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Wildfires historically shaped and sustained global biomes, but climate change, 
strict fire exclusion policies, and rapid expansion into the wildland–urban inter-
face have fueled an era of unprecedented, high-severity “megafires.” This review 
synthesizes current literature on the dual nature of wildland fires, categorizing 
their impacts on material, non-material, and regulating Nature’s Contributions 
to People (NCP) using the IPBES framework. Grounded in case studies from 
regions experiencing acute megafires including California, Australia, Canada, 
Chile, Siberia, Maui, and Los Angeles, we present a conceptual framework illus-
trating fire's transition from an ecological regulator to a driver of severe NCP 
degradation. High-severity fires frequently cross ecological thresholds, causing 
acute detriments like massive timber loss, water quality degradation, disrupted 
soil microbiomes, and eroded recreational landscapes. Conversely, low-to-mod-
erate severity fires, particularly Indigenous cultural burning practices, remain vital 
for sustaining these ecosystem contributions. We identify critical research gaps 
regarding multi-decadal post-fire recovery and sector-specific economic valua-
tions, which are essential for improving decision support. Furthermore, we argue 
that risk-based NCP accounting must be paired with innovative conservation 
finance models to fund proactive, landscape-scale fire management. This syn-
thesis underscores the urgent need to shift global land management from abso-
lute fire suppression toward adaptive resilience and co-management, utilizing the 
NCP framework to evaluate complex trade-offs, target fuel treatments, quantify 
costs, and drive necessary policy reforms in increasingly fire-prone landscapes.
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1 Introduction

The past and future of wildfires are deeply intertwined with 
Nature’s Contributions to People (NCP), a framework that cap-
tures the duality of fire as both a vital ecological regulator and a 
catastrophic hazard. The Intergovernmental Science-Policy 
Platform on Biodiversity and Ecosystem Services (IPBES) NCP 
framework, which supersedes the Millennium Ecosystem 
Assessment by encompassing material, non-material, and regulat-
ing contributions, provides a coherent lens for assessing wildfire 
impacts across both ecological and social systems (Depietri and 
Orenstein, 2019; Horvat and Karleuša, 2024). The NCP paradigm 
offers distinct conceptual advantages over traditional ecosystem 
services (ES) frameworks by explicitly incorporating relational 
values, fluid nature-culture boundaries, and Indigenous and Local 
Knowledge (ILK; Gillson et al., 2019; Palacios-Abrantes et al., 
2022). Rather than treating human governance merely as an exter-
nal management input or positioning societies as passive eco-
nomic beneficiaries, the NCP lens conceptualizes human 
stewardship such as cultural burning as an intrinsic, reciprocal 
component of ecosystem health and fire-regime maintenance 
(Fisk et al., 2024; Nikolakis et al., 2022).

Historically, in fire-adapted biomes such as Mediterranean, 
boreal, and savanna ecosystems, fire has acted as a vital natural dis-
turbance and soil-forming agent (McLauchlan et al., 2020; Pausas 
and Bond, 2020). Under historical regimes of low-to-moderate 
severity fires, where ‘fire severity’ serves as a distinct, standardized 
metric quantifying the degree of organic matter consumption, veg-
etation mortality, and soil alteration rather than mere physical 
energy output (Bargali et al., 2024; Schmidt et al., 2024; Yackulic et 
al., 2025), regular fire sustained landscape heterogeneity, biodiversity, 
and nutrient cycling (Kelly et al., 2020; Shen et al., 2025). This spe-
cific distribution of low-to-moderate fire effects acts as a vital struc-
tural anchor for ecosystem equilibrium. These processes ultimately 
contributed to long-term ecosystem health and the resilient delivery 
of NCP, including carbon storage (regulating), water quality regula-
tion (regulating), timber resources (material), and culturally mean-
ingful landscapes (non-material; Jenerette et al., 2022; Thomas et 
al., 2022).

However, contemporary wildfire regimes are undergoing 
rapid, climate- and human-driven transformations. A century of 
strict fire exclusion policies has created a massive “fire deficit,” an 
ecological debt characterized by excessive fuel accumulations and 
the absence of natural, regulatory disturbance cycles. This deficit, 
compounded by climate warming and prolonged multi-year 
droughts, has shifted many regions toward increasingly high-
severity fires. These modern “megafires” increasingly exceed his-
torical severities and burn capacities (Prichard et al., 2021; 
Schoennagel et al., 2017). These ecological shifts are severely com-
pounded by rapid human population growth and development 
within the wildland–urban interface (WUI). Recent Earth 
Observation data quantitatively demonstrates the unprecedented 
global scale of this WUI expansion, where communities, infra-
structure, and economies directly intersect with fire-prone ecosys-
tems (Schug et al., 2023). In these zones, fires threaten lives and 
essential resources, intensifying socio-economic costs and under-
mining the very NCP that WUI communities rely upon (Hessburg 
et al., 2019; McGranahan and Wonkka, 2025). The WUI thus 

represents a critical locus where wildfire transitions from an essen-
tial ecological process to a catastrophic hazard, demanding man-
agement strategies that balance risk mitigation with NCP 
maintenance (Christ et al., 2022).

