CO; (SC-CO3) emissions and represents the
marginal net cost per additional metric ton of CO, emission.

Due to the long life-span of CO; emissions in the atmosphere, their
social cost is estimated from the year of emission to 2300. Such estimates
are then discounted at different rates (2%, 3% and 5%) with higher rates
favoring the welfare of current generations. The SC-CO; is also esti-
mated for extreme climate change impacts based on upper estimates
(95™ percentile estimates) of projections generated by the ensemble of
IAMs at a 3% discount rate. We use a linear regression model (R?=0.99)
to estimate the annual cost of emissions from disturbance from 2003 to
2012 using SC-CO,, data reported by the IWG for the period 2010-2100
at five-year intervals. Annual SC-CO estimates from 2003 to 2012 (in
2016 dollars) were multiplied by above-ground forest CO; loss due to
fire and bark beetle disturbances based on spatially explicit data (1 km
resolution) (Berner et al., 2017).

Although timber harvest is the main driver of forest cover and forest
carbon stock reductions in the United States, carbon embedded in some
wood products could remain stored for decades (Loeffler et al., 2014;
Williams et al., 2014). The large range of carbon decay rates across wood
product types and final use complicates the estimation of the net carbon
flux effect of timber harvesting through the value chain. In addition,
selective logging and postharvest reforestation, where it occurs, can set
the conditions for gradual recovery of forest carbon stocks. The average
residence time for carbon in forest biomass is more than twice that of
wood products (Law et al., 2018) and once forests are disturbed, their
ability to reach preexisting levels of carbon storage and other ecosystem
service  provisions could be  significantly = compromised
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(Marcos-Martinez et al., 2019). Owing to the complexities associated
with estimating net carbon fluxes from timber harvest through the value
chain, we focus instead on the analysis of carbon emissions resulting
from tree mortality from fires and bark beetles.

4. Results and Discussion
4.1. Recreation

Although in recent decades, drought, wildfires, and bark beetle had
reduced the provision of recreational services in the study area, we focus
on activities related directly to water or precipitation. Droughts have
occurred in California over the study period — both from 2007 to 2009
(California Department of Water Resources, 2010) and from 2011 to
2017 (National Integrated Drought Information System, 2018). These
observed patterns of forest disturbances had varying effects on the
economic benefits of recreational activities. Fig. 3 illustrates these ef-
fects using baseline data from 2005 and 2006. The economic values for
each activity is held constant to 2016 values, thus, the reported changes
in economic benefits are solely due to changes in visitation. Drought
conditions influenced overall visitation patterns for all three national
forests. There were positive changes in the economic benefits of
warm-weather activities such as viewing natural features, hiking, bicy-
cling, primitive and developed camping, horse riding, and backpacking
during the 10-year period; the increase ranges from 9% to about 36%,
translating to an annual economic gain of $6 to $36 million. The ac-
tivities with the greatest percentage increases vary across the national
forests; in Tahoe, these are viewing natural features (103%) and backing
(313%). For Lake Tahoe Basin Management Unit, these activities are
horseback riding (2296%), backpacking (222%), and other
non-motorized recreational activities (127%), whilst for Inyo bicycling
(109%) and hiking/walking (12%) saw the largest gain in value. These
increases are partially due to drier conditions, which resulted in recre-
ation sites and trails opening sooner and closing later in the season.
Additionally, a higher number of hotter days at lower elevations may
have caused people to escape to higher elevations for cooler
temperatures.

