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A key issue in landscape management, whether public or private, is the mitigation of 
disturbance events that impact vegetation, ecosystem health, and thus ecosystem 
services (ESs). Although many studies have found significant tree mortality due to 
insect infestations, there is still insufficient understanding of how these infestations 
alter ESs and their associated economic values. Addressing this research gap can 
assist forest managers and decision-makers in refining and implementing adaptive 
management practices and policies, while enhancing the resilience of forests 
and their ESs. We  investigated the impacts of bark beetle outbreaks on three 
ESs (timber provisioning, water retention, and carbon sequestration) in the Lake 
Tahoe region of Northern California and Northern Nevada. Using the landscape 
simulation model LANDIS-II, we examined differences between a business-as-usual 
management scenario and an enhanced management scenario with respect to 
the amount of aboveground tree biomass and ESs impacted by beetle outbreaks. 
Since insect infestation is also influenced by climate, each of the two management 
scenarios considered three different climate scenarios: a scenario with average 
historical climate (no climate change); a warmer, wetter scenario from the Model 
for Interdisciplinary Research on Climate (MIROC); and a hotter, drier scenario from 
the Centre National de Recherches Météorologiques (CNRM). Results show that 
a warmer and drier climate results in more severe beetle-induced tree mortality 
than a wetter and cooler climate, resulting in greater negative impacts to ESs. 
The estimated loss of ES value is approximately $0.2 to $0.8 million USD per 
year. Enhanced management is more capable than business-as-usual practices 
to prevent beetle damages to trees and ESs.
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1 Introduction

Climate change has led to an increase in global temperatures, 
higher variation in precipitation, changes in extreme weather patterns, 
sea level rise, and melting ice and snow. As a result, it has impacted 
various aspects of ecosystems including the degradation of habitat 
quality, adjustments in food chains, and variations in ecological 
functions (U.S. Global Change Research Program, 2017; IPBES, 2019; 
IPCC, 2021, 2023; Chen, 2024). Consequently, evidence (Erauskin-
Extramiana et  al., 2020; Nature Climate Change Editorial, 2020; 
Aguirre-Liguori et al., 2021; Coelho et al., 2023) has suggested that 
shifts in the distribution and abundance of species, including plants, 
fish, mammals, birds, and insects, have occurred across many regions 
of the world. Insects are the most widespread and diverse group of 
animal species across the biosphere and are particularly sensitive to 
climate change. This is due to their relatively rapid reproduction rates, 
ectothermic nature, disruption of their life cycles (e.g., breeding, 
reproduction, or hibernation) by temperature changes, and their 
sensitivity to extreme weather events (e.g., heatwaves, droughts, heavy 
rainfalls) (Harvey et al., 2020; Skendžić et al., 2021; Harvey et al., 
2023). This is also true for bark beetles.

There are many climate-related drivers of bark beetle mortality 
and population growth rate. For example, studies (Bentz et al., 2010; 
Fettig et al., 2021; Singh et al., 2024) have noted that global warming 
(1) enables bark beetles to complete their life cycles more quickly, 
increasing the possibility for producing more generations within a 
year; (2) allows bark beetles to expand their habitats to places with 
higher elevations and latitudes where they previously could not 
survive; (3) extends the warm period of a year, giving bark beetles 
more sufficient time to reproduce; (4) makes winter milder and 
reduces overwintering mortality of bark beetles; and (5) increases 
drought stress on trees, reducing trees’ ability to defend themselves 
against bark beetle infestations.

Bark beetles, measuring less than 6.35 millimeters in size, bore 
through the protective bark of a tree to lay their eggs in the cambial 
layer (U.S. Forest Service, 2015). Typically, the adult female beetle 
creates the parent gallery by depositing eggs along its walls. The eggs 
then hatch, and the larvae develop larval galleries that widen as the 
larvae grow (Ray et al., 2019). They feed on living tissue, disrupting 
the tree’s nutrient transport. They can increase dramatically when 
sufficient food is available. This typically occurs in drought-stressed 
trees (Raffa et al., 2008). Consequently, during population outbreaks, 
bark beetles can increase tree mortality in forests, impacting ecosystem 
services (ESs), which denote the benefits people obtain from 
ecosystems (Millennium Ecosystem Assessment, 2005).

Forests with bark beetle infestation have experienced alterations 
in ESs, ultimately resulting in socioeconomic impacts on people 
living, working, and recreating in or near these areas (Flint et al., 2009; 
Cottrell et al., 2020). For example, communities near beetle-infested 
forests have observed changes in property values and water quality, as 
beetles impacted the aesthetic appeal of landscapes and the 
concentrations of nutrients and heavy metals in water (Morris et al., 
2018). The altered view of landscapes due to beetle-induced tree 
mortality can also influence visitors’ tourism experiences (Arnberger 
et  al., 2018). Beetle-induced tree mortality also threatens the 
livelihoods of people who rely on forest products (e.g., timber) for 
their income (Müller, 2011). Moreover, bark beetle outbreaks have 
improved the costs for forest management and biodiversity 

conservation, such as through diminishing the effectiveness of forest 
restoration (Kortmann et al., 2021).

However, both de Groot et al. (2010) and Chen et al. (2022) have 
highlighted the research gap in the quantification of how changes in 
environmental components, including insect species, can influence 
the economic values of ESs. We also did not find any exiting study 
measuring how changes in bark beetle population can change ESs’ 
economic values. Addressing this gap becomes especially challenging 
when integrating climate factors into the assessments. This is due to 
the added uncertainties in modeling climate (Stoeckl et al., 2021), 
predicting future environmental conditions (Balloffet et al., 2012), and 
attributing environmental impacts to climate change and other 
potential drivers (Runting et al., 2017).