The dual nature of wildfire is therefore both contextual and 
heavily contested. On one hand, as a fundamental regulator of fuel 
loads, nutrient cycling, and habitat dynamics, fire supports posi-
tive NCP under specific management conditions, such as pre-
scribed burning or naturally ignited, low-severity fires (Depietri 
and Orenstein, 2019). On the other hand, when fires burn large, 
severe, or out of alignment with natural ecosystem structures, they 
cross critical ecological thresholds. This results in profound nega-
tive impacts on NCP, such as degraded water quality, eroded 
carbon storage, reduced timber productivity, and the destruction 
of culturally significant landscapes, that severely impair societal 
wellbeing (González and Ghermandi, 2024).

The literature converges on several core claims that frame this 
review. First, human health and resilience in the WUI are deeply 
tied to these fire-altered NCP, requiring integrated ecological and 
social science insights to properly assess vulnerability (Anderson 
et al., 2013; Greenberg et al., 2024; Thomas et al., 2022). Second, 
the synergistic interactions between climate change, fuel accumu-
lations, and urban expansion are challenging traditional suppres-
sion paradigms, prompting an urgent shift toward adaptive 
resilience and fire-informed planning (McGranahan and Wonkka, 
2025; Moya et al., 2019; Prichard et al., 2021). Third, while some 
fire-related NCP are enhanced in specific contexts (e.g., habitat 
renewal), these same processes can trigger detrimental impacts 
when thresholds are crossed or when fire regimes are mismatched 
with human needs (González and Ghermandi, 2024; Horvat and 
Karleuša, 2024).

This review synthesizes current evidence on the dual nature 
of wildfire through the NCP framework, focusing on 
Mediterranean, boreal, and savanna biomes alongside the rapidly 
evolving WUI. Our case studies specifically target regions experi-
encing the most acute megafire impacts today, notably California, 
Australia, Canada, Chile, Siberia, and Maui. Integrating recent 
extreme events like the 2023 Maui wildfire and the 2025 Los 
Angeles wildfire allows for an updated, multi-environmental eval-
uation of disaster dynamics. These cases elucidate how contem-
porary fires cross severe socio-ecological thresholds, ranging from 
isolated island ecosystem vulnerabilities to complex structural and 
economic losses in heavily populated municipal boundaries where 
advanced Earth Observation tracking is required. While we 
acknowledge the exclusion of other highly fire-prone regions 
(such as Southern Europe and sub-Saharan Africa) as a minor 
limitation, constraining our scope to these specific hotspots allows 
for a deeper examination of contemporary megafire consequences 
and the frontiers of adaptive management.

Furthermore, while we utilize the human-centric focus of the 
NCP framework to address societal impacts, we explicitly discuss 
the inherent limitations this framework poses for non-utilitarian, 
marginalized species and broader nature-to-nature coexistence in 
later sections. To guide this synthesis, we present a conceptual 
framework (Figure 1) illustrating the threshold where fire transi-
tions from an ecological regulator to a driver of negative impacts 
on NCP. By evaluating how megafires disrupt ecosystem functions 
versus how managed fires sustain them, this review clarifies the 
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conditions dictating wildfire's role as a beneficial contribution or 
a detrimental impact. Finally, we outline critical implications for 
environmental management, spatial planning, and climate adapta-
tion to safeguard NCP delivery in increasingly fire-prone 
landscapes.

2 Methodology

To comprehensively assess the current state of knowledge 
regarding the impacts of wildland fire on NCP, this review 
employed a structured literature search and integrative synthesis 
approach.

2.1 Literature search strategy

A comprehensive search was conducted across three primary 
academic databases: Web of Science (Core Collection), Scopus, and 
Google Scholar. The search targeted peer-reviewed journal articles, 
book chapters, and synthesis reports published between January 2000 
and March 2026, capturing a period of significant expansion in both 
megafire occurrences and NCP/ecosystem services research. The 
exact Boolean search string deployed across these databases was: 
("wildfire*" OR "megafire*" OR "prescribed burn*" OR "cultural 
burn*" OR "fire severity" OR "fire regime*") AND ("Nature's 
Contributions to People" OR "NCP" OR "ecosystem service*" OR 
"water provisioning" OR "carbon sequestration" OR "wildland–urban 
interface" OR "WUI").

FIGURE 1

Conceptual framework of the dual nature of wildfire: transitioning from beneficial NCP under managed regimes to detrimental impacts under 
Anthropocene megafires.
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Legacy “ecosystem services” terms were retained in the search 
string as much of the literature published prior to 2018 relies on this 
terminology. Because Google Scholar employs dynamic, automated 
relevance-ranking algorithms rather than strict Boolean indexing, 
our screening within this database was systematically capped at the 
first 300 results sorted by relevance to ensure a reproducible bound-
ary for the search protocol. These 300 targeted records were directly 
integrated into our primary literature pool alongside the outputs 
from the indexed databases to form the baseline of our PRISMA 
tracking system.

2.2 Inclusion and exclusion criteria

To ensure a robust and highly relevant synthesis, this review 
applied strict inclusion and exclusion criteria. Articles were included 
if they explicitly applied an NCP or ecosystem services framework to 
evaluate wildland fire impacts or trade-offs, encompassing empirical 
field studies, hydrological and spatial modeling simulations, and 
regional or global meta-analyses. Additionally, we actively included 
research integrating Indigenous Ecological Knowledge (IEK) or cul-
tural burning practices within an NCP context, provided the articles 
were published in peer-reviewed, English-language journals. 
Conversely, studies were excluded from the analysis if they focused 
solely on fire behavior, combustion physics, or suppression logistics 
without clearly connecting these physical factors to ecological func-
tions or human benefits. Finally, to maintain the scientific rigor of the 
review, all non-peer-reviewed grey literature, opinion pieces, and 
unverified preprints were excluded.

