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ABSTRACT

The frequency and size of forest fires in the western United States (US) are rapidly increasing as climate
changes. Concurrent with anthropogenic drying, a century of fire suppression and exclusion of Indigenous
cultural burning has also led to fuel densification in some western forests, causing proliferation of high-
severity fire where burning was historically low intensity. Together, climate change and legacies of fire
suppression signal an even more fiery future. Projections indicate that extreme drought risk could grow
300% by 2100 over a pre-industrial baseline. Models of future fire suggest the record-breaking area
burned in 2020 will become the annual average by mid-century. If projections are accurate, western US
forests will reorganize to fundamentally different ecosystem types, and the west US will be an
unsustainable place to live. Decision makers are tasked with stewarding western forests during this period
of profound environmental change. Innovative approaches are emerging, like the Resist, Accept, Direct
framework, which helps them conceptualize the complete domain of potential responses to ecosystems
undergoing rapid change. However, such frameworks require rigorous science to underpin them. Here, we
describe our efforts to partner with decision makers and co-produce the science vision for a new multi-
year program called the Western Fire and Forest Resilience Collaborative (WFFRC).

The three questions that guide the science vision of WFFRC are:

1. How and why are forests and fire regimes in the western US changing, and how will they change
in coming decades under different scenarios of management and climate change?

2. What are the consequences of current and future forest and fire trajectories for critical ecosystem
services including biodiversity, forest carbon storage, air quality, human-settlement vulnerability
to fire, and provision of water?

3. What innovative management strategies and adaptation efforts are needed to respond to projected
changes and at what spatial and temporal scales?

We will address these questions in all forests in the western United States by pursuing the following
objectives:

1. Build a community of practice that ensures the research agenda is responsive to decision-maker
needs and that the best available science guides decision making and adaptation.

2. Understand and predict where and when the risk of non-reversible forest reorganization or
transition to grasslands and shrublands is greatest and identify the mechanisms that may underpin
forest change.

3. Quantify how fire regimes and resulting forest structure and function are changing across the
western US.

4. Quantify the drivers of observed trends in forest fire, project how forests and fire regimes will
continue to change in the future, and determine how current and future stewardship actions may
shape future outcomes.

5. Quantify current and future consequences for people, biodiversity, and ecosystem services
essential to human well-being and economies.

By combining field sampling, remote sensing, process-based simulation, and geospatial data synthesis,
WFFRC could collectively address the trans-disciplinary and cross-cutting challenges of understanding
and anticipating forest ecosystem change in the large fire era.



PROJECT DESCRIPTION

1. Background and vision

The frequency, size, and severity of forest fires in the western United States (US) have increased at
astonishing rates over the last four decades '™*. Annual burned forest area grew more than 1,000 percent
since the early 1980s °, culminating, thus far, in the fire seasons of 2020 and 2021 that both shattered
previous records *’. Intensifying fire regimes are in large part attributable to ongoing human-caused
climate change **’, which manifests as warming and drying in the western US '®'*, In fact, much of the
region just recently emerged from the driest 22-year period in 1,200 years '>'°. Concurrent with
anthropogenic drying, a century of near universal fire suppression and exclusion of Indigenous cultural
burning has led to a densification of fuels in some western forests, causing the proliferation of high-
severity stand-replacing fire where burning was historically frequent but low intensity "

Together, climate change and fuel densification situate modern western US fire regimes in a new
large-fire era, many elements of which are likely unprecedented since pre-Euro American settlement >,
Beneficial fire, tuned to the historical range of variability, still regularly occurs and even dominates
western US fire regimes. However, we are now increasingly experiencing “catastrophic" fires that are
uncharacteristically frequent and high-severity. We are also seeing massive increases in annual burned
area. In parallel, changing climate and increased fire have profound implications for the resilience of
western forests and human communities *> . We define resilience as the ability of a system to absorb,
recover, or adapt to disturbance without losing its fundamental identity .

Fire is an essential Earth system process, and conifer forests like those found in the western US
burned in high-severity fires as early as 350 million years ago ***'. Many tree species in the western US
are evolutionarily adapted to burning **>. However, intensifying fire regimes are beginning to overwhelm
key mechanisms that previously ensured robust forest recovery *****, For example, tree regeneration is a
resilience lynchpin following high-severity fire *°. Seedlings that establish in the first few years to
decades postfire dictate forest structure and functions, sometimes for centuries 2***=*, More frequent
high-severity fire, larger severely burned patches, and an increasingly hostile climate can individually or
collectively constrain seedling establishment and even cause tree regeneration failure ****. Modern
climate is likely already too dry across vast swaths of the western US to support robust postfire tree
regeneration *°, including 20% of forests in the iconic Sierra Mountains of California *. In fact, wildfires
in 2020 and 2021 caused the loss of as many as 19% of all the giant sequoias on Earth ***'. Given current
and expected trends, we are likely on the precipice of abrupt and widespread transitions from forest to
grasslands and shrublands.

Catastrophic fires also threaten people and communities in the western US. The wildland urban
interface (WUI), areas where houses meet or intermingle with often flammable natural vegetation, was
the fastest growing land cover type in the US between 1990 and 2010 *>. While WUI expansion has
slowed nationally, substantial regional variation in growth rates persist. For example, expansion of WUI
accelerated in Texas during the 2010s, with ~93 % of all new homes in the state being built within or
abutting wildlands*. People start most fires, and they are most likely to ignite them in the WUI ***,
meaning homes are often at high risk. Most homes that burn in the western US WUI are destroyed by
grassland and shrubland fires, like the 2021 Marshall Fire in the Front Range of Colorado and the 2023
Smokehouse Creek Fire, the largest in Texas history at the time of writing this document. However,
homes are more likely to be destroyed by forest fires, when they do occur in the WUI, than by grass fires.
An extremely tragic example is the 2018 Camp Fire that consumed the entire community of Paradise, CA.
Damage to homes, loss of life, and suppression costs to protect people have reached extraordinary levels.
For example, the US Federal government’s mean annual expenditures on fire suppression over the last
decade was approximately 11 times larger than the annual cost of suppression from 1985-1994 (~$2.2
billion vs $193 million when adjusted to 2022 real U.S. dollars using the consumer price index to account



for inflation) *°. Growing expenditures were driven by the large increase in the mean annual acres burned
and a nearly 5-fold increase in the suppression expenditure per acre burned *, highlighting the
intensification of suppression efforts. The private sector is also rapidly adapting to new realities of the
large fire era; a number of major insurance companies have begun to pause or restrict homeowner’s
insurance in California, due to exploding fire risk *.

Fires also negatively impact people by affecting the provision of critical ecosystem services.
Temperate forests are a large carbon sink *® that have already helped society avoid the worst of climate
change *. Western US forests, particularly those in the Pacific Northwest, have some of the highest
aboveground carbon densities in North America ***'. This means they will play an important role in
climate mitigation efforts, either as carbon sinks if storage potential is maintained, or as massive carbon
sources if future climate-fire trends continue unabated. Recent analyses demonstrate that live forest
carbon storage across much of the arid western US already started to decline as early as 2005 with
increased burning and drought ****. Major forested western US watersheds are also approaching
thresholds of burned area that when crossed could lead to marked changes in runoff and water quality that
challenge our water management systems >~ This is important because human communities across much
of the western US are experiencing acute water stress. For example, the city of Phoenix, AZ has begun to
limit new home construction due to dwindling groundwater *°. Smoke regularly blankets rural
communities and urban centers, alike, with profound consequences for human respiratory health,
including exacerbation of asthma and respiratory infections like COVID-19, as well as increased
respiratory-related mortality *°. While links are not as well established, wildfire smoke may also adversely
affect birth outcomes, mental health, and cause increased incidence of various cancers >’. Western US
forests serve as important habitat for myriad species, and fire-induced forest conversion to grassland will
alter species and functional diversity in complex and unpredictable ways.

Together, climate change and the legacy of suppression portend an even more fiery future. Warming
and drying is expected to continue through this century. Projections indicate that the risk of extreme
drought could grow as much as 300% by 2100 **. Models that project how fire and forest dynamics might
change in the future are only beginning to mature and uncertainty is pronounced. However, the models
agree that intensification of fire regimes will accelerate under all climate change scenarios. In fact, the
record-breaking area burned in 2020 could become the annual average by 2050, even under moderate
emissions scenarios *°. If fire and forest projections are accurate, the western US will become an
increasingly inhospitable and unsustainable place to live, with smoky summers, the constant destruction
of homes, and an abrupt widespread loss of western forests and the ecosystem services we rely on.

Even as uncertainty abounds, decision makers are tasked with stewarding western US forests during
this period of profound environmental change . State and federal agencies, politicians, land managers,
and the public alike face impossible choices and tradeoffs with complex and long-lasting social-
ecological consequences ®'. While challenges are extraordinarily daunting, innovative approaches to
stewardship are emerging like the Resist, Accept, Direct (RAD) framework, which helps practitioners
conceptualize the complete domain of potential responses to ecosystems undergoing rapid irreversible
change ®'. However, such frameworks require good science to underpin them. In fact, the critical role for
science in fire and forest management was codified in the recent report from the Wildland Fire Mitigation
and Management Commission ®*. As the report highlights, many streams feed into policy and
management decisions, but fundamentally, decision makers must know more clearly where, when, how,
and why our forest ecosystems and fire regimes are changing, what the consequences might be, and how
available tools could influence outcomes. The need for best-in-class science to inform decisions is
reinforced by the fact that the US Forest Service ®, National Aeronautics and Space Agency *, National
Science Foundation ®, Bureau of Land Management and US Fish and Wildlife Service *, and National
Oceanic and Atmospheric Agency ©’ all have ongoing and/or newly launched programs focused on



understanding and better measuring fire and ecosystem change. State agencies such as CALFIRE are also
investing heavily in fire and forest research .

As a process, however, fire cuts across the domains of climate, society, and ecosystems in ways that
profoundly challenge traditional scientific methods and mission-driven agency research **. To live more
sustainably with fire, we desperately need transdisciplinary insights into its causes and consequences that
will only emerge at the intersections of fields like earth system science, ecology, conservation biology,
economics, and public health. Fire research is also a uniquely applied area of study with the potential to
directly influence stewardship decisions. Thus, partnership between fire researchers and decision makers
is critically important, a skill set most scientists have little to no training in. Further, most disciplinary
based research is carried out at spatial and temporal scales that are fundamentally misaligned with
providing effective guidance to decision makers, and studies are often heavily concentrated in just a few
states with most of the resources, leaving vast swaths of the western US lacking for data and scientific
understanding. Unfortunately, if left to traditional approaches, the “data-discovery-decision” pathway
might never mature due to the complex and wicked nature of fire as a cross-cutting biophysical and
social-ecological process . Society needs new research approaches unconstrained from the common
barriers of innovation to accelerate the pace of discovery, collection of crucial data across all of the
western US, and generation of actionable scientific insights that can become immediately available for
decision making. Given their pragmatic and nimble nature, philanthropic sources of funding may be
uniquely poised to overcome constraints with the traditional pathways to scientific advancement.

Generously seed-funded by the Gordon and Betty Moore Foundation and Lyda Hill Philanthropies,
The Western Fire and Forest Resilience Collaborative (WFFRC) is a new research program designed to
fill this need. The goal of WFFRC is to accelerate advancements in fire ecology and forest resilience for
ALL of the western US that will ensure fire science is sufficiently mature to help address the fire crisis.
This will be accomplished by empowering some of the world's most creative scientists to conduct
convergent, transdisciplinary research guided by and developed in partnership with decision makers.
Further, WFFRC will serve as an innovation catalyst for the broader research community through
discovery, convening, open-science best practices, and a culture of inclusive collaboration. Together,
WFFRC’s actions will lead to a deeper understanding of biophysical, ecological, and social dynamics that
could underpin a strategic portfolio of innovative fire management and community adaptation efforts
across the western US by addressing the following questions:

1. How and why are forests and fire regimes in the western US changing, and how will they change
in coming decades under different scenarios of management and climate change?

2. What are the consequences of current and future forest and fire trajectories for critical ecosystem
services including biodiversity, forest carbon storage, air quality, human-settlement vulnerability
to fire, and provision of water?

3. What innovative management strategies and adaptation efforts are needed to respond to projected
changes and at what spatial and temporal scales?

Our study domain is all forests in the western United States defined as any forested area in the
contiguous United States, west of the 100" meridian (Fig. 1). By combining field-based empirical work
with remote sensing, process-based simulation, and geospatial data synthesis, WFFRC focuses on five
objectives designed to collectively address the trans-disciplinary and cross-cutting challenges of
understanding and anticipating ecosystem change in the modern era of fire.
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Figure 1. The objectives of the Western Fire and Forest Resilience Collaborative are organized around
stakeholder engagement and four research themes that provide insights on the changing nature of forests
and fire and consequences of those changes for people, from individual trees to the continent and over
coming months to decades into the future. Our study domain includes western US forests (defined as
forested areas west of the 100™ meridian).

2. Objectives

The Western Fire and Forest Resilience Collaborative is organized around five objectives that
encapsulate the research program and our efforts to cultivate and nurture a community of practice with
stakeholders, so the science is immediately used to inform decision making and the science agenda is
responsive to decision maker needs (Fig. 1). The objectives are:



Build a community of practice that ensures the research agenda is responsive to decision-maker
needs and that the best available science guides decision making and adaptation.

Understand and predict where and when the risk of non-reversible forest reorganization or
transition to grasslands and shrublands is greatest and identify the mechanisms that may
underpin forest change. We will combine field surveys and hypothesis testing leveraging a suite
of process-based vegetation models to ask:

a. How does energy versus moisture limitation modify postfire forest resilience in seedlings
and mature trees?

b. Which vegetation traits influence pathways of ecosystem reorganization and how?
c. How could elevated atmospheric CO, modify postfire ecosystem resilience?

Quantify how fire regimes and resulting forest structure and function are changing across
the western US. We will use a combination of field and remotely sensed datasets and landscape
analyses to address the following questions:

a. How do remotely sensed burn severity metrics translate into quantitative ecological
effects in forests of the western US, and how is burn severity changing over time and
space?

b. What are the trends and drivers of functional landscape patterns of burn severity over
time and space across forests of the western US?

c. How are key fire behavior metrics (e.g., fire intensity, rate of spread) changing over the
last 20 years in the western US?

d. When, where, and why is there spatial congruence or divergence between fire behavior
and functional measures of burn severity in the western US?

e. How are forest structure, function, and cover changing in response to fire and proactive
forest management?

Quantify the drivers of observed trends in forest fire, project how forests and fire regimes
will continue to change in the future, and determine how current and future stewardship
actions may shape future outcomes. Building off management strategies developed with
stakeholders, we will use an ensemble of state-of-the-art process-based simulation models to ask:

a. How have human-caused climate change and natural variability combined to contribute
to western US forest-fire trends over the last several decades?

b. How will western US forest-fire regimes change between now and 2100 based on
projections from 27 climate models and various emissions scenarios?

c. Where, when, and why will forests change fundamentally in response to unprecedented
climate extremes including drought and fire across a range of spatial scales, from
landscapes to the entire western US? When, where, and at what spatial scales do self-
regulating vegetation-fire feedbacks emerge and how strong are they?

d. Where and how might management and policy strategies, designed with decision makers,
affect trajectories of change in forests and fire regimes, and at what spatial and temporal
scales do interventions have impact?



5. Quantify current and future consequences for people, biodiversity, and ecosystem services
essential to human well-being and economies. This includes human smoke exposure, fire risk
in the WUI, species and functional diversity, carbon storage, and provision of water. Living more
sustainably with fire and the secure provision of ecosystem services during a time of profound
change will only occur with improved ecological understanding. We will interrogate model
outputs from objective 4 and a variety of geospatial datasets to ask:

a. How have human smoke exposure, WUI dynamics, biodiversity, water quantity, and
forest carbon storage changed in response to fire and other drivers in recent decades?

b. How will human smoke exposure, WUI dynamics, biodiversity, provision of water and
forest carbon storage change over the next century with projected burning?

c. Where are the current and future areas of robust ecosystem services and areas of
degraded services? Where and when do inflection points emerge during the 21 century
that cause ecosystem services to rapidly degrade or disservices to accelerate?

d. What are the synergies and trade-offs between current and future ecosystem services and
disservices? What are the direct and indirect drivers of these synergies and trade-offs?

The overarching goal of WFFRC is to build a science program guided by and developed in
consultation with decision makers. Objectives 2-5 were informed by an extensive and ongoing
stakeholder engagement process as part of objective 1. The questions within objectives 2-5 either address
the knowledge gaps identified by stakeholders so far, or they provide foundational scientific insights that
are necessary for rigorously addressing these knowledge gaps. Moving forward, we also expect
stakeholder needs to evolve as our community of practice widens and stewardship challenges evolve.

3. Research Plan

3.1 Objective 1: Build a community of practice that ensures the research agenda is responsive to
decision-maker needs and that the best available science guides decision making and adaptation.

3.1.1 Initial stakeholder engagement efforts

Development of this research vision has been informed by an extensive and in-depth stakeholder
engagement process. We began by engaging a policy and management liaison, Dr. Kristina Bartowitz,
who initially assembled a stakeholder database of 150 individuals and 61 organizations. Using the
database, she then conducted 20 1-on-1 interviews with stakeholders from across the western US asking
open-ended questions to ensure we did not bias answers.

