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A B S T R A C T

Forests in the Western United States face escalating threats from wildfire, pest outbreaks, and drought, leading 
experts and policymakers to call for extensive forest management to promote forest resilience and reduce wildfire 
risk. High treatment costs represent a major choke point to achieving forest management goals, but selling timber 
and biomass from forest thinning can offset costs and provide the revenue to help rapidly scale management 
actions. In this study, we assess how forest product market conditions influence the economic feasibility and 
scale of forest management by modeling treatment potential across a Northern Sierra Nevada landscape using the 
US Forest Service’s BioSum tool. We evaluate treatment outcomes across nine economic scenarios, incorporating 
wood and biomass price variations and treatment subsidies. Results indicate that baseline pricing assumptions 
facilitate aggressive forest treatment where thinning is feasible and needed, but a 50 % drop in forest product 
prices led to a one-third decline in treated area. These reductions are completely offset by a $500/acre treatment 
subsidy, suggesting that subsidies could serve as a ‘price floor’ to maintain treatment levels through market 
fluctuations. Optimal, cost-effective treatments overwhelmingly utilized prescribed fire following thinning, 
emphasizing the role of fire-inclusive approaches for forest treatment. While study findings indicate that forest 
product markets can support landscape-scale treatments, the capacity of regional processing facilities currently 
limits full utilization of forest products, underscoring the importance of expanding wood and biomass utilization 
infrastructure to realize the potential of market-driven strategies for improving forest resilience in the Sierra 
Nevada and similar fire-prone regions.

1. Introduction

Forests in the Sierra Nevada mountains have seen catastrophic 
wildfires in recent decades, damaging infrastructure, elevating green
house gas emissions, polluting air, and directly threatening human lives 
and communities. Climate change has increased fire severity across the 
region (Abatzoglou and Williams, 2016; Swain, 2021), and future 
change is projected to heighten risk further. In addition to fires, Sierra 
Nevada forests face increasing insect and disease outbreaks as well as 
droughts, leading experts to call for sustained and rigorous management 
to increase forest resilience against these multiple stressors (Manley 
et al., 2023; North et al., 2022). To this end, policymakers have set 
ambitious forest treatment goals to protect at-risk infrastructure, 

communities, and forests. In 2020, the State and Federal government set 
a goal of treating 1 million acres of forest land a year by 2025 (State of 
California and USFS, 2020). The Tahoe-Central Sierra Initiative (TCSI) is 
one regional coordination and planning effort formed in response to 
growing calls for forest treatment. TCSI works across stakeholders in the 
Northern Sierra Nevada to identify priorities and opportunities in forest 
management and emphasizes the importance of the private forest 
products sector in realizing treatment potential and promoting healthy 
forests (Manley et al., 2023).

Forest management for fire prevention and resilience typically re
quires the removal of mostly small trees that would otherwise act as 
ladder fuels conveying surface fire into the canopy, leading to stand- 
replacing wildfire (Agee and Skinner, 2005). Fuel treatments, through 
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actions like mechanical thinning and prescribed fire, have been shown 
to reduce fire severity and provide clear ecological benefits (Kalies and 
Kent, 2016; Prichard et al., 2021; North et al., 2022; Davis et al., 2024). 
However, high costs have limited the pace of treatments despite ever- 
greater investments by the State and Federal government. When 
possible, treatment costs can be offset by the sale of wood products 
(Cabiyo et al., 2021; Swezy et al., 2021). One of the goals of TCSI is to 
promote the use of forest products as a way to fund forest management 
actions (Manley et al., 2023) and, in doing so, to broaden the spatial 
extent of fuel treatments across the region. Research from TCSI has 
explored demand trends for harvested wood products and the building 
new biomass processing facilities (Baribault et al., 2020). Recent fluc
tuations in timber prices are a reminder that wood product markets are 
highly variable and susceptible to broader, economy-wide macroeco
nomic forces (Bruck et al., 2023; Hlaváčková et al., 2024). Despite the 
clear pertinence of market forces to the utilization profile of materials 
removed during forest treatments, these challenging to forecast fluctu
ations can also affect economic feasibility and thus the capacity to 
implement forest treatments – a dynamic that remains an active area of 
research. This study directly assesses the sensitivity of treatment area 
and hazard reduction accomplishment to changes in product prices, as 
well as in costs (via assumed subsidies) to advance our understanding of 
these relationships.

We modeled forest treatment potential in the TCSI region under nine 
economic scenarios to test how variable forest product market condi
tions impact the ability to cost-effectively implement forest management 
actions. We posed the following questions: 1) How does varying the 
prices of roundwood and biomass residue feedstock affect the total forest 
area treated and the optimal treatment methods? 2) How might treat
ment subsidies affect the total treated area and optimal distribution of 
treatments? 3) What are the landscape-level outcomes of treatments, 
under varying economic scenarios, on forest structure and fire hazard? 
Exploring these dynamics across TCSI provides insight into how forest 
product markets may support forest treatments and can help managers 
of frequent-fire forest landscapes adjust to changes in markets as they 
work to promote forest resilience.

2. Methods

2.1. Study area

TCSI, a coalition of public, for-profit and nonprofit entities, helps 
manage 2.4 million acres of mountain landscapes around Lake Tahoe 
and areas to the north and west of the lake across 12 counties in Cali
fornia and Nevada (Fig. 1). Of this land, 84 % is forested, with a mix of 
bare rock, meadow, and built-up areas covering the rest of the region 
(Wilson et al., 2021). National Forest lands encompass nearly 80 % of 
the TCSI landscape, making the US Forest Service the predominant land 
manager in the region (Wilson et al., 2021). Private timberland covers 
11 % of the region, providing an important but smaller role for private 
land managers. TCSI has no active biomass or sawmill facilities within 
its boundaries, but several facilities to the north and west are available 
to process some of the materials generated by forest treatment (Baribault 
et al., 2020). Only one of these facilities, the Rio Bravo Rocklin bio
energy production facility, currently accepts the low-quality woody 
biomass residues sourced from restoration activities.