2.3 Data extraction and synthesis

In alignment with the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) guidelines, the step-by-step 
study selection process is detailed in Figure 2. To maintain complete 

transparency regarding our data management workflow, the initial 
screening and evaluation phases were executed exclusively by the first 
author. To safeguard against selection drift and maximize internal 
consistency, a rigid, predefined binary decision checklist derived from 
our Section 2.2 criteria was utilized. The second author subsequently 
audited the final extracted data matrix to cross-verify the conceptual 
classification of the selected papers.

The initial database search yielded a combined total of 1,453 
potentially relevant records. This total consists of 1,153 records 
retrieved via the structured indexes of Web of Science and Scopus, 
combined with the top 300 relevance-ranked records extracted from 
Google Scholar. Following the removal of 471 duplicates across these 
aggregated sources, an initial screening of titles and abstracts for 
relevance excluded 717 articles that did not meet the thematic crite-
ria. The remaining 265 selected core studies were evaluated for full-
text inclusion. During this rigorous full-text screening, 142 articles 
were excluded (primarily for lacking an explicit NCP or ecosystem 
services framework or focusing solely on fire physics), resulting in a 
final total of 123 articles retained for data extraction and synthesis.

A standardized data-extraction spreadsheet was utilized to sys-
tematically collect and organize data from the final 123 studies. The 
specific criteria and variables compiled from each paper included:

	•	 Geographic and Spatial Metrics: Specific geographic coordinates, 
regional jurisdiction, and biome type (e.g., Mediterranean, boreal, 
savanna, island ecosystems) and the integration of Earth 
Observation data. Remote sensing and satellite data indicators 
were specifically extracted to provide a macro-level context for 
mapping global WUI expansion, fire risks, and human settlement 
patterns (e.g., Schug et al., 2023).

	•	 Fire Dynamics: Fire regime characteristics, specific fire events 
captured (including recent benchmarks like the 2023 Maui and 
2025 Los Angeles fires), and evaluated fire severity metrics.

	•	 Socio-Ecological Framework Variables: Target IPBES NCP catego-
ries affected (Material, Non-material, Regulating) and the explicit 
human beneficiary groups impacted (e.g., wildland–urban inter-
face communities, downstream municipalities, Indigenous 
groups).

	•	 Analytical Outcomes: Quantitative or qualitative recovery indica-
tors, temporal trajectories of post-fire ecosystem recovery, and 
sector-specific economic disaster valuations.

The extracted findings were transitioned from legacy ecosystem 
service models and categorized according to the IPBES NCP frame-
work. This updated classification supersedes the Millennium 
Ecosystem Assessment (MEA) by grouping contributions into 
Material, Non-material, and Regulating categories. Furthermore, 
while legacy frameworks like the MEA had historical limitations 
regarding non-material benefits that frequently required supplemen-
tary models like Indigenous Cultural Ecosystem Services (ICES), the 
IPBES NCP framework inherently integrates Traditional Ecological 
Knowledge (TEK) and Indigenous perspectives (e.g., through NCP 17: 
Supporting identities). Utilizing this broader, more flexible structure 
allowed us to accurately capture the nuances of cultural burning, tra-
ditional knowledge, and co-management paradigms without relying 
on disjointed sub-frameworks.

Furthermore, during the synthesis process, it became evident that 
the most robust empirical data and prominent examples of modern 
megafire impacts are geographically concentrated in specific 

FIGURE 2

PRISMA flow diagram detailing the literature search, screening, and 
study selection process.
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fire-prone regions; consequently, our core case studies heavily feature 
evidence from California, Australia, Canada, Chile, Siberia, and Maui.

3 Impacts on nature’s contributions to 
people

Following the IPBES framework, this review categorizes impacts 
into three broad, interconnected domains: Regulating, Material, and 
Non-material contributions. However, to fully capture the complexi-
ties of contemporary fire-prone landscapes, we evaluate these domains 
through this modernized lens, which integrates Traditional Ecological 
Knowledge (TEK), particularly through specific categories like NCP 
17 (Supporting identities), and better addresses the unique socio-
ecological vulnerabilities at the WUI.

The synthesized literature consistently demonstrates that wildland 
fires function along a dynamic spectrum. Rather than existing as a 
strict binary of “service” or “disservice,” fire events frequently produce 
multidirectional, time-dependent, and stakeholder-contingent trade-
offs. A single fire can simultaneously act as a vital beneficial contribu-
tion for one beneficiary group, such as through resource renewal or 
post-fire water yield increases for downstream users, while manifest-
ing as an acute negative impact on NCP for another, such as through 
slope destabilization, catastrophic timber loss, or severe smoke 
impacts. The ultimate trajectory of these impacts depends heavily on 
fire severity, recurrence intervals, historical disturbance regimes, and 
the underlying resilience of the specific ecosystem in question (Thom 
and Seidl, 2016).