Interview notes were synthesized by the research development team of the Climate and Wildfire
Institute at UCLA (CWI @ UCLA) to identify key knowledge gaps and barriers to using science for
informing decisions.



Box 1. Stakeholder Interviews and Synthesis of Knowledge Gaps

In summer 2023, we conducted 20 1-on-1 interviews with stakeholders. We asked the following open-
ended questions:

e How useful are modeling and remote sensing products for informing short-term vs long-term
thinking?

e What do you think are the greatest barriers to effectively addressing the large fire crisis?

e At what scale should strategies to address the large fire crisis be implemented and how should
approaches vary across human and ecological geographies?

e In what ways could scientists improve ecological insights/data/outputs (or make more
accessible) that are easiest to incorporate into the decision-making stream?

e In what ways could stakeholders engage with shaping the science being done (or how could it
be improved or be more inclusive)? How would those interactions operate most effectively?

Upon conclusion of interviews, the CWI @ UCLA Research Development team distilled notes from
the interviews into key points and organized them into spreadsheet format with responses in rows,
grouped by question. This allowed for interviews to be analyzed based on the frequency of comments
relative to the diversity of participants and organizations. To avoid reducing complex statements into
overgeneralized takeaways, a single response to a prompt was often segmented to isolate multiple
points. Breaking down statements in this way allows distinct themes to be identified. The following are
the results that emerged from this analysis.

Knowledge gaps

1. A need exists for metrics to differentiate between “good” and “bad” fire across multiple
dimensions including:

a. Improving acceptance of prescribed burns by using bad fire vs good fire metrics to
communicate their social and ecological benefit.

b. Understanding consequences of human exposure to smoke.
c. Measuring post-fire impacts, particularly on critical ecosystem services.

d. Differentiating landscapes that are less resilient or not adapted to fire, or made more
vulnerable by climate change.

2. A need exists to determine reliable and measurable indicators of resilient pre-fire forests, in
particular, to evaluate the effectiveness of interventions such as thinning across space and time.

3. A need exists to address spatial and temporal scale mismatches between:

a. Modelers and practitioners. Current mismatches between the scales at which models
produce outputs and the scales at which forest and fire management is implemented
can limit the utility of models.
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b. Modelers and other researchers. Often model scales are not well aligned with remote
sensing products, empirical ecology, and the scales at which social science is
conducted. This can lead to frustration, lack of understanding, difficulty in
communication and collaboration.

4. A need exists to identify which scale is most important for particular questions, to develop
robust frameworks for scaling up or down ecological information, and to identify the limits of
scaling. This is particularly important for understanding the limitations of models that are
available at different scales and for different geographies, and how relying on these models
might lead to misguided decisions, especially when translating between scales and
geographies.

Additional themes that emerged

1. A need exists for strategies that can foster behavioral change and improve social acceptance for
fire. This theme encapsulated multiple dimensions, including:

a. Building support for mechanical thinning and prescribed fire, including increased
tolerance of smoke.

b. Need for change in people’s behavior, including the reduction of human-ignited fires,
improved hardening of existing homes in the WUI, and changing where new homes
are built to reduce WUI expansion.

c. Addressing the “fear of fire” and how messaging that focuses on social narrative can
too easily dissuade the public from embracing the guidance of scientifically vetted
practices.

2. Policy and funding were often cited as the greatest barriers to confronting the wildfire crisis.
The two were often linked in the discussions.

a. Policy was often cited as a barrier to implementing scientifically vetted interventions,
and generally this criticism was associated with claims that policy-makers do not
engage with the science. The process of writing or changing policy was also perceived
as opaque and difficult.

b. While there is an influx of funding into fire and forest management, there were
concerns of it being used haphazardly. There was a perceived lack of coordinated,
focused strategy about where to invest funding.

These knowledge gaps and barriers formed the foundation for a two-day town hall meeting at UCLA,
facilitated by CWI @ UCLA. We brought together more than 40 scientists and decision makers for
conversations to deepen our understanding of how science could help address knowledge gaps and what
approaches might help us overcome barriers to using science in the decision-making process. Participants
included representatives from the US Forest Service, Idaho Conservation League, Washington State
Department of Natural Resources, California Natural Resources Agency, the Nature Conservancy, Pacific
Forest Trust, and California Council on Science and Technology, among others. Findings from the UCLA
town hall served as the foundation for developing and writing this science vision (Fig. 2). We requested
feedback on initial drafts of the science vision from a subset of stakeholders.
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Figure 2. Top panel: A town hall at UCLA in September 2023 with more than 40 scientists and decision
makers helped us interrogate and refine knowledge gaps that were identified during more than 20 1-on-1
interviews with stakeholders. Those insights formed the foundation for developing our science
implementation plan, which was kicked off with a meeting of science teams at Cary Institute of
Ecosystem Studies in November 2023 (bottom panel).

We also convened four regional focus groups (Pacific Northwest, Southwest, central Rockies, and
northern Rockies) with 3 to 10 practitioners that had not previously participated in our stakeholder
engagement process. Participants represented a range of organizations including State Forestry Divisions
or Departments of Natural Resources, US Forest Service, US National Park Service, US Bureau of Land
Management, and the Nature Conservancy. Where possible, we included boundary-spanning
organizations like the Southwest Ecological Restoration Institutes, Southwest Fire Science Consortium,
Northwest Fire Science Consortium, Southern Rockies Fire Science Network, Northwest Climate
Adaptation Science Center, University of Washington Climate Impacts Group, and the Watershed Center.
During these meetings, we solicited feedback on the science proposed in the rough draft of this science
vision, its relevance to regional issues of forest resilience and fire management, and how it could be
refined to better fit their needs. We used questions and discussions to generate a synthesis of regional
perspectives on our proposed science. We will use the process of engaging stakeholders and revising our
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science vision as a model for iteratively soliciting and incorporating feedback on our science from
stakeholders throughout the lifespan of WFFRC.

3.1.2 Addressing identified knowledge gaps

The science vision described in subsequent sections directly addresses the knowledge gaps identified
by stakeholders.

Stakeholders identified a need for metrics that differentiate good vs bad fire including smoke,
postfire impacts, and landscape vulnerability assessment. In reality, the benefits and consequences of fire
are complex in multiple social-ecological dimensions. A single fire could have good qualities in some
dimensions and damaging in others. Our science vision is designed to unpack and quantify the multiple
dimensions of fire impacts by providing a seamless workflow for identifying the underlying mechanisms
of change (objective 2), tracking fire- and forest-change in real time (objective 3), modeling current and
future fire regimes and forest-ecosystem responses (objective 4), and quantifying the associated
consequences for smoke, fire risk in the WUI, and ecosystem services (objective 5). As a result of this
uniquely integrated set of activities that span from “the whys to the consequences”, we will be well poised
to produce clear and concrete metrics through which the social-ecological impacts of fire can be assessed
on a spectrum from beneficial to catastrophic.

Stakeholders identified a need for reliable indicators of resilient pre-fire forests to evaluate
effectiveness of interventions across space and time. Effective indicators of prefire forest resilience must
accurately predict whether a forest will successfully resist or recover from fire if it were to burn,
outcomes that are influenced by myriad processes and that can play out over decades to centuries. Thus,
reliable indicators of prefire forest resilience must either rely on some method of forecasting or make use
of space-for-time extrapolation. Projection with mechanistic process-based models is preferable, given the
rapid rate of change and potential for statistical relationships that underpin space for time substitution to
break down in novel climate conditions. Our research program emphasizes identifying the mechanisms
that will determine whether and how forests prove resilient to fire (objective 2). We will build those
mechanisms into state-of-the-art, process-based models that can robustly project postfire forest recovery
trajectories (objective 4) at multiple spatial scales. This combination of mechanism and best-in-class
modeling will allow us to identify the most promising indicators of forest resilience. We can then
leverage our advances in real-time tracking of forests and fires (objective 3) to produce wall-to-wall
annualized maps of resilience.

Stakeholders identified a need to address spatial and temporal scale mismatches among modelers,
practitioners, and other researchers. Our research vision addresses this knowledge gap in two key ways.
First, we have brought together 10 research teams with diverse but complementary sets of expertise and
are designing an integrated multi-scale workflow that allows for seamlessly sharing products and insights
within and across groups (objectives 2-5). This will provide opportunities for other researchers to tap into
the framework, catalyzing innovation beyond our teams. Second, we are building a community of practice
from the beginning with stakeholders, which allows us to better understand the different spatial and
temporal scales at which they need scientific information to make decisions (objective 1). For instance,
we were challenged at the UCLA Town Hall to not just quantify forest and fire trajectories decades into
the future but to also emphasize forecasts over a near-term horizon of 5-10 years, which we plan to
embrace.

Stakeholders identified a need for frameworks to rigorously scale insights up and down and to
determine the limits to scaling, particularly when translating across geographies. No single tool can
address all questions at all spatial and temporal scales, and one must exercise great caution when applying
social-ecological insights gathered in one place to a new geography. For example, dry forests of eastern
WA, where fire is frequent, are not a good model system for wet productive forests in western WA, less
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than 50 miles away. Our research plan explicitly addresses these challenges because we have designed the
remote sensing (objective 3), modeling (objective 4), and quantification of social-ecological
consequences (objective 5) to be scalable by leveraging multiple sensors and tools, and by aggregating
outputs to multiple social and ecological domains (pixel/stand, watershed, ecoregion, county, state, all of
the western US). We also address the challenge of translating insights across geographic domains because
our mechanistic work (objective 2) and ecosystem modeling (objective 4) include landscapes that are
representative of the immense social-ecological diversity found across western US forests. Thus, this
framework will allow us to explicitly quantify what insights can be broadly applied and where and when
important and management-relevant differences in ecosystem dynamics emerge.

3.1.3 Next steps in stakeholder engagement

Accomplishing objective 1 is a long-term and ongoing process that will continue through the lifetime
of this project. Leveraging the strong momentum we built in our planning year, we anticipate a number of
key next steps in building a community of practice. First, we are hiring 2 FTEs, including a Deputy
Director of Policy and Management (see section 5.3). Over the next year, the Deputy Director will be
responsible for leading the development of a stakeholder engagement and knowledge-transfer strategy.
This strategy will successfully build a national community of practice with relevant stakeholders to
understand their needs and to ensure the best science informs stewardship of western forests and fire. The
Deputy Director will use feedback provided by stakeholders during the regional focus groups as a
framework for the creation of this strategy. As part of the strategy, we anticipate continuing to build
relationships with key boundary spanning organizations, such as the Climate and Wildfire Institute and
CWI@UCLA, the Fire Science Exchange Networks and Consortiums, USDA Climate Hubs, Climate
Adaptation Centers, and the Climate Impacts Group at University of Washington. We will consider
assembling a stakeholder external advisory committee to help guide this effort.

3.2 Objective 2: Understand and predict where and when the risk of non-reversible forest
reorganization or transition to grasslands and shrublands is greatest and identify the mechanisms
that may underpin forest change. We will combine field surveys and hypothesis testing, leveraging a suite
of process-based vegetation models, to ask:

3.2.1 Sub-objective 1. How does energy versus moisture limitation modify postfire forest resilience in
seedlings and mature trees?

The frequency, size, and ecological impacts of forest fires across the western US vary markedly both
with mean climate and local climate variability. This is because prevailing climatic conditions and climate
variability interact to shape vegetation communities ***’, fuel abundance ", and fuel moisture content "'
Mean climate is a dominant control of biome distributions. However, variability in key drivers, like
precipitation, often underpin intra-annual and inter-annual patterns in forest dynamics >’ For example,
fuel loads in arid forests are often highest following unusually wet years. Conversely, trees are generally
most stressed (and live fuel moisture is lowest) during anomalously dry years. Trees are prone to
mortality in dry years because they often produce too much biomass during wet years (structural
overshoot) ". Furthermore, mature trees are less likely to successfully survive a fire event or recruit after
fire when it is dry. To anticipate future wildfire impacts on forest resilience (objective 4) and the
cascading effects on ecosystem services (objective 5), we need to better understand (a) the vegetation
recovery trajectories that have already been set in motion by current record setting fires and severe
droughts, (b) how recovery prognosis is modified by local mean climate, and (¢) how variability in
climate interacts both with wildfire risk and ecosystem resilience after fire. Such insights are
fundamentally important to implementing innovative management strategies like the Resist-Accept-Direct
(RAD) framework ®'. We will pursue two efforts for better understanding forest response to fire in the 21
century: (1) intensive forest inventory measurements across climate and burn severity gradients and (2)
vegetation modeling that explores alternate hypotheses about the effects of climate variability and change
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on post-fire tree regeneration and mature tree survival. This work will inform model development to
support objectives 4 and 5. Forest inventory measurements will be directly assimilated into remotely
sensed fire tracking products developed in objective 3.

Remotely sensed metrics for assessing wildfire impacts are critical for tracking the current state of
ecosystems after fire, but they rely on ground-based plot surveys for rigorous calibration and ground
truthing. In collaboration with objective 3, we will extend the current networks of plots previously
published by collaborators *’ (see objective 3) and developed by co-PI Harvey in the Pacific Northwest
US and co-PI Balch in the central Rocky Mountains of Colorado to cover additional ecosystems in the
western US, potentially including the Sierra Nevada Mountains in California and the southern Rocky
Mountains in New Mexico. All plots will be systematically established and measured using the same
protocol: Plots will be oriented in a 30-m diameter circle and follow established protocols for measuring
burn severity (e.g., surface charring, tree mortality, canopy cover change, scorch height) >’ and post-fire
vegetation trajectory (e.g., tree species, height, estimated age of post-fire tree seedlings and plant
functional groups) ”7"°. Data in each plot will be collected on physical site characteristics, pre-fire stand
structure, burn severity, post-fire vegetation conditions, and post-fire trees (residual live trees and post-
fire seedlings). Elevation (m), slope (deg), and aspect (compass azimuth) will be recorded from the plot
center. Pre-fire stand structure will be characterized by measuring diameter at 1.35 m (DBH), species, and
live/dead status of all pre-fire overstory trees (>15 cm DBH live, dead/standing or dead/fallen since fire)
rooted in the plot. Distance to the nearest patch (>1 ha) of live and pre-fire mature tree(s) will be
measured from the plot center with a laser rangefinder. Additionally, we will measure post-fire understory
vegetation cover (percent cover of herbs, graminoids, and shrubs; plus shrub layer height) in four 2 x 5 m
subplots, spaced 5 m from plot center in cardinal directions. For established tree seedlings (trees < 1.5 cm
DBH), we will record every individual in variable-sized subplots according to establishment density
718081 Default subplot size will be four 2 x 15 m rectangular subplots (120 m? total area) configured in
cardinal directions. Subplot size will be decreased to four 0.5 x 15 m belt plots or increased to the entire
0.07 ha circular plot if visual inspection indicates >200 or <10 tree seedlings would be captured in the
default subplot size, respectively. Based on stakeholder input, we will consider additional variables like
downed fuels.

Plot scouting and establishment will take place in years 1-2 of the project and the field team will
perform plot inventories over years 2-3 of the project. An additional subset of plots will likely be outfitted
with temperature/relative humidity sensors and additional plant physiological measurements to inform
specific model hypotheses on postfire tree prognosis, particularly for plots recovering during dry years.
Collectively, these plots will provide valuable data on how fire severity affects post forest recovery in
ecosystems that span the energy- to moisture—limitation gradient, with a focus on unprecedented high
severity fires, providing new data on a major unknown.

The individual-based forest landscape and disturbance model (iLand) will be used to understand the
impacts of fire severity and droughts, compounded with fire, on post-fire tree recruitment success and
forest recovery ¥ iLand is a detailed process-based forest landscape model that simulates individual
trees and their interactions in spatially explicit landscapes with a 2 m to 100 m spatial resolution and daily
to annual temporal resolution (depending on process). The model was designed to address questions about
how climate and disturbance affect forest resilience. Thus, it includes key processes like fire-induced tree
mortality, postfire seed dispersal, and the effects of climate stress on individual seedling recruitment and
long-term tree survival. Given this emphasis, the detailed level of process representation, and its focus on
forest landscapes, iLand is an ideal testbed for exploring the mechanisms that underpin forest resilience in
the western US.

Some of the key forested regions in the western US have already been parameterized and well tested
in iLand, including landscapes in the northern Rocky Mountains and Pacific Northwest ***. We will
expand these rigorous parameterization and benchmarking efforts to three additional test bed regions
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(central Rocky Mountains of CO, Sierra Nevada Mountains of CA, and the southern Rocky Mountains of
New Mexico). Co-PI Trugman’s lab will lead parameterization of the Sierra Nevada region, leveraging
ongoing field surveys, physiological measurements made in Sequoia National Park from a different
project, and demographic plot data available through collaboration with the USGS for model
validation/hypothesis testing. PI Hansen’s lab, in collaboration with co-PI Harvey’s and co-PI Trugman’s
labs will lead parameterization of the other regions, using functional trait databases, the literature, and
empirical sources. New species parameterizations will be benchmarked using remotely sensed
observations, USDA Forest Service Forest Inventory and Analysis plots, and synthesis of other geospatial
products.

