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Fuel-reduction and restoration treatments (“treatments”) are conducted extensively in dry and historically
frequent-fire forests of interior western North America (“dry forests™) to reduce potential for uncharacteristically
severe wildfire. However, limited understanding of treatment longevity and long-term treatment effects creates
potential for inefficient treatment maintenance and inaccurate forecasting of wildfire behavior. In this per-
spectives paper, we briefly summarize current understanding of long-term effects of three common treatment
types (burn-only, thin-only, and thin-plus-burn) in dry forests. We then propose six opportunities for future
research: evaluate treatment longevity in the context of management goals and long-term treatment effects,
reference departure from un-treated conditions and progress toward desired conditions, account for natural
variance of dry forests and associated statistical challenges, explore within-treatment drivers of long-term re-
sponses, increase the frequency of post-treatment sampling, and incorporate spatial heterogeneity into long-term
analyses. Integrating these opportunities into long-term treatment studies and adaptive management plans can
improve treatment maintenance efficiency and wildfire modelling. Ultimately, improved understanding about
long-term effects of treatment and treatment longevity can support climate-adaptive management that increases
dry-forest resilience to wildfire.

1. Introduction

More than a century of fire suppression and exclusion of Indigenous
fire has led to uncharacteristically high fuel loads in dry and historically
frequent-fire forests of interior western North America (“dry forests™)
(Hagmann et al., 2021). Dry forests are dominated by thick-barked co-
nifers such as ponderosa pine (Pinus ponderosa) and Douglas-fir (Pseu-
dotsuga mengziesii), which are adapted to survive low-intensity fires and
therefore threatened by increasing fire intensity in modern fire regimes
(Merschel et al., 2021, Stoddard et al., 2021). Fuel reduction and forest
restoration treatments (“treatments”) that include prescribed burning
and/or thinning are often used to mitigate such threats (Agee and
Skinner, 2005, Prichard et al., 2021, Stephens et al., 2021), and have
been applied across millions of acres in recent decades (Barnett et al.,
2016, USDA Forest Service, 2022).

The short-term effects of treatments on fuel profiles, forest structure,
and potential wildfire behavior are well demonstrated (Schwilk et al.,
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2009, Fulé et al. 2012, Davis et al., 2024), and attention to long-term
effects (>10 years after implementation) is increasing (Bernal et al.,
2025). Long-term studies primarily focus on comparing treatment types
and suggest general patterns (Fig. 1 and Fig. 2). Thinning followed by
prescribed burning (“thin-plus-burn treatment”) most strongly reduces
fuel loads (Stephens et al., 2012a, Morici and Bailey, 2021, Hood et al.,
2024) and subsequent wildfire severity (Brodie et al., 2024, Davis et al.,
2024) into the long-term, and is especially effective at reducing poten-
tial for active crown fire (Hood et al., 2020, Radcliffe et al., 2024, Brodie
et al.,, 2024). Broadcast burn-only treatments reduce surface and/or
ladder fuels for ten or more years following treatment but often have
minor effects on canopy fuel (Keifer et al., 2006, Battaglia et al., 2008,
van Mantgem et al.,, 2016, Busse and Gerrard, 2020). Conversely,
thin-only treatments may reduce canopy fuel into the long-term (Hood
et al., 2020, Radcliffe et al., 2024, Bernal et al., 2025), but often increase
short-term surface fuel loading from activity fuels (Schwilk et al., 2009)
and long-term ladder fuel from saplings that respond quickly to reduced

Received 28 February 2025; Received in revised form 23 April 2025; Accepted 24 April 2025

Available online 28 May 2025

0378-1127/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:dradclif@uw.edu
www.sciencedirect.com/science/journal/03781127
https://www.elsevier.com/locate/foreco
https://doi.org/10.1016/j.foreco.2025.122761
https://doi.org/10.1016/j.foreco.2025.122761
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2025.122761&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