Forest communities in TCSI follow an east-west, trans-Sierra eleva
tion gradient, which inflects at the crest. Low-elevation forests in the 
west are dominated by Ponderosa pine (Pinus ponderosa), gray pine 
(Pinus sabiniana), douglas-fir (Pseudotsuga menziesii) and hardwoods. 
Cooler and wetter conditions at higher elevations further east host 
mixed-conifer forests that consist of Jeffrey pine (Pinus jeffreyi), white fir 
(Abies concolor), incense cedar (Calocedrus decurrens), and sugar pine 
(Pinus lambertiana). At the highest elevations, Red fir (Abies magnifica), 
western white pine (Pinus monticola), mountain hemlock (Tsuga mer
tensiana) and lodgepole pine (Pinus contorta) are the most common 

softwood species (Wilson et al., 2021).
Fire regimes in TCSI have undergone significant changes over time. 

Before European colonization, fire was influenced mainly by natural 
climate conditions and burning conducted by the native Washoe Tribe 
(Taylor and Beaty, 2005). Wildfires in the pre-settlement period typi
cally were of low to moderate severity and occurred every 11 to 16 years 
(Safford and Stevens, 2017). In the late 19th century, European settlers 
instituted fire suppression practices and fire regimes shifted to less 
frequent but more intense fires (Stephens et al., 2018), with previously- 
common low-severity fires nearly absent from the landscape. Recent 
logging and thinning operations have also been relatively limited within 
TCSI, with only 11 % of forested areas treated or logged in the last 50 
years and 89 % remaining unmanaged over the same period (Wilson 
et al., 2021). The removal of both natural and managed fires from the 
landscape has led to higher stand densities and reduced diversity in 
stand structure across the region. Today, TCSI forests are 1.8 times as 
dense as reference sites that had experienced low to moderate severity 
fire with a 30 year return interval, which were chosen to match fire 
regimes prior to European settlement (Wilson et al., 2021). These denser 
forests generally have many smaller trees and few very large trees, a 
marked change from historic forest structure (McIntyre et al., 2015). 
Research has shown that denser forest structures lead to increased 
competition between trees and greater fuel density, making them more 
vulnerable to stressors like fire, drought, and insect or disease outbreaks 
(North et al., 2022). This lack of landscape management and resulting 
declines in forest resilience has been framed as a failure of stakeholder 
coordination (Wood and Jones, 2019), highlighting the key role of 
coordinating bodies like TCSI in Sierra forest management success.

2.2. Modeling framework

We estimated effective and economically-viable forest treatment 
scenarios using the Bioregional Inventory-Originated Simulation Under 
Management (BioSum) tool (Fried et al., 2017a), which was developed 
to evaluate management trajectories over large forested landscapes. 
BioSum builds upon and integrates with the US Forest Service’s Forest 
Vegetation Simulator (FVS), which simulates stand development under 
multiple alternative management trajectories, including an absence of 
active management, to facilitate comparison of outcomes under variable 
trajectories (Crookston and Dixon, 2005). The Fire and Fuels Extension 
of FVS (FVS-FFE) provides a framework for modeling the crown-fire 
resistance enhancing (i.e., reduced incidence of torching fire behavior 
and tree mortality) effects enabled by the surface fuel treatments 
embedded within modeled treatments, and for tracking fire-relevant 
stand metrics (Reinhardt, 2003).

We extracted data from the US Forest Service’s Forest Inventory and 
Analysis (FIA) database (FIADB), which contains forest monitoring data 
from a systematic plot sample of U.S. forests. The inventory system 
behind this database captures forest conditions at the landscape or 
bioregional scale on a decadal1 interval (Bechtold and Patterson, 2005). 
Data from 267 forested conditions, each a full or partial FIA plot (sig
nificant discontinuities in vegetation, owner class, forest/non-forest or 
reserve status, for example, provide a basis for “mapping” a plot into 
multiple conditions) within the TCSI region boundary and within the 
spatial footprint of the zonal polygon defining the applicability of the 
Western Sierra “variant” (collection of zonally appropriate modeling 
parameters) of FVS variant were extracted as the population of stands to 
be analyzed.2 These data were then filtered to include only conditions 
classed as timberland (forests capable of growing at least 20 cu ft. per 
acre per yr) in National Forest or Private ownership situated within a 
quarter mile of a road (a practical limit on harvest operations that can 

1 A transition to a five year inventory cycle in California began in 2021, with 
support from State partners

2 Two forested conditions that fell within other FVS variants were omitted

E. Patrick et al.                                                                                                                                                                                                                                  Current Research in Environmental Sustainability 9 (2025) 100296 

2 



occur without building new roads), where stand density currently ex
ceeds 45 % of the maximum Stand Density Index (SDI)– an indicator of 
the ecological carrying capacity for tree density. The 171 conditions that 
met these criteria were modeled in FVS as stands eligible for imple
mentation of active management.

BioSum models stand conditions, treatment costs, and offsetting 
revenues from sales of wood across four ‘cycles’ of 10 years each, for a 
40-year temporal modeling scope. The 2021 FIADB version used here 
led to an analysis covering the 40-year period 2021 to 2061. Treatment 
“packages”—sequences of silvicultural prescriptions crafted to specify, 
for example, stand density triggers for implementation, target post- 
treatment stand density, thinning style and associated decision rules, 
were adapted from Fried et al.’s (Fried et al., 2016) 19 defined treat
ments that thin proportionally across a diameter range to a target Basal 
Area, 7 that thin from below to a target Basal Area and a grow-only 
scenario representing an absence of active management that removes 
trees. Fried et al. (2016) sought to assess the woody biomass that could 
be sustainably produced in California under current forest practices, 
which differ, to some extent, by ownership, as long as those practices 
resulted in a reduction in fire hazard over the 40-yr modeling window. 
To obtain insights into tradeoffs between treatment effectiveness and 

economic feasibility, they developed and applied to virtually all forested 
FIA plots in California a library of partial harvest treatment silvicultural 
specifications and associated FVS scripts involving partial harvest, 
thinning styles (from below and across diameter classes), a range of 
residual stand density targets, a range of diameter caps, alternatives for 
species preference for harvested trees, and multiple harvest system and 
surface fuel treatment specifications. We crafted 5 additional treatment 
packages that thin from below to a target SDI; SDI achieved is calculated 
for a treated stand from tree count and size information in the FIA data 
as it is projected and processed in FVS. We also changed the threshold 
defining conditions under which a stand will receive treatment from a 
basal area cutoff to a percent of maximum SDI cutoff, as this is regarded 
as a key indicator of stand-level resilience in California (North et al., 
2022). Of the 31 treatment packages included in the analysis, 8 deployed 
a prescribed burn and 4 a pile burn operation in the spring following 
thinning. Details on treatment packages can be found in Appendix A.