Despite these challenges, enhancing the understanding of how 
climate-driven bark beetle outbreaks can impact the quantities and 
values of ESs is a crucial step toward refining and implementing forest 
policies and management practices to improve forests’ adaptive 
capacity, which is the capability to adapt to climate and environmental 
changes (Engle, 2011; Cottrell et al., 2020). Specifically, ES valuation 
does not replace other arguments for bark beetle management from 
other disciplines, such as biology, law, and traditional culture. Instead, 
it provides an additional perspective of why beetle outbreaks and 
global warming matter to humans through linking climate-driven 
beetle outbreaks with the subsequent impacts on human wellbeing 
and economic values. Previous studies (Turner et al., 2010; Costanza 
et al., 2017; United Nations SEEA-EA, 2021; Chen et al., 2023) have 
also suggested that ES valuation is useful for raising awareness of 
human-nature interdependence, enabling comparisons between 
environmental and economic benefits using the same unit (e.g., 
monetary), motivating investment in nature conservation, and 
assisting in cost–benefit analyses of forest and land use policies.

To address the research gap in the impacts of climate-driven bark 
beetle outbreaks on the values of ESs, we conducted a case study of the 
Tahoe Central Sierra Initiative (TCSI) region, USA, utilizing the forest 
landscape model LANDIS-II. Previous studies have also conducted 
LANDIS-II to explore future forest responses to different disturbance 
patterns (Tonini et al., 2018), climate conditions (Maxwell et al., 2022), 
and management activities (Hof et al., 2017; Holland et al., 2022). By 
simulating these responses under a wide variety of conditions, we can 
broaden our knowledge of the diverse impacts of climate change on 
human wellbeing and raise awareness of the roles bark beetles play in 
affecting the socioeconomic benefits derived from a landscape. These 
insights can support land managers and decision makers in fostering 
the efficient allocation of resources for climate change adaptation, 
improving ecosystem resilience, and ultimately enhancing nature’s 
contributions to humans. While this study was conducted in a local 
region, it can still serve as a reference for researchers in other regions 
of the world to connect climate-driven changes in insect populations 
to the changes in ES quantities and values.

2 Materials and methods

The beetles simulated in our model included four major beetle 
species in California: fir engraver (Scolytus ventralis), Jeffrey pine 
beetle (Dendroctonus jeffreyi), mountain pine beetle (Dendroctonus 
ponderosae), and western pine beetle (Dendroctonus brevicomis). The 
commonalities among these beetles include targeting dense stands of 
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intermediate to large trees and generally reaching epidemic status 
when trees are stressed by drought. Their primary difference lies in the 
tree species they target: the Jeffrey pine beetle exclusively targets 
Jeffrey pine (Smith et al., 2009); the mountain pine beetle prefers 
lodgepole pine but will also attack ponderosa pine (Gibson et al., 
2009); the western pine beetle attacks all pine species (Homicz et al., 
2022); the fir engraver targets firs. For more information on how these 
four species differ from other beetle species not covered in this study, 
please refer to the U.S. Forest Service (2024).

Our assessments were based on six scenarios (see Section 2.2). In 
each scenario, we first used LANDIS-II to assess aboveground live tree 
biomass killed by beetles (see Section 2.3). LANDIS-II conducted five 
runs for each scenario and averaged the results of these runs as the 
final results for this study. Biomass generally refers to the organic 
material derived from living or recently living organisms, such as 
plants and animals (FAO, 2024; U.S. Energy Information 
Administration, 2024). However, throughout the rest of this paper, the 
term “biomass” specifically refers to aboveground live tree biomass, 
unless stated otherwise. Then we  connected biomass loss to the 
biophysical quantity loss of ESs using multiple ecological equations 
(see Section 2.4) and converted ESs’ biophysical quantity loss to 
economic value loss using multiple valuation approaches (see Section 
2.5). We also estimated the management costs of each scenario (see 
Section 2.6).

Moreover, we compared the results across the six scenarios. The 
differences in outcomes were direct consequences of the model’s 
design and the underlying assumptions of each scenario, rather than 
random variability. This enables us to interpret and compare the 
predicted results without the need for statistical testing. Furthermore, 
the rule of thumb for statistical tests to achieve reliable large-sample 
properties typically requires a sample size of at least 30. Using only five 
observations per scenario for statistical testing could lead to 
misleading results. Therefore, we reported the differences as simple 

averages without referencing any statistical tests. The following 
subsections will introduce our study region and specify the process of 
our assessment.

2.1 Study region

The TCSI region is designated to restore the health and resilience 
of 2.4 million acres (∼9,700 km2) of forests and watersheds 
(U.S. Forest Service, 2023b). This region is in the northeastern part of 
the state of California and northwest Nevada in the United States, 
encompassing the adjacent areas around Lake Tahoe. Overall, 84% of 
this region is covered by forested vegetation, primarily consisting of 
Sierran mixed conifer, Douglas-fir, white fir, and red fir on the west 
slope, with a greater prevalence of Jeffrey pine on the east slope 
(Wilson and Manley, 2021). The forested area is divided into seven 
management zones. According to Manley et al. (2023) and Wilson and 
Manley (2021), these include: Private Industrial Zone, privately owned 
for industrial timber production; Private Non-industrial Zone, 
privately owned for non-industrial timber production; Public Forests; 
Roadless Zone, characterized by undisturbed soil, water, and forest 
vegetation; Wilderness Zone, publicly managed to preserve natural 
conditions and provide opportunities for solitude or primitive 
recreation; Defense Zone, located 0.4 km from developed areas; 
Threat Zone, located 2 km from developed areas. The location of the 
TCSI region and the boundaries of its management zones are shown 
in Figure 1.

This region is a recreational destination with its recreation 
industry valued between $1.35 and $1.84 billion per year (Nyelele 
et  al., 2023). It also provides a diverse set of provisioning and 
regulating ESs (Chung et  al., 2024), including water, timber, and 
carbon sequestration. Thus, this region is an important area for 
providing ESs and has received substantial funding for environmental 

FIGURE 1

Location (on the left) and management zones (one the right) of the TCSI region adapted from Wilson and Manley (2021) and U.S. Forest Service 
(2023b).
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protection. For example, since 1997, the U.S. Environmental 
Protection Agency (2022) alone has invested 47 million dollars in this 
region to implement conservation practices, such as water cleaning, 
forest restoration, and soil conservation. Despite existing 
conservation efforts, studies (Wayman and Safford, 2021; Tahoe 
Regional Planning Agency, 2024) still found that bark beetle 
outbreaks have resulted in an uncharacteristically large mass of dead 
trees in the TCSI region.