In contrast, across the three national forests there was a considerable
decline in the economic benefits for winter activities (downhill skiing,
cross country skiing, snowmobiling), wildlife activities (fishing, viewing
wildlife, hunting), and water-based activities (motorized and non-
motorized water activities). The decrease in the value of the benefit
ranges from 21 percent to 34 percent, corresponding to an annual eco-
nomic loss of $15 to $73 million. The activities that experienced the
greatest decrease in value include snowmobiling (-97%) and downhill
skiing (-25%) for Tahoe NF; snowmobiling (-100%), cross-country skiing
(-97%), and downbhill skiing (-17%) for Lake Tahoe Basin Management
Unit; and snowmobiling (-100%) and downhill skiing (-37%) for Inyo
NF. These drops in value can be attributed to fewer snow days in the
region due to drought conditions. Similarly, for wildlife activities, the
decrease in benefits ranges from 10 to 48 percent that translates into an
annual economic loss of $0.9 to $12 million. The most notable decreases
are fishing (-52%) and hunting (-20%) for Tahoe NF; viewing wildfire
(-20%) for Lake Tahoe Basin Management Unit; and viewing wildfire
(-60%) and fishing (-50%) for Inyo NF. This decline is largely attributed
to lower year-round water flows necessary for fishing activities. This
lower water flow may have also contributed to the decrease in economic
benefits from water-based activities which ranged from 21 to 32 percent,
equivalent to $0.7 to $3 million per year across the three national for-
ests. The largest decrease is non-motorized water (-70%) for Tahoe NF;
motorized water activities (-48%) for Lake Tahoe Basin Management
Unit; and non-motorized water (-32%) for Inyo NF. See tables 1A and 2A
in supplementary materials for complete list of main recreation activ-
ities with visitation estimates, percentage changes, and economic
values.
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Fig. 3. Changes in economic benefits of recreational activities'! in Tahoe, Lake Tahoe Basin Management Unit, and Inyo National Forests during a 10-year period.

Table 1

Potential policy responses derived from our analysis based on the Driver-

Pressure-State-Impact-Response framework.

Disturbance Impacts Specific policy General Policy
responses responses
Drought Increase in - Shift personnel to - Monitoring
warm-weather better align with spatiotemporal
recreation anticipated higher changes in
activities demand for warm- disturbance regimes
Decrease in weather recreation and prioritize plans
water-based activities. and management
recreational - Providing necessary  areas.
activities information to - Designing of
recreationist e.g. spatially targeted
alternative sites as forest conservation,
they adapt to impacts  pest control, or fire
of forest disturbances  prevention and
by changing their suppression strategies.
selection of - Implementing
recreational sites and  strategies that offset
activities due to such  carbon losses from
things as changing disturbance e.g.
water levels and managing sawdust
snow packs (Hand timber harvesting,
and Lawson, 2018) fertilization (Johnson
Pest Lower biomass Reducing tree stand and Curtis, 2001).
Outbreaks due to tree density and - Implementing
damage and increasing landscape strategies to enhance
mortality tree species collaboration and
heterogeneity ( capacity building of
Fettig, 2012). related stakeholders
Wildfires Lower biomass Enhancing forest to increase social
due to tree heterogeneity (Long adaptive capacity (
damage and et al., 2014, Pedro Seidl et al., 2016).
mortality et al. 2015).

4.2. Climate regulation

From 2003 to 2012, CO, emissions from tree biomass loss due to bark
beetle and wildfire damage accounted for 60%, 70%, and 77% of the
emissions observed Inyo National Forest, Tahoe National Forest, and
Lake Tahoe Basin Management Unit, respectively (Fig. 4a, b). Tree
biomass loss during this period, from the assessed disturbances, resulted
in a release of around 10 million tons of CO,. Carbon dioxide emissions
ranged from 3.95 million tons in 2004 to 0.12 million tons in 2005
(Fig. 4c). Although beetle damage was greater, the corresponding tree
damage per hectare was significantly lower than wildfire damage.
Wildfires were key drivers of CO5 emissions, particularly during drought
years (i.e. 2006-2008). Fig. 4c shows a drastic increase in emissions in
2004, resulting from catastrophic tree die back generated by a large bark
beetle outbreak. This is consistent with data indicating that around 1.7
million hectares of forests (4.1 million acres) were affected during that
period in California, with tree mortality being most severe in drought-
stressed, dense forest stands in the Sierra Nevada National Forests
(Smith, 2007). More than $500 million was spent to remove hazardous
trees, reduce fuel loads, and restore forests in southern California
following this outbreak (Smith, 2007).