To conceptualize these divergent trajectories, Figure 1 illustrates 
the complex trade-offs of wildfire. A central tenet of this framework 
is the concept of ecological thresholds, the critical tipping points at 
which a fire ceases to function as a beneficial contribution and instead 
drives cascading detrimental impacts. In this review, we define these 
thresholds empirically as the point where fire effects significantly devi-
ate from pre-colonial or historical reference conditions, measurable 
through metrics such as the Composite Burn Index (CBI). Crucially, 
these thresholds are not static; they vary substantially by ecosystem 
type, historical fire regime, and current forest condition. Furthermore, 
different NCP categories and stakeholder groups will experience these 
thresholds differently; the severity threshold at which a fire degrades 
regulating contributions (like carbon storage) may differ entirely from 
the threshold at which it compromises material and non-material 
contributions.

By defining and integrating these dynamic thresholds, our 
framework acknowledges that while historical and managed fire 
regimes sustain core ecological functions and non-material con-
tributions, the shift toward Anthropocene megafires triggers a 
“regime crossover.” In this altered state, extreme heat, drought 
conditions, and the previously defined “fire deficit” catalyze a cas-
cading failure of ecosystem functions. By visualizing these trade-
offs, the diagram highlights the critical role of adaptive 
co-management in navigating the transition from catastrophic 
suppression-based models toward landscape resilience. The fol-
lowing subsections directly detail the substantive evidence of these 
highly contextual impacts across the three core NCP domains, 
bypassing generalized framing to focus on specific ecological and 
socio-economic outcomes.

3.1 Regulating contributions

Regulating contributions (NCP 1–10) encompass the ecosys-
tem processes that moderate environmental conditions, including 
climate regulation, hydrology, soil stability, and air quality. 
Wildfires perturb these contributions through immediate atmo-
spheric emissions and long-term alterations to carbon dynamics, 
hydrological responses, and microclimate feedbacks. To provide a 
clear overview of these divergent impacts, Table 1 summarizes 
how fire intensity and management strategies dictate the transition 
between beneficial NCP and negative impacts across key regulat-
ing categories.

3.1.1 Regulation of climate (NCP 4)

Severe wildfires rapidly release large pools of stored carbon and 
other greenhouse gases (GHGs) from soils and vegetation, temporar-
ily weakening the climate-regulating function of both forested and 
savanna ecosystems (Hurteau et al., 2012; Morecroft et al., 2019). In 
these extreme scenarios, the net climate-regulating role of the ecosys-
tem is compromised by rapid carbon release and severely altered post-
fire recovery trajectories. In contrast, managed fire regimes, such as 
prescribed burning or natural fire intervals, can act as safety valves 
that sustain or even enhance long-term carbon sequestration. By 
reducing excessive fuel loads, forests and rangelands can re-establish 
robust carbon sinks over decadal timescales (Keith et al., 2019; 
Russell-Smith et al., 2013).

This dynamic directly impacts climate regulation policies and 
carbon markets. For example, Australia’s savanna-burning programs 
demonstrate how strategic early-dry-season prescribed fires can suc-
cessfully abate GHG emissions and generate carbon credits 
(Rodriguez-Franco et al., 2024; Russell-Smith et al., 2024). Conversely, 
in the United State, particularly in California’s compliance market, 
escalating wildfire severity poses a severe threat to forest carbon offset 
permanence, resulting in significant buffer pool depletion and high 
reversal risk (Badgley et al., 2022). This contribution/detriment trade-
off is highly evident here: carbon markets structured around active 
resilience treatments (such as the Climate Action Reserve’s REM pro-
tocol or upcoming Verra methodologies) can function as a contribu-
tion by aligning financial incentives with wildfire mitigation (Elias et 
al., 2025). In contrast, extended-rotation protocols that fail to account 
for escalating fire risks can amplify ecological impacts by allowing 
overstocked forests to burn catastrophically (Elias et al., 2025; Herbert 
et al., 2022). Policy frameworks must carefully account for local eco-
logical memory, fuel loads, and the risk of carbon store reversal (Hyde 
et al., 2017).

3.1.2 Regulation of freshwater quantity, location, 
timing, and quality (NCP 6 and 7)

High-intensity wildfires severely disrupt hydrological regulation 
by removing canopy interception, burning organic soil layers, and 
increasing soil water repellency. This leads to higher surface runoff, 
enhanced erosion, and the subsequent transport of sediment and ash 
into streams and reservoirs (Russell-Smith et al., 2013). Consequently, 
the regulatory burden on water-treatment infrastructure increases 
significantly due to degraded water quality and pollutant loading in 
drinking water sources (Hurteau et al., 2012).

https://doi.org/10.3389/ffgc.2026.1870338
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Ayompe and Elias� 10.3389/ffgc.2026.1870338

Frontiers in Forests and Global Change 06 frontiersin.org

Conversely, low-severity prescribed burning can mitigate the like-
lihood of catastrophic fires that cause severe hydrological disruption. 
Managed fire regimes help maintain soil organic matter and stabilize 
infiltration pathways, supporting more consistent water regulation 
over time. However, if prescribed burns are mis-timed or exceed eco-
logical thresholds, they risk dampening hydrological resilience, high-
lighting the need for adaptive scheduling and rigorous watershed 
monitoring (Hyde et al., 2017; Russell-Smith et al., 2013).