Up to 31 treatments were then modeled in FVS for each of the 171 
stands, derived from FIA data, providing a representative sample of all 
private and national forest owned timberland in TCSI, over the 40-year 
modeling period to build a database of prospective stand trajectories 
containing stand attributes, harvested trees, and fire resistance metrics. 

Fig. 1. Tahoe-Central Sierra Initiative (TCSI) area, with Forest Inventory Analysis (FIA) plots used in this analysis shown as purple dots, jittered away from actual 
plot locations to comply with confidentiality requirements. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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BioSum relies on this database, that provides a representative sample of 
how stand trajectories will play out under alternative management de
ployments, to assess treatment effectiveness, compute volume, biomass 
and value of harvested wood, and estimate costs of treatment operations 
and hauling wood to processing facilities, using heuristic optimization 
applied to nine scenarios that vary in assumed product prices and level 
of subsidy (see below).

BioSum computes costs associated with thinning operations and the 
transport of harvested wood to suitable wood processing facilities; we 
added assumed costs for the in-situ disposal of residues from forest op
erations. Based on the experience of CalFire’s and partnerships’ opera
tions, we set unit costs as follows: prescribed fire at $500/acre, pile burn 
at $1300/acre and mastication at $1250/acre (State of California, Nat
ural Resource Agency, 2023). We estimated unit haul costs as $10 per 
green ton of wood per hour of truck travel and accounted for an addi
tional 1 h of truck waiting time per trip for delays at the forest landing 
and delivery yard.

We modeled scenarios tied to three pricing assumptions concerning 
forest product prices, using 1) wood and biomass prices defined in (Fried 
et al., 2016) as a baseline, 2) halved, or 0.5× baseline prices and 3) 1.5×
baseline prices (Table 1). For each price level, three levels of per acre 
subsidy were evaluated— none, $500 and $1000 – to generate 9 eco
nomic analysis scenarios. Economically infeasible (where net revenue 
remained below zero, even when including subsidy) stand-treatment 
combinations were removed.

After filtering out stand treatment combinations incapable of 
achieving break-even or better under the assumptions of the scenario, 
we determined optimal treatments by minimizing fire hazard metrics at 
the stand level. To this end, we defined a composite hazard score 
following (Fried et al., 2017a), which combines 4 FVS-FFE-defined 
‘potential fire’ metrics under severe fire conditions (Reinhardt, 2003), 
which are derived from a combination of FIA sampled and FVS projected 
down wood and tree list data on species, diameter, height and crown 
ratio for all live trees and allometric models (for volume) applied to 
these data: surface flame length, probability of torching, torching index, 
and mortality volume percent (MVP). We then filtered to treatments that 
reduce composite hazard score and selected the treatment that most 
reduced MVP, the percent of live tree volume killed in a severe fire, as 
the optimal treatment for each stand. When multiple treatments pro
duced equivalent reductions in MVP, we selected the treatment with the 
highest net revenue. Finally, we compared optimal treatments across 
economic scenarios to see how price and subsidy levels affect treated 
area and change in fire hazard metrics.

3. Results

We found that the 0.5× baseline price scenario led to a 33 % 
reduction in area treated. However, when halved prices were paired 
with a $500/acre subsidy, these impacts were completely reversed 
(Fig. 2). Price increases had less effect: a 1.5× baseline prices expanded 
treated area by 2 %. Subsidies greatly expanded the area treated, with a 
$500/acre subsidy increasing treated area by 9 % under baseline pricing 
assumptions, and 7 % when prices are elevated by 50 %. Changes in 
subsidies and forest product prices had the largest effect on treated area 
under 0.5× baseline pricing, with treated area becoming asymptotic 
with continued rise in prices and subsidies (SI Fig. B1). We also found 
that stands along the Sierra Crest were less likely to be treated than areas 
to the west, as they are less accessible for thinning operations (SI 
Fig. B2).

The silvicultural prescriptions selected as optimal (i.e. those mini
mizing MVP) varied only slightly across economic scenarios. Treatments 
that thinned across a dbh range were most frequently optimal (because 
they were more likely to break-even), but thinning from below and 
thinning to a target SDI accounted for a slightly greater share of the 
treatments as prices and subsidies increased (Fig. 2). Most treatments 
across all economic scenarios included a prescribed fire following 
thinning, despite these being prescribed in only 8 of the 31 modeled 
treatments, as treatments that included fire were most likely to opti
mally reduce the composite fire hazard score. Furthermore, the pro
portion of treatments utilizing prescribed fire and pile burns went up as 
subsidies and prices rose (Fig. 2), indicating that in at least some forests, 
fire-inclusive treatments achieved better stand outcomes and became 
increasingly viable when the significant additional cost of including fire 
could be covered by sales of wood and/or subsidy.

To understand how economic scenarios affect stand-level dynamics, 
we normalized SDI, MVP and composite hazard score for each stand to 
the range of all possible modeled outcomes, with 0 representing the 
grow-only scenario where no management occurs and 100 representing 
the optimal set of treatments that best reduce stand-level fire metrics 
regardless of cost. These results are displayed in Fig. 3. Results show 
considerable variation in outcomes due to economic scenarios, with 
halved forest product prices with no subsidy remaining a clear outlier. 
More favorable economic assumptions led to increasing, but diminish
ing, improvements in stand metrics. Composite hazard score tended to 
rebound after the second cycle, likely owing to ladder fuel resurgence 
instigated by assumed regeneration after thinning activity. However, 
forest product price increases and subsidies moderated this rebound by 
inducing the selection of more effective management trajectories that 
contain more frequent treatment throughout the 40-yr analysis period.