We will initialize landscapes using the best available data, including tree species maps, lidar data, and
fire database that includes all observed fires greater than 100 ha ', and plot-level tree data collected in our
field campaign. Models will be forced with daily downscaled climate data. Climate variables include
minimum and maximum temperature, precipitation, VPD, solar radiation, and day length. The model can
simulate fire dynamically, but it can also ingest fire products such as those produced by us in objective 4,
which are then spread in the iLand landscapes based on fuel availability.

After successful parameterization and benchmarking of iLand in testbed regions, simulation
experiments will target the sensitivity of seedling recruitment success to drought severity and frequency
post fire across a large gradient of energy and moisture limitation, as well as the sensitivity of recruitment
success to fire severity through its impact on seed availability. Then, we will examine the relative
importance of drought on recruitment success and failure versus drought impacts on large tree mortality
from a carbon budget perspective. We will conduct a simulation experiment to understand the relative
impact of postfire recruitment dynamics vs mature tree mortality on resulting forest structure and total
biomass. To do this, we will run the model with forced elevated mature tree mortality, decreased
recruitment success, or the combination (both within observational ranges gained from our forest
inventories and beyond as a ‘hammer’ to see what might initiate tipping point dynamics) and compare
outcomes to a baseline control simulation.

In years 1-3, we will produce a paper examining the impacts of fire severity and post-fire climate on
vegetation recovery. Further, plot measurements will inform basic theory on recovery from disturbance
that will be incorporated and tested in process-based vegetation models used in this project. Field plots
will also form a core component of the remotely-sensed burn severity product described in objective 3,
and ultimately enable skillful projections by models used in objectives 4 and 5. We also anticipate (1) a
representative parameterization of iLand for the Sierras and the central and southern Rocky Mountains
that will be critical for objectives 4 and 5 and (2) publications examining the effects of drought post fire
and how climatic variability and fire severity interact to drive risk of non-reversible forest reorganization
such as transitions to non-forest ecosystems across a gradient of energy to moisture limitation.

Over 5-10 years, we aim to advance understanding of the climate conditions and plant physiological
processes that may initiate irreversible transitions to grasslands and shrublands by causing recruitment
failure and mature tree mortality after fire. With testbeds in the central and southern Rocky Mountains,
we aim to improve understanding of the drivers of transitions in arid forests, an ecosystem type that has
been relatively understudied. This is critically important for developing reliable indicators of resilient
prefire forests, a key knowledge gap identified by stakeholders (as described in objective 1). Such insights
can also be used to inform forest management strategies that are designed to bolster forest resilience to
increasing drought, including postfire tree planting efforts.

3.3.2 Sub-objective 2: Which vegetation traits influence pathways of ecosystem reorganization and how?

Physiological and ecological traits mediate tree responses to climate and disturbance. Differences in
local environmental conditions strongly affect which traits and community trait assemblages are
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successful. Community trait assemblages also directly impact ecosystem carbon uptake during average
years and mortality risk and ecosystem resilience during droughts and after fire. Extreme events linked to
climate change have resulted in substantial shifts in tree-species dominance ** and tree-species’
geographic range limits ¥, particularly in water-limited biomes like the western US °', but it is still
poorly resolved what traits are most important in forest reorganization, how this varies across climate
gradients, and how fire might tip the balance in favor of different plant functional strategies. Here, we will
build off the forest inventory measurements and model work described in sub-objective 1 to understand
which traits may be most influential in ecosystem reorganization after fire.

In the forest inventory measurements described in sub-objective 1, we will leverage data on post-fire
understory vegetation cover (percent cover of herbs, graminoids, and shrubs; plus shrub layer height) to
understand how competition/facilitation by shrubs and grasses varies across western US forests and to
constrain where and when shrubs may facilitate forest recovery versus initiate regeneration failure by
outcompeting seedlings. In the process-based model sensitivity experiment described in sub-objective 1,
we will perturb specific plant parameters such as seed dispersal kernels, seedling water potential threshold
requirements for recruitment, parameters governing plant allometric growth curves, and parameters
governing susceptibility to stress driven mortality to see how sensitive forest structure is to each of these
traits and how this varies by forest type. These traits will also be measured in the field surveys described
in sub-objective 1, allowing for a seamless crosswalk between empirical data and the modeling
experiment.

In years 1-3, we anticipate these results will contribute to the publications detailed in sub-objective 1
on vegetation trait controls influencing forest reorganization or transitions to non-forest ecosystems. Over
5-10 years, this research could synergistically combine with that from sub-objective 1 to improve our
understanding of how plant physiology and physiological diversity modify vegetation recovery responses
to climate after fire. This diversity lens will add critical insights into our understanding of how
biodiversity and disturbance interact when assessing risk of irreversible biome transitions with escalating
climate change and increased disturbance. Such trait-based insights into diversity-function relationships
will also be essential for informing new management strategies, such as assisted migration, to bolster
resilience through facilitating ecosystem adaptation.

3.2.3 Sub-objective 3: How could elevated atmospheric CO; modify postfire ecosystem resilience?

Regeneration of western US forests following fire can take decades to centuries, with tree recruitment
rates dependent on fire severity, seed availability, and post-fire water balance *’. Following high-severity
fire, the first few years is a critical window of resilience that strongly dictates the likelihood of
successfully established trees in ecosystems ranging from Sierra mixed conifer forests °* to Yellowstone
National Park *°. In some locations, tree-seedling sensitivity to early post-fire climate is due in part to
competition with shrubs and grasses, which may slow tree growth or promote reburning **. At the same
time, increasing atmospheric CO, concentration has been shown to increase growth rates of some tree
species **°7 with potential for greater effects on evergreen than deciduous species **. Further, elevated
CO; has been shown to increase tree reproductive output in some experiments *°. However, the effects of
CO; on post-fire forest resilience — particularly in the context of competition with grasses and shrubs — is
not known. To improve our ability to predict the future distribution and structure of forests, and
associated fire regimes, we will pursue modeling that explores the effects of enhanced CO, on rates of
post-fire tree regeneration, using a framework that explicitly represents plant physiology and mechanisms
of CO, growth enhancements, including allocation to reproduction. We will use the modeling to probe the
limits of understanding and to guide future development of field experiments that may be needed to
constrain or evaluate the model. This work will inform efforts in objective 4 understanding the future of
fire in the western US with climate change.
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Site-scale modeling will use the Functionally Assembled Terrestrial Ecosystem Simulator (FATES)
19 which explicitly represents plant physiological response to CO, concentrations, to dynamically adjust
plant carbon status, water use and growth, mortality and reproduction rates. This work will leverage
model parameterizations developed under prior funding for California mixed conifer '°!, grassland ' and
oak woodland ecosystems and Colorado subalpine forest, as well as a new seedling recruitment scheme
193 that requires testing in the western US and development to reflect alternative hypotheses regarding
CO; effects on seed production, seedling survival and growth, and sensitivity to water stress. Given
literature suggesting that CO, effects can depend on other constraints (temperature, soil fertility) '*, we
will further develop the model framework to enable testing interactions between these factors. Our aim is
to explore the range of environments throughout the project domain where elevated CO, may be expected
to have contrasting effects based on theory and prior research. We will use site-observed climate drivers
as well as a dynamically downscaled version of a historical observationally constrained reanalysis climate
dataset '® from Alex Hall’s group '°. Our focal outputs will be recruitment rates, tree carbon status (e.g.,
storage), and growth rates; forest composition and rate of stand development; and return interval, biomass
loss, and size of fires. The model experiments will be an examination of alternate hypotheses related to
how seedlings may respond to elevated COs.

The effect of CO; on post-fire tree regeneration in the western US is a gap in our understanding and
therefore ability to predict outcomes at warm forest edges in the coming decades, areas of primary
management concern. It is difficult to infer CO; effects from distributed observations as can be done for
climate constraints (see sub-objective 1), therefore, modeling will be used to probe mechanisms that are
consistent with theory and prior experimental findings; the need for new experiments to fill gaps in
understanding will be assessed through this work.

In the first two years of the project, we anticipate results from the model hypothesis tests in California
mixed conifer forests and oak woodlands, where we already have done significant parameterization work.
In years 3-5, we expect completion of model experiments across key sites in the western US, and multiple
publications. On a 10-year horizon, these results will inform the need for further experiments and
monitoring efforts that can help quantify how CO; fertilization modifies post-fire tree regeneration and
may either amplify or dampen processes driving biome transitions with escalating disturbance, major
scientific unknowns that are yet to be included in future wildfire risk forecasts. These insights will
improve our ability to model future forests and fire in objective 4 and provide important mechanistic
context for developing reliable indicators of prefire forest resilience, a knowledge gap identified by
stakeholders (See objective 1). Fundamentally, this research will help determine where forests may be
most at risk of transitioning to non-forest states after future fires.

3.3 Objective 3: Quantify how fire regimes and resulting forest structure and function are changin
across the western US. We will use a combination of field and remotely sensed datasets and landscape
analyses to address the following objectives and research questions.

3.3.1 Sub-objective 1: How do remotely sensed burn severity metrics translate into quantitative
ecological effects in forests of the western US, and how is burn severity changing over time and space?

Forest fire regimes are rapidly changing due to the combined effects of climate warming and land use.
Burn severity (i.e., the ecological effect of fire) is a critical dimension of fire regimes that is commonly
measured in the field and then extrapolated spatially using satellite remote sensing indices. However, the
indices available from remote sensing instruments currently do not directly translate into the ecological
effects of fire measured from the ground. To address this gap, we will use a broad network of intensive
field measurements of multiple dimensions of burn severity, satellite indices of fire-induced change, and
cutting-edge statistical models to develop the first-of-its-kind atlas of quantitative measures of burn
severity in forests of the western US.
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The characterization and tracking of burn severity in US forests has advanced in recent decades
thanks to a suite of satellite indices derived from publicly available Landsat products ', For example,
the Normalized Burn Ratio (NBR) and derived indices of change caused by fire (e.g., AINBR, RANBR,
RBR), are commonly calibrated with field-based ordinal estimates of burn severity (e.g., the Composite
Burn Index, or CBI), '”. While these approaches enable wall-to-wall mapping of fire effects across
ecoregions, the translation of burn severity indices (either field or satellite) into quantitative ecological
effects that are meaningful to a manager on the ground has remained elusive. Our group has led several
advances in quantifying ecological effects of fire and connecting them to satellite indices ”>’*!''* that can
now be extended to a broader suite of metrics and spatial domains. We will refine the approach for
generating a burn severity atlas of on-the-ground fire effects in the Pacific Northwest, and extend this
approach to create a quantitative burn severity atlas of forests and woodlands of the western US.

First, using the models that support the burn severity atlas we developed for the Pacific Northwest
(PNW) and used in subsequent analyses ''"''?, we will refine models that connect NBR-derived indices of
burn severity to on-the-ground measures of burn severity including nine burn severity metrics (CBI,
canopy cover change, dead needle retention, proportion tree basal area killed, proportion above-ground
biomass (AGB) killed, proportion tree stems killed, bole scorching, char height, deep wood charring,
surface charring) by incorporating additional covariates shown to be important in other studies ”>'%.
These include latitude, topographic position (slope, aspect, heat load), pre-fire forest conditions (species
composition, pre-fire NBR, quadratic mean diameter (QMD), basal area, density), previous disturbance
interval and severity (fire, insect outbreak, harvest). Using the best performing models that incorporate
these covariates and following established approaches "*'°, we will update the PNW burn severity atlas
as a template for an atlas covering the entire western US. This will be done using zero-inflated beta
regression models that will result in the mean estimate of each burn severity metric as well as the
uncertainty for each metric (e.g., the 5th and 95th percentile estimate). Processing workflows will follow
established protocols for Landsat-derived burn severity maps in Google Earth Engine ''* and other
workflows (e.g., FORCE, the Framework for Operational Radiometric Correction for Environmental
monitoring) that allows the integration of other satellites such as Sentinel-2 "%,

Second, we will coordinate outreach to the fire-remote sensing community who have collected field
data in 0-5 years post-fire plots to assess the availability of burn severity measures beyond the PNW and
Northern Rockies where we have these data in hand. This will include post-fire field data in burned plots
such as CBI, basal area loss / remaining, canopy cover loss / remaining, crown vs severe surface fire
(scorch v torch), charring / deep charring, soil burn severity, and potentially others as identified or
collected by the community. Conversations with the fire remote sensing community and the forest fire
management community will provide an opportunity to identify additional relevant metrics that could be
added to the atlas. Once these data are acquired and cleaned, we will extend statistical models of burn
severity metrics at a pixel level following the approach in the PNW but for the entire western US. These
analyses will identify locations where additional field data are needed to fill gaps along gradients or
dimensions of important factors (e.g., forest zone, latitude, topography, reburns, etc.) where there is
greater uncertainty. Field sampling targeted to these locations will be conducted in summers of 2025 and
2026.

Data inputs for this component are primarily publicly available GIS / remote sensing products (e.g.,
USGS Landsat archive, USGS digital elevation models, Landfire vegetation and forest structure data), as
well as existing field data on burn severity and forest structure from >600 field plots in the Pacific
Northwest and Rocky Mountains. Additional data to be integrated into models for the western US will be
from publicly available field data from other field sampling efforts ''>!'® and newly collected field data in
2025 and 2026. All existing plot and remotely sensed data have a 30-m spatial resolution, and finer
resolution data (e.g., ASTER and Sentinel 2 at sub 30-m resolution) and corresponding field measures
will be integrated into workflows in future work. Field data collection will be coordinated with objective
2 where field plots will be co-located across objectives to measure burn severity and post-fire vegetation
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response. Plots will be oriented in a 30-m diameter circle and follow established protocols for burn
severity """ and post-fire vegetation response """,

In years 1-3, we will produce a regional burn severity atlas in the PNW for all measures of burn
severity and a western US wide atlas for high-priority variables (e.g., tree basal area mortality, canopy
cover change). We will also build a curated repository for all existing field data on burn severity and
collect additional field data in the western US to fill gaps in quantifying burn severity in forests along key
gradients of geography and forest conditions. We will publish peer-reviewed papers that describe the
concept of functional burn severity maps, present the models and severity atlas data, and test for trends in
patterns and drivers of burn severity among metrics across ecoregions in the western US since the 1980s.
Collectively, these datasets and analyses will catalyze new insights into how the broader science,
management, and policy community defines and tracks burn severity, and will support decision-making in
how to direct and respond to these trends.

Over 5-10 years, we would develop and curate the first-ever western US-wide atlas of multiple
quantitative measures of burn severity, and using these data, we could test how individual measures of
burn severity are changing over time (from the mid-1980s to the 2030s) and over space (among
ecoregions and forest zones). This dataset will help managers and policy makers track trends in
ecologically beneficial vs catastrophic fire, and where and when management and policy changes have
shifted these trends, a key knowledge gap identified by our stakeholders in objective 1.

3.3.2 Sub-objective 2: What are the trends and drivers of functional landscape patterns of burn severity
over time and space across forests of the western US?

As broad-scale aggregate changes to forest fire regimes are unfolding (e.g., increasing total area
burned, average burn severity), changes that occur at the focal (e.g., pixel) scale can produce surprising
and ecologically important emergent spatial patterns across forest landscapes ''2. Quantifying and
understanding how landscape patterns of burn severity are changing, and how these patterns are linked to
functional aspects of fire effects and post-fire recovery is key to understanding how changing fire regimes
will affect forest resilience. We will use the models developed in sub-objective 1 to extend insights
spatially and to quantify how functional measures of burn severity are changing in forests and woodlands
of the western US over the last four decades.

As burned forest area has increased since the mid-1980s, so have average levels of burn severity
across many US ecoregions *. Yet, how or why landscape patterns of key functional aspects of burn
severity are changing concomitantly is less understood. For example, landscape mosaics of burn severity
govern the spatial template for key ecological processes such as tree seed dispersal from surviving nearby
trees ''® and subsequent post-fire carbon sequestration from post-fire tree regeneration ''?. After a fire, the
capacity for seed dispersal into severely burned areas varies as a function of the size and configuration of
stand-replacing patches '''?° as well as the pre-fire patterns of forest structure (e.g., the abundance and
configuration of mature trees) ''*'?!. While some spatial metrics of functional burn severity mosaics (e.g.,
stand-replacing patch size and shape) consistently scale with fire size ''""''® or respond to drivers such as
climate, fuels, and topography in some regions ''®!''’_ a broader understanding of how different functional
mosaics of burn severity are changing across the western US is both lacking and needed. We will use the
burn severity atlas of on-the-ground fire effects across forests and woodlands of the western US from sub-
objective 1 to generate landscape maps of functional burn severity from 1984 through 2024 for all fires
greater than 100 ha, characterize trends in functional burn severity mosaics over space and time, and test
relationships between trends and key drivers.