2.2 Design of scenarios

We first designed two different management scenarios: business-
as-usual (BAU) management and enhanced management (EM), both 
implemented in the Private Industrial Zone, Private Non-industrial 
Zone, Defense Zone, and Threat Zone. More specifically, the BAU 
scenario modeled removals (including thinning and clear-cutting) of 
drought-weakened, dead, or dying trees that are more favorable to 
beetle infestations on roughly 0.37% of the landscape annually. Such 
biomass removals mirrored the average annual forest treatment by 
public and private land managers in the study area based on the 
U.S. Forest Service FACTs database. The EM scenario was set to 
increased biomass removals to 3.1% of the landscape annually and 
involve prescribed fire on roughly 1.5% of the landscape annually. The 
pace of prescribed fire was set to match historic fire return interval 
(the time between two successive fires) at the TCSI region. The 
LANDIS-II simulation used for the TCSI Initiative, according to 
Manley et al. (2023), calculated the historical fire return interval at the 
scale of 30-m pixels based on the Fire Occurrence Data (1970–2019) 
of the California Department of Forestry and Fire Protection.

For each of the management scenarios, we assessed biomass loss 
under three different climate change trajectories: historical climate, 
CNRM, and MIROC. Historical climate data were taken from the 
gridMet dataset (Abatzoglou, 2013) and future climate data were from 
the Multivariate Adaptive Constructed Analogs (MACA) downscaled 
CMIP5 global circulation models (Abatzoglou and Brown, 2012). 
Specifically, the historical climate simulated the recorded climate 
status in the history without integrating future changes. It served as a 
baseline for comparing the impacts of climate change. For modeling 
the impacts of climate change, we utilized representative concentration 
pathway (RCP) 8.5, as RCP 8.5 best represents current and expected 
near term emissions levels (Schwalm et al, 2020). We used modeled 
RCP 8.5 scenarios from the Model for Interdisciplinary Research on 
Climate (MIROC) and the Centre National de Recherches 
Météorologiques (CNRM), two global circulation models 
recommended by the California Department of Water Resources 
(2015). Overall, both CNRM and MIROC projected a warmer climate 
than historical climate, with MIROC being slightly hotter than 
CNRM. However, CNRM was set to be wetter than historical climate, 
while MIROC was set to be drier than historical climate (Pierce et al., 
2018; Riordan et al., 2018; Renteria et al., 2021).

With the two management scenarios and three climate change 
assumptions, we developed six different simulations in total. These 
include the following: MIROC-BAU (business-as-usual under 
MIROC), MIROC-EM (enhanced management under MIROC), 
CNRM-BAU (business-as-usual under CNRM), CNRM-EM 
(enhanced management under CNRM), Historical-BAU (business-as-
usual under Historical Climate), and Historical-EM (enhanced 

management under Historical Climate). For more details regarding 
how LANDIS-II was parameterized, see Maxwell et al. (2022).

2.3 Assessment of loss of live biomass

We estimated the annual biomass of trees killed by beetles 
between 2020 and 2,100. Tree mortality caused by beetle outbreaks 
was simulated using the Biomass Biological Disturbance Agent 
(BiomassBDA) extension to LANDIS-II (Sturtevant et  al., 2004). 
LANDIS-II is an open-source forest landscape and disturbance 
succession model that combines process and phenomenological based 
modeling to simplify computational complexity to allow scaling across 
larger landscapes. Here we used the v7.0, with the succession extension 
NECN v6.6, with the fire extension SCRPPLE v.3.0, along with a 
climate sensitive version of the Biomass BDA extension v.2.1 to model 
insect behavior. Additional details regarding the LANDIS-II model 
can be found in LANDIS-II-Foundation (2019).

In BiomassBDA, beetle outbreaks are driven by climate (winter 
temperature and climatic water deficit) and constrained by spatial 
contagion rules, while spread of beetle outbreaks percolates through 
the landscape using sites that contain suitable host species. Following 
insect-species-specific parameters developed by Maxwell et al. (2022), 
such as dispersal distance from initial outbreak location, whether the 
beetle species responds to pheromone aggregation, and the search 
radius for other suitable hosts, we parameterized the outbreaks for the 
four beetle species (those mentioned earlier) to predict the timing and 
extent of outbreaks and the mortality of trees at two phases (baseline 
situation and epidemic situation). For outbreak timing, the thresholds 
for Climatic Water Deficit and weather were calibrated to generate 
historic patterns of outbreaks found in the US Forest Service Aerial 
Detection Survey (ADS) data.

To estimate the area affected by each beetle species, we utilized 
two types of data: the ADS polygons, which illustrate the spatial extent 
of outbreaks for each beetle species across different years, and the 
remotely sensed product developed by the Ecosystem Disturbance 
and Recovery Tracker (eDaRT) (Koltunov et al., 2020), which indicates 
the spatial extent of forests where insect-induced tree mortality 
occurred in various years (as reflected by remotely sensed canopy 
coverage). Specifically, we attributed the change in canopy cover to 
specific beetle species through overlaying the ADS polygons onto the 
eDaRT data. However, while the eDaRT data captures the spatial 
extent of forests with insect-induced tree mortality, it does not account 
for the intensity of mortality, which means the annual amount of 
biomass killed within a cell by beetles (e.g., tonnes/acre/yr).

To integrate the intensity of tree mortality, we  calibrated the 
eDaRT mortality data using observations of tree mortality from Fettig 
et al. (2019) in Stanislaus National Forest, which is located just south 
of the TCSI region. To simulate tree mortality in Stainslaus National 
Forest, we spun up a LANDIS-II Biomass Succession model using data 
from a previous project (Spencer et al., 2008) and climate data from 
GridMET (Abatzoglou, 2013). Trees differ in susceptibility to beetles 
based on tree species, tree age, and the severity of an insect outbreak. 
We  adopted the susceptibility parameters (e.g., the likelihood or 
degree to which a specific tree species is vulnerable to being attacked, 
infested, or damaged by a specific beetle species) developed by 
Maxwell et al. (2022). Then the susceptibility was iteratively fine-tuned 
to replicate tree mortality patterns—biomass killed by tree 
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species—found by Fettig et al. (2019). Additional details regarding the 
calculation of beetle-driven biomass loss, parameterization, and 
validation of the model can be found in Maxwell et al. (2022).