4. Discussion

Within treatable forests in the TCSI landscape, we find that effective, 
fire resistance-enhancing fuels treatment can be accomplished at 
meaningful scale under a broad range of economic assumptions. Simu
lations have estimated that effective landscape-scale mitigation of fire 
risk requires treating around 8 % of the total forested area every five 
years (Syphard et al., 2011). This metric is exceeded under every sce
nario in our study except the 0.5× baseline pricing without subsidies 
scenario. Still, much of the landscape is inaccessible for fuel treatments, 
with treatment extent amounting to less than 50 % of all TCSI forests (SI 
Fig. B1). While untreated areas remain a concern, accessible areas are 
more likely to be part of the wildland-urban interface, where buildings 
and fire-prone natural vegetation mix and elevate the risk of destructive 
wildfire (Li et al., 2022; Radeloff et al., 2005). Furthermore, treatment 
prospects here are brighter than across the Sierra Nevada as a whole, 
where only 25 % of Forest Service lands are accessible for mechanical 
treatments (North et al., 2015). Forest managers understand these lim
itations, and generally prioritize thinning treatments in accessible for
ests that also tend to be proximate to human infrastructure and areas of 

Table 1 
Assumed prices for delivered wood feedstocks by pricing scenario and wood type 
(in dollars per cubic foot, unless otherwise specified). For trees that are smaller 
than 8 in. diameter or belonging to species groups not listed, all merchantable 
and submerchantable harvested material is assumed to be utilized as biomass. 
Treatment subsidies are applied after calculating wood product revenue to 
identify economically feasible stand-treatment combinations.

Price assumptions Species Group Tree DBH Classes (inches)

8–14 14–20 20–40 >40

Baseline

Pine $1.30 $2.00 $3.00 $3.00
Douglas-fir $1.30 $2.00 $3.00 $3.00
True fir & hemlock $0.90 $1.40 $2.10 $2.10
Incense Cedar $1.40 $2.10 $3.20 $3.20
Biomass $20 / green ton

0.5× Baseline

Pine $0.65 $1.00 $1.50 $1.50
Douglas-fir $0.65 $1.00 $1.50 $1.50
True fir & hemlock $0.45 $0.70 $1.05 $1.05
Incense Cedar $0.70 $1.05 $1.60 $1.60
Biomass $10 / green ton

1.5× Baseline

Pine $1.95 $3.00 $4.50 $4.50
Douglas-fir $1.95 $3.00 $4.50 $4.50
True fir & hemlock $1.35 2.10 $3.15 $3.15
Incense Cedar $2.10 $3.15 $4.80 $4.80
Biomass $30 / green ton
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Fig. 2. Treated area as a percent of area for which treatment is biophysically possible, by economic scenario, subdivided (via shading) by treatment style group (top) 
and how/whether “activity” (surface) fuels were addressed (bottom). The maximum treated area percentage under the most favorable economic assumptions is 73 %, 
and the minimum under the least favorable is 44 %.

Fig. 3. Improvements in post-treatment average stand metrics across each BioSum cycle. Metrics are normalized such that the grow only values represent 0 % and 
the best modeled treatments represent 100 %. Reversals in composite hazard score, and to a lesser extent mortality volume percent, after the second cycle are due to 
regenerating trees following thinning.
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high ecological priority (North et al., 2021).
Across economic scenarios, we see a strong trend towards fire- 

inclusive treatment in the selections produced by optimization 
(Fig. 2). Research has shown that fire is a key component of producing 
resilient forests (Davis et al., 2024; North et al., 2021, 2022). However, 
it was unclear whether a market-driven approach would favor these 
treatments over thinning actions that can be funded via harvested forest 
products. Our research shows that prescribed burning can be cost- 
effective in market-driven forest treatments, and that this combination 
often best promotes forest resilience. This indicates that utilization of 
thinned trees as feedstock for the manufacture of forest products may 
well facilitate returning fire (albeit managed) to this landscape, which 
can support a range of cultural and ecological benefits (Long et al., 2021; 
Thacker et al., 2023).

4.1. Limitations

While these findings provide important insights into the potential for 
fuels management under variable forest product market conditions, our 
modeling framework contains some important limitations. Under Bio
Sum’s assumptions, processing plants have no maximum capacity. 
Therefore, wood products that are removed from the landscape are sent 
to the nearest operating facility regardless of total volume limits within 
the facility. Given current regional processing capacity, this dramati
cally overestimates potential utilization rates. Research suggests that the 
economics of biomass management is generally driven by logistical and 
infrastructure considerations (Keefe et al., 2014), so operational ca
pacity represents a key choke point in the forest product market system. 
Baribault et al. (Baribault et al., 2020) note that high-value incense 
cedar harvested during forest management in TCSI will be fully or near- 
fully utilized, but estimate less rosy prospects for utilization of other 
harvested wood. This highlights the need for additional infrastructure 
development and adoption of innovative biomass technologies that can 
further lower the barrier to forest product utilization (Cabiyo et al., 
2021). TCSI looks to coordinate across actors such as land managers and 
mill operators, and a strong commitment from land managers to treat 
would give mill capacity a basis for expanding.

Additionally, cost assumptions were made using the best available 
data, but–as this study emphasizes–costs can dramatically impact the 
scale and methods of treatments. While exploring a range of pricing 
scenarios gives important insights into how changing forest product 
costs will impact outcomes, underlying costs of treatment are likely to 
continue shifting.

5. Recommendations

Our findings indicate that forest product utilization can support the 
ambitious management of TCSI forest landscapes into the coming de
cades. Building out production capacity, regional partnerships, and 
institutional support for utilization of wood products from sustainable 
forest management can scale these opportunities and promote climate 
mitigation and forest resilience in frequent-fire forests across the west
ern US. We also show that forest product utilization is not incompatible 
with ecologically and culturally-informed practices that bring more fire 
onto Sierra landscapes.