D.C. Radcliffe et al. Forest Ecology and Management 592 (2025) 122761

Fig. 1. Conceptual pre-treatment conditions for dry forests in western North America in the early 21st century. The represented stand had the largest trees removed
by high-grade logging a century earlier, has not been disturbed or treated since, and is dominated by ponderosa pine and Douglas-fir. Such stands are at high risk of
intense fire behavior and severe fire effects. Alternative post-treatment fuel succession pathways are displayed in Fig. 2. Painting by Robert Van Pelt.
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Fig. 2. Conceptual long-term treatment effects in the stand displayed in Fig. 1, following application of three common treatment types. This representation is a
heuristic starting point for understanding long-term treatment effects; outcomes of specific treatments will vary. The thin-only treatment represents a thin from below
without follow-up slash management. The burn-only treatment represents a prescribed low intensity broadcast burn. The thin-plus-burn treatment represents a thin
from below followed one year later by a prescribed broadcast burn of relatively low intensity. Note fine-scale variation in treatment intensity and long-term responses
following treatment. See Appendix 1 for more detailed views and explanations of individual panels. Paintings by Robert Van Pelt.
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overstory density (Vaillant et al., 2015, Fialko et al., 2020, Hood et al.,
2024). In any treatment type, development of a shrub-dominated rather
than herbaceous-dominated understory is possible and can reduce
long-term treatment effectiveness (Goodwin et al., 2018, Dudney et al.,
2021). Following treatments that include thinning, residual live trees
grow faster and become more fire-resistant over time relative to trees in
un-treated units (Fulé et al. 2022, Roccaforte et al., 2024, Rodman et al.,
2024).

These general trends for long-term treatment effects are used to
support “rules of thumb” for estimating treatment longevity, such as
10-15 years for treatments generally (Martinson and Omi, 2013, USDA
Forest Service, 2022, Davis et al., 2024). While these rules of thumb are
valuable, refinement is needed to account for the broad environmental
gradients and range of management contexts where treatments occur.
Furthermore, decision-makers need research that supports finding bal-
ance between intensive treatment strategies (frequent maintenance of
fewer treatment units) and extensive treatment strategies (infrequent
maintenance of more treatment units). These research gaps hinder
treatment maintenance planning and increase uncertainty about wild-
fire behavior in treated landscapes. Efficient treatment maintenance is
needed for stewardship of dry forests, given major restoration needs
(Haugo et al., 2019, Laughlin et al., 2023) and logistical, political, and
budgetary constraints to treatment implementation (North et al., 2015,
Kolden, 2019, Woolsey et al., 2024, Clark et al., 2024). Small differences
in treatment maintenance timing, such delaying average maintenance
by a year, can result major differences in annual treatment imple-
mentation at broad spatial scales. In this perspectives paper, we build on
existing research by identifying and exploring six opportunities to
address knowledge gaps related to treatment longevity:

e Evaluate treatment longevity in the context of management goals
and long-term treatment effects

o Reference departure from un-treated conditions and progress toward
desired conditions

e Account for natural variance of dry forests and associated statistical
challenges

e Explore within-treatment drivers of long-term responses

e Increase the frequency of post-treatment sampling

e Incorporate spatial heterogeneity into long-term analyses

Integrating these opportunities into future study designs and adap-
tive management plans will improve understanding and operationali-
zation of long-term treatment effects and treatment longevity. Such
insight is needed to support management activities that foster dry forest
resilience to wildfire in a changing climate (Bernal et al., 2025).
Furthermore, many of the opportunities we highlight may be applicable
across a variety of ecological and management contexts.