2.4 Selecting ESs and measuring beetle 
impact on biophysical quantity of ESs

In this study, we  selected three ESs for assessment, including 
sawtimber provisioning, water retention, and carbon sequestration 
provided by forests. As the TCSI region is an important source of these 
ESs in Northern California (Tahoe Regional Planning Agency, 2024), 
these ESs are of policy interest. Selection of these ESs was also based 
on data availability. Although this region also has important cultural 
values, such as recreation mentioned earlier, we did not assess cultural 
ESs. This was because we aimed to link biomass loss with changes in 
ESs, but existing studies (de Groot et al., 2010; Mayer and Woltering, 
2018; Chen, 2020) have indicated that the supply of cultural ESs (e.g., 
landscape beauty) is not necessarily correlated with the amount of 
biomass but also depends on humans’ varying perceptions of nature. 
For example, some individuals may find a dead tree beautiful, while 
others may not.

In this paper, sawtimber provisioning refers to the supply of 
timber that meets specific size and quality criteria to be sawn into 
lumber or planks for use in construction, furniture, and other solid 
wood products (Luppold and Pugh, 2016). Wood products from other 
parts of trees, such as roots, leaves, and leftovers after sawtimber 
production were not assessed. Water retention specifically denotes the 
water stored in aboveground tree biomass. Although ecosystems can 
also retain water through intercepting water runoff, controlling 
surface evaporation, and percolating water in soil and bedrocks (Sharp 
et al., 2015; Ouyang et al., 2016; Chen, 2021), these mechanisms of 
water retention are too complex to be  directly linked to beetle 
outbreaks (see Supplementary Appendix 1) and were therefore not 
assessed in this study. Finally, plants absorb carbon dioxide (CO2) and 
produce oxygen during photosynthesis, but release CO2 and consume 
oxygen through respiration. The net CO2 removed from the 
atmosphere is known as carbon sequestration (Nowak et al., 2007).

Many studies (Bennett et al., 2009; Qiao et al., 2019; Stosch et al., 
2019) have highlighted the trade-off between provisioning ESs, which 
often require consumptive use of ecosystems (e.g., cutting trees), and 
regulating ESs, which do not. This trade-off, in our study, implies that 
increasing the provision of sawtimber can reduce the forests’ carbon 
sequestration and water retention. To account for this trade-off in 
assessing how biomass loss affects the biophysical quantities of ESs, 
we first grouped the aboveground tree biomass into two categories: 
harvestable biomass, which could have potentially been harvested if 
not damaged by beetles; and preserved biomass, which could have 
kept growing if not damaged. We assessed sawtimber provisioning 
based on the harvestable biomass, while water retention and carbon 
sequestration were assessed based on the preserved biomass.

According to the data of the Harvest Value and Statistics 
(California Department of Tax and Fee Administration, 2023) and the 
Harvest by County Tool (University of Montana and Service, 2023), 
an average of roughly 1,019,360 cubic meters of sawtimbers were 
harvested annually from the TCSI region between 2012 and 2022. 
These harvested sawtimbers make up approximately 0.46% of the total 
wood volume of the region according to the U.S. Forest Service 

TreeMap Dataset (Riley et al., 2022). We also assumed that 0.46% of 
the biomass killed by beetles would have been harvested if it had not 
been killed. This assumption simplifies the reality that high-priority 
timber species are not necessarily the same as those most likely to die 
in a beetle outbreak, and that areas affected by beetle infestations may 
not overlap with those designated for timber harvest. However, since 
the contribution of sawtimber provisioning to the total ES calculations 
is very small, such assumption is unlikely to affect our results 
significantly. Based on this assumption, beetle damage on biomass 
would reduce the biophysical quantity of sawtimber provisioning by 
0.46% as shown by Equation (1) in Table 1.

The next step was to measure beetle impacts on the biophysical 
quantities of water retention and carbon sequestration provided by the 
preserved biomass, which accounts for 99.54% of total biomass. 
Preserved biomass, if not damaged, could have kept growing to retain 
water and sequester carbon. Forests’ capacities of retaining water and 
sequestering carbon are significantly influenced by the net primary 
production or the growth rate of biomass (Costanza et al., 2017). 
While the growth rate varies due to tree species, climate, and age 
(McPherson et al., 2016), we adopted an average growth rate estimate 
due to the infeasibility of measuring the growth of each specific tree 
in our model. Such average growth rate in the TCSI region, according 
to Powers and Oliver (1990), is 2.6%. Moreover, as a practical 
approximation, it is widely accepted that water constitutes roughly 
50% of the total mass of fresh trees in the United States (Greene et al., 
2014; National Geographic, 2023). Thus, the change in water retention 
is given by Equation (2) in Table 1. More detailed description of water 
retention assessment method is presented in 
Supplementary Appendix 1.

To calculate the loss in biophysical quantity of carbon 
sequestration, we  combined two different factors of carbon 
sequestration. First, if biomass was killed, carbon stored in biomass 
would be released at a gradual rate of approximately 1% annually on 
average (U.S. Forest Service, 2023a). Moreover, if biomass was not 
killed, the trees in this area would grow at an average rate of 2.6% 
annually. For every tonne of biomass acquired, approximately 0.25 
tonne of carbon would be stored (IPCC, 2006; Woodall et al., 2015). 
Since carbon makes up an estimated 12/44 of CO2, releasing or 
storing a tonne of carbon in biomass corresponds to emitting or 
sequestering 3.67 tonnes of CO2. Thus, growing 1 tonne of biomass 
corresponds to sequestration of 0.9175 (which equals 3.67*0.25) 
tonne of CO2. The calculation of the biophysical loss in carbon 
sequestration is given by Equation (3) in Table  1. More detailed 
description of carbon sequestration assessment method is presented 
in Supplementary Appendix 1.