3.1.3 Formation, protection and decontamination 
of soils (NCP 8)

Intense fires rapidly consume soil organic layers, reducing vital 
nutrient pools and altering the soil structure properties that resist ero-
sion. Over time, the recovery of soil organic matter is heavily modulated 
by post-fire vegetation regrowth and active management interventions, 
such as mulching and reforestation (Morecroft et al., 2019). Strategic 
fuel-load management via early-season or prescribed fires stabilizes 
soils by maintaining adequate ground cover, promoting rapid vegetation 
re-establishment, and preventing the extreme soil disturbances charac-
teristic of megafires (Rodriguez-Franco et al., 2024). Furthermore, while 
aboveground carbon stocks are highly vulnerable to fire, belowground 
dark carbon pools show relative resilience to certain disturbance pat-
terns, a distinction critical for effective carbon accounting and soil-
management strategies (Beard et al., 2010; Dass et al., 2018).

3.1.4 Regulation of air quality (NCP 2)

Wildfire smoke severely degrades regional and macro-scale air 
quality by releasing heavy particulate matter, ozone precursors, and 
harmful gases, directly impacting public health, visibility, and ecosys-
tem function. The public health literature increasingly highlights that 

these impacts are not distributed equally; smoke events impose dis-
proportionate burdens on outdoor and agricultural workers, lower-
income communities lacking adequate indoor air filtration, and 
individuals with pre-existing respiratory and cardiovascular condi-
tions (D’Evelyn et al., 2022; Vargo et al., 2023). Managing this regulat-
ing contribution involves complex trade-offs: while prescribed burns 
intentionally introduce regulated emissions in the short term, they 
reduce the risk of larger, drastically more polluting megafires in the 
future. Balancing these dynamics requires transparent accounting, 
integrated smoke-management protocols, and air-quality standards 
that are closely aligned with current scientific evidence (Ghosh et 
al., 2024).

3.1.5 Synthesis and policy-relevant implications 
for regulating contributions

The literature consistently reveals the dual nature of wildfire: 
it acts as an immediate disruptor of regulating contributions, but, 
when properly managed, serves as a necessary mechanism for 
long-term resource renewal (Hurteau et al., 2012; Hyde et al., 
2017). Effective policy must embrace a context-dependent 
approach that leverages prescribed fire to protect soil and water 
(NCP 6, 7, and 8), aligns carbon accounting (NCP 4) with biome-
specific risks (to avoid overreliance on vulnerable forest offsets), 
and reconciles strict air-quality constraints (NCP 2) with essential 
NCP-sustaining fire practices (Morecroft et al., 2019; Rodriguez-
Franco et al., 2024). Importantly, carbon markets and regulatory 
inventories must account for reversal risk and recognize that 
cross-system differences, spanning savannas, grasslands, and 
varied forest types, demand locally calibrated assessments rather 
than universal management prescriptions (Dass et al., 2018; Ghosh 
et al., 2024; Keith et al., 2019).

TABLE 1  Comparative analysis of wildfire impacts on key regulating contributions.

Regulating contribution 
(NCP category)

Impact of high-severity 
fire (negative impact)

Impact of managed/low-
severity fire (beneficial 
contribution)

Key reference citations

Regulation of climate (NCP 4) Rapid release of stored CO2 and 

GHGs; weakens long-term climate 

regulation and alters recovery 

trajectories.

Acts as a “safety valve"; reduces fuel to 

protect long-term sinks. Savanna burning 

can generate carbon credits.

Hurteau et al. (2012); Keith et al. 

(2019); Russell-Smith et al. (2024)

Regulation of freshwater quantity and 

quality (NCP 6 and 7)

Removes canopy; creates soil water 

repellency; increases runoff, 

sedimentation, and pollutant loading 

in reservoirs.

Mitigates catastrophic fire risk; maintains 

soil organic matter and stabilizes 

infiltration pathways.

Hurteau et al. (2012); Russell-Smith 

et al. (2013); Hyde et al. (2017)

Formation, protection and 

decontamination of soils (NCP 8)

Consumes organic layers; reduces 

nutrient pools and alters soil 

structure, leading to high erosion 

rates.

Stabilizes soils by maintaining ground 

cover and promoting rapid post-fire 

vegetation re-establishment.

Morecroft et al. (2019); Rodriguez-

Franco et al. (2024); Beard et al. 

(2010)

Regulation of air quality (NCP 2) Severe degradation via particulate 

matter and ozone precursors; causes 

macro-scale health and visibility 

issues.

Controlled, short-term emissions used 

strategically to prevent larger, unmanaged, 

and more toxic smoke events.

Ghosh et al. (2024); Rodriguez-

Franco et al. (2024)

Habitat creation and maintenance (NCP 

1)/maintenance of options (NCP 18)

Crosses thresholds that can lead to 

permanent loss of carbon sinks or 

habitat type conversion.

Maintains “ecological memory” and aligns 

management with biome-specific 

historical fire intervals.

Dass et al. (2018); Hyde et al. (2017); 

OECD (2023)
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3.2 Material contributions

Material contributions (NCP 11–14) from forested and wildland 
ecosystems encompass the tangible, extractive goods that directly sup-
port human livelihoods, including timber, fuelwood, grazing forage, 
and municipal water supplies. Across the literature, the most consis-
tent patterns observed are substantial direct economic losses to the 
forestry sector from timber destruction, and complex, often counter-
intuitive effects on catchment hydrology driven by altered vegetation 
structure and soil properties (Ma et al., 2020; Pausas and Keeley, 2019; 
Roces-Díaz et al., 2021). To navigate these competing dynamics, 
Table 2 summarizes the primary material impacts and the specific 
trade-offs inherent in post-fire resource recovery.