2. Evaluate treatment longevity in the context of management
goals and long-term treatment effects

2.1. Context

Treatment longevity is the useful lifespan of a treatment for context-
specific management goals (Jain et al., 2012), and is therefore jointly
dependent on long-term treatment effects and management objectives
(Fig. 3). Treatments with the same long-term effects can have different
longevities depending on the management objectives for stands. For
example, the same treatment may have greater longevity when applied
in remote areas where higher flame lengths and moderate severity ef-
fects are consistent with ecological objectives, than when applied closer
to homes and infrastructure where wildfire hazard reduction and asso-
ciated low flame lengths are crucial (North et al., 2021, Stephens et al.,
2021). A single treatment can also have different long-term effects
depending on the focal response variable. For example, thin-plus-burn
treatments often have greater long-term effects on canopy fuel loads
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Fig. 3. Treatment longevity is determined by the interaction between man-
agement context and long-term treatment effects.

than surface fuel loads (Hood et al., 2020, Bernal et al., 2025). The
specific long-term effects that influence treatment maintenance (e.g.,
potential surface fire vs. potential crown fire) will vary according to
management context (Hood et al., 2022) and may also include ecolog-
ical components not directly related to fuel profiles, such as biodiversity
or cultural values (Kalies and Yocom Kent, 2016, Greenler et al., 2024).

2.2. Recommendations

We encourage distinguishing “treatment longevity” from “long-term
treatment effects,” and explicitly considering treatment longevity in the
context of long-term treatment effects and management goals. This
clarity can help contextualize the advisory role of science in informing
treatment maintenance. That is, science is needed to characterize long-
term treatment effects, but those effects exist in the context of desired
conditions, resource availability, and risk tolerance that then dictate
treatment longevity. Precise terminology about factors contributing to
treatment longevity (Fig. 3) can foster deeper consideration of man-
agement needs among researchers, policymakers, and other stake-
holders. This clarity may inspire methodological innovation for
incorporating management goals in long-term treatment research.

3. Reference departure from un-treated conditions and progress
toward desired conditions

3.1. Context

Treatment longevity is commonly assessed by testing for long-term
departure from pre-treatment and un-treated controls (e.g., Morici and
Bailey, 2021, Hood et al., 2024), drawing from standard statistical
practice (Morrison et al., 2008). Testing for departure from control
stands informs broad-scale planning, because it can help decision
makers weigh tradeoffs between treating un-treated units vs. main-
taining formerly treated units, or between intensive vs. extensive
treatment strategies. However, un-treated and un-disturbed dry forests
are often diverged from historical ranges of variation (Hagmann et al.,
2021), making them poor benchmarks for determining treatment
effectiveness. Comparisons with desired conditions may often be more
appropriate when determining treatment longevity (Hood et al., 2022),
especially in high-value areas managed for endangered species, timber
revenue, or infrastructure protection. Additionally, desired conditions
may be useful for assessing maintenance treatments, as pre-treatment
controls may be absent or irrelevant to continued treatment
maintenance.
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3.2. Recommendations

We encourage testing for departure from un-treated conditions and
progress toward clearly-articulated desired conditions using metrics of
stand structure (Stephens et al., 2024) or potential wildfire behavior
(Ager et al., 2014, Radcliffe et al., 2024). Contemporary dry forests with
historically representative fire regimes can provide reference data (Falk,
2006, Jeronimo et al., 2019, Murphy et al., 2021, Chamberlain et al.,
2023). However, historic and current ranges of variability may not align
with future range of variability as climate change and non-native species
alter ecosystems (Hessburg et al., 2019). Reference sites can also
represent wide productivity gradients (Stephens and Fulé 2005), adding
difficulties to finding appropriate reference conditions for any given
contemporary site. Alternately, the choice of desired conditions can be
guided by management goals (Jain et al., 2012, Brown et al., 2003),
wildfire simulation results (Johnson et al., 2011) or treatments that
achieve desired outcomes in severe wildfire events (Chamberlain et al.,
2024). Collaboration between researchers and managers can lead to
developing specific thresholds for metrics such as potential wildfire
behavior. However, it is also important to report enough information for
different stakeholders to evaluate results across a range of management
contexts and values (Urgenson et al., 2017, 2018). This can include
reporting a variety of metrics of desired conditions, and reporting fire
model outputs over a range of fire weather conditions (Radcliffe et al.,
2024). At broad scales, metrics could include desired distributions of
conditions to appropriately reflect dry forest variability (Hood et al.,
2022, Laughlin et al., 2023).
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4. Account for natural variance of dry forests and associated
statistical challenges