Furthermore, we find that, while subsidies improve outcomes at the 
stand level across most scenarios (Fig. 3), they may be particularly 
crucial for sustaining the capacity of a treatment program when wood 

product prices decline. While declines in forest product prices have the 
largest impact on total treatment area and composition, subsidies of 
$500/acre offset this drop, showing the sensitivity of treatments to 
economic conditions as assumed prices decline. Given that treated area 
approaches an asymptote as prices and subsidies increase, we suggest 
exploring the potential of implementing subsidies to achieve a ‘price 
floor’ for fuels treatments, ramping up those subsidies when prices fall 
and ensuring that market fluctuations do not disrupt the critical mo
mentum required for an effective forest treatment program.

While the economic case for the utilization of forest products in 
thinning treatments has been investigated across a number of Western 
US landscapes (Belavenutti et al., 2021; Campbell and Anderson, 2019; 
Seipp et al., 2023), research shows that there is considerable potential 
for parallel approaches in fire-prone forests globally (Limenih et al., 
2024; Madrigal et al., 2017; Marino et al., 2014). This study furthers the 
evidence that forest product markets can be instrumental in achieving 
forest management goals, and extending this type analysis outside of the 
US might assist the rollout of market methods as a way to support forest 
resilience internationally.

Further research and coordination that focuses on stakeholder needs 
and regional planning priorities is needed if regional forest treatment 
across TCSI is to come to fruition. Spatial allocation of fuels treatment 
needs to incorporate many landscape features not addressed by the 
BioSum framework relied on for this analysis, including focusing on 
reducing fire severity in the wildland-urban interface and protecting key 
species and ecological assets. However, this study suggests these goals 
can be supplemented by forest product markets to support the scale and 
pace of treatment needed in the coming decades. While more work is 
needed to coordinate across stakeholder groups to set priorities and 
build capacity, our findings indicate that forest product utilization can 
play a key role in the management and resilience of fire-prone forests.
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Appendix A. Treatment (RX) packages

Treatment packages were adapted from the FVS treatment .kcp files on the CEC project Github (Accessed here: https://github.com/USFS-PNW/ 
Fia_Biosum_Scripts). All runs included a BioSum cycle lag if there had been thinning the prior cycle, leading to a minimum treatment spacing of 20 
years and a maximum number of treatments for each stand of 2 across the 40-year modeling timespan. For CEC RX packages that include a FireProne 
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preference, FireProne species [White Fir, Silver Fir, California Red Fir and Douglas Fir] are selectively harvested first, and then if the stand is still above 
the target SDI, thinning is applied to all species of the target DBH range. The upper diameter of the target DBH range (UD) is defined as 30 dbh for 
national forest lands, or 36 dbh for private lands. A higher UD is applied to FireProne species, variably 36 dbh for public lands or 999 dbh (all trees) for 
private lands. For thinSDI treatments, FireProne species are weighted to increase the likelihood of removal within a single treatment.

RX # Treat type FireProne Preference Upper Diameter %MaxSDI Cutoff Additional Treatments Trt Steep 
Slope

Harvest Method

100 thinDBH Cut first 30 pub 36 priv 45 Prescribed Fire yes Mech WT
101 thinDBH None 30 pub 

36 priv
45 Pile burn no Mech WT

102 thinDBH Cut first 30 pub 
36 priv

45 Mastication yes Mech WT

103 thinDBH Cut first 30 pub 
36 priv

45 Lop & Scatter* yes Mech WT

104 thinDBH None 30 pub 
36 priv

45 Prescribed Fire yes Mech WT

105 thinDBH None 30 pub 
36 priv

45 Lop & Scatter* yes Mech WT

106 thinDBH Cut first 30 pub 
36 priv

45 Lop & Scatter* yes Mech WT

107 thinDBH Cut first 30 pub 
36 priv

50 Lop & Scatter* yes Mech WT

108 thinDBH Cut first 30 pub 
36 priv

55 Lop & Scatter* yes Mech WT

109 thinDBH Cut first 30 pub 
36 priv

55 Prescribed Fire yes Mech WT

110 thinDBH Cut first 30 pub 
36 priv

65 Lop & Scatter* yes Mech WT

111 thinDBH Cut first 30 pub 
36 priv

45 Prescribed Fire no Ground- based CTL

112 thinDBH Cut first 30 pub 
36 priv

45 Pile burn no Ground- based CTL

113 thinDBH Cut first 30 pub 
36 priv

45 Lop & Scatter* yes Mech WT

114 thinDBH Cut first 30 pub 
36 priv

45 Prescribed Fire yes Mech WT

116 thinDBH Cut first 21 pub 
36 priv

45 Lop & Scatter* yes Mech WT

117 thinDBH Cut first 30 pub 
36 priv

65 Lop & Scatter* yes Mech WT

050 thinBelow Cut first 30 pub 
36 priv

45 Lop & Scatter* yes Mech WT

051 thinBelow Cut first 30 pub 
36 priv

45 Prescribed Fire yes Mech WT

054 thinBelow Cut first 30 pub 
36 priv

50 Lop & Scatter* yes Mech WT

055 thinBelow Cut first 30 pub 
36 priv

55 Prescribed Fire yes Mech WT

056 thinBelow Cut first 30 pub 
36 priv

55 Lop & Scatter* yes Mech WT

057 thinBelow Cut first 30 pub 
36 priv

65 Lop & Scatter* yes Mech WT

058 thinBelow None 30 pub 
36 priv

45 Lop & Scatter* yes Mech WT

702 thinDBH None 30 pub 
36 priv

55 Pile burn yes Mech WT

703 thinDBH None 30 pub 
36 priv

55 Lop & Scatter* yes Mech WT

225 thinSDI Weighted 30 pub 
36 priv

45 None yes Mech WT

226 thinSDI Weighted 30 pub 
36 priv

45 Prescribed Fire yes Mech WT

227 thinSDI Weighted 30 pub 
36 priv

45 Lop & Scatter* yes Mech WT

228 thinSDI Weighted 30 pub 
36 priv

45 Lop & Scatter* + Pile burn yes Mech WT

229 thinSDI Weighted 30 pub 
36 priv

45 Lop & Scatter* + Mastication yes Mech WT

999 Grow only N/A N/A N/A N/A N/A N/A
* Lop & Scatter is modeled as a thin treatment for 1–4 dbh trees with 100 % yarding loss in FVS. It is not added as an additional treatment in BioSum, as thinning 

treatment costs are automatically calculated in BioSum.
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Appendix B. Additional figures

Fig. B1: Using data on harvested materials and treatment costs, we created approximate estimates of the percent of total TCSI forested area treated under variable 
market and subsidy conditions (hauling costs were excluded). In this case, we calculated percent area for market conditions at 10 % change intervals from 0 % of 
baseline conditions (i.e. wood / biomass value of $0) to 150 % of baseline conditions and subsidy levels running from 0 to 1000. Economic conditions show much 
greater variability below baseline, with subsidies becoming increasingly important in propping up treated forest area when forest product prices drop more than 50 % 
below baseline.