TABLE 1 Equations converting biomass loss into the losses of biophysical 
quantities of ESs.

ESs Equations (see details in 
Supplementary Appendix 1)

Equation 
number

Sawtimber 

provisioning
0.0046BQL QBK= ∗ (1)

Water retention 0.9954 0.026 0.5BQL QBK= ∗ ∗ ∗ (2)

Carbon 

sequestration
( )0.9954 0.026 0.1 0.9175BQL QBK= ∗ ∗ + ∗ (3)

BQL represents biophysical quantity loss. QBK represents quantity of the biomass killed.
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2.5 Methods for converting biophysical 
quantities of ESs into values

To assess the value of each ES, we multiplied the ES’s biophysical 
quantity by the ES’s unit value (value/tonne), and then discounted the 
value in a future year to the present year. Such approach is widely 
accepted (United Nations SEEA-EA, 2021; European Commission, 
Joint Research Centre et  al., 2024; Natural Capital Project, 2023). 
Table  2 presents the valuation equations converting the losses of 
biophysical quantities of ESs into the losses of ES values. In this paper, 
we  expressed all monetary values in USD 2022 unless otherwise 
specified. Supplementary Appendix 2 describes how the valuation 
equations were developed, why certain proxies of the ESs’ unit values 
(e.g., market price, social cost) were selected, how the unit values were 
calculated, how USD in other years was converted into USD 2022.

We primarily adopted a constant discount rate of 2%, which is 
accepted by both the United Nations SEEA-EA (2021) and the Office 
of Management and Budget of the White House (2023). While 
declining rates give more explicit consideration of future generations’ 
preferences, they come with practical and theoretical challenges 
(United Nations SEEA-EA, 2021). For example, the assumptions used 
to determine the rate of decline may involve uncertainties about future 
preferences, technology, or other aspects that are difficult to forecast 
(Gollier and Hammitt, 2014). To conduct robustness check, we also 
assessed results using both 3 and 5% as the discount rates. 3 and 5% 
are also widely used (TEEB, 2011; Costanza et al., 2021; United States 
Government, 2021; Natural Capital Project, 2023).

2.6 Cost estimation

We involved multiple management activities in our simulations, 
including mechanized thinning, clear-cutting, hand thinning, and 
prescribed fire. Table 3 summarizes the per-acre or per-tonne unit 
costs of management activities. We  also determined whether the 
biomass removed from thinning and cutting would be transported to 
and processed at a mill. If it is not, the biomass would incur additional 
costs associated with grinding, piling, and pile burning. The 
LANDIS-II simulation calculated the acres of treatment areas and the 
quantity of biomass removed by thinning and cutting. We multiplied 
the unit costs of each management activity by its respective treatment 
area or quantity to estimate the annual cost. Then we aggregated these 
activities’ annual costs to estimate the total management cost for each 
year. Supplementary Appendix 3 provides detailed calculation 
procedures for each management activity.

3 Results

3.1 The impact of beetles on biomass

The annual amount of biomass killed by beetles varies throughout 
the study period, because of beetles’ population change driven by 
climate fluctuations (see Figure  2). In both MIROC-BAU and 
MIROC-EM, the most substantial biomass losses would occur 
between 2030 and 2065. CNRM-BAU and CNRM-EM also have 
consistent periods with the most substantial biomass losses and are 
expected to experience two distinct peaks in biomass losses: one 
between 2037 and 2043 and another between 2052 and 2063. However, 
Historical-BAU will incur the most substantial biomass losses from 
2050 to 2060 and from 2070 to 2074, while Historical-EM will incur 
the most substantial biomass losses from 2025 to 2030 and from 2050 
to 2055. Overall, the scenarios with the highest annual biomass losses, 
in descending order, are MIROC-BAU, CNRM-BAU, MIROC-EM, 
CNRM-EM, Historical-BAU, and Historical-EM.

Table 4 summarizes the descriptive statistics of annual biomass loss 
in each scenario. Specifically, MIROC-BAU and CNRM-BAU experience 

TABLE 2 Valuation equations.

ESs Proxies of unit values Equations (see details in 
Supplementary Appendix 2)

Equation number

Sawtimber provisioning Market price of sawtimber

( )( )$21.43 1 2020VL BQL
tonne

tδ= ∗ ∗ − −
(4)

Water retention Market price of water

( )( )$1.39 1 2020VL BQL
tonne

tδ= ∗ ∗ − −
(5)

Carbon sequestration Social cost of carbon emission

( )( )$35 1 2020VL BQL
tonne

tδ= ∗ ∗ − −
(6)

VL represents value loss. BQL represents biophysical quality loss. δ indicates discount rate. “t” denotes a projected year.

TABLE 3 Unit costs of management activities.

Activities Costs per unit Sources

Mechanized thinning 22.01/tonne Cost of whole tree 

thinning using chainsaw, 

skidder, processor, and 

loader in Chang et al. 

(2023)

Clear-cutting $29.3/tonne Cost of cut-to-length 

using harvester, 

forwarder, and loader in 

Chang et al. (2023)

Grinding $12.03/tonne Table A1 in Wear et al. 

(2023)

Hand thinning $6.7/tonne Thinning cost using 

chainsaw in Chang et al. 