4.1. Context

In dry forests, fuel profiles and forest structure are heterogeneous at
multiple spatial scales (Keane et al., 2001, Larson and Churchill, 2012,
Donato et al., 2013, Hessburg et al., 2015, Vakili et al., 2016). Such
heterogeneity arises from disturbance history and topo-edaphic condi-
tions (Larson and Churchill, 2012), treatment prescriptions that inten-
tionally create or maintain heterogeneity (Churchill et al., 2013,
Stephens et al., 2021), and/or heterogeneous responses to treatment
over time (Radcliffe et al., 2024). High variance in responses (e.g., Agee
and Lolley, 2006, Stephens et al., 2012b, Radcliffe et al., 2024) de-
creases the power of statistical tests that focus on measures of central
tendency (Lieber, 1990, Morrison et al., 2008) and can lead to type II
errors, or erroneous declarations of no difference between treatment and
control (Baguley, 2004). In turn, this could lead researchers to under-
estimate long-term treatment effects and treatment longevity, when
comparing means of treated conditions to means of pre-treatment or
un-treated controls (Fig. 4).

4.2. Recommendations

We encourage using study designs that account for statistical un-
certainty by increasing sample sizes, minimizing confounding factors, or
focusing on distributions rather than means. Given a fixed budget for
sampling, researchers can maximize statistical power by focusing on one
treatment type of interest (Battaglia et al., 2008, van Mantgem et al.,
2016, Johnston et al., 2021). Additionally, synthetic analyses and
meta-analyses can reduce uncertainty by aggregating data or results
from multiple studies (Lortie, 2014, Davis et al., 2024). We also
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Fig. 4. Hypothetical demonstration of statistical power’s influence on estimating treatment longevity. Left and right panels differ only in the level of statistical
uncertainty in mean fuel loads over time. Dots represent mean fuel loads, lines bounded by ticks represent confidence intervals reflecting a researcher-chosen alpha
level. If treatment longevity were determined by statistical significance, and the confidence interval overlap is used as determinant of statistical significance, a
treatment would be effective for 5 years in the lower statistical power scenario and for 15 years in the higher statistical power scenario. Simplifying assumptions in
this example include a static fuel load in the un-treated stands, linear increase of fuel loads with time since treatment in the treated stands, and identical statistical
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encourage a broader acceptance of uncertainty, interpreting results
within the context of prior research, and being mindful of the many
factors that affect statistical uncertainty including variance, sample size,
effect size, and alpha value (Nakagawa and Cuthill, 2007, Shieh, 2019,
Wasserstein et al., 2019). For example, low statistical power and wide
confidence intervals could result from random sampling error, sample
size limitations, or omission of important drivers of variation. Explicitly
considering possible causes of low statistical power may improve
interpretation of results and guide follow-up studies (Wasserstein et al.,
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2019). Furthermore, focusing on the distributions of key response var-
iables rather than just central tendency measures can help align statis-
tical analyses with the range of characteristics exhibited by dry forests
(Churchill et al., 2013, Hood et al., 2022).
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Fig. 5. Fuel profile and stand structure trajectories over time showing variable and nonlinear responses with time since treatment. Data are from 19 permanent plots
sampled repeatedly at identical intervals after thin-plus-burn treatments (Radcliffe, 2024). The values at each sample period are expressed relative to short-term
treatment values (1 year following treatment). Black dots represent means within time periods, black bars represent 95 % confidence intervals around those
means. Gray lines show the trajectories of individual plots; lines connect measurements but are not intended to imply linear changes between sample periods. Vertical
dotted lines represent the time of burn implementation in the “thin-plus-burn” sequence. Data are from the National Park Service Fire Effects Monitoring Program at
the North Cascades and Lake Roosevelt National Recreation Areas of Washington state (USDI National Park Service, 2003).
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5. Exploring within-treatment drivers of long-term responses
5.1. Context