Fig. B2: Number of economic scenarios under which each full or partial FIA Plot (referenced as a Stand in BioSum) would be treated. Stands are recast as Thiessen 
polygons to convey the proportion of the TCSI region that they represent. Treatment Sum refers to how many times the stand linked to a polygon was treated across 
all economic scenarios, with darker colors indicating a greater likelihood that a plot will be treated. Note that plots in the east, along the more rugged and remote 
Sierra Crest, are less likely to be treated.
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Appendix C. BioSum overview

Bioregional Inventory Originated Simulation Under Management (BioSum) is a forest landscape management analysis framework founded on FIA 
forest inventory data and off-the-shelf and custom models designed to address policy-relevant questions centered on forest management possibilities 
and how they play out over broad forest landscapes an national forest scale (~500,000 acres) and larger.

BioSum can be thought of as a “what-if” tool that generates objective, statistically valid answers to questions concerning landscape-scale forest 
management. Often deployed in the context of hazard reduction via fuels management, BioSum has been or is being used to address such questions as: 

1. Where to build a new biomass-to-energy conversion or biochar production facility (e.g., Petitmermet et al., 2019)? Where should processing 
capacity for merchantable timber be expanded?

2. On how much forest area would a thin-from-below treatment immediately enhance fire resistance versus a thin across diameters (e.g., Fried et al., 
2017b; Jain et al., 2019)? Would the answer change if looking at the resistance enhancement over 4 decades?

3. On how many acres could a treatment with a 10-in. diameter cap pay for itself (e.g., Fried et al., 2016)? How many more acres could be treated with 
our capping diameter?

4. By how much does a $250 per acre subsidy expand treatment if it requires utilization of harvest residues (e.g., Cabiyo et al., 2021)?
5. How would a landscape-wide fuels management program change the area by stand structure class, or any other ecologically-framed classification 

(e.g., Busby and Fried, 2025; Jain et al., 2012)?
6. With a million dollars available to invest in fuel treatment where it cannot self-pay, how much merchantable and sub-merchantable wood could be 

generated (e.g., Barbour et al., 2008)?
7. How would a putative price change in merchantable wood delivered to a mill or harvest residues delivered to a bioenergy or biochar facility affect 

the area treated and the wood yield? How do these outcomes vary as effectiveness criteria or the sets of prescriptions considered are changed (e.g., 
Petitmermet et al., 2019)?

8. Which forest restoration treatments have the greatest longevity in hazard reduction effectiveness (e.g., Fried et al., 2016; Jain et al., 2019)?
9. What are the carbon sequestration and economic tradeoffs of managing for fire resistance (e.g., Busby and Fried, 2025)?

In a nutshell, BioSum deploys the Forest Vegetation Simulator (FVS) growth and yield model to project FIA plots covering an area of interest 
through several decades with, and without, active management. Projections are made for multiple, alternative silvicultural prescription sequences 
applied to each FVS stand, derived from an FIA plot, typically aimed at improving forest health and resilience. Modeling multiple pathways provides 
decision space in which the heuristic optimization can select best stand trajectories based on user-provided criteria. Those criteria can be focused on 
fire resistance, habitat value, net revenue or almost anything else calculated within the BioSum/FVS framework, and cover both a goal (the output to 
be maximized or minimized—for example, fire resistance or carbon stored in the forest and in wood products) and constraints (for example, treatments 
must self-pay, or in-forest carbon stocks must be maintained above a specified level).

Relying on FIA plot data to represent initial stand conditions ensures a statistically representative analysis of management potential on all forest 
land, or any subset thereof. FVS output is processed by BioSum and its sub-models to 1) compute biomass, volume and value of harvested wood by tree 
size class and species group that is removed from the forest and delivered to wood facility gates; 2) estimate on-site treatment costs, informed by the 
FVS “cutlist” (table of harvested FIA sample trees) and site attributes; 3) and, in concert with a travel times workflow that ingests geospatial data on 
transportation routing and speed per segment plus plot and wood-using facility locations, estimate haul costs for moving wood from the forest to all 
possible facilities. These workflows generate a sizeable knowledge base of potential futures for every combination of FIA plot (and the acres it rep
resents) and silvicultural trajectory that the user wishes to have considered.

BioSum relies on FVS, and the analyst operating it, for much of the heavy-lifting. Not only are silvicultural prescriptions implemented there, 
requiring sometimes complexly creative scripting to, for example, account separately for harvest wood that is utilized versus left in the forest to decay 
or be burned, but FVS scripts may be crafted to deliver stand level attributes. These attributes might document, for example, 1) the percent of basal 
area at each time step that is in trees considered resistant owing to their size and species, 2) the expected stand-level, volumetric tree mortality under a 
specified surface flame length, 3) flags describing the type of surface fuel treatment applied and the number of seedlings planted, to guide cost 
calculations down-stream of the FVS workflow. These attributes, along with FVS predictions of growth and mortality, of carbon emissions, and 
disturbance impacts may also figure, directly or indirectly, into criteria for treatment effectiveness or characterization of which, among multiple 
effective treatments, is the best to implement.