(2023)

Piling $519.76/acre U.S. Forest Service FACTs 

database

Pile burning $300.8/acre U.S. Forest Service FACTs 

database

Prescribed fire $289.76/acre U.S. Forest Service FACTs 

database
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annual biomass losses that surpass Historical-BAU by an average of 
732,481 and 636,436 tonnes; MIROC-EM and CNRM-EM experience 
annual biomass losses that surpass Historical-EM by an average of 
596,796 and 506,566 tonnes. Accordingly, both MIROC and CNRM with 
higher temperature than Historical Climate in the future will experience 
more severe biomass losses than Historical Climate, regardless of 
management types. MIROC, being even warmer and drier than CNRM, 
provides more favorable conditions for beetle reproduction, resulting in 
greater biomass damage than CNRM. Moreover, MIROC-BAU shows an 
average annual biomass loss 319,681 tonnes higher than MIROC-EM, 
CNRM-BAU shows an average annual biomass loss 313,866 tonnes 
higher than CNRM-EM, and Historical-BAU shows average annual 
biomass loss 183,996 tonnes higher than Historical-EM. This divergence 
highlights the effectiveness of implementing enhanced management over 
business-as-usual practices in controlling beetle population growth and 
mitigating biomass damage. Figure  3 also shows the differences in 
biomass loss between business-as-usual management and enhanced 
management. When examining all scenarios throughout the whole study 
period, the annual biomass loss may vary from 3 to 2,326,544 tonnes.

3.2 Changes in biophysical quantity of ESs

When considering all scenarios across the entire study period, the 
annual losses of sawtimber provisioning, water retention, and carbon 
sequestration can be up to 10,702 tonnes, 30,106 tonnes, and 76,492 
tonnes, respectively (Table 5). On average, MIROC-BAU exhibits the 
highest annual loss across all ESs, closely followed by CNRM-
BAU. MIROC-EM and CNRM-EM exhibit the third and the fourth 
largest annual losses of ESs, while Historical-BAU and especially 
Historical-EM have the least annual losses of ESs. This ranking aligns 
with the order of average annual biomass loss in the 
respective scenarios.

FIGURE 2

Aboveground live tree biomass killed by beetles in each year. The lower panel is regarding enhanced management (EM); the upper panel is regarding 
business-as-usual (BAU) management. Each panel depicts three climate projections.

TABLE 4 Summary of the annual biomass loss (tonne/yr) across the study 
period.

Scenarios Quantity of 
biomass loss

MIROC-BAU Min. 9

Max. 2,138,018

Median 1,177,287

Mean 1,217,625

MIROC-EM Min. 21

Max. 1,821,273

Median 882,949

Mean 897,944

CNRM-BAU Min. 7

Max. 2,326,544

Median 1,242,970

Mean 1,121,580

CNRM-EM Min. 3

Max. 1,903,016

Median 898,235

Mean 807,714

Historical-BAU Min. 10

Max. 1,843,902

Median 451,746

Mean 485,144

Historical-EM Min. 44

Max. 1,539,558

Median 193,966

Mean 301,148
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FIGURE 3

Differences in the aboveground live tree biomass loss between business-as-usual management and enhanced management under three climate 
projections. For each climate projection, the biomass loss under the business-as-usual management scenario is subtracted from the biomass loss 
under enhanced management scenario. Therefore, the boxplots show the potential biomass loss avoided through enhanced management.

TABLE 5 Summary of the annual ES biophysical quantity loss (tonne/yr) across the study period.

Scenarios Sawtimber provisioning Water retention Carbon sequestration

MIROC-BAU Min. 0.04 0.12 0.3

Median 5,416 15,234 38,707

Mean 5,601 15,756 40,033

Max. 9,835 27,666 70,294

MIROC-EM Min. 0.1 0.27 0.69

Median 4,062 11,426 29,030

Mean 4,131 11,620 29,523

Max. 8,378 23,568 59,880

CNRM-BAU Min. 0.03 0.09 0.23

Median 5,718 16,084 40,866

Mean 5,159 14,513 36,875

Max. 10,702 30,106 76,492

CNRM-EM Min. 0.02 0.04 0.11

Median 4,132 11,623 29,532

Mean 3,715 10,452 26,556

Max. 8,754 24,625 62,567

Historical-BAU Min. 0.04 0.12 0.32

Median 2078 5,846 14,853

Mean 2,232 6,278 15,951

Max. 8,482 23,860 60,624

Historical-EM Min. 0.2 0.56 1.43

Median 892 2,510 6,377

Mean 1,385 3,897 9,901

Max. 7,082 19,922 50,618
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Regardless of the climate conditions, enhanced management proves 
consistently more effective than business-as-usual practices in mitigating 
beetles’ damage on ESs. Specifically, compared to MIROC-BAU, 
MIROC-EM can avoid losses of sawtimber provisioning, water retention, 
and carbon sequestration by 1,470 tonnes, 4,136 tonnes, and 10,510 
tonnes, respectively, each year on average. Compared to CNRM-BAU, 
CNRM-EM can avoid losses of sawtimber provisioning, water retention, 
and carbon sequestration by 1,444 tonnes, 4,061 tonnes, and10,319 
tonnes, respectively, each year on average. Compared to Historical-BAU, 
Historical-EM can avoid losses of sawtimber provisioning, water 
retention, and carbon sequestration by 847 tonnes, 2,381 tonnes, and 
6,051 tonnes, respectively, each year on average. The differences in the 
quantity loss of each ES between business-as-usual management and 
enhanced management are also depicted in Figure 4.

With the same type of management, CNRM and especially 
MIROC will lose more sawtimber provisioning, water retention, 
and carbon sequestration than Historical Climate. Figure  5 
demonstrates the fluctuating ES quantity losses on an annual 
basis. Throughout all scenarios during the whole study period, 
carbon sequestration incurs the most significant quantity losses, 
followed by water retention. Sawtimber provisioning experiences 
the smallest impact because harvestable biomass constitutes only 
0.46% of the total biomass.

3.3 Changes in ES values

Regardless of the type of ESs, the scenarios with the highest 
average annual losses of ES values, in descending order, are 
MIROC-BAU, CNRM-BAU, MIROC-EM, CNRM-EM, 
Historical-BAU, and Historical-EM. This ranking aligns with the 
rankings of both the biomass losses and the ESs’ biophysical quantity 
losses. Such ranking also suggest that future climate change in both 

CNRM and especially MIROC that is even drier and warmer can lead 
to greater losses of ES values than Historical Climate, while enhanced 
management can prevent more ES value losses than business-as-usual 
practices given the same type of climate. Figure 6 also shows that 
enhanced management can reduce the loss of the ESs’ aggregate value. 
These findings align with the estimates based on the 3 and 5% discount 
rates (see Supplementary Appendix 4).