We will intersect pre-fire structural data layers from sub-objective 4 (described below) with maps of
quantitative measures of burn severity to generate functional outcomes of each burned landscape for
multiple response variables. Post-fire live forest stand structure within fire perimeters will be quantified
by subtracting basal area killed by fire from the pre-fire live basal area. Additional structural variables
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such as post-fire relative proportion of basal area by species, stem diameter distributions by species,
QMD by species, downed wood, charring, and woody C pools will be quantified depending on available
resolution of field and remotely sensed forest structure data. Post-fire crown structure and post-fire seed
source will be quantified in situ for each focal pixel and spatially as a function of distance to live
remaining seed source from post-fire stand structure attributes above, creating maps of post-fire seed
availability that are specific to local tree species '**. Surviving legacy trees and post-fire seed availability
will support quantification of likely post-fire recovery and successional trajectories such as early post-fire
tree regeneration or areas where greater duration of complex early-seral structural conditions (e.g., snag
abundance, “pre-forest” vegetation) or persistent conversion to non-forest is likely. Finally, we will
quantify shifting functional mosaics with delayed mortality 1-5 years post-fire by tracking post-fire NBR
trajectories thereby capturing how delayed tree mortality alters the above functional mosaics '*.

We will then test how functional burn severity (with response variables representing key outputs from
the above measures) is changing over time (from the mid-1980s to the mid-2020s) and space (within and
among ecoregions) across the western US. We will also test relationships between response variables
(e.g., cumulative distance to live seed source) and key drivers (pre-fire vegetation/fuels, weather/climate,
topography) following our established methods '"7. Of particular interest is examining how the relative
importance of drivers of functional burn severity mosaics changes over time and among ecoregions.

Data inputs are from the intersection of publicly available GIS / remote sensing products and the burn
severity atlas produced in sub-objective 1. Pre-fire structural data will come from biomass maps in sub-
objective 5 (described below), Landfire existing vegetation type '** and from the most recent prefire
TreeMap '* tree list. TreeMap is a USFS-led initiative which imputes FIA data to Landsat pixel values
across the US to produce wall-to-wall forest structure and composition estimates. Burn severity data for
each relevant metric of burn severity from sub-objective 1 will then be overlaid spatially on pre-fire
vegetation structure to produce each of the post-fire functional burn severity mosaics. Predictor variables
are from publicly available data on pre-fire vegetation structure (Landfire), topographic context (USGS
DEMs), and weather at the time of fire '*°. Data outputs will inform initializing simulation model runs and
benchmarking model outputs for objective 4. Maps of functional burn severity mosaics will also be key
inputs to ecosystem service data layers for objective 5.

In years 1-3, we will produce a western US-wide dataset of functional burn severity mosaics for the
highest priority variables (e.g., delayed tree mortality, remaining canopy seed source, and distance to seed
source). We will publish peer-reviewed scientific papers that ask: How stationary in space and time are
scaling relationships between fire size and functional burn severity mosaics (e.g., distance to seed source)
across the western US? What are the patterns and drivers of post-fire seed availability across the western
US? What are synergies and tradeoffs among management decisions in post-fire landscapes (especially
high-severity fire)?

Over 5-10 years, we would extend the products from sub-objective 1 in a spatially explicit framework
to develop the first western US-wide atlas of functional burn severity mosaics, developed algorithms to
update this atlas annually, and test how landscape patterns of functional burn severity measures are
changing over time (from the mid-1980s to the 2030s) and over space (among ecoregions and forest
zones). This dataset and accompanying analyses would uncover critical insights into the spatial
dimensions of fire regime change that are unfolding as patterns scale from pixels to landscapes to regions,
and support pre-fire, operations (during fire), and post-fire management and policy decisions that can
direct the landscape patterns of fires and their effects. Building on these insights, we would examine
mechanistic links between these patterns and drivers (e.g., weather, topography, fuels/vegetation).

3.3.3 Sub-objective 3: How are key fire behavior metrics (e.g., fire intensity, rate of spread) changing
over the last 20 years in the western US?
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Fire behavior is changing, with documented increases in burned area and intensity across the western
U.S. in just the last 20-40 years >>'?. Yet, we still lack understanding of key fire behavior metrics that
influence functional severity and long-term ecosystem response, as well as result in devastating property
damage and loss of life. We need an integrated understanding of how different aspects, drivers, and
impacts of fire behavior are changing across the thousands of fires that have burned across the western
U.S.

A suite of satellite records, government databases, and upcoming sensors offer an unprecedented
opportunity to understand fire, from drivers, to behavior, to risk and response. Here, we will explore fire
regime change across western U.S. forests by determining which spatial, temporal, and energetic metrics
of fire behavior have changed over the last 20 years. We will create a harmonized database of ~20,000
fire events that links pre-fire weather, vegetation, topography, fire behavior, and post-fire functional
severity metrics. Pre-fire vegetation structure and composition will be composed of structural data from
sub-objective 5 below and the most recent prefire TreeMap ' tree list. In addition, we will use the
community-weighted mean fire resistance score (FRS), which integrates six key fire-adapted traits with
existing forest stand structure and composition to produce a ranking of fire resistance and associated
likelihood of tree survival across forests of the western US 2. Further, we will explore the metrics that are
arguably the most important for ecosystem response, risk mitigation, and operational responses: fire
intensity and fire speed. These metrics are also some of the hardest to grasp from remote sensing data and
therefore require more advanced approaches to extract and validate this type of information.

We will primarily use MODIS, given the longer temporal record (2001-today) but will supplement
with VIIRS and GOES fire detections where appropriate and for more in-depth case studies. Further, we
will leverage VIIRS as a proxy for higher spatial and temporal resolution satellite sensors that we expect
will provide better detections in the coming decade (e.g., FireSat and C-FIRES, which are under mission
development and funding acquisition stages). We will use the existing FIRED, Fire Events Delineation
database, which provides events based on the spatial and temporal aggregation of burned area pixels '**.
This product provides daily growth rates for over 80,000 fire events in the MODIS burned area product.
We will use Fire Radiative Power (FRP), a measure of heat flux as a proxy for fire intensity and we will
use fire growth rate as a proxy for fire speed. Fire behavior metrics included in the data suite could
include: daily FRP, aerial growth rate, total event duration, and size. Novel fire behavior metrics could
include FRP duration, integrated FRP across sensors, and daily linear rate of spread.

In years 1-3, we will develop an aggregated FRP metric at the daily scale that provides an integrated
measure across the daily spread of a fire event, exploring characteristics such as FRP duration. We will
prototype a linear rate of growth model that better approximates fireline speed based on geometric growth
calculations from burned area daily polygons, with supplemental information from integration across the
available active fire detection products. We will leverage existing work at the national scale on rate of
spread, to provide a more refined analysis on daily growth rate patterns and trends at the western US
ecoregion scale. New fire behavior metrics will be added to the existing FIRED database, which also links
to the ICS-209-PLUS dataset, which provides incident command reports '*°, and others to explore drivers
and impacts. Key insights will be derived from linking fire behavior metrics with ecosystem and societal
impacts to advance understanding of how management scenarios can promote lower intensity, slower
moving, and lower severity wildfires in a changing climate. This will help us identify key metrics to
differentiate between beneficial and catastrophic fire, a knowledge gap identified by stakeholders (see
objective 1).

Over 5-10 years, we would provide an integrated set of fire behavior metrics for the western U.S.,
linked to individual fire events and based on best-available remote sensing imagery that are harmonized
with the burn severity atlas and products in other objectives. This could provide an invaluable dataset to
explore linkages between fire behavior and consequent tree mortality and recovery processes, over space
and time. We would conduct a multivariate exploration of which spatial, temporal, and energetic metrics
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of fire behavior have changed over the last 20 years, using signals from areas that have already
experienced significant temperature increase as harbingers of future decadal change. Connecting across
other data products on human-settlement patterns and ecosystem services, we would also be able to
explore consequences for ecosystems and society. The management and policy implications of this work
are that we would be able to offer insights into why fire regimes are changing and provide targeted
recommendations on forest recovery and resilience management actions, such as postfire planting and
assisted migration, addressing multiple key knowledge gaps identified in objective 1. This work could
also provide an on-ramp to leverage future remote sensing platforms that are designed to capture higher
temporal and spatial resolution imagery of active wildfires and post-fire response, such as FireSat. Future
remote sensing capabilities could offer fire managers, emergency responders, and land use planners and
managers finer resolution information to help suppression decisions and post-fire recovery efforts. But,
new sensors like FireSat will only be useful if the scientific community is ready to use them.

3.3.4 Sub-objective 4. When, where, and why is there spatial congruence or divergence between fire
behavior and functional measures of burn severity in the western US?

Fire behavior (e.g., fire intensity, rate of spread) and burn severity (e.g., fire-caused vegetation
mortality) underpin myriad ecological, management, and policy concerns. These two key attributes of fire
regimes are mechanistically linked to some degree '*°, as extreme fire behavior is variably associated with
greater burn severity '*'"'** and slower post-fire recovery '**. Understanding the degree to which they co-
vary over broad extents of space and time is critical to anticipating feedbacks and trajectories of future
fire in the western US, as well as how management can affect trajectories to meet target objectives. We
will use outputs and data products from sub-objectives 1-3 to provide the first western US - wide
empirical test of how fire behavior and severity are related over space and time, with particular focus on
understanding congruence and divergence between these two dimensions of fire regimes.

Burn severity is a combined outcome of pre-fire vegetation structure and associated resistance (or
conversely susceptibility) to damage or mortality from fire interacting with the behavior of fire (resulting
from fuels, weather, and topography) '**'*. For example, given a landscape of homogenous forest
structure and composition, spatial variability in heat intensity or duration from a fire would drive
variability in burn severity. Conversely, spatially homogeneous heat intensity from a fire would drive
variability in burn severity across a landscape that was spatially variable in fire-resistance traits of trees.
As such, management actions that can reduce burn severity via pre-fire forest and fuels management or
real-time operational fire management depend on understanding the correspondence between patterns and
drivers of fire behavior and burn severity. Here, we propose to characterize the spatial congruence and
divergence between fire behavior and burn severity across the western US in the 21* century, and test for
mechanisms underpinning the observed patterns.

Using the integrated fire behavior-fire severity database described in sub-objective 3, we will quantify
relationships between key fire behavior metrics (e.g., FRP and fire speed) and burn severity attributes
(e.g., tree basal area killed by fire and distance to live seed source for years 1-5 post-fire). Data will be
used for each fire at three spatial resolutions: 1-km pixels at the finest scale (determined by the spatial
resolution of one pixel for MODIS/VIIRS data resolution); daily perimeter (all 1-km MODIS/VIIRS
pixels with each day’s fire spread), and total fire event (all 1-km MODIS/VIIRS pixels within each fire
perimeter). For each 1-km pixel (native resolution of MODIS), pre-fire vegetation structure (30-m pixels),
FRS scores (250m pixels), and burn severity attributes (30-m pixels) will be averaged to the 1-km fire-
behavior pixel. For spatial scales of daily perimeters and total fire perimeters, data from each source will
be averaged among pixels within that spatial extent and assigned to the daily and event perimeter,
respectively.

We will then test hypotheses regarding the relationships between fire behavior and severity in the 21
century, as moderated by pre-fire forest structure and composition (e.g., fire-related traits). For example,
we will compare the relative effect sizes of pre-fire vegetation structure, FRS scores, live fuel moisture
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content (LFMC), FRP, and fire speed for predicting functional metrics of burn severity. We anticipate that
over a range of fire intensity there will be a strong effect of pre-fire vegetation structure and FRS, but
there may be a threshold in FRP beyond which pre-fire vegetation structure has no effect '**. Next, we
will quantify the coupling of fire behavior and fire severity over space since 2001, and whether the
relationship between fire behavior and severity is weakening or strengthening over time. We expect a
weakening of the relationship between fire behavior and severity metrics as additional stressors (e.g.,
drought, insect outbreaks) result in less fire intensity required to produce the same level of fire severity
136 and this trend will depend on declining stand-level FRS scores over time. We will also test whether
areas with prior disturbances or management actions that shift pre-fire forest structure toward greater FRS
scores (e.g., low-severity wildfires, thinning and prescribed burning) exhibit more consistently positive
relationships between fire behavior and severity metrics. We will also identify locations where fire-
behavior and burn severity metrics individually have changed the most over the last 20 years, as well as
where the relationship between them has changed the most. Finally, we will link outputs here to modeled
and observed data on combustion and smoke (objectives 4 and 5). Data inputs for this component are
from earlier sub-objectives with the exception of the FRS score dataset *%, which is publicly available '*’.
Outputs from analyses from this sub-objective will be important for calibrating model simulations in
objective 4 and comparing to future projections of convergence/divergence of fire behavior and severity.

Given this sub-objective builds on the previous sub-objectives, progress would only occur later in the
project. Over 5-10 years, we would produce the first western US wide set of analyses that document
spatial and temporal patterns, as well as the underlying mechanisms, of relationships between forest
structure, fire behavior, and burn severity. This is critical for developing metrics to evaluate beneficial vs
catastrophic fire, a key knowledge gap defined by our stakeholders (see objective 1). We would publish
several peer-reviewed scientific papers that describe these trends, their drivers, and their implications.
These findings will directly support management and policy decisions aimed at directing / stewarding
changes in fire regimes currently being explored and implemented by management and agency partners.
We could lay a critical foundation for a framework that can inform similar analyses of fire behavior and
severity using data coming online with much finer spatial and temporal resolution (e.g., FireSat, NASA,
FireSense). These insights would build key understanding of fire regime change across multiple
dimensions of fire events and effects, and directly support management efforts to reduce fire severity via
management pre-, during, and post-fire.

3.3.5 Sub-objective 5: How are forest structure, function, and cover changing in response to fire and
proactive forest management?

Recent increases in forest area burned ' and forest area burned at high severity ? are likely to have
profound and long-lasting impacts on forests in the western US. Additionally, forest management actions
such as thinning and prescribed fire are likely to become more widespread in future years, modifying
trends in fire activity. To evaluate the impacts of fire as well as the efficacy of forest management
decisions, we must be able to accurately estimate their effect on forest cover, structure, and function. We
will build on previous work to improve and extend estimates of forest biomass, structural characteristics,
and live fuel moisture and use our estimates to examine how forests are changing in response to fire and
forest management activities over time.

To estimate forest biomass, we will leverage an existing annual aboveground biomass (AGB) product
for the Landsat record (1984-2020) *%13°_In this work, the authors compiled a series of lidar flights
across the western US, derived lidar metrics of canopy height and density, and estimated AGB across
lidar landscapes by relating field-based AGB estimates to lidar metrics. They used a subset of lidar-
derived AGB estimates to train a random forest model based on Landsat time series indices, climate
variables, and topographic characteristics to predict AGB across the western US. We will extend this
dataset to include live, dead, and declining aboveground forest AGB pools using the same field datasets

and lidar-derived metrics. Employing established methods '* in addition to spectral mixture analysis, we
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will estimate each forest AGB pool annually across the Landsat record through the end of the project.
Forest AGB pools estimated in this sub-objective will be used to force and calibrate simulation models
for the historical period (objective 4) and can be updated annually as new information becomes available.
To examine changes to forest AGB and structural characteristics in response to fire, we will focus on
previously burned areas. Using statistical models, we will test the influence of initial fire severity (sub-
objectives 1 and 2), fire behavior characteristics (sub-objective 3), and, where applicable, the type of
management action, on the recovery trajectories of forest carbon pools as well as fuels characteristics over
time.

We also will use Landsat time series to assess long-term post-fire recovery trajectories and
characterize functional ecological variation in recovery and successional dynamics. Focusing on pixels
with Landsat imagery after wildfire or management activities, we will evaluate post-fire structural and
compositional changes, first using existing datasets of forest structure and composition (TreeMap ',
BigMap '*"), then using an experimental approach to classify post-fire recovery trajectories. Big Map is a
similar product to TreeMap also produced by the USFS. While TreeMap and Big Map are extremely
powerful datasets, both have limited temporal resolution (TreeMap: 2014, 2016, BigMap: 2014-2018)
produced with a 3- to 5-year lag, we will use space-for-time substitutions to elucidate post-fire forest
recovery rates and successional dynamics. We will also employ an experimental approach attempting to
categorize long-term post-fire recovery trajectories. Using Landsat pixels that burned after 1984, we will
calculate an ensemble of vegetation indices and use a time series segmentation algorithm (LandTrendR or
Continuous Change Detection and Classification) to derive temporal recovery metrics from Landsat bands
and indices (e.g. means and slopes for each time segment related to disturbance and recovery period,
duration of the time segment, magnitude of change over the time segment) '**!'**. We will perform a semi-
supervised clustering '* on derived segment spectral and temporal characteristics to characterize
variability in post-fire recovery trajectories. We will then compare clusters to high resolution
orthoimagery (e.g. National Agriculture Imagery Program, WorldView), the datasets of forest biomass,
structure and composition described above, lidar data, and other sources where available to convert the
resulting clusters into ecologically relevant recovery trajectory classifications. If this approach is
successful, we will test new methods to hindcast annual recovery trajectory classifications back through
the Landsat record, updating annually as new Landsat imagery becomes available. To determine
indicators of regeneration success, we will compare estimates of recovery trajectories with those of burn
severity (sub-objectives 1 and 2), fire behavior (sub-objective 3), management treatment type, and post-
fire climate. This work will catalyze capacity for decision-makers and managers to plan proactive forest
management actions and guide post-fire regeneration pathways.