The frequency and intensity of wildfire and bark beetle tree damage
determined the spatial patterns of the SC-CO, emissions (Fig. 5). From
2003 to 2012, on a per hectare basis, the cumulative social cost of forest
disturbances associated with CO4 emissions ranges from $65 to $16,662
per hectare (2016 dollars) — assuming a 3% discount rate for future
climate damage (Fig. 5a). Tahoe National Forest had the largest cumu-
lative SC-COy emissions ($2.47 million) amongst the three national
forests (Fig. 5b). Inyo National Forest and Lake Tahoe Basin Manage-
ment Unit had cumulative SC-CO, emissions valued at $0.57 and $0.19
million, respectively. The total cumulative SC-CO2 emissions from 2003
to 2012 was $5.2 million, $3.2 million, and $0.9 million at 2.5%, 3%,
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Fig. 4. CO, emissions from biomass loss due to bark beetle and wildfires tree mortality (cumulative emissions from 2003 to 2012).
Notes: Cumulative and annual CO2 emissions from above-ground tree biomass loss generated by bark beetle (a), and wildfire (b). These two disturbances and timber
harvest constitute the main drivers of change in forest cover loss and forest carbon stock in the U.S.
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Fig. 5. Cumulative social cost of CO emissions from tree mortality due to bark beetle and wildfire disturbances (2003-2012). Estimates using the global social cost of

CO,, emissions discounted at 3%.

1 Warm-weather activities include viewing natural features; hiking; bicycling;
primitive and developed camping; horse riding; backpacking. Winter activities
include downhill skiing; cross country skiing, snowmobiling. Wildlife activities
include fishing; viewing wildlife, hunting. Water-based activities include
motorized and non-motorized water activities. There are other types of activ-
ities that are categorized into others include relaxing; visiting historic sites,
nature study, etc. Although they were not listed here in the figure, the data
were used to estimate total percentage change in economic benefit above.

and 5% discount rates, respectively; note how the different discount
rates clearly affect the valuation. Accounting for extreme climate impact
estimates and using a 3% discount rate the SC-CO, emissions from
wildfires and bark beetle would reach $8.9 million.

4.3. Policy implications

As forest disturbances become more frequent and devastating, the
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sustainable provision of forest ecosystem services is at risk in some re-
gions, raising the possibility of negative welfare effects on individuals
and communities. Successful policies will need to account for differences
in the resilience of forest ecosystems and human adaptability to dynamic
levels of forest services that are likely to result in spatially heteroge-
neous post-disturbance economic outcomes.

Strategic policies designed to effectively contend with adverse eco-
nomic consequences of disturbances must rely on rigorous information
and insights on how specific forest stressors affect forests’ ability to
provide multiple ecosystem services. Our case studies of economic im-
pacts of forest disturbances on outdoor recreation and carbon storage
may guide land managers in designing policies that maximize limited
resources while ensuring the sustainable generation of ecosystem ser-
vices that enhance human well-being. For example, using our findings in
drought years, public land managers could decide to shift personnel to
work earlier and later in the season to better align with anticipated
higher demand for warm-weather recreation activities such as hiking
and camping. The results could also inform the design of spatially tar-
geted forest conservation, pest control, or fire prevention and suppres-
sion strategies to minimize adverse impacts on forest health and
functions and generate greater benefits to society.

Policies related to the use of these public lands may need to account
for changes in recreational patterns to ensure that related infrastructure
and resources are resilient over time to support shifting use patterns. For
example, recreationists may adapt to impacts of forest disturbances by
changing their selection of recreational sites and activities due to such
things as changing water levels and snow packs (Hand and Lawson,
2018). Furthermore, public land managers could provide information to
recreationists on substitute sites, when the original destination is no
longer available for their desired recreation activities.