3.2.1 Materials (NCP 13): timber destruction and 
the salvage logging trade-off

The most immediate and visible impact of severe wildfire is the 
destruction of merchantable timber and wood fiber, translating into 
massive economic shocks for the forestry sector. Large-area megafires 
can eliminate vast portions of standing timber, severely reducing 
future yields and disrupting regional wood supply chains in the near 
term (Krofcheck et al., 2019; Pausas and Keeley, 2019; Pereira et al., 
2021). While post-fire recovery interventions, such as salvage logging, 
are frequently employed to recover lost economic value and reduce 
future fuel loads, these practices introduce pervasive trade-offs. Meta-
analyses indicate that while salvage operations provide short-term 
material benefits, they can negatively impact long-term regulating 
services (e.g., natural erosion control) and must be carefully timed and 
managed to maintain broader ecological integrity (Leverkus et 
al., 2020).

3.2.2 Freshwater as a material resource: the 
hydrological paradox

Beyond timber, the effects of fire on water provisioning present 
a nuanced hydrological paradox driven largely by evapotranspira-
tion (ET) dynamics. In many watersheds, the extensive destruction 
of mature, high-biomass vegetation significantly reduces canopy 
interception and pre-fire ET demand. Consequently, groundwater 
recharge, baseflow, and overall streamflow can increase in the years 
following a fire. For example, in California’s Sierra Nevada, Ma et 

al. (2020) demonstrated that ET declined by approximately 
265 mm/yr in the first year post-fire, and by roughly 169 mm/yr 
over the subsequent 15 years, with the strongest reductions occur-
ring in dense, mid-elevation evergreen forests. These post-fire ET 
reductions can be remarkably long-lived; spatial mapping by Roche 
et al. (2020) indicates that ET suppression can persist for more 
than two decades, translating to sustained changes in water yield 
and drought resilience. However, hydrologic responses are not uni-
form across landscapes. Using RHESSys-based assessments, Saksa 
et al. (2020b) found that while wildfires cause large runoff increases 
in the wetter central Sierra Nevada, the responses are much more 
muted in the drier southern Sierra catchments, illustrating the high 
sensitivity of water yield to pre-fire climate and moisture regimes.

Crucially, this potential short-term enhancement in water yield 
is almost universally offset by severe degradation in water quality and 
elevated downstream hazards. The mobilization of ash, char, and 
sediment sharply elevates turbidity, nutrient loads, and contaminant 
concentrations in drinking water reservoirs, directly constraining 
raw water usability and overwhelming physical filtration infrastruc-
ture (Ebel et al., 2023; Penna et al., 2021). The financial burden of 
these well-documented post-fire treatment costs falls directly on 
municipal water utilities and, ultimately, their rate-paying customers. 
Furthermore, the same studies consistently warn of hazard amplifica-
tion: increased water yields in burned, hydrophobic catchments 
elevate the risks of flash floods and destructive debris flows, impos-
ing severe downstream environmental disruptions and immediate 
safety risks for communities and infrastructure (Kettridge et al., 
2017; Wine et al., 2018). Connecting these downstream impacts to 
avoided cost frameworks provides a powerful mechanism for policy 
intervention; demonstrating the avoided costs of intensive post-fire 
water treatment can catalyze conservation finance models, such as 
Water Funds and Forest Resilience Bonds (FRBs). The cascading eco-
nomic burdens triggered by these biophysical hazards, and the finan-
cial frameworks required to mitigate them, are explored in 
Section 3.2.3.

3.2.3 Management and policy implications for 
material contributions

Ultimately, managing these complex trade-offs requires inte-
grating material contribution considerations directly into climate 
adaptation and fire-smart planning frameworks. To effectively 

TABLE 2  Wildfire impacts and trade-offs in material contributions.

Material contribution (NCP 
category)

Primary impact of fire 
(negative impact)

Potential secondary 
effect/opportunity

Key reference citations

Materials, companionship and labor 

(NCP 13)

Immediate destruction of merchantable 

timber; disruption of wood supply 

chains and massive economic shocks.

Salvage Logging: Recovers economic 

value but may impair long-term erosion 

control and biodiversity.

Krofcheck et al. (2019); Leverkus et 

al. (2020); Pereira et al. (2021)

Freshwater as a material resource (reliant 

on NCP 6 and 7)

Removal of mature vegetation reduces 

evapotranspiration (ET), leading to 

sharp, often unmanaged runoff spikes. 

Massive mobilization of ash elevates 

treatment costs.

Hydrological Paradox: Decreased ET 

can increase groundwater recharge and 

baseflow for up to two decades.

Ma et al. (2020); Roche et al. (2020); 

Saksa et al. (2020b); Ebel et al. 

(2023); Penna et al. (2021); Wine et 

al. (2018)

Energy (NCP 11) and Food and feed 

(NCP 12)

Short-term loss of grazing land and 

biomass energy sources during the 

immediate post-fire window.

Regeneration: Fire can stimulate new 

growth for forage in specific savanna 

and grassland biomes.