High within- and among-stand variability in site conditions
("inherited factors") and treatment details ("regimes") can drive large
variability in treatment effects and outcomes (Tinkham et al., 2016,
Dudney et al., 2021, Zald et al., 2024, Radcliffe et al., 2024). Examples
of inherited factors are pre-treatment stand structure and site produc-
tivity (Reinhardt et al., 2008). Pre-treatment stand structure reflects past
management, disturbance, and abiotic conditions, and may affect fuel
profile and stand structure responses to treatment over time (Radcliffe
etal., 2024, Zald et al., 2024). Vegetation on more productive sites often
regenerates, grows, and decomposes more rapidly, which may reduce
long-term treatment effectiveness (Jain et al., 2012, Martinson and Omi,
2013, Francis et al., 2018, Ex et al., 2019). Treatment-regime drivers
include treatment intensity and interactions of multiple treatments or
disturbances over time. Treatment intensity can be quantified as the
amount of fuel removed during treatment and measured as the change
between pre-treatment and immediate post-treatment values for re-
sponses such as canopy cover (Dudney et al., 2021, Zald et al., 2024) or
with vegetation change indices (Radcliffe et al., 2024). Information
about compounding effects of multiple treatments or disturbances over
time is vital to comprehensive treatment planning (Crotteau et al., 2018,
Hood et al., 2022) and is becoming more feasible to study with sustained
monitoring at long-term study sites (Bernal et al., 2025, Nagelson et al.,
2025).

5.2. Recommendations

We encourage research focused on the long-term effects of within-
treatment drivers, such as the hypothesized tradeoff between treat-
ment intensity and treatment longevity (Jain et al., 2012, Zald et al.,
2024) and the long-term interaction of treatment intensity and site
productivity (Ex et al., 2019, Fialko et al., 2020). Studies designed to test
within-treatment drivers may encompass broad environmental and
management gradients, in contrast to prevailing experimental ap-
proaches seeking to minimize variation within treatment types
(Puettmann et al., 2009, Mclver and Weatherspoon, 2010). Researchers
could analyze one treatment type at a time to focus sampling and con-
ceptual efforts on within-treatment drivers (Battaglia et al., 2008, van
Mantgem et al.,, 2016). Exploratory analyses evaluating different
methods to quantify within-treatment drivers could support efficacy and
consistency among studies.

6. Increase the frequency of post-treatment sampling
6.1. Context

Increased sampling frequency in long-term monitoring is necessary
to understand shapes of fuel trajectories following treatment. Many
published permanent-plot studies characterize long-term responses with
a single long-term measurement period (Hood et al., 2020, Rossman
et al., 2020, Dudney et al., 2021, Morici and Bailey, 2021, Roccaforte
et al.,, 2024, Radcliffe et al., 2024). While this approach provides
important insights at snapshots in time, it has limited ability to clarify
how fuel trajectories change with time since treatment (Hanan et al.,
2022). Different fuel components likely have different post-treatment
trajectories (Fig. 5). Fine woody surface fuel, an important driver of
surface fire behavior, is particularly dynamic and likely to show
non-linear patterns following treatment (Fig. 5) as it is rapidly deposited
from trees injured or killed during treatment (Keane, 2015) but de-
composes rapidly due to its high surface area to volume ratio (Kennedy
et al., 2021, Johnston et al., 2021). The shape of post-treatment trajec-
tories (e.g., sustained, sigmoidal, or convex; Fig. 6) has direct implica-
tions for scheduling treatment maintenance. For example, a sigmoidal
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Fig. 6. Hypothetical demonstration of the limitations of infrequent remea-
surement, with three possible trajectories of fuel profile and stand structure
responses to treatment over time. The horizontal axis shows time since treat-
ment, with the dotted vertical line representing the time of treatment imple-
mentation. The vertical axis represents the quantity of a fuel component of
interest. The open circles identify three remeasurements as in a typical data
collection schedule for treatment longevity studies. Note that it is impossible to
distinguish trajectories from these limited data, and that the asymptotic and
convex trajectories diverge after the last measurement. Pre-treatment sample
period is presented to illustrate common study designs.