As reduced tree competition could enhance tree growth and defen-
sive mechanisms, one of the most effective strategies for controlling bark
beetle infestation is to reduce tree stand density. In addition, because
large contiguous lands with high homogeneity are prone to bark beetle
outbreaks, increasing species and landscape heterogeneity could reduce
the bark beetle-caused tree mortality (Fettig, 2012). Promoting forest
heterogeneity could be carried out through silvicultural practices and
proper fire management (Long et al., 2014). Not only do these man-
agement strategies improve forest resilience against bark beetle attacks
but also other types of disturbances whether acute such as high-intensity
wildfires or drought or chronic disturbances such as understory burning
or climate effects (North et al., 2014). Strategies that offset carbon losses
from disturbance range from managing sawdust timber harvesting,
fertilization (Johnson and Curtis, 2001) to species selection (Pedro et al.,
2015).

Our study shows that monitoring spatiotemporal changes in distur-
bance regimes could help to understand the dynamics of underlying
ecological processes and prioritize plans that adaptively manage forests
and their stressors. This is essential to foster forests resilience to dynamic
disturbances. Pathways to forest resilience should account for local
ecological and social contexts, that is for structural and species diversity
across forest management regions. Such pathways should also include
strategies to enhance collaboration and capacity building of related
stakeholders to boost not only ecological resilience but also adaptive
social capacity in forest regions (Seidl et al., 2016). Social resilience can
be strengthened by considering how impactful forest management
strategies are in human communities. In turn, the adaptive capacity of
communities can help facilitate management to improve resilience
(Long et al, 2014).

We summarize policy insights from our findings in Table 1. We adapt
the Driver-Pressure-State-Impact-Response (DPSIR) framework (Kris-
tensen, 2004) to report our findings and policy options to support de-
cision makers. The DPSIR framework has been used for more than 30
years to link ecological and socioeconomic drivers resulting in changes
in the state of the environment and relevant impacts. This approach is
useful for supporting decision making especially in the context of
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environmental management (Tscherning et al., 2012, Bradley and Yee,
2015).

4.4. Contributions and caveats

Forest disturbances may result in both positive and negative conse-
quences, depending upon the ecosystem service being considered
(Thom and Seidl, 2016). As a result, the total valuation of the economic
value of disturbances can be expensive, time-consuming, and difficult;
indeed, in some cases, such an endeavor may be infeasible. In cases
where forest damage is extreme, extensive, or marks a substantial de-
parture from previous natural patterns, the effect on ecosystem services
can be severe and wide-ranging. Some of these effects can be readily
measured in quantitative terms, but others, particularly those associated
with less tangible values such as aesthetics or existence values, are more
difficult to quantify. Our analysis may guide the identification of how
changes in forest ecosystems affect human well-being and help to
quantify these economic values — whether benefits or costs — making
trade-offs when prioritizing or balancing which ecosystem services to
protect.

Our valuation likely underestimates of the impacts of forest distur-
bances on outdoor recreation opportunities available on public lands as
we focus on valuing changes in recreational benefits due to disturbances
rather than the regional economic impact of reduced household
expenditure on outdoor recreation. Additionally, we examine visits only
to national forests, not all public lands at the federal level and none at
the state level. Furthermore, we have only examined use values and do
not consider non-use-value such as bequest and existence values; the
latter values may be significant in a densely populated state like Cali-
fornia. To fully understand the total economic loss in outdoor recreation
benefits due to drought, wildfires, and other disturbances, aggregation is
needed across all public and private lands that are available for outdoor
recreation opportunities and must include nonuse values.