Table 6 summarizes the estimates of annual losses of ESs’ values. 
Considering all scenarios through the entire study period with a 2% 
discount rate, the annual value losses of sawtimber provisioning, water 
retention, and carbon sequestration can be up to $161,700, $29,500, 
and $1,887,581, respectively. The annual loss of the aggregated value 
of these three ESs is up to $2,078,781. Figure 7 shows that carbon 
sequestration experiences the highest value loss across all scenarios, 
because it experiences highest biophysical quantity loss and has the 
highest unit value. Although the average annual biophysical quantity 
loss of water retention is nearly 3 times that of sawtimber provisioning 
across all scenarios, the average annual value loss of water retention is 
lower due to the unit value of sawtimber provisioning being over 15 
times that of water retention. In relation to the contribution of each 
ES to the annual aggregated ES values, carbon sequestration 
constitutes around at 90.8%, sawtimber provisioning constitutes at 
7.8%, and water retention accounts at for 1.4%, on average.

3.4 Management costs

As shown in Figure 8, the climate type has little effect on the costs 
of business-as-usual practices in the TCSI region. With a 2% discount 
rate, the annual management costs of MIROC-BAU, CNRM-BAU, 
and Historical-BAU can be up to roughly $37 million with the mean 
at $4.6 million and median at $2.3 million. The annual management 
costs of enhanced management are slightly different between the 

FIGURE 4

Differences in the biophysical quantity loss of each ecosystem service (ES) between business-as-usual management and enhanced management 
under three climate projections. For each climate projection, the loss of each service under the business-as-usual management scenario is subtracted 
from the loss under the enhanced management scenario. Therefore, the boxplots represent the potential biophysical quantity loss of ecosystem 
services avoided through enhanced management. Parts (a), (b), and (c) are related to sawtimber provisioning, carbon sequestration, and water 
retention, respectively.

https://doi.org/10.3389/ffgc.2024.1513721
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Chen et al. 10.3389/ffgc.2024.1513721

Frontiers in Forests and Global Change 10 frontiersin.org

three climate projections: the annual management costs of 
MIROC-EM roughly range from $15 million to $139 million with the 
mean at $55 million and median at $45 million; the annual 
management costs of CNRM-EM roughly range from $15 million to 
$152 million with the mean at $52 million and median at $40 million; 
and the annual management costs of Historical-EM roughly range 
from $23.5 million to $168 million with the mean at $65 million and 
median at $54 million. On average, the differences between the 

annual management costs of business-as-usual practices and 
enhanced management are around $50 million under MIROC, $47 
million under CNRM, and $60 million under Historical Climate. 
Such extra costs required for enhanced management can be offset by 
avoided damage on ES values by $180,595 under MIROC, by 
$153,511 under CNRM, and by $72,630 under Historical Climate 
(see Table 6). Management costs based on the 3 and 5% discount rates 
are detailed Supplementary Appendix 5.

FIGURE 5

Annual biophysical quantity loss of each ecosystem service (ES) across different years.

FIGURE 6

Differences in the loss of aggregate values of all ecosystem services (ESs) between business-as-usual management and enhanced management under 
three climate projections. For each climate projection, the value loss under business-as-usual management scenario is subtracted from the value loss 
under enhanced management scenario. Therefore, the boxplots represent the potential value loss avoided through enhanced management.
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TABLE 6 Summary of the annual ES value loss ($USD) with a 2% discount rate across the study period.

Scenarios Sawtimber 
provisioning

Water retention Carbon 
sequestration

Aggregated ES 
value loss

MIROC-BAU Min. 0.85 0.16 9 11

Median 45,005 8,211 525,363 578,579

Mean 59,534 10,861 694,959 765,354

Max. 161,700 29,500 1,887,581 2,078,781

MIROC-EM Min. 1.81 0.33 21 23

Median 335,445 6,117 391,571 431,235

Mean 45,486 8,298 530,974 584,759

Max. 143,761 26,227 1,678,171 1,848,159

CNRM-BAU Min. 0.39 0.07 4.6 5

Median 36,147 6,595 421,960 464,702

Mean 46,531 8,489 543,172 598,192

Max. 140,837 25,694 1,644,039 1,810,571

CNRM-EM Min. 0.24 0.04 2.8 3.1

Median 26,822 4,893 313,100 344,815

Mean 34,590 6,310 403,781 444,681

Max. 122,735 22,392 1,432,730 1,577,857

Historical-BAU Min. 0.37 0.07 4.4 4.8

Median 19,636 3,582 229,212 252,430

Mean 22,193 4,049 259,070 285,312

Max. 76,312 13,922 890,814 981,048

Historical-EM Min. 4.2 0.77 49 54

Median 8,396 1,532 98,005 107,932

Mean 16,544 3,018 193,120 212,682

Max. 137,185 25,028 1,601,403 1,763,616

FIGURE 7

Annual value loss of each ecosystem service (ES) across different years with a 2% discount rate.
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4 Discussion

4.1 Research significance and policy 
implications

Environmental impact assessments have traditionally focused on 
changes in individual environmental components (e.g., soil, water, and 
specific species), but a growing number of studies (Baker et al., 2013; 
Karjalainen et al., 2013; Chen, 2020) have recognized the importance of 
linking changes in environmental components with ESs. This shift is 
driven by the recognition that changes in environmental components 
alone, such as biomass killed by beetles, may not explicitly illustrate why 
environmental change matters to humans and socioeconomic 
development. We  found that beetle outbreaks can reduce forests’ 
capacities to supply sawtimber, retain water, and sequester carbon 
through killing biomass. Such negative impact on ESs would be especially 
sever under warmer climate. Across the whole study period of the six 
scenarios, the losses of aggregated ES value would range from $212,682 
to $765,354 per year. Our research findings associated with beetle impacts 
on biomass, ES quantities, and ES values also may raise more awareness 
of beetle outbreaks and inform and motivate the development of policies 
and strategies related to forest management and beetle control, such as 
those discussed below.