response may suggest that maintenance actions could be timed to follow
rapid fuel accumulation as high fuel loading will be asymptotic (Fig. 6).
Conversely, a convex response may suggest that maintenance actions
could be delayed as high fuel loading is temporary (Fig. 6), in which case
resources may be better spent on treating a formerly un-treated unit.
Asymptotes and sustained treatment effects are unlikely over very long
timescales as forest succession and climatic changes unfold, but may be
useful heuristics at the decadal scales of treatment maintenance
planning.

6.2. Recommendations

We encourage measuring post-treatment responses at more frequent
intervals. One way to reduce the cost of frequent monitoring is to alter
the temporal resolution at which different response variables are
measured. For example, fine woody surface fuel may be more dynamic
within ten years of treatment than coarse woody surface fuel (Fig. 5), so
researchers may choose to measure fine woody surface fuel more
frequently. This is analogous to the spatial scaling of fuel sizes, whereby
smaller fuel components are expected to vary over finer spatial scales
and therefore are sampled over finer spatial scales (Brown, 1974, Keane
etal., 2012, 2016, Vakili et al., 2016). Chronosequence studies in which
units are treated at different times are valuable for assessing the tem-
poral dynamics of fuels (Battaglia et al., 2008, Chiono et al., 2012),
though they have well-recognized limitations of confounding environ-
mental variation among units (Foster and Tilman 2000).

7. Incorporate spatial heterogeneity into long-term analyses
7.1. Context

Spatial heterogeneity of fuel loads and forest structure affects resil-
ience to contagious disturbances (Larson and Churchill, 2012, Koontz
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etal., 2020, Jeronimo et al., 2020, Hoffman et al., 2023), but changes in
post-treatment spatial heterogeneity remain largely unstudied (Larson
and Churchill, 2012, Hagmann et al., 2021). Treatment prescriptions
can directly and often intentionally increase within-stand heterogeneity
by creating canopy gaps and patches of low surface and ladder fuel
(Churchill et al., 2013, Knapp et al., 2017, Stephens et al., 2021) or can
reduce within-stand heterogeneity if they enforce consistent spacing
between trees (Puettmann et al., 2009, Fahey et al., 2018). However,
little work has examined the long-term effects of treatments on
within-stand heterogeneity of fuel profiles and stand structure. For
example, treated stands may become less heterogeneous over time if
vegetation responses even out differences between more-intensely and
less-intensely treated patches. Alternatively, it is also plausible that
treated stands become more heterogeneous over time if differences in
treatment intensity create fine-scale variation in successional pathways.
Treatment regimes and inherited factors, discussed above, are likely to
affect patterns of within-stand and among-stand heterogeneity in treated
dry forests.

7.2. Recommendations

We encourage incorporating spatial heterogeneity as a response of
interest in long-term treatment studies, and analyzing multiple spatial
scales of heterogeneity (e.g., within-plot, within-stand, and among-
stand) where feasible. Heterogeneity can be explored in existing field
studies using approaches such as ordination or indices such as coeffi-
cient of variation (Radcliffe, 2024), and new studies can be explicitly
designed to study heterogeneity by measuring the spatial distribution of
fuel profiles and stand structure (Keane et al., 2012, 2016, Vakili et al.,
2016). Studies that use repeat-measures data to quantify trends in het-
erogeneity over time would be especially useful. In addition to
plot-based studies, researchers can apply technologically intensive
methods of quantifying spatial heterogeneity. These could include aerial
LiDAR (Jeronimo et al., 2019, Kane et al., 2019, Chamberlain et al.,
2023), terrestrial LIDAR (Richardson et al., 2014, Chen et al., 2016), or
physics-based fire modelling (Ritter et al., 2023, Bonner et al., 2024,
Atchley et al., 2024).