Ideally, comprehensive estimates of the net impacts of changes in
forest carbon stocks would include modelling of vegetation and soil
carbon dynamics as well as carbon emissions and sequestration in above
and below ground biomass. Nevertheless, we intentionally focus on the
cost of carbon emissions due to above ground tree biomass loss for a few
reasons. First, we want to identify the spatial patterns of forest carbon
emissions (and their associated global social cost) due to disturbances.
This may help forest managers to identify and target regions that can
potentially reduce forest carbon emissions. Second, our spatially-explicit
data do not allow the identification of total tree biomass loss, thus
preventing us from using analytics such as root-to-shoot ratios when
forest disturbances generate a complete loss of above and below ground
biomass. Finally, we recognize that in the long run, forest regrowth will
offset carbon emissions generated by disturbances, although there is a
significant lag between the time of the emissions and their sequestration
through biomass regrowth (Marcos-Martinez, et al. 2019). The literature
suggests that the omission of below ground and soil carbon impacts in
our analysis would not significantly modify our emission estimates.
There is evidence of no significant net loss on total carbon in either the
topsoil or the whole soil due to prescribed fires and wildfires (see the
meta-analysis by Johnson and Curtis, 2001). Under some conditions, fire
events could even contribute to increase forest carbon stocks (Jones
et al., 2019). Bark beetle outbreaks decrease forest stand densities and
above and below ground biomass and increase coarse woody debris and
forest floor accumulations (Overby, Hart and Neary, 2003). Hence, the
net impact on forest carbon stocks of bark beetle outbreaks would de-
pends on the severity, duration, and frequency of such disturbance.

5. Conclusion
In recent decades, forest disturbances have had a large effect on the

health and structure of forest ecosystems in the Sierra Nevada in Cali-
fornia. The increasing frequency and intensity of disturbance events in
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that region threaten the sustainable provision of key ecosystem services.
Valuation of these forest stressors may inform management strategies to
respond and adapt to changing disturbance regimes. Combining non-
market valuation methods with remote sensing forest disturbance
data, we monetize the loss of recreational and climate regulation ser-
vices due to forest disturbances in Tahoe National Forest, Lake Tahoe
Basin Management Unit, and Inyo National Forest.

Between 2005 and 2016, drought conditions exacerbated tree mor-
tality, arising from wildfires and bark beetle outbreaks, to reduce the
overall economic value of winter, wildlife, and water-based recreational
activities. The annual economic loss was substantial. For instance, in
2015, the Lake Tahoe Basin Management Unit and Tahoe National
Forests incurred an annual loss of about $73 and $15 million, respec-
tively, for recreation activities relative to pre-drought years, while in
2016 the annual loss for winter activities totaled $36 million on the Inyo
National Forest. The annual total loss is greater when aggregating across
outdoor recreation categories such as wildlife- and water-based activ-
ities. Nevertheless, there were positive annual gains from warm-weather
activities valued at $6 million, $15 million, and $36 million for Inyo,
Tahoe, and Lake Tahoe Basin Management Unit, respectively.

Forest regrowth on previously disturbed land has resulted in net
increases in forest carbon stocks on national forests. This trend is ex-
pected to continue, even under climate change, generating valuable
social benefits by offsetting CO emissions from other economic activ-
ities. Nevertheless, our study suggests that the economic value of
emissions from forest disturbances are significant even for forests in low
wildfire-risk regions such as the Sierra Nevada in California. The total
social cost of carbon emissions from tree biomass loss caused by wild-
fires and bark beetle was $5.2 million, $3.2 million, and $0.9 million at
2.5%, 3%, and 5% discount rates, respectively. Under extreme climate
change projections, the SC-CO; emissions would be around $9 million
using a 3% discount rate.

As more frequent and severe forest disturbances occur, policy-
makers, stakeholders, and communities may need to adapt to new
conditions and realities that ecosystem service benefits from public
forests will change. For example, many of the national forests may
continue to experience snowpack losses and an increase in the demand
for warm-weather recreation activities. Future research on these issues
in other regions globally will improve our understanding of the socio-
economic effects of forest disturbances, and thereby can help decision-
makers improve critical adaptation and management strategies that
will benefit future generations.
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