Pausas and Keeley (2019); Roces-

Díaz et al. (2021)
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translate these ecological impacts into actionable policy, it is 
increasingly critical to incorporate the economic valuation of both 
market and non-market NCP. While the direct financial impacts 
of mega fires, such as marketable timber loss and infrastructure 
destruction, are readily quantifiable, policymakers must also 
account for the massive monetary costs of subsequent negative 
impacts on these contributions. Comprehensive valuations must 
monetize the “hidden” burdens, including the aforementioned 
increased costs of municipal water treatment resulting from post-
fire sedimentation borne by utilities and ratepayers, the social cost 
of carbon emissions from burned biomass, and the regional eco-
nomic shocks caused by diminished ecotourism and recre-
ational access.

Policy and management implications arise around several key 
strategies: (a) utilizing proactive forest thinning and fuel reduc-
tion as tools to calibrate future ET and runoff responses, thereby 
preventing catastrophic, unmanageable water yield spikes (Ma et 
al., 2020; Saksa et al., 2020a); (b) implementing integrated water 
resource planning that explicitly accounts for post-fire hydrologic 
changes and leverages the avoided-cost frameworks mentioned 
above to fund proactive treatments; (c) leveraging advanced 
machine learning and remote sensing tools (e.g., SSEBop) to 
actively monitor post-fire ET trajectories and adapt municipal 
water supply forecasts (Poon and Kinoshita, 2018); and (d) incor-
porating varied post-fire recovery trajectories into comprehensive 
hazard mitigation plans to safely sustain material contributions 
under a changing climate (Abdollahi et al., 2023; Kettridge et al., 
2017; Roche et al., 2020). By assigning robust economic value to 
these contributions, landscape managers can more effectively jus-
tify the upfront financial investment required for adaptive co-
management, demonstrating that the cost of prevention is vastly 
outweighed by the economic toll of megafires.

3.3 Non-material contributions

Non-material contributions (NCP 15–17) encompass the non-
material, often non-consumptive benefits that people derive from 
landscapes, including recreation, aesthetic enjoyment, education, 
spiritual enrichment, and the preservation of cultural heritage. 
The available evidence reveals a nuanced picture: while 

high-severity megafires can degrade recreational experiences and 
undermine Indigenous knowledge linked to intact landscapes, fire 
also serves as a critical, culturally salient tool in many Indigenous 
traditions (Christianson et al., 2022; Pereira et al., 2023). To con-
trast these impacts, Table 3 highlights how the management of fire 
regimes directly influences the preservation or erosion of cul-
tural value.

3.3.1 Physical and psychological experiences 
(NCP 16): recreational, aesthetic, and ecotourism 
value

Severe, uncontrolled wildfires typically inflict immediate reduc-
tions on a landscape's aesthetic value and recreational accessibility. 
This results in significant downstream economic consequences for 
ecotourism, hiking, and camping-dependent communities. Across 
multiple studies, post-fire landscapes exhibit sharply diminished visi-
tation in the short term due to safety hazards, degraded scenery, and 
the destruction of recreational infrastructure (Hessburg et al., 2021; 
Kelly et al., 2020). Conversely, where fire is used deliberately and skill-
fully to create a mosaic of habitats, there can be highly positive cultural 
and recreational outcomes. Maintaining heterogeneous, open land-
scapes supports species diversity that attracts nature-based tourism, 
such as birdwatching and photography, and fosters a broader cultural 
appreciation for the dynamic, natural role of fire regimes in shaping 
the environment (Talmage et al., 2022).

3.3.2 Supporting identities and learning (NCP 17 
and 15): indigenous knowledge and stewardship

A substantial and growing body of work emphasizes that 
Indigenous fire stewardship, specifically low-intensity, culturally ori-
ented burning, functions as a central practice that upholds language, 
ritual, subsistence gathering, and deep spiritual connections to place. 
Cultural burning is not merely a mechanical fuel-reduction technique; 
it is a profound act of cultural expression and landscape governance 
that sustains intergenerational knowledge systems and livelihoods 
(Regos et al., 2023; Sample et al., 2022; Walker et al., 2022).

Unlike previous models that relied on supplementary frame-
works like Indigenous Cultural Ecosystem Services (ICES), the 
IPES framework inherently illustrates how cultural burning 

TABLE 3  Wildfire impacts on non-material contributions and indigenous stewardship.

Non-material contribution 
(NCP category)

Impact of high-severity 
fire (negative impact)

Impact of managed/cultural 
fire (beneficial contribution)

Key reference citations

Physical and psychological experience 

(NCP 16)

Immediate loss of aesthetic value; 

destruction of infrastructure; long-

term visitation declines.

Creates habitat mosaics; supports 

biodiversity for nature-based tourism 

(e.g., birdwatching).

Hessburg et al. (2021); Kelly et al. 

(2020); Talmage et al. (2022)

Supporting identities (NCP 17) & 

Learning and inspiration (NCP 15)

Disrupts plant cycles and subsistence 

gathering; erodes spiritual 

connections to specific sites; 

catastrophic loss of sacred 

landscapes.

Acts as a “cultural technology”; sustains 

language, ritual, and intergenerational 

knowledge transfer.

Mucioki et al. (2021); Walker et al. 

(2022); Regos et al. (2023); 

Christianson et al. (2022); Franklin 

and MacDonald (2024)

Learning and inspiration (NCP 15) Opportunities limited to studying 

disaster response and “cascading 

failures.”

Provides a living laboratory for co-

management, IEK integration, and 

adaptive resilience.

Sample et al. (2022); Dewi et al. 