8. Additional considerations for treatment maintenance
planning

Our focus here is on changes of fuel profiles and stand structure
following commonly studied treatments, but many other aspects of dry
forest ecology, management, and research are relevant to treatment
maintenance planning (Fig. 3). These include natural disturbances,
additional treatment types, additional ecological values, and data
archiving.

Natural disturbances, especially wildfire, are increasingly important
in dry forest restoration planning (Laughlin et al., 2023). Natural dis-
turbances can affect subsequent wildfire behavior (Parks et al., 2015,
Prichard etal., 2017, Tortorelli et al., 2024), and create opportunities for
follow-up fuel reduction and ecological restoration treatments
(Churchill et al., 2022, Larson et al., 2022, Greenler et al., 2023). As for
fuel treatments, long-term responses to natural disturbances
(Schoennagel et al., 2004, Stevens-Rumann et al., 2012, Dunn and
Bailey, 2015) and to post-disturbance management (Nemens et al.,
2019, Leverkus et al., 2021, Cansler et al., 2022a) are studied less often
than short-term responses (e.g., Johnson et al., 2020). Studies that
evaluate how treatments greater than 10 years old affect wildfire
behavior are particularly valuable (Cansler et al., 2022b, Davis et al.,
2024), especially when there are opportunities to incorporate field data
(Brodie et al., 2024).

Less-studied treatment types such as mastication (Kreye et al., 2014,
Reed et al., 2020, Wozniak et al., 2020), livestock grazing (Kerby et al.,
2007, Batcheler et al., 2024), and pile-burning (Rhoades and Fornwalt,
2015, Mott et al., 2021) also impact fuel profiles. We expect that our
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study design considerations and opportunities apply to the full range of
treatment types used in dry forests.

Factors not directly affecting potential wildfire behavior are under-
studied in fuel treatment research (Kalies and Yocom Kent, 2016), and
merit further research. Myriad ecological values and services other than
fuel reduction are important for treatment planning, including biodi-
versity, carbon, soil, water, food, timber, aesthetics, and spirituality
(Converse et al., 2006, Fontaine and Kennedy, 2012, Chiono et al., 2017,
Franklin et al., 2018, Wynecoop et al., 2019). Furthermore, cost-benefit
analyses are rarely incorporated into studies of long-term treatment
effects but are critical because treatment longevity is a key variable
affecting the overall cost to benefit ratio for a treatment (Finney et al.,
2007, Jain et al., 2012, Barnett et al., 2016, Hunter and Taylor, 2022,
Stephens et al., 2024).

Quality data archiving, metadata, and access are crucial to facili-
tating understanding of long-term treatment effects, as multiple gener-
ations of researchers are often required to complete long-term treatment
studies (e.g., Youngblood et al., 2008, Morici and Bailey, 2021).
Archiving data from short-term treatment studies will facilitate future
long-term treatment study and comparison of future maintenance
treatment outcomes with true pre-treatment conditions (Bernal et al.,
2025). Archiving long-term data may facilitate greater understanding of
trajectories over time and allow for future revisiting of wildfire models
with changes in management goals or advances in wildfire modelling
techniques. Uploading data and metadata to public repositories will
facilitate synthetic analyses of long-term treatment effects across sites
and may catalyze new insights (Reichman et al., 2011).

Finally, archived and accessible treatment histories are crucial for
facilitating analyses of long-term treatment effects. For example, remote
sensing studies of treatment effects require accurate and detailed map-
ping of treatment activity (Knight et al., 2022). Accurate treatment
tracking may be especially crucial for understanding complex distur-
bance histories as multiple treatments and disturbances interact over
time.

9. Conclusions

New approaches to conceptualizing and studying treatment
longevity are needed and we highlight several opportunities for research
innovations in this area. If incorporated into future studies and adaptive
management plans, these opportunities would directly benefit dry forest
stewardship by improving understanding of potential wildfire behavior
in treated landscapes and informing treatment maintenance planning.
Ultimately, more efficient treatment maintenance may increase dry
forest resilience to wildfire in a changing climate.
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