We will characterize live fuel moisture content (LFMC) as a key aspect of forest function. LFMC
represents the ecosystem’s ability to take up water and to protect against increasing atmospheric drying
forces (e.g. evaporative demand via vapor pressure deficit) under increasingly hot temperatures. It
influences the risks of drought-driven tree mortality and future fire. It is also an indicator of how well
buffered an ecosystem is to hydrometeorological conditions more generally '*'*. Since the influence of
precipitation and temperature on forest function depends on a range of interacting biotic (e.g. plant
hydraulics, root-soil hydraulic interactions, leaf area) and abiotic (soil type, typography) factors whose
individual roles would be too difficult to disentangle at scale, LFMC acts as an overall indicator of the
degree to which an ecosystem is buffered to drought stress (beyond its direct impact on fire behavior) 47 .
Several algorithms exist for large-scale mapping of LFMC from optical sensors (e.g. MODIS, Sentinel-2),
but these have not been implemented at scale and are not available for analysis. Additionally, these
sensors are limited by cloud cover and are sensitive to only the top of the canopy. Co-PI Konings’s group
has previously developed a publicly available wall-to-wall dataset of LFMC using synthetic aperture
radar data that penetrates deeper into the canopy and is insensitive to clouds. However, this dataset is only
available for six years because of sensor limitations. We will use machine learning models to combine
both data sources (as well as other inputs) to extend the microwave record backwards, and build a multi-
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decadal record of LFMC across the western US since 2002 at 250 m resolution. This record can then be
used for the LFMC-related analyses in sub-objectives 3 and 4 above, and will also be used to help with
model calibration in objective 4. We will then use this dataset to determine how prior fire and
management activities affect forest moisture buffering to drought, and how the influence of previous fire
and proactive forest management compares in magnitude to the influence of climate and forest structure
trends. Data inputs for analysis of forest carbon, structural characteristics, ecological recovery trajectories,
and management activities come from publicly available geospatial and remote sensing datasets as well as
contributed field plot characteristics.

In the next 1-3 years, we will derive the methodology for and build a new long-term record of annual
biomass pools, post-fire recovery metrics, and a catalog of LFMC. Over 5-10 years, we could use these
datasets to examine how changes to LFMC-hydroclimate sensitivity, post-fire recovery, and forest
biomass and structural characteristics respond to different fire characteristics and management actions
(e.g. prescribed burning, thinning). These assessments could enable us to track how forests are changing
in near real-time, essential insights for assessing the resilience of pre-fire forests and evaluating the social
and ecological impacts of fire, both key knowledge gaps identified by stakeholders (see objective 1).

3.4 Objective 4: Quantify the drivers of observed trends in forest fire, project how forests and fire
regimes may continue to change in the future, and determine how current and future stewardship
actions may shape future outcomes. Building off management strategies developed with stakeholders,
we will use an ensemble of process-based simulation models to ask:

3.4.1 Sub-objective 1: How have human-caused climate change and natural variability combined to
contribute to western US forest-fire trends over the last several decades?

Forest fires of the western US have increased in size and severity at astonishing rates over the last
four decades. Annual burned forest area grew more than 1,000 percent since the early 1980s !, and the
areas burned in 2020 and 2021 dwarfed previous records ®’. We will use forest-ecosystem and fire
modeling to provide the most comprehensive assessment yet of the causes that underpin observed trends
in western US forest-fire activity in recent decades. Previous work by our group and others has
unequivocally demonstrated that human-caused climate change underpins much of these recent increases
in forest-fire activity **. However, past studies have not allowed for spatially-explicit investigation of
how climate-change effects vary across the tremendously diverse geography of western US forests. Past
studies have also not quantified the relative impacts of human and natural ignition patterns and past and
current fire-suppression efforts that have left a legacy of increased fuel loads in some but not all western
US forests. Further, prior studies have largely focused on area burned because it is well measured and
strongly correlated with climate data. However, other fire metrics such as fire intensity and severity are
also critically important. We are poised to gain unprecedented understanding of how human-caused
climate change, natural climate variability, human population, and fuel characteristics have contributed to
recent changes across the multiple dimensions of forest-fire regimes, including fire intensity and severity.
To do so, we are developing a coupled modeling framework that simulates forest ecosystem processes
like fire-induced damage and mortality of trees, biomass combustion, postfire tree regeneration, and
successional trajectories of forest cover, structure, and functions, as well as key fire characteristics
(occurrence, sizes, intensity, severity, and shapes).

Forest ecosystems will be simulated by the DYNAmic Temperate and Boreal Fire and FORest-
EcosySTem simulator (DYNAFFOREST) model that we published in 2022 '*¥, developed by PI Hansen.
DYNAFFOREST is similar to iLand (described in objective 2) because it was designed to explore how
forests respond to disturbance in a spatially explicit manner. However, the representation of forests in
DYNAFFOREST is simplified compared to iLand such that the model is computationally tractable to be
run at a relatively fine spatial resolution (1-km) across all western US forests (> 800,000 km?), making it
ideal for modeling forests and fire across all of the western US. DYNAFFOREST represents 12 forest
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types, simulates forest dynamics on annual time steps, and captures critically important and complex
ecosystem processes that are not included in earth-system models. For example, in DYNAFFOREST,
forests that have reached reproductive maturity disperse seeds within and across grid cells according to
PFT-specific dispersal kernels following mortality events. Thus, the seeds available for potential forest
regeneration represent nearby forest types. The forest type that establishes is dictated by climate in the
years of the regeneration window. The team (co-PI Trugman and PI Hansen) has already published a
paper where they used DYNAFFOREST to understand how proposed vegetation management
interventions in the Sierra Nevada impact forest carbon loss and burn severity '

The forest-fire model is statistical and operates monthly at a 12-km spatial resolution. It simulates the
probability, occurrence, and sizes of forest fires as functions of fuel characteristics, human population,
and climate. Development of the forest-fire model is led by co-PI Park Williams. The initial version of the
model is completed and will be published in 2024. Based on rigorous cross-validation of the forest-fire
model, we know that it reproduces the past several decades of observed western US forest-fire activity
with high fidelity. DYNAFFOREST passes fuels information to the fire model. DYNAFFOREST then
uses outputs from the fire model to grow realistic fire shapes and to estimate biomass combustion, crown
damage, and tree mortality. We have already developed the computing infrastructure to run the
DYNAFFOREST and forest-fire models in a dynamically coupled manner.

Co-PI Trugman has also developed a computationally efficient plant hydraulics model that requires
inputs of soil moisture, atmospheric CO,, temperature, and VPD. This model is able to run efficiently at
scales comparable to the continental US and produces prognostic vegetation water status given local
climate '*°, which is useful both for anticipating drought driven mortality '*° that increases downed woody
fuel loads and for estimating LFMC, both of which contribute to wildfire risk. Co-PIs Trugman and
Konings are currently working with regional-scale plant water status outputs to validate plant model
predictions of LFMC using several LFMC products derived from satellite-based microwave backscatter
and optical reflectance as described in objective 3 7. We will include the vegetation hydraulics module in
DYNAFFOREST to improve simulations of fuel moisture and drought- and fire-induced mortality and
will use remotely sensed LFMC developed in objective 3 by co-PI Konings to improve the statistical fire
model.

To assess the role of human-caused climate change on recent forest-fire activity, we have developed
an alternate historical (1951—present) record of high-resolution (4-km) daily climate data for the western
US from which human-caused climate trends in temperature, precipitation, humidity, wind speed, and
solar radiation have been removed. We estimate human-caused climate change to be the median trends
among 27 CMIP6 climate models, and these human-caused trends include changes in the variability of
climate, not just changes in the means. Forcing our coupled simulations with this alternate historical
climate dataset and comparing the outputs to our primary simulations forced by observed climate will
allow us to quantitatively assess, in a spatially explicit manner, to what extent human-caused climate
change has affected forest fire and forest ecosystems over the last seven decades and how the nature of
these relationships varies across space.

Over the next 1-3 years, we will publish a technical description of the fire model in a peer-reviewed
journal (in 2024), and we will then publish a high-impact article presenting our initial assessment of the
spatially-explicit drivers of changes in forest-fire frequency, size, and biomass combustion from 1951—
present.

Over 5-10 years, we would be able to improve the DYNAFFOREST and forest-fire models, leading
to better constrained and more comprehensive re-assessments of historical changes in the western US
wildfire regime. For example, DYNAFFOREST could be improved based on experimental results from
objective 2 to include understory fuels and grasses and effects of enhanced CO; on tree seedling
establishment. Data produced in objective 3 would allow us to rigorously compare simulated forest cover,
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structure, and functions, as well as fire severity and biomass combustion to observational records, leading
to improvements in our simulations of these processes and how the fire model represents effects of prior
burning on subsequent fire occurrence and spread. Objective 3 would also provide new observational
datasets of forest biomass, allowing for improved calibration of DYNAFFOREST and a parameterization
of the fire model that uses observed fuel characteristics rather than simulation outputs for the observed
period. Additionally, we could re-implement several of the components of DYNAFFOREST within a
differentiable parameter learning framework '*' to enable the combination of the process knowledge
embedded in the model with the power of machine learning and several of the remotely sensed datasets
from objective 3 to develop alternative schemes for improved spatial parametrization. We could also
improve the DYNAFFOREST spin-up process to better reflect pre-Euro American fire regimes by forcing
it with tree-ring informed paleo climate data, and advance the fire model to explicitly simulate human- vs
lightning-ignited fires and to better simulate the spread and shapes of fires.

Improved simulations of historical trends in fire activity and their underlying causes would provide
valuable context for decision makers regarding the current state of forest ecosystems and fire, providing
actionable information into how the relative importance of climate change vs fuel densification vs human
impacts (suppression and ignitions) varies across the spatially heterogeneous western US. This is critical
for developing reliable metrics that can differentiate between beneficial and catastrophic fire, as well as
for identifying the underlying causes, a key knowledge gap identified by stakeholders (see objective 1).

3.4.2 Sub-objective 2: How will western US forest-fire regimes change between now and 2100 based on
projections from 27 climate models and various emissions scenarios?

It is widely expected that annual forest area burned, and likely the area burned by severe fires, will
continue to increase in the western US over the next several decades >*°. Yet, current models that project
future burning do not consider how forests will change and feedback to alter subsequent fire frequency,
size, behavior, or effects, which we know is extremely unrealistic. We will use our coupled model
framework to simulate, for the first time, the dynamic interplay between forest fire and forest fuels
across the western US in response to projected changes in climate and human population between now
and 2100. The expectation that forest-fire activity will continue to increase is guided by observations of a
strong and exponential effect of heat and aridity on burning in the western US ' and projections of
continued warming and fire-season aridification. However, static extrapolation of the historical
relationships between fire and climate into the future is problematic as it leads to impossibly large
predictions of forest-fire area by the end of the century that actually exceeds the available forest area to
burn, and in many areas, implies fire return intervals that are too short for forests to reestablish from the
last fire ' Previous work has tried to produce more realistic forest-fire projections by attempting to
impose a self-regulating feedback from fire (fire reduces subsequent fire by reducing fuels) based on
simplistic assumptions regarding whether and for how long a burned area cannot reburn **'>. This is a
great first step. However, in reality, the strength and duration of any self-regulating feedback between
forests and fire is going to be wildly variable in space and time, dependent on many factors, such as the
severity of the previous burn, the postfire vegetation type that establishes, the climate during the period of
establishment, and the climate/meteorology leading up to and during subsequent potential fires. Our
ability to perform coupled forest-fire simulations through the remainder of the 21* century is necessary to
account for these factors. It will thus mark a major advance, not only in our understanding of future
forest-fire trends but also in our ability to identify a suite of effective management scenarios (e.g.,
prescribed burning, fuel reduction treatments, thinning) that can help to avoid undesired social-ecological
outcomes, as described in sub-objective 4.

To perform simulations of future forests and fire, co-PI Williams has developed high-resolution (4-
km) statistically downscaled daily climate projections of western US temperature, precipitation, humidity,
wind velocity, and solar radiation for 27 CMIP6 climate models for the historical (1850-2014) period as
well as a future (2015-2100) scenario that assumes a middle-of-road human emissions trajectory (SSP2-
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4.5). This was a major computational effort, resulting in a large database (>10 Tb). With the code and
computer infrastructure in place, however, we can now easily repeat this effort for additional future
emissions scenarios, including a low-end (SSP1-2.6) and high-end (SSP3-7.0) scenario. We will obtain
maps of future projected population density across the western US (see objective 5 for additional details),
which is an important predictor in our forest-fire model.

In the next 1-3 years, we will industrialize our computing approach to accommodate the massive
number of coupled simulations that are necessary when we force the model with a wide range of future
climate projections. We will develop our coupled modeling infrastructure on the NSF and National Center
for Atmospheric Research (NCAR) supercomputer, Derecho. We plan to publish two high-impact papers
presenting fire and forest-ecosystem projections forced by climate projections from the 27 CMIP6 climate
models under two or three emissions scenarios. Projections will focus on three forecast horizons meant to
support different decision-maker needs. We will make projections for every year between now and 2100,
allowing for inference on near-term (5 to 10 years), mid-term (mid-21st century), and long-term (2100)
forecasting horizons. Results will also be summarized at different spatial scales to support decision
makers, including at the grid-cell (1-km) level, as well as for western US watersheds, level III ecoregions,
western US counties, states, and all of the western US. The papers will provide the most rigorous and
comprehensive projections to date of how western US forest-fire activity and forest ecosystems are likely
to change between now and the end of this century and the relative importance of greenhouse-gas
emissions scenarios, climate, and fuels.

Over 5-10 years, we could produce an ensemble of future projections of western US forest-fire and
forest characteristics forced by a wide range of climate models and emissions scenarios. Additionally, we
expect the next generation of climate projections from CMIP7 to become available around 2026. At that
time, we could update our downscaled climate-projection database and coupled simulations so that we
can publish the first CMIP7-based projections of western US forests and fire and assess changes from
CMIP6. Future projections will directly address several knowledge gaps identified by stakeholders (see
objective 1). Specifically, future simulations will support decision making by providing practitioners and
policy makers with very clear information on where, when, how they might expect changes in near-term
fire activity, with critical insights into the drivers of change, including the relative importance of overly
abundant fuels vs climate change. This should help decision makers with myriad strategies including
planning fuel treatments (sub-objective 4), evaluating how to manage a dwindling water supply (objective
5), and developing zoning policies for homes in the WUI (objective 5).

3.4.3 Sub-objective 3: Where, when, how, and why will forests change fundamentally in response to
unprecedented climate extremes including drought and fire across a range of spatial scales, from
landscapes to the entire western US? When, where, and at what spatial scales do self-regulating
vegetation-fire feedbacks emerge and how strong are they?

Changes in forest structure and cover with increased fire activity will determine where and when fuels
feedbacks emerge that can constrain subsequent burning **°*!>*. Thus, accurately modeling vegetation is
important for projecting future fire regimes *>'>>. No single model is appropriate for all questions and
scales. Thus, to provide the most rigorous process-based simulations of western US forest dynamics to
date, we will develop an ensemble of projections with several forest models that operate at individual tree
to western-US wide scales. We will use the models to determine how forest cover, structure, and
functions may change with increasing fire and ongoing climate change. The model ensemble will include
iLand-SVD (Scaling Vegetation Dynamics) and regional to western-US wide simulations from
DYNAFFOREST #4513,

Combining insights from multiple models can provide powerful insights because they each have their

strengths and weaknesses. For example, iLand (described in depth in objective 2) is complementary to
DYNAFFOREST in its design and purpose. However, it is far more complex and much finer resolution in
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its representation of processes. The benefit is that iLand provides a very detailed representation of forest
dynamics. The downside is that the model is only computationally tractable for up to ~ 60,000 ha, but a
new meta-model, SVD, has been designed specifically for use with iLand to develop regional- to
continental-scale forest and disturbance projections. Deep neural networks are trained on output from
many landscape simulations (iLand and other models) across climate scenarios to learn under what sets of
climate, disturbance, forest succession, and management conditions transitions occur among 10s to 100s
of thousands of different states in forest cover, composition, structure, and functions. Transition
probabilities are then used to force a state and transition model at continental scales. SVD can also be
dynamically coupled with fire projections produced in sub-objectives 1 and 2.

We will choose locations for iLand landscapes based on the following criteria: 1. to cover the range
of climate space and forest compositions found in the western US; 2. locations where we do not already
have a strong parametrization for iLand (California, middle Rockies, SW); 3. co-located with our field
sites (field plots described in objective 2) and Moore Foundation SPARK locations as appropriate and
warranted. We will run iLand in each simulated landscape, forced with fire projections and climate
products produced in sub-objectives 1 and 2 for the years 1951-2100. The iLand catalog could then be
used to train SVD, and SVD projections will be run for the same time period and under the same
climate/fire projections for all of the western US. The ultimate goal will be to dynamically couple SVD
with the statistical fire model produced in sub-objective 1. We will then conduct inter-model comparisons
among iLand, SVD, and DYNAFFOREST projections, to determine where, when, and why forest models
agree and diverge in their projections. To conduct multi-model vegetation projections and
intercomparisons, we will further downscale the catalog of daily climate projections produced in sub-
objective 1 and 2 to a 100 m resolution for our iLand landscapes (27 CMIP6 climate models for the
historical and future periods). We will also make use of the statistical fire projections produced for those
sub-objectives.