The BioSum software is a Microsoft Windows™ computer program (BioSum Manager) that manages the workflow of a BioSum analysis (SI Fig. C1). 
BioSum Manager is a project management “shell”, containing several task-oriented modules to manage analysis workflow, that requires that the 64-bit 
version of Microsoft Office be installed, along with other parameter files, drivers and libraries provided with the software (available on the http://bi 
osum.info web site in the “Downloads” section) or available online.

BioSum guides analysis workflow through four of BioSum’s five modules, while protocols and R-scripts guide the user through travel time cal
culations, as follows. Starting with the FIA plot data within the area and time slice of interest, the Database module (1) loads that data as a repre
sentative sample of the forests for which management options are to be explored.

The FVS module (2) is for defining management alternatives, formulated as a set of silvicultural sequences in FVS, implemented over time, that 
may differ among initial conditions and may include varying triggering criteria, covering the range of possibilities for which understanding is sought. 
In this study, we apply a treatment cutoff of 45 % of maxSDI for most treatments (see Appendix A), meaning management activities only occur if and 
when a stand exceeds this threshold. A no action/grow-only and/or business as usual sequence is typically an important alternative against which 
others can be evaluated (RX # 999 in Appendix A). BioSum Manager generates a customized FVS input database from the condition level FVS tables 
within a downloaded FIADB database.

Travel times (3) are calculated between all plots and all processing facilities for use in computing cost per acre for hauling merchantable wood and 
utilized harvest residues a.k.a. “chips” or “energy wood”. A pre-calculated database of travel times for the western U.S., current as of 2024, can be 
accessed from the biosum.info site. That site also hosts documentation and scripts supporting an R-based workflow for updating or replacing this travel 
times database.

In the Processor module (4), all sequences modeled in FVS are processed through as many alternative Processor scenarios as desired—these may 
vary, for example, by wood values assigned per species and tree size class, harvest system used to implement treatments, or the set of available 
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facilities to which wood can be delivered.
The Treatment Optimizer (5) guides the user through developing one or more Optimizer scenarios specifying what effective management looks like 

and setting criteria for selecting the best management trajectory when there are multiple effective silvicultural sequences. Optimizer summarizes key 
landscape metrics, such as area treated by owner class, area feeding each processing facility, and quantities of wood and revenue produced, and cost 
incurred. It also summarizes outputs for each stand, and because each stand accounts for a statistically determined area of the forest, stand results can 
be aggregated by the analyst, typically via database queries or script based processing in R or Python, however desired to describe averages or totals 
for segments of the forested landscape that are of particular interest. Many more tables of policy relevant outputs can be produced by joining (e.g., 
through database queries) the tables that result from Treatment Optimizer with those from Processor.

For the purposes of this study, we create a set of nested criteria within the Treatment Optimizer module in order to identify effective, economically- 
feasible treatments. We define effective treatment as any treatment which improves the composite hazard score, as defined in (Fried et al., 2017a). We 
further apply a filter that removes treatments that have a net revenue below 0 (net revenue negative) after subsidies, limiting our treatment selection 
to ‘economically feasible’ treatments. Finally, from the set of treatable, effective, and revenue-neutral or generating treatments available for each 
stand, we select the treatment package which most reduces mortality volume percent under severe fire conditions. This leads to a set of optimal 
treatments that varies across stands and economic conditions, based on the net negative revenue filter that is applied before the optimal treatment 
package is chosen. These criteria are selected for the purposes of our analysis, but we encourage those interested in using BioSum to explore the 
various other applications of this tool which are referenced above.

C.1. Caveats

As with any model, BioSum has some limitations required to achieve tractability. When used for facility siting, for example, the imprecision 
inherent in the simplifying assumption that all of the acres represented by a plot occur at the plot location, makes it inappropriate for tactical 
application in precisely pinpointing the “best” site. Other considerations, such as power transmission infrastructure (and air quality constraints in the 
case of a proposed bioenergy facility), as well as access to work force, may be at least as important as minimizing costs of hauling feedstock.

Owing to the typically low density of forest inventory plots, BioSum isn’t well-suited to analyzing small areas. Anything less than several dozen 
potentially treatable plots would be cause for concern; robust analyses will build on hundreds of plots covering a broad range of forest stand structures. 
Moreover, BioSum lacks any spatial representation that would address how treatments relate to reduced burned area, for example, given that such 
questions depend on the specific placement of treatments, something outside the scope of this tool.

Fig. C1: BioSum workflow.

Data availability

data is shared in the submission and is available here https://zenodo. 
org/records/14642074.

Replication Data and Code for Forest Product Market Conditions 
Mediate the Scale and Benefits of Sustainable Forest Management in 
the Tahoe-Central Sierra Region (Original data) (zenodo)
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Madrigal, J., Fernández-Migueláñez, I., Hernando, C., Guijarro, M., Vega-Nieva, D.J., 
Tolosana, E., 2017. Does forest biomass harvesting for energy reduce fire hazard in 
the Mediterranean basin? A case study in the Caroig massif (eastern Spain). Eur. J. 
For. Res. 136, 13–26.

Manley, P.N., Povak, N.A., Wilson, K.N., Fairweather, M.L., Griffey, V., Long, L.L., 2023. 
Blueprint for Resilience: The Tahoe-Central Sierra Initiative. US Department of 
Agriculture, Forest Service, Pacific Southwest Research Station. 

Marino, E., Hernando, C., Planelles, R., Madrigal, J., Guijarro, M., Sebastián, A., 2014. 
Forest fuel management for wildfire prevention in Spain: a quantitative SWOT 
analysis. Int. J. Wildland Fire 23, 373–384.

McIntyre, P.J., Thorne, J.H., Dolanc, C.R., Flint, A.L., Flint, L.E., Kelly, M., Ackerly, D.D., 
2015. Twentieth-century shifts in forest structure in California: denser forests, 
smaller trees, and increased dominance of oaks. Proc. Natl. Acad. Sci. 112, 
1458–1463.

North, M., Brough, A., Long, J., Collins, B., Bowden, P., Yasuda, D., Miller, J., 
Sugihara, N., 2015. Constraints on mechanized treatment significantly limit 
mechanical fuels reduction extent in the Sierra Nevada. J. For. 113, 40–48.