Past studies have shown that short-term strategies for reducing the 
risk of beetle infestation include irrigation that improves moisture of 
trees and avoidance of fertilizer utilization that may burn foliage 
(DeGomez, 2006). A long-term strategy can be thinning and removing 
dying and drought-stressed trees, which not only promotes growth of 
healthy trees but also reduces the most suitable trees for beetles to feed 
and reproduce (U.S. Forest Service, 2015). This strategy aligns with our 
results, as we found that the drier and warmer climate leave many tree 
species and their ESs more vulnerable to beetle than the cooler and 
wetter climate, demonstrating the need of enhanced management with 
more removals of dying and drought-stressed trees. Diversifying or 

mixing tree species, such as increasing the population of climate-
resilient tree species, is also a potential long-term strategy. This strategy 
may make a forest less susceptible to infestation of a certain insect and 
more resilient to environmental changes, while still providing desirable 
ESs to society (Dobor et al., 2020). However, increasing the population 
of drought tolerant tree species, such as Escarpment live oak and 
Chinquapin oak in California (McPherson and Albers, 2014), 
potentially alters the tree communities. Whether and how this strategy 
would impact ecosystem health and ESs in our study regions was not 
assessed in our study and requires future investigation.

4.2 Is enhanced management 
cost-effective?

Although the avoided damage on ES value resulting from 
enhanced management only accounts for a small proportion of the 
extra costs required for enhanced management, this does not 
mean enhanced management is not cost-effective. First, the 
estimates of ES value losses are conservative as discussed in 
Section 4.1. Second, the enhanced management was not solely 
focused on mitigating beetle population growth. It was also 
designed to control wildfire and protect growth and reproduction 
of healthy species, which might have more significant impacts on 
conservation and enhancement of ESs. However, we did not assess 
such impacts. It is also notable that treatments designed to reduce 
wildland fire intensity do not always result in reduced impacts of 
bark beetles (Steel et al., 2021). This is because beetles tend to 
target larger trees and several fire-resistant species (Koontz et al., 
2021), the same trees which are often left by fuel-removal 
treatments and survive prescribed fire.

A more comprehensive assessment of the cost-effectiveness of the 
enhanced management needs further research into how the enhanced 
management can enhance ESs through controlling wildfire and 

FIGURE 8

Annual management costs across different years. The lower panel is regarding enhanced management (EM); the upper panel is regarding business-as-
usual (BAU) management with the lines nearly overlapping due to costs being almost identical. Each panel depicts three climate projections using 
three lines.

https://doi.org/10.3389/ffgc.2024.1513721
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Chen et al. 10.3389/ffgc.2024.1513721

Frontiers in Forests and Global Change 13 frontiersin.org

improving the overall health of the forests. Our findings provide a 
foundation for conducting such cost-effectiveness analyses in the future.

4.3 Research limitation

Our assessments were based on several assumptions (see Section 
2) that simplified the analysis and made it more tractable. This 
includes the use of the LANDIS-II model, and the simplifications and 
abstractions required to run such a model. Because of inherent 
uncertainties in the model inputs, process representation, and 
parameterization, we regard the model results as a starting point of 
furthering our understanding of system dynamics. Our assessments 
of the quantities and values of ESs were conservative, because we only 
assessed a subset of ESs but ignored other potential ESs, such as soil 
fertility retention and provisioning of other raw forest products; 
we adopted the conservative estimates of ESs’ unit values; and among 
the ESs we  assessed, the quantity of water retention was 
underestimated, because we only considered water stored in biomass. 
This underestimation could be  particularly significant under 
projections of a drier and warmer climate in the long term. 
Additionally, we  only assessed how bark beetles can impact ESs 
through killing trees. In fact, as an integral component of ecological 
webs, insects, including bark beetles, can also influence ESs through 
other ways, including being a pray or predator of other species, 
recycling organic matter, (Schowalter et al., 2018), and influencing 
pollination and seed dispersal (Noriega et al., 2018).

Moreover, as dead and dying trees may serve as habitats for 
certain species (e.g., birds that create nests in dead trees) and 
contribute to nutrient cycling, thinning and removing these trees may 
impact forest biodiversity and ESs (Lindenmayer and Noss, 2006; 
Thorn et al., 2018). Prescribed fire can also affect many species and 
ESs in various ways (e.g., by burning vegetation and generating 
hazardous chemical products) (Pereira et al., 2021). However, our 
assessment focused solely on how these management practices 
influence ESs through controlling beetle populations, overlooking 
other potential impacts on biodiversity and ESs.

5 Conclusion

A warmer climate leaves trees more vulnerable to beetles. Climate-
driven beetle outbreaks have increased tree mortality, which in turn has 
reduced ES quantities and ES values and ultimately impacted human 
wellbeing and socioeconomic benefits. In particular, carbon sequestration 
would experience the most significant loss in both biophysical quantity 
and economic value compared to water retention and sawtimber 
provisioning. In six scenarios, the average annual biomass losses range 
from 301,148 tonnes to 1,217,625 tonnes. This corresponds to the losses 
of aggregated ES value at $212,682 to $765,354 per year, underscoring the 
importance of controlling beetle population growth rates.

Since tree species susceptible to drier and warmer climates are 
favorable to beetle reproduction, increased thinning and removing of 
dying and drought-stressed trees in enhanced management may be useful 

for controlling beetle outbreaks and mitigating climate change impacts 
on ESs. Note that controlling the growth rate of beetle population does 
not mean eradication of beetles, which are a natural part of the 
environment. Diversifying tree species, including increasing the presence 
of drought tolerant species (e.g., Escarpment live oak and Chinquapin 
oak), may also be a potential strategy to mitigate beetle impacts. However, 
its potential effects on other aspects of ecosystem health require further 
investigation. To understand the cost-effectiveness of enhanced 
management more comprehensively, further research is needed to assess 
how the enhanced management can affect ESs through controlling 
wildfire and influencing the overall health of the forests. Future research 
should also evaluate beetle-induced damages on ESs more 
comprehensively through assessing other ESs omitted in our study and 
examining how beetles may influence ESs through mechanisms beyond 
causing tree mortality.
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