In the next 1-3 years, we will produce peer reviewed papers that describe parameterizations and test
for the bounds of forest functional resilience in individual landscapes. We will also produce an ensemble
of historical and 21* century iLand simulations paired with the statistical fire model.

Over 5-10 years, we would develop the most rigorous multi-model approach available for process-
based simulation of disturbance prone forests that considers critical processes from the individual tree to
the continent. We would use this novel multi-model approach to produce a large catalog of vegetation-fire
simulations under different scenarios of future climate and emissions trajectories. The multi-model
approach could ensure that we can address a large range of stakeholder questions at all relevant scales
from the stand to the whole western US with the appropriate level of represented processes, addressing
key knowledge gaps identified by stakeholders including the need for frameworks to scale ecological
information up and down and to translate across geographies (see objective 1). Such an integrated tool is
essential for supporting effective decision making during a time of profound and complex change. For
example, we will be able to determine where climate and disturbance scenarios agree and diverge, to
identify hotspots where change is more likely and areas where uncertainty is highest. Results would be
summarized in a series of high-impact papers that describe how, where, when, and why forests may
change and feedback to affect subsequent fire at stand, landscape, and entire western-US scales.

3.4.4 Sub-objective 4. Where and how might management and policy strategies, designed with decision
makers, affect changes in forests and fire regimes and at what spatial and temporal scales do
interventions have impact?

With unprecedented federal investment in the Infrastructure Investment and Jobs Act and the Inflation
Reduction Act, widespread forest and fire management actions are now being implemented across the
western US. These strategies could alter how fire frequency, size, and severity changes over coming
decades ®. However, the western US domain is vast. Thus, treatments must be strategically planned for
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maximum impact. But, forests and fire regimes evolve slowly. Evaluating the efficacy of contemporary
management on the reduction of catastrophic fire and maintenance of resilient forests will require
monitoring over decades and across the vast domain of western US forests. Performing experiments with
process-based simulations can inform and support strategic decisions because we can test the impacts of
current strategies without waiting decades for outcomes to play out. We can also compare current
approaches with other plausible strategies without the significant investment of capital that actual
implementation would require *. This allows for bold experimentation.

We are developing a suite of co-developed forest and fire management scenarios to test with our
modeling framework, based on proposed solutions in the literature '°” and many conversations with
stakeholders. Scenarios are designed to systematically vary across three axes (Fig. 3). Along the first axis,
we vary the approach used to reduce fuels. Options include wildland fire use, prescribed burning, and two
techniques for mechanical thinning, implemented separately and together. The second axis varies the
range of spatial domains in which treatments are implemented, including treating forests only within the
WUI, spreading treatments across all publicly-managed forests, and following an approach used by the
US Forest Service where intensity of treatment varies with proximity to human structures and endangered
species habitats (Potential Operational Delineations; PODs). Along the third axis, we vary the amount of
acres treated per year across the spectrum of feasibility, from currently tractable with current investments,
to idealistically bold. Treatment frequency (not shown in Fig. 3) will vary relative to area treated. We will
apply re-treatments within the model every 10, 25, or 50 years after the completion of the previous set of
treatments.

This suite of scenarios explores much of the parameter space of possible management strategies,
approaches, and extent of management on the landscape, in order to determine how to best reduce and
prevent catastrophic forest fires in coming decades. Each management scenario (e.g., unique
combinations from each of the three axes plus treatment frequency) also has a different goal or set of
goals that stakeholders identify as important. The goals currently include fewer fires across the western
US, fewer fires in the WUI, fewer fires specifically in and around Lower Income and Disadvantaged
Communities (LIDAC) and other vulnerable communities in the WUI, less severe fires, and more resilient
forests. New goals can be added over the course of the project in continued consultation with
stakeholders.

It is critical to understand how management can affect subsequent fire and forest resilience at stand to
entire western US scales, because many small-scale treatments will add up to broader scale outcomes.
Unfortunately, no model can address these uncertainties across all necessary scales. Thus, we will test
each management scenario in both DYNAFFOREST and iLand-SVD, which will provide a
comprehensive understanding of treatment efficacy across all spatial domains of interest. We will run
each scenario multiple times, varying the spatial configuration of treatments each time. We will run each
scenario, including a baseline no-management scenario, forced with both historical and future climate
projections (GCMs and SSPs specified in sub-objective 2 above). We will compare the results within
each scenario to the no-management scenario, using the goal of the management strategy as the
quantitative metric of impact (e.g., number of fires within the WUI). We will compare the efficacy of
management scenarios across future climate projections, allowing us to determine how the utility of
strategies changes with current and future climate. The western US contains several ecological regions
that vary widely in climate conditions, forest dynamics, and historical fire-regime characteristics. It is
almost certain that the success of management strategies will vary with this complex geography. We will
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Figure 3. Four possible management scenarios (blue circles) and how they vary across three axes. The
first axis (Y axis) is the type of treatment, with thinning only strategies on the bottom, the combined
thinning and wildland fire use and prescribed burning strategy in the middle, and the wildland fire use and
prescribed fire only strategy on the top. The second axis (X axis) is the spatial domain over which
treatments are implemented, from only the wildland-urban interface (WUI) on the left to all forests on the
right. The third axis, which is diagonal, displays variation in the annual number of acres treated, from
what is currently feasible today in the bottom left to an idealistically bold ideal number in the top right.
Each possible management strategy addresses between one and three goals, listed in the inset box.

compare variables of interest from the different management scenarios within and across regions (e.g.,
watershed, ecoregion, counties, states, all of the western US). We will compare how well each
management scenario performs versus the no-management baseline, over future climate scenarios, and
across different ecological regions within the western US. This will allow us to provide concrete
recommendations to practitioners about what strategies are most effective at promoting beneficial fire and
fostering forest resilience, where, and how that efficacy changes over time.

The fire models, forest models, and downscaled future climate forcing data and scenarios (27 GCMs
under 2-3 emission scenarios for the period 1951-2100), as well as the benchmarking of the forest and fire
models, described in sub-objectives 1 and 2 are required to run management experiments with
DYNAFFOREST. The setup and benchmarking of 20 landscapes across the western US are required to
run management experiments with iLand-SVD. We have already developed a thinning module for
DYNAFFOREST led by co-PI Trugman’s lab and successfully implemented thinning treatments within
DYNAFFOREST for the Sierra Nevada Mountains of California'®’ (Fig. 4).
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Figure 4. Increased annual fuels treatment extent decreases pyrogenic stand-replacement rates, wildfire
severity, forest conversion to grassland, and live carbon loss rates, and results in an earlier time of
emergence (ToE) for treatment effects in 100 year simulations of the Sierra Nevada Mountain Range in
CA using the forest model DYNFFOREST. All values are plotted relative to the annual ensemble median
value of the no-treatment control scenario. (a) Time series of relative areal differences in pyrogenic stand-
replacement events (km2) and (b) percent difference in ensemble mean values for pyrogenic stand-
replacement events relative to the control scenario over years 75-100. Negative values correspond to a
reduction in stand mortality events. (c) Time series of relative differences in annual mean fire severity for
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cells 33 affected by fire and (d) percent difference ensemble mean values for fire severity relative to the
control scenario over years 75-100. Negative values correspond to a reduction in fire severity. (¢) Time
series of relative differences in overall forest coverage and (f) percent difference in ensemble mean values
for overall forest coverage relative to the control scenario over years 75-100. Positive values correspond
to an increase in forest coverage. (g) Time series of relative difference in live carbon (metric tons C) lost
to wildfire and (h) percent difference in ensemble mean values for live carbon loss relative to the control
scenario over years 75-100. Negative values correspond to a decrease in live C loss. For time series plots,
the solid line is the ensemble median (50th percentile) relative to the control ensemble median, and
ribboning indicates the IQR (25th -75th percentile range). From Daum et al. (2024).

In the next 1-3 years, we will build a prescribed-fire module within DYNAFFOREST. We will also
run a pilot version of the full management experiment, implementing scenarios that use thinning as the
only fuel reduction strategy. For the management strategies that specifically target the WUI, we will
integrate the current and projected future extent of the WUI from objective 5. We will then use the results
of the pilot experiment to make recommendations for the spatial optimization and timing of management
actions. While these recommendations will only be preliminary, they will provide immediate guidance to
managers with limited time and resources.

Over 5-10 years, we would run the full management experiment, with all 27 GCMs and 2-3 emissions
scenarios. We could compare how well each management strategy performs to make specific
recommendations for management actions, including spatial location, extent, and timescale of treatments,
across all of the western US. The multi-model framework would allow us to test management strategies
that might decouple climate and fire at stand to continental scales, tailoring insights to the many scales
that stakeholders with diverse needs work at. We would additionally create a spatial and temporal
optimization framework to maximally reduce catastrophic fire while accounting for limited resources in
implementing management '>%.

3.5 Objective 5: Quantify current and future consequences for people, biodiversity, and ecosystem
services essential to human wellbeing and economies. This includes human smoke exposure, fire risk
in the WUI, species and functional diversity, carbon storage, and the provision of water. Living more
sustainably with fire and the secure provision of ecosystem services during a time of profound change
will only occur with improved ecological understanding. We will interrogate model output from objective
4 and a variety of geospatial datasets to ask:

3.5.1 Sub-objective 1: How have human smoke exposure, WUI dynamics, biodiversity, water quantity,
and forest carbon storage changed in response to fire and other drivers in recent decades?

Smoke: Smoke exposure is worsening in communities across the western US with increased burning
159160 Management activities, particularly prescribed burning, will likely play a major role in efforts to
mitigate catastrophic forest-fire risk °*'°"'2. However, prescribed burns also produce smoke. It remains
poorly resolved whether and how the human health consequences of exposure to smoke differ between
prescribed fires and wildfires, and how fuel treatments may impact future wildfire emissions and smoke
exposure. As increased federal and state funding is allocated to fuel treatments, a pressing need exists to
quantify public health impacts, tradeoffs, and potential co-benefits. This is particularly true among
communities who may be more vulnerable to smoke exposure impacts, low income, unhoused, and Black,
Indigenous, and communities of color (BIPOC). Such groups already experience disproportionately high
exposures to anthropogenic sources of air pollution and have decreased access to smoke exposure
reduction strategies, making them extremely vulnerable. In addition to experiencing disproportionate
exposure from spending a lot of time outside, agricultural workers are also vulnerable to smoke effects
due to the physically demanding nature of their jobs, which lead to high respiration rates. Finally,
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individuals with preexisting conditions, particularly respiratory conditions such as asthma and chronic
obstructive pulmonary disorder, pregnant people, elderly, and young children may also be more
susceptible to health impacts associated with smoke exposure. We know that historical smoke exposures
have not been experienced equitably across these groups, and it is possible that future exposure burdens
from wildfire and prescribed burning will impact these groups differently, highlighting the need to
consider environmental justice implications of past and future smoke exposures and health impacts.

We will establish a baseline of historical smoke exposure impacts by connecting existing daily smoke
exposure estimates for wildfires, prescribed burns, and agricultural burns generated using the GEOS-
Chem atmospheric chemical transport model (0.25° x 0.3125° degree, western US, 2014-2020) to
demographic information and health outcomes and assess the existing exposure burdens across vulnerable
human subpopulations. In preparation for the availability of simulation outputs from objective 4, we will
also use existing historical fire-forest model output (back to 1951) to translate changes in burned area to
fire emissions estimates needed for use in an air pollution dispersion model. We will compare emissions
estimates derived from historical model runs to existing satellite-derived fire emissions inventories, such
as Fire INventory from NCAR (FINN), Global Fire Emissions Database (GFED), Global Fire
Assimilation System (GFAS), etc., which are mostly available since 2000 due to satellite coverage
163.164.165 1 everaging these emissions estimates, we will use GEOS-Chem to model smoke concentrations
for recent decades. Most smoke exposure datasets only go back to the mid-2000s. Thus, availability of
longer-term emissions estimates will allow us to establish a better understanding of trends in historical
exposure burdens. Depending on computation constraints, this may be carried out as a spatial subset or
using time slices.

WUI: Wildfires pose the biggest threat to people and their homes in the WUI. The WUI has grown
rapidly in recent decades (Fig. 5), both in area and density of homes within the WUI ' 424 and is likely
to continue to grow. However, assessment of long-term WUI trends are lacking. Mapping the WUI
requires data on both houses and wildland vegetation, in order to map ‘intermix WUTI’, or, the area where
houses and wildland vegetation intermingle, and ‘interface WUI’, where developed areas abut up to
wildland areas '"'%®, To establish historical observational baselines of WUI change, United States Census
data provide decadal information on housing patterns for census units (e.g., ‘census blocks’) since 1990,
and our team has developed algorithms based on census estimates of the age of houses to ‘backcast’ past
housing density as far back as 1940 '**'"°. Comparably detailed data on past wildland vegetation patterns
is lacking, but a first approximation of past WUI change based on housing data alone shows that most
WUI in the western US emerged after the 1970s (unpublished data). In addition to the lack of historical
vegetation data, another shortcoming of our current approach is that census units in rural areas can be
very large (thousands of hectares), making the resulting WUI maps coarse. We will fine tune these
observational historical baselines of WUI for every decade since 1940 for the western US, by (a)
developing new algorithms to integrate the information on past housing patterns from our census-based
backcasts with spatially detailed information on housing location from the maps of building footprints
provided by Microsoft, which we have used to map current WUI based on building locations '”"* '7?, and
(b) integrating data on past vegetation patterns as modeled in DYNAFFOREST for objective 4.
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Figure 5. (A) Proportion of houses within the WUI. (B) Proportion of the land area that is WUI. (C and
D) Percentage growth of WUI houses (C) and WUI area from 2010 to 2020 (D). (E) Total numbers of
WUI houses in 1990, 2000, 2010, and 2020. (F) WUI area in 1990, 2000, 2010, and 2020. (G) Number of
new construction permits from 1990 to 2021. In many states, especially in the interior West and the
Southeast, more than 40% of all houses are in the WUL. In the East, WUI also covers large proportions of
most states. Growth in the number of WUI houses was highest in Texas and South Dakota and overall
greater than growth in the amount of WUI area. WUI growth slowed after 2010, as indicated by the
smaller increases in both WUI houses and WUI area from 2010 to 2020 than in prior decades. New
construction permits peaked before the 2008 recession at about 2 million per year in 2004 to 2006,
dropped to about 600,000 per year in 2009 and 2010, and recovered to 1.7 million in 2021. CONUS,
conterminous US. From Volker et al. (2023)
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Biodiversity: Fire has played a key role in the evolution of biodiversity '”*'’*, and many western US

species are adapted to forest fires '”°. However, larger and more severe fires threaten forest ecosystems
and the plant and vertebrate species they contain '"*!"®, Yet, species are likely to respond in complex and
individual ways, making it difficult to predict the implications for biodiversity. Further, synthetic and
open access regional biodiversity assessments for the western US are currently lacking. We have
established a detailed and rigorous baseline for bird diversity by assessing the current richness of
functional guilds in the western US, using Breeding Bird Survey data to map both the guild richness '"’,
and distributions of individual bird species, at spatial resolutions suitable for management. We will
extend this work by applying models to predict how recent fires have already affected bird richness and
distributions. In our models, vegetation cover is a key predictor variable, and we will run experiments in
which we rerun predictions assuming that recent wildfires did not change vegetation patterns and assess
how much biodiversity differs from the real-world outcomes, allowing us to isolate the impact of
wildfires. We have additionally used Global Biodiversity Information Facility (GBIF) '”® occurrence data
to assess the current richness of pollinator species across the western US for four families of common
pollinators: Apidae (bees), Megachilidae (bees), Papilionidae (butterflies), and Pieridae (butterflies ). We
will reanalyze these data with an included vegetation predictor variable to quantify the relationship
between vegetation characteristics at any given site and pollinator richness. We will also extend this work
to assess understory plant diversity by leveraging GBIF plant occurrence data. Using the relationships
found between (1) bird richness, (2) pollinator richness, and (3) understory plant richness versus
vegetation characteristics, climate, fire, and other predictors, we will set up a workflow to use forest-fire
model output along with downscaled climate products from objective 4 to determine bird and plant
richness.

Increased functional diversity of specific plant traits is correlated with greater post-fire recovery of
forest ecosystems '”’. Knowing the locations of these high and low functional diversity areas is crucial for
post-fire management planning because areas of high functional diversity could be left to regenerate
naturally post-fire, whereas areas of low functional diversity could be targeted for post-fire restoration
efforts. We will assess functional diversity of fire-adaptation, regeneration, and hydraulic traits across the
western US. We will create a database of these traits connected to tree and shrub species, informed by
both existing databases (e.g. TRY Plant Trait database '**, Xylem Functional Traits Database '*') and the
field surveys outlined in objectives 2 and 3. We will use our compiled traits database along with FIA data
on approximate species locations '* to create maps of functional richness for fire-adaptation %7,
regeneration, and hydraulic traits '®. In order to project functional richness into the future under climate
and management scenarios, using the forest-fire model outputs from objective 4, we will take the average
of our mapped functional richness for each of the 12 PFTs in DYNAFFOREST and calculate functional

richness for all individual species in iLand-SVD simulations '*.