(2024)
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contributes to a comprehensive suite of NCP. These include mate-
rial contributions (cultivating plants for food, medicine, and 
fiber), regulating contributions (pest control and habitat health), 
underlying ecological functions (maintaining forage for culturally 
important species), and core non-material contributions (educa-
tional and ceremonial practices). The historical exclusion and 
proscription of cultural fire management have demonstrably 
reduced these integrated contributions, underscoring that these 
cultural services are inextricably linked to Indigenous fire prac-
tices and autonomous governance arrangements (Mucioki et 
al., 2021).

Specific regional contexts highlight how restrictive policy barriers 
continue to constrain Indigenous fire regimes. For example, in the 
Klamath River Basin, climate-driven changes to culturally significant 
plant cycles intersect with rigid governance structures that restrict 
low-intensity cultural fires, resulting in severe negative impacts on 
non-material contributions (Mucioki et al., 2021). Similar dynamics 
are evident in boreal and temperate rainforests, where historical 
Indigenous fire knowledge shaped vibrant vegetation mosaics, but 
contemporary, colonial land-management restrictions hinder the res-
toration of these culturally aligned practices (Dewi et al., 2024; 
Franklin and MacDonald, 2024).

3.3.3 Synthesis and implications for non-material 
contributions

The literature consistently advocates for the integration of 
Indigenous voices and fire practices into formal planning, governance, 
and restoration initiatives as the primary pathway to strengthen non-
material contributions, specifically supporting identities and learning 
(NCP 15 and 17). Place-based fire regimes that align with Indigenous 
knowledge systems act as a cultural technology, reinforcing a sense of 
place and stewardship while maintaining landscape heterogeneity 
(Christianson et al., 2022; Sample et al., 2022; Talmage et al., 2022).

To optimize these non-material contributions, modern fire man-
agement must transition toward co-management models that treat 

Traditional Ecological Knowledge (TEK) as a foundational asset 
rather than a supplemental practice. This requires: (a) elevating 
Indigenous leadership in fire governance to restore traditional burn-
ing; (b) designing fire management strategies that deliberately create 
habitat mosaics to support ecotourism (physical and psychological 
experiences, NCP 16) while fiercely protecting sacred sites; and (c) 
explicitly valuing non-material contributions within broader NCP 
accounting frameworks (Balantic et al., 2021; Kelly et al., 2020).

3.4 Underlying ecological functions and 
habitat maintenance (NCP 1 and 18)

Underlying ecological functions, including soil formation, nutri-
ent cycling, and the maintenance of biodiversity, underpin the delivery 
of NCP. Because they form the ecological foundation of a landscape, 
these services are particularly susceptible to shifts in fire regimes, 
including alterations in fire intensity, frequency, and spatial pattern-
ing. To illustrate the foundational impact of fire on these processes, 
Table 4 contrasts how varying fire severities dictate the long-term 
health of the soil–plant–microbe interface.

3.4.1 Soil formation, nutrient cycling, and fertility

The impact of fire on soil-based ecological functions (NCP 8) is 
highly dependent on burn severity. Low-to-moderate severity fires can 
accelerate nutrient turnover and stimulate soil formation by rapidly 
decomposing organic matter. The subsequent deposition of ash 
returns readily available mineral nutrients to the soil, creating a nutri-
ent pulse that enhances short-term fertility and supports the microbial 
activity necessary for post-fire vegetative regeneration (Roces-
Díaz, 2023).

Conversely, the extreme heat associated with megafires can 
severely disrupt these vital underlying functions. High-severity 
fires volatilize essential soil nutrients, most notably nitrogen, and 
devastate resident soil microbiomes. Post-fire soils often exhibit 
reduced bacterial and fungal richness, with pyrophilous (fire-
adapted) taxa only transiently dominating the altered landscape 

TABLE 4  Impact of fire severity and recurrence on underlying ecological functions and habitat maintenance.

Underlying function (NCP 
category)

Impact of high-severity fire 
(negative impact)

Impact of managed/low-
severity fire (beneficial 
contribution)

Key reference citations

Formation, protection, and 

decontamination of soils (NCP 8)

Volatilizes essential nutrients (e.g., 

nitrogen); devastates resident soil 

microbiomes and reduces fungal 

richness.

Accelerates nutrient turnover via organic 

matter decomposition; creates a “nutrient 

pulse" through ash deposition.

Godfree et al. (2021); Roces-Díaz 

(2023); Crandall et al. (2021)

Formation, protection and 

decontamination of soils (NCP 8)

Extreme heat alters pH and cation 

exchange capacity (CEC); high 

recurrence leads to long-lasting fertility 

loss.

Stimulates microbial activity necessary 

for regeneration; maintains soil moisture 

and texture profiles.

Hoyland et al. (2024); Raeofy et al. 

(2023); Oliveira et al. (2020)

Habitat creation and maintenance 

(NCP 1)

Homogenizes the landscape; erases 

microhabitats and suppresses natural 

regeneration pathways.

Promotes complex habitat mosaics and 

structural variety; provides niches for 

fire-adapted species.

Kang et al. (2023); Oliveira et al. 

(2020); Godfree et al. (2021)

Maintenance of options (NCP 18) Triggers biogeographic shifts in 

vegetation; disrupts plant–soil feedbacks 

that underpin multifunctionality.

Maintains successional trajectories; 

supports “ecological memory” and 

biome-specific resilience.