North, M.P., York, R.A., Collins, B.M., Hurteau, M.D., Jones, G.M., Knapp, E.E., 
Kobziar, L., McCann, H., Meyer, M.D., Stephens, S.L., 2021. Pyrosilviculture needed 
for landscape resilience of dry western United States forests. J. For. 119, 520–544.

North, M.P., Tompkins, R.E., Bernal, A.A., Collins, B.M., Stephens, S.L., York, R.A., 2022. 
Operational resilience in western US frequent-fire forests. For. Ecol. Manage. 507, 
120004.

Petitmermet, J.H., Fried, J.S., Sessions, J., 2019. Estimating biomass availability and cost 
when implementing forest restoration with tethered harvest systems. J. For. 117, 
323–339.

Prichard, S.J., Hessburg, P.F., Hagmann, R.K., Povak, N.A., Dobrowski, S.Z., Hurteau, M. 
D., Kane, V.R., Keane, R.E., Kobziar, L.N., Kolden, C.A., 2021. Adapting western 
North American forests to climate change and wildfires: 10 common questions. Ecol. 
Appl. 31, e02433.

Radeloff, V.C., Hammer, R.B., Stewart, S.I., Fried, J.S., Holcomb, S.S., McKeefry, J.F., 
2005. The wildland–urban interface in the United States. Ecol. Appl. 15, 799–805.

Reinhardt, E.D. (Ed.), 2003. The Fire and Fuels Extension to the Forest Vegetation 
Simulator. United States Department of Agriculture, Forest Service, Rocky Mountain 
….

Safford, H.D., Stevens, J.T., 2017. Natural Range of Variation for Yellow Pine and Mixed- 
Conifer Forests in the Sierra Nevada, Southern Cascades, and Modoc and Inyo 
National Forests, California, USA.

Seipp, K.Q., Maurer, T., Elias, M., Saksa, P., Keske, C., Oleson, K., Egoh, B., Cleveland, R., 
Nyelele, C., Goncalves, N., 2023. A multi-benefit framework for funding forest 
management in fire-driven ecosystems across the Western US. J. Environ. Manage. 
344, 118270.

State of California, Natural Resource Agency, 2023. California Forest Improvement 
Program Cap Rates for Practices.

State of California, USFS, 2020. Agreement for shared Stewardship of California’s Forest 
and Rangelands Between the State of California and the USDA, Forest Service Pacific 
Southwest Region (Memorandum of understanding).

Stephens, S.L., Stevens, J.T., Collins, B.M., York, R.A., Lydersen, J.M., 2018. Historical 
and modern landscape forest structure in fir (Abies)-dominated mixed conifer forests 
in the northern Sierra Nevada, USA. Fire Ecol. 14, 1–14.

Swain, D.L., 2021. A shorter, sharper rainy season amplifies California wildfire risk. 
Geophys. Res. Lett. 48 e2021GL092843. 

Swezy, C., Bailey, J., Chung, W., 2021. Linking federal forest restoration with wood 
utilization: modeling biomass prices and analyzing forest restoration costs in the 
northern Sierra Nevada. Energies 14, 2696.

Syphard, A.D., Scheller, R.M., Ward, B.C., Spencer, W.D., Strittholt, J.R., 2011. 
Simulating landscape-scale effects of fuels treatments in the Sierra Nevada, 
California, USA. Int. J. Wildland Fire 20, 364–383.

Taylor, A.H., Beaty, R.M., 2005. Climatic influences on fire regimes in the northern 
Sierra Nevada mountains, Lake Tahoe Basin, Nevada, USA. J. Biogeogr. 32, 425–438.

Thacker, F.E.N., Ribau, M.C., Bartholomeus, H., Stoof, C.R., 2023. What is a fire resilient 
landscape? Towards an integrated definition. Ambio 52, 1592–1602.

Wilson, K., Manley, P., editors, 2021. Assessment of Current Landscape Conditions: 
Tahoe- Central Sierra Initiative. An Unpublished Report of the Tahoe Central Sierra 
Initiative.

Wood, C.M., Jones, G.M., 2019. Framing management of social-ecological systems in 
terms of the cost of failure: the Sierra Nevada, USA as a case study. Environ. Res. 
Lett. 14, 105004.

E. Patrick et al.                                                                                                                                                                                                                                  Current Research in Environmental Sustainability 9 (2025) 100296 

11 

http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0025
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0025
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0025
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0030
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0030
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0030
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0035
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0035
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0035
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0040
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0040
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0040
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0045
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0045
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0045
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0050
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0050
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0050
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0055
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0055
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0060
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0060
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0060
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0060
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0065
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0065
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0065
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0065
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0065
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0070
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0070
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0070
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0070
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0070
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0070
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0070
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0075
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0075
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0075
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0080
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0080
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0080
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0085
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0085
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0085
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0090
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0090
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0090
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0090
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0090
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0095
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0095
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0095
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0100
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0100
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0105
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0105
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0110
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0110
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0110
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0115
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0115
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0120
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0120
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0120
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0120
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0125
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0125
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0125
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0130
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0130
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0130
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0135
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0135
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0135
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0135
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0140
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0140
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0140
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0145
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0145
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0145
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0150
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0150
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0150
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0155
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0155
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0155
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0160
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0160
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0160
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0160
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0165
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0165
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0170
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0170
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0170
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0175
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0175
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0175
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0180
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0180
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0180
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0180
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0185
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0185
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0190
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0190
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0190
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0195
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0195
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0195
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0200
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0200
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0205
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0205
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0205
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0210
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0210
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0210
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0215
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0215
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0220
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0220
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0225
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0225
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0225
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0230
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0230
http://refhub.elsevier.com/S2666-0490(25)00019-2/rf0230

	Forest product market conditions mediate the scale and benefits of sustainable forest management in the Tahoe-Central Sierr ...
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Modeling framework

	3 Results
	4 Discussion
	4.1 Limitations

	5 Recommendations
	Declaration of competing interest
	Acknowledgements
	Appendix A Treatment (RX) packages
	Appendix B Additional figures
	Appendix C BioSum overview
	C.1 Caveats

	Data availability
	References