Carbon storage: Forests play a key role in the global carbon cycle, providing a net carbon
sequestration of nearly 20% of 20™-century anthropogenic emissions **. Assessments of current and future
carbon storage are desperately needed to inform decision making about whether, where, and how forests
might be managed as natural climate solutions. In order to accurately predict changes to future carbon
storage, we first established a baseline of current aboveground and belowground live and dead carbon
distributions across all forested EPA level III ecoregions in the western US *°, using FIA data '*. We
have also determined trends of live and dead carbon stocks across the western US over the last two
decades. Live carbon has declined, causing an increase in dead carbon, across most of the western US
(excluding the wet Pacific Northwest, where live carbon increased). We determined how climate, fire,
anthropogenic disturbances, and topography have shaped patterns of live and dead carbon storage. The
relative importance of drivers varied by ecoregion, but climate and fire were almost always important
(Fig. 6). To ensure that we can create accurate future projections of live and dead carbon storage in
objective 4, we will benchmark the outputs of our forest models with the observed carbon baseline
derived from FIA data.

37



Figure 6. Relative importance of driver categories in predicting western US live and dead forest carbon
densities between 2005 and 2019. Grid cells have been resampled from the original 4-km resolution to
12-km to facilitate visualization. Adapted from Hall et al. (In Revision).

Water: Projected increases in forest fires * presage large impacts on water supply in the arid western
US ' where streamflow, reservoir levels, and groundwater are already in decline. Fire tends to
temporarily increase streamflow, but the effect varies with climate conditions and changes with postfire
successional trajectories '*> '*¢. To determine how predicted increases in fire will impact water supply,
western US-wide analyses of both current and future trends in streamflow are needed. We have already
established an observational baseline of annual streamflow response to fire for the period 1984-2019 °.
We assessed the strength and duration of post-fire streamflow changes relative to forest cover area burned
across more than 70 forested basins in the western US and found that, on average, fires that burned 20%
or more of a watershed’s forested area led to significantly higher streamflows over at least the next 6
years.

To build on this work, we will create an expanded annual database of post-fire streamflow changes
for each watershed that has been burned since 1984 with available data. The database will include
streamflow metrics relevant to water supply and flood risk as well as an array of geophysical watershed
characteristics, initial fire characteristics, and forest conditions not included in the original database. We
will gather streamflow data, catchment areas, and static watershed characteristics from USGS
hydrological (National Water Information System, 3D Hydrography Program) and geological (Gridded
Soil Survey) databases. We will calculate seasonal streamflow extremes (high and low flow quantiles) as
well as annual climate indices '*’, forest cover '*, and dominant vegetation type. To characterize initial
fire characteristics and changes to post-fire forest conditions, we will analyze Landsat satellite images to
derive annual and seasonal vegetation indices (e.g. NDVI, EVI, NBR, CBI, LAI) across catchment areas
18919 Future iterations of the database will incorporate the functional burn severity atlas developed in
objective 3. In anticipation of integrating with forest and fire projections from objective 4, we will use
this expanded watershed database to build a predictive model of post-fire streamflow response, with
machine learning regression methods, which can take as its input either simulated projections or
dynamically updated remote sensing indices. To ensure that we can predict future changes in water supply
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using simulations, we will predict streamflow at the watershed scale using simulation outputs for the
historical record (1984-present) and benchmark model predictions against observations.

Because establishing historical benchmarks is a critical first step, all goals for this sub objective will
be met in the next 1-3 years. We will establish a baseline understanding of human smoke exposure further
into the past than has ever been produced. We will develop a flexible workflow that allows us to link the
forest and fire modeling framework described in objective 4 to air pollution models. We will create,
publish, and widely share, maps of historical WUI patterns at fine spatial resolution across the western
US, and develop the algorithms for dynamically coupling WUI models with the forest and fire modeling
framework in objective 4. We will fine tune models of bird '”” and pollinator "' biodiversity across the
western US to ensure that they closely link with forest and fire simulation products. We will use this
framework to build understory plant species models and link them with model outputs from objective 4.
We will benchmark current live and dead carbon storage as simulated in objective 4. Finally, we will
create a spatial and tabular database of observed post-fire watershed and streamflow dynamics at an
annual scale. Using this database, we will derive empirical relationships between post-fire watershed and
streamflow dynamics, preparing us to build predictive models of streamflow with simulations. These data
will provide essential baselines for addressing key knowledge gaps identified by stakeholders (see
objective 1).

3.5.2 Sub-objective 2: How will human smoke exposure, WUI dynamics, biodiversity, provision of water
and forest carbon storage change over the next century?

To quantify effects of climate change and increased burning on people, biodiversity, and ecosystem
services, we will draw heavily from the forest and fire simulation ensembles produced in objective 4.
Specifically, we will select model runs from a subset of the 27 GCMs and 3 SSPs used in objective 4 that
bookend the range of climate futures we may experience. We will also select 2-3 of the management
scenarios in objective 4 that are representative of currently realistic forest management approaches.

Smoke: We will leverage the workflow established in sub-objective 1, which links our forest-fire
modeling framework developed in objective 4 with fire emissions estimates and smoke exposure
modeling, to quantify emissions and smoke exposure tradeoffs from projections of future burning and
forest management strategies under different climate scenarios. We will generate emissions estimates for
the full western US. These fire emissions estimates will be used as an input into the GEOS-Chem
atmospheric model to estimate projected wildfire and prescribed fire smoke exposure in several select
urban and rural/agricultural centers and across the western US. To leverage the full range of management
and climate scenarios evaluated under objective 4, we may implement complimentary source-receptor
modeling approaches, which are less computationally expensive and will allow us to assess sensitivities
of population exposure levels to changes in fire emissions under each scenario for key locations,
including urban centers and highly exposed rural regions (e.g., agricultural regions) where exposure
among vulnerable communities is of particular concern.

WUI: Past WUI changes provide excellent information to predict future WUI because housing
growth is most likely near areas that recently grew '°. Another critical driver is demand for more houses,
which depends on future human population and household size. Both of these factors are affected by a
host of demographic drivers such as migration, population age structure, and reproductive rates.
Population predictions based on demographic models are readily available '*>. We will downscale these
drivers based on our existing algorithms '”°. Please note that we are not proposing to predict changes in
housing patterns in response to future fires because empirical evidence of both rebuilding rates and new
development after recent wildfires shows that fires do not result in a reduction in development, at least
currently '*'**. However, dominant vegetation type is important, and we will use projections of future
forest cover and dominant tree-species composition from the ensemble produced in objective 4 to map
scenarios of future WUI. The integration between future WUI dynamics and the fire-forest modeling in
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objective 4 will be dynamic, such that our predictions of future housing patterns will inform simulated
ignition patterns for the fire model, and forest simulations will serve as an input to WUI predictions. We
will quantify wildfire risk in the WUI by calculating the area burned, intensity, and severity of fires that
burn with current and forecasted areas of development.

Biodiversity: Leveraging the models built in sub-objective 1 and forest-fire model output from
objective 4 at 1 km resolution, we will produce decadal projections of species and guild richness for birds,
pollinators, and understory plants for all forested EPA level 111 ecoregions in the western US and for all
forested areas within western US counties and states. We will use these projections of biodiversity to
determine spatial patterns of high and low richness under different future climate scenarios and over time.
We will additionally project biodiversity responses to forest and fire management scenarios. We will
compare projections of species and functional guild richness to the observational baselines produced sub-
objective 1 and across climate and management scenarios in order to identify the scenarios with the least
impact on biodiversity over coming decades and the scenarios in which biodiversity is most degraded. We
will additionally map (DYNAFFOREST) or calculate (iLand-SVD) projected functional richness (as
described in sub-objective 1) in response to future climate and management scenarios, so as to determine
how and where functional richness is projected to change.

Carbon: We will use simulations from objective 4 to quantify future aboveground and belowground
live and dead carbon storage across the western US. We will summarize these carbon storage projections
for all forested EPA level III ecoregions. To ensure the relevance of these predictions for land managers
and policy makers, we will also summarize projections for forested areas within western US counties and
states. We will project live and dead carbon storage responses to simulated forest and fire management
scenarios. We will compare projections of live and dead carbon storage to the observational baseline
established in sub-objective 1 and across scenarios. This comparison will allow us to identify scenarios in
which carbon storage is either enhanced or least degraded during the 21* century, and the scenarios in
which carbon storage is most degraded.

Water: We will predict the magnitude, duration, and temporal dynamics of future post-fire
streamflow using forest-fire simulations and our stream flow models from sub-objective 1. We will
aggregate annual simulated projections to the watershed scale by calculating forest cover, dominant plant
functional type (PFT), fire characteristics (i.e., area burned and carbon combusted), and forest carbon
stocks. We will also calculate annual and seasonal climate metrics (precipitation, temperature, vapor
pressure deficit) from the climate scenarios used to force forest-fire simulations in objective 4. Across
climate and management scenarios, we will predict streamflow changes and compare our projections to
the historical observational baseline established in sub-objective 1. We will quantify streamflow changes
relative to the historical baseline annually from 2025-2100. We will assess these changes at multiple
spatial scales: watersheds, counties, states, and forested EPA level III ecoregions. Finally, we will identify
the most and least desirable annual streamflow characteristics (total, average, and <10th or >90th
percentiles) and rank climate and management scenarios to discern the scenarios that have the largest
impacts on streamflow.

Because we must establish baselines first, all of these activities would occur over the next 5-10 years.
Specifically, we could establish an in-depth understanding of community-level smoke exposure tradeoffs
under different climate and forest management scenarios. As fuel treatment efforts continue to expand,
the analysis of smoke exposure tradeoffs can be used by public health practitioners to coordinate smoke
preparedness planning and to protect vulnerable populations. We could support a transition towards a
future where WUI communities are fire resilient and the vast majority of fires are beneficial because the
wildfire problems in the western US are a social-ecological problem. That transition will require changes
to both how and where houses are built and our research could provide the scientific information to foster
such changes. We would predict bird, pollinator, and plant biodiversity in response to future climate, fire
regimes, and management scenarios. Ideally, additional guilds, such as mammals, would be added to our
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assessment. This work could result in assessments of future biodiversity of western US forests for
managers and decision makers. We could produce spatial projections of how climate and management
scenarios will interactively affect future live and dead carbon storage across the western US through
2100. These projections would allow us to make recommendations for prioritizing areas where protection
will be most effective for maintaining or even enhancing carbon storage '*> '°°. We could produce annual
projections of watershed streamflow totals, extremes, and flashiness through 2100 across intensifying fire
regimes and management scenarios. Using these projections, we could make recommendations for
effective management of streamflow, and therefore water supply.

3.5.3 Sub-objective 3: Where are the current and future areas of robust ecosystem services and areas of
degraded services? Where and when do inflection points emerge during the 21°-century in which
ecosystem services rapidly degrade or disservices accelerate?

Healthy forests provide numerous ecosystem services people rely on, such as carbon storage, water
supply, and biodiversity '*’. However, they can also provision disservices like smoke or poor water
quality that negatively impact people. Effectively managing forests to ensure secure and robust provision
of ecosystem services requires knowing how ecosystem service quality varies across space and time,
including identifying areas where ecosystem services have been particularly degraded '** '°. Further,
future burning and management efforts to address fire could mediate ecosystem service provision across
space and time. With projected increases in fire driven by climate change, forests may reach inflection
points at which they shift to fundamentally different ecosystem states, with the potential for concurrent
collapse of critical ecosystem services and/or acceleration of disservices *** 2°!. Knowing when these
inflection points might occur could help managers and decision-makers prevent ecosystems from reaching
them.

We will overlay the distributions of individual ecosystem services (carbon storage, water supply,
biodiversity) and disservices (smoke, wildfire risk within the WUI) produced in sub-objective 1, to
determine areas of robust ecosystem service provision, and areas of degraded services or disservices. We
will produce this spatial overlay of services and disservices for both the current and projected future
period. Using the projections of future individual ecosystem services and disservices, we will quantify the
relationship between (1) number of fires, (2) fire size, and (3) fire severity and areas of ecosystem
services and disservices to determine how the suite of forest carbon storage, water supply, biodiversity
metrics (i.e., species or functional richness), smoke, and fire risk within the WUI jointly vary with
projected changes to fire in the western US and across management scenarios.

Potential exists for non-linear changes over time in individual ecosystem services or disservices,
creating an inflection point at which services collapse and/or disservices accelerate’” 2°!. We will identify
these inflection points through the 21% century. We will also quantify relationships between inflection
points and future fire regime characteristics. We will compare the relationship between fire and inflection
points in ecosystem services and disservices across climate change and management scenarios, with the
goal of (1) synthetically quantifying how changing fire regimes drive nonlinear changes in ecosystem-
service provision and (2) identifying whether some climate change or management scenarios prevent
ecosystem service collapse.

Activities in sub-objective 3 would require completing sub-objective 1 and 2, and thus, this work
would begin later in the project. Over 5-10 years, we would produce analyses of (1) the spatial
distribution of current and future ecosystem services and disservices, including the impact of climate and
management scenarios, (2) the impact of changing fire regimes on future ecosystem services and
disservices, (3) inflection points at which future ecosystem services crash or ecosystem disservices
accelerate, and (4) the relationship between number, size, and severity of future fire and ecosystem
service and disservice inflection points. These analyses will form the basis of concrete recommendations
to decision-makers, including spatial tools, if requested by stakeholders.
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3.5.4 Sub-objective 4: What are the synergies and trade-offs among ecosystem services and disservices
now and in the future? What are the direct and indirect drivers of these synergies and trade-offs?

Ecosystem services and disservices are almost never provisioned independently from one another,
and often, synergies and tradeoffs exist within baskets of ecosystem services. In other words, ecosystems
that provision one service robustly may not provision another ecosystem service (tradeoff) or ecosystems
that robustly provision a service may also provision another (synergies). Because stakeholders often have
differing needs from ecosystems, and thus, different goals for the management of ecosystems 2> 2%,
understanding synergies and tradeoffs among multiple ecosystem services and disservices is essential >,

Using the stacked ecosystem services and disservices map produced for sub-objective 3, we will
quantify synergies and trade-offs among ecosystem services and disservices in the empirical, historical
record as a baseline. To determine synergies among ecosystem services, we will quantify spatial
correlations among sets of ecosystem services and disservices (e.g. linear correlations of areas with higher
landscape live carbon storage and higher biodiversity or non-linear correlations of areas with higher
landscape live carbon storage and streamflow **°). Similarly, we will determine ecosystem service trade-
offs by quantifying linear and non-linear correlations among robust services and degraded services (e.g.,
areas of WUI are likely areas with lower landscape live carbon storage).

We will then apply the synergies and trade-offs framework to the future projections of individual
ecosystem services produced in sub-objective 2. We will also identify if any ecosystem services change
from synergistic to trade-off type relationships during the 21* century with various management
scenarios. We will determine which climate change and future management scenarios maximize synergies
among ecosystem services 2. We will expand the spatial optimization framework developed in objective
4 to a multi-objective analysis that identifies the spatial and temporal implementation of management
scenarios that maximally reduces catastrophic fire and maintains/enhances critical suites of ecosystem
services (smoke reduction, reducing wildfire risk to WUI houses, and carbon storage, water supply, and
biodiversity maximization) '**. We will determine underpinning drivers of synergies and trade-offs 2°* 27,
using the climate, topographic, and burn history factors identified as drivers of individual ecosystem
services or disservices in sub-objective 1.

Activities in sub-objective 4 require completing sub-objectives 1, 2, and 3, and thus, this work would
begin later in the project. Over 5-10 years we could produce analyses of synergies and trade-offs among
current and future ecosystem services and disservices. Comparisons between current and future synergies
and trade-offs could help decision-makers form sustainable expectations for ecosystem services and
disservices with increased fire, (e.g., more long-term smoke exposure with more frequent low-intensity
fires or across-the-board reductions in ecosystem services). We will also produce analyses of (1) direct
and indirect drivers of current and future ecosystem services and disservices and (2) spatial optimization
of multiple ecosystem services through implementation of management strategies on the landscape. Like
in sub-objective 2, these analyses could form the basis of concrete recommendations to decision-makers,
including spatial tools, if requested.

4. Structure of the Collaborative

4.1 Science structure

WFFRC is organized to foster horizontal culture and hierarchical structure such that it engenders a
collaborative, engaged, and creative community, while maintaining mechanisms for decision making,
conflict mediation, and effective governance.

WFFRC is internally organized across multiple levels. It is composed of ~10 science teams, each led
by a PI at an academic or non-profit institution. The lead science team is based at Cary Institute of
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Ecosystem Studies. The PI of each team is responsible for leading their team and ensuring their
deliverables, as specified in each team’s statement of work (SOWSs) are produced on time. Teams
participate in one or more science working groups organized around collaborative themes (Fig. 7). Each
working group is led by a project co-PI or senior personnel, and participants include other co-Pls, senior
personnel, postdocs, and students. Working group leads serve two-year terms and can serve multiple
terms. WG leads are appointed by the executive committee. The executive committee oversees all
WFFRC governance. It is led by the Director and includes the Deputy Director of Policy and
Management and four WFFRC co-PIs. Each executive committee member serves a 2- or 3-year term.
Members can serve multiple terms. The executive committee appoints new members. The external
advisory committee advises the executive committee.

4.2 Science culture

WFFRC will only succeed with fostering a robust collaborative culture. This will be accomplished in a
variety of ways. First, WFFRC will prioritize leadership opportunities (authorship, proposals, etc.) for
early career members. Ideas of all, particularly students and postdocs, will be heard and encouraged.
Interactions, idea sharing, and collaboration among WFFRC teams will be fostered through both formal
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Figure 7. Organization of WFFRC. Blue fill represents personnel in leadership, administration and
science roles. Green represents objectives and outputs. Note that the Deputy Director will lead
stakeholder engagement and co-development when hired.
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and informal avenues. WG leads will be expected to hold monthly zoom meetings. These meetings are
meant to foster collaboration among teams toward specific integrative milestones. Additionally, the
Communications, Amplification and Management (CAM) staff will coordinate monthly all-scientist
plenary zoom meetings. These meetings are meant to encourage interaction and engagement across
working groups. The executive committee will meet quarterly to discuss governance issues. Three of
these meetings will be online and one will be in person the day before the American Geophysical Union
Fall Meeting. Once per year, the external advisory committee will join the executive committee. Finally,
the CAM staff will organize an annual two-day in-person WFFRC science meeting. The location of the
meeting will rotate to reduce travel and cost burden. Meetings will include opportunities for early-career
scientists to share their work and to network with others. Finally, we will establish and maintain a
WFFRC slack that includes channels for each working group.

4.3 Communications, Amplification and Management (CAM) staff structure and roles

Director — the Director will provide scientific leadership and coordinate the shared vision of
WFFRC. The Director’s responsibilities include:

e Ensuring the work conducted by each research team contributes to synthetic scientific
advancement that can support management and policy.

e Communicating WFFRC’s progress and findings to a wide variety of scientific, governmental,
and public audiences.

e Be the front-line fundraiser for WFFRC with governmental, foundation and private donors.

e [Lead WFFRC science meetings and related activities and ensure meetings are targeted, efficient,
and productive.

e Oversee the CAM staff in coordination and amplification activities to ensure strong
communication between and among the science teams and CAM group and to ensure the science
teams are sufficiently supported and accessible to management and policy communities.

Deputy Director of Policy and Management — The Deputy Director of Policy and Management will
report to the Director and is responsible for advancing the research into tangible solutions. They will be
the key point of contact with policy makers, managers, and communities. They will ensure that WFFRC
science is responsive to practitioner needs and that the science is available in real time to be incorporated
into decision making. This will include building a network of stakeholders and nurturing the network
throughout the project. The Deputy Director will organize annual idea exchanges with scientists and
stakeholders, interface with the science teams to ensure their science is actionable, produce briefs of
scientific results targeted at management and policy communities, coordinate responses to policy and
manager requests for scientific information about fire, organize webinars, and partner with boundary
spanning organizations, such as the Joint Fire Science Program’s Fire Exchange Network and the Climate
and Wildfire Institute.

Program Manager — The Program Manager’s responsibility will be the day-to-day management of
WFFRC including internal coordination, reporting, budgeting, meeting planning and external
communication. In coordination with the Director and Deputy Director, the Program Manager will ensure
science teams are well supported and have the resources needed to meet their respective goals.

5. Data Management Plan (DMP)

This project has many collaborative teams with science objectives that will only be accomplished by
dense and continuous data coordination and sharing. Further, a fundamental goal of the project is to
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produce science insights and products that support decision making. This requires that data streams are
accessible to a wide range of audiences. Thus, high-quality data management is of the utmost importance
for ensuring project success. All WFFRC data will be: (a) archived in a Findable, Accessible,
Interoperable, and Re-Usable (FAIR) data repository with metadata; (b) shared among WFFRC
investigators during active research; and (c¢) promptly made available to decision makers and other
researchers. Below, we lay out the roles and responsibilities of data management personnel, the standards
and expectations for data management across all WFFRC investigators, and the training plans and
procedures for ensuring standards are met.

5.1 Personnel roles and responsibilities

Key roles are as follows:

Environmental Data Science Innovation and Inclusion Lab (ESIIL) science team-The ESIIL
science team will provide intellectual leadership, training, and advice to WFFRC teams on data
management. This will ensure all investigators are provided the necessary resources to meet open science
best practices. The team will interface annually with the WFFRC executive committee to review the DMP
and compliance. The DMP will be revised as needed based on these assessments.

WFFRC Program Manager- The WFFRC Program Manager will be responsible for oversight and
management of the cloud storage space for active dataset sharing and for long-term archiving of WFFRC
datasets at the Cary Institute of Ecosystem Studies Institutional data repository run by Figshare. The
Program Manager will report to the WFFRC executive committee annually on compliance.

Team data lead- Each science team will identify a data lead (a postdoc, if possible, to provide
leadership training opportunities), who are responsible for ensuring that data management best practices
are followed within their group, including organization and sharing of active datasets and long-time
archiving of data once published. They will coordinate with the WFFRC Program Manager.

Executive committee- The executive committee will be responsible for ensuring that data
management activities robustly support the scientific objectives and decision support goals of WFFRC.
The committee will oversee the Program Manager in their data management responsibilities, and will
coordinate with the ESIIL science team to determine whether the DMP requires revision to meet open
science best practices. Finally, the executive committee is ultimately responsible for ensuring compliance
as described below in the compliance section.

5.2 Code documentation and version control

Science teams in WFFRC will be expected to thoroughly annotate all analytical code used to develop
products and scientific insights. The expectation is that any WFFRC investigator could take another
team’s code and replicate analytical pipelines from raw data to the final product. WFFRC will encourage
all teams to use a notebook format for code (e.g., R notebook or Jupiter notebook) to encourage thorough
annotation and documentation. All science teams will also be expected to use cloud-based version control
in a centralized WFFRC GitHub repository to ensure all workflows are documented and available for
subsequent research. For field-based data, teams will be expected to use consistent and standard variable
names defined by WFFRC. All field researchers will maintain Open Science Network field/lab notebooks
updated regularly with descriptions of field activities, data collection, and challenges encountered.

5.3 Data types and standards

Due to the diverse nature of data that will be collected and used by WFFRC teams and the need for
extensive data sharing across teams, it is essential that all investigators adhere to consistent data format
standards. WFFRC teams will store all spatial data as netCDF files, all field tabular data will be stored as
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CSVs, and non-spatial simulation output will be stored in SQLITE databases. NetCDF files must include
thorough embedded meta data including projection, date range, spatial resolution, short variable names,
units, and long variable descriptions. The WFFRC standard geographic projection will be NAD 1983
USGS Contiguous USA Albers (ESRI: 102039). When possible, netCDFs should be compressed to level
5 or greater. CSV tabular field data must be formatted in long orientation, include column headers, and
must include a first page with variable names, units, and descriptions. SQLITE databases should include
variable names, units, and descriptions.

5.4 In-progress data storage, back up, and sharing

When data products are in development or as analyses are conducted, WFFRC teams must produce
workflows such that master data sets remain un-manipulated. Data sets in active use must be stored in
multiple locations including one offsite cloud-based storage solution (e.g., google drive, network accessed
storage server, etc.). WFFRC scientists are encouraged to make use of backup solutions that snapshot
work environments on weekly or more frequent intervals. Active datasets and products should be
available to other WFFRC teams and shared promptly and in an organized well-documented manner.
WFFRC scientists are required to maintain a pre-staged data storage and delivery environment in a
WFFRC cloud storage environment, likely Cyverse. Team data leads will be responsible for their team’s
data, and they will coordinate with the program manager to ensure that they are meeting expectations.

5.5 Long-term data archiving, intellectual property and data licensing

WFFRC teams are encouraged to archive data sets upon submission of preprints and/or peer-reviewed
papers. Archiving of all data is required at the time of publication or three years after data collection. Data
referenced in publications will be appropriately cited via digital object identifiers. All WFFRC data must
be archived at Cary Institute of Ecosystem Studies online repository. Ecological metadata language
(EML) will be the standard for metadata documentation. EML documentation is required for all products
including netCDFs that include embedded metadata. The WFFRC program manager will review all
archive submissions to ensure standards are met. Investigators must plan accordingly to ensure ample
time for review. Investigators will be required to explicitly license data products with an appropriate
Creative Commons license such as CC-0 or CC-BY that define policies for data re-use, re-distribution,
and attribution. Licensing will be included in metadata.

5.6 Training

Data management training specific to the WFFRC DMP and general open-science best practices will
be offered at least annually either online or in a hybrid format including at the WFFRC annual science
meeting. Training will be led by the ESIIL science team and other WFFRC investigators as appropriate.
Training will be available to all WFFRC students, postdocs, and interested Pls. Students and postdocs
will be required to attend at least one training. Training will focus on conveying open-science best
practices, specifically designed around WFFRC data management policies and procedures.

5.7 Procedures to ensure compliance

If WFFRC teams do not comply with data management policies, the executive committee will work
with the team PI to improve data management practices. If teams continue to not comply, the executive
committee may choose to withhold the next funding increment until the team is in compliance. Teams
may also be permanently removed from WFFRC if they continue to not follow data-management policies.

6. Intellectual Credit and Authorship Guidelines

By accepting funds, all project personnel agree to the following guidelines for assigning intellectual
credit and authorship. Guidelines are meant to ensure all participants’ contributions are appropriately
acknowledged and to address previous inequities in opportunities for success. The foundation of our
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philosophy is to elevate junior colleagues including graduate students, postdoctoral associates, and early-
career faculty. This is important given that success and recognition at early career stages is essential for
career progression, and one of our long-term goals is to train and place the next generation of fire and
forest ecologists into positions where they will be able to support effective decision making for decades to
come. We will use the CRediT (Contributor Role Taxonomy) framework as a guide for assigning credit
for WFFRC products. **® The framework defines 14 ways in which personnel can contribute to a project,
ranging from conceptualization to funding acquisition. We will assign authorship to those who contribute
to two or more of the following categories; conceptualization, methodology development,
software/coding, validation of results, formal analysis of data, writing (original or revision of
manuscripts), data visualization, and funding acquisition. In addition, we will set the following
expectations for authorship:

1. Early-career scientists will be prioritized as first authors to ensure opportunities for
success during a critical stage of career development.

2. We will err on the side of inclusivity with deciding authorship, but we will avoid ghost
authorship where people are added honorarily or to boost the impact of papers.

We will mediate any potential conflicts with intellectual credit and authorship in the following
manner. Incidents will be submitted to the Program Manager, who will set up a meeting of the executive
committee. The executive committee will discuss the issue and facilitate a resolution that is agreeable to
all parties involved. If an agreement is not reached or if an incident includes members of the executive
committee, we will engage the external advisory committee as outside mediators.

7. Collaborator Agreement

The success of WFFRC will depend on all of us being generous, engaged, and responsive
collaborators. We have agreed that one of the biggest opportunities for scientific breakthroughs will be at
the edges of our respective disciplines. Such trans-disciplinary work will require fostering an environment
in which collaborative team-based science can thrive. To ensure we build such a community, all team
members are asked to agree to the following set of guidelines focused on internal collaboration,
publication and presentations, stakeholder engagement, and open-science best practices.

Internal collaboration:

1. Co-PIs must track their budgets closely and spend out allocations before the end of the period of
performance. No-cost extensions will not be granted (use it or lose it).

2. Promptly respond to requests for information for a) annual reporting efforts led by the CAM staff
at Cary, and b) proposals to secure the next round of funding from Moore Foundation or other
sources of funding Cary/CAM staff pursue to meet co-funding expectations.

3. Promptly reply to requests for availability (online polls) to schedule meetings.

4. Try to attend all monthly plenary meetings and monthly meetings for your working group(s). We
endeavor to keep the regular meeting load low. But continued conversation is the driver of
collaboration and innovation, recognizing that conflicts arise.

5. Each co-PI must budget from their award to attend the annual WFFRC science meeting and is
requested to try to bring at least one postdoc or student. We will rotate the locations of annual
meetings (e.g., LA, SF, Boulder, Seattle, Cary) to reduce travel burden and costs. CAM staff will
organize meetings to reduce hosting burden.
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6. Try to be responsive to requests and engagement from other WFFRC teams. Concretely, the
breakthroughs we all think are possible will likely emerge from sharing insights, data, and
products across groups. This will require being prompt and willing to answer questions.

7. Co-PIs and senior personnel should consider serving on the Executive Committee and/or as
working group leads at some point during the project.

Publication and presentations:

8. Please note and follow authorship guidelines for what constitutes sufficient contribution to be
included on WFFRC papers and products.

9. Inaccordance with Moore Foundation policies, all papers must be published open access. Please
budget accordingly in your award.

10. In manuscripts, acknowledge funding from the Gordon and Betty Moore Foundation and WFFRC
with the following text. “We acknowledge funding from the Gordon and Betty Moore Foundation
under grant # 11974. This paper is a contribution of the Western Fire and Forest Resilience
Collaborative.” As funding sources evolve, this text may change for everyone or particular teams,
please proactively ask Winslow and/or the CAM staff at Cary what the most updated language
should be.

11. In talks, when appropriate, acknowledge funding from the Gordon and Betty Moore Foundation
and include the Western Fire and Forest Resilience Collaborative branding/logo.

Stakeholder engagement:

12. Contribute to stakeholder engagement efforts when asked. This may include working with CAM
staff at Cary to produce a short summary of your research, attending stakeholder listening
sessions, presenting in a webinar, etc. Again, we will endeavor to keep the burden low.

13. Consider leading stakeholder engagement efforts and promoting WFFRC. This could include
writing op-eds, hosting field trips, etc.

14. Submit pdfs of all accepted papers supported with WEFFRC funding to the project database using
the online form we will setup so they can be made available for stakeholders. This will include
submitting a short plain language summary (~ 1 paragraph) to accompany the paper.

Open science best practices
15. Submit all datasets to the project data repository upon publication of papers.

16. Adhere to good data hygiene in your lab including robust systems for code documentation and
version control, robust, cloud-based data backup, and writing proper meta-data using the
Ecological Metadata Language (EML). See data management plan.

17. Encourage your lab to participate in data-science training opportunities provided through ESIIL
and other data-science training organizations.

8. Postdoctoral Mentoring Plan (PMP)

Most Ph.D. graduates in biological and environmental sciences are employed outside academia. Thus,
a central focus to our postdoctoral mentorship plan is to provide postdoctoral research associates (PDs)
with opportunities to engage formally and informally with nonacademic partners. Given the
transdisciplinary nature of the research required, and the strong emphasis on knowledge co-production,
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WFFRC is well poised to provide robust experiences that launch PD careers in a wide range of
professional settings. From the very beginning, PDs will be engaged as collaborators and peers by the
entire Collaborative, actively participating in monthly all investigator meetings, stakeholder engagement
sessions, and data management training. PIs will be encouraged to budget for professional development
opportunities, ranging from courses focused on reducing barriers for people from historically excluded
groups (e.g., National Center for Faculty Development and Diversity) to courses on software engineering,
statistics, and Earth-system modeling. All PIs will be asked to follow best-practices as outlined by the
National Postdoctoral Association and the National Academy of Science. The ultimate goal is to train the
next cohort of leaders in the research and science-based management of forests and fire regimes.

Defining the role of PDs in projects: WFFRC PDs will contribute to all aspects of research including
developing methods, collecting, analyzing, and modeling data, writing manuscripts and grant proposals,
and mentoring students. PDs will serve as glue that helps bind teams together. They will be encouraged to
pursue integrative projects that require incorporating data from across WFFRC’s teams. Supported by
their PIs and WFFRC program manager, PDs will serve as data team leads, responsible for ensuring that
data management best practices are followed, including organization and sharing of active datasets and
long-time archiving of data once published. They will be encouraged to engage in outreach activities and
to present at professional conferences and workshops.

Career Development Plan: All WFFRC PDs will be expected to follow a 7-step career development
plan: 1) Individual Development Plan (IDP): Each PD will develop an IDP and set SMART goals
(Specific, Measurable, Achievable, Relevant, and Time-bound) with their PI. An IDP template will be
provided to each team. Monthly all investigator meetings will help ensure PDs are meeting their research
and professional development goals. 2) Career counseling: PIs will mentor PDs in developing hard and
soft skills needed to be successful in a variety of career paths, help craft competitive application materials,
and prepare for interviews. 3) Establish Group PD Policies: PIs and PDs will develop a collaborative
policy that clearly outlines PD responsibilities (project and data management; leadership on publications
and proposals; teaching and mentoring activities; participation in conferences and workshops).4)
Publications: PDs will have priority as first authors on project papers and co-authorship assigned using
the CRediT framework (see authorship guidelines). 5) Organizing sessions and presenting at conferences:
PIs will be expected to mentor PDs in organizing special sessions and presenting at academic conferences
and at the annual WFFRC meeting. 6) Grant proposal writing: PIs will mentor PDs in proposal writing by
providing constructive feedback on research plans, questions/hypotheses, and communication of
preliminary results.7) Guidance in teaching, mentoring: PDs will directly mentor student researchers,
organize and lead the graduate seminar series and participate in science communication workshops.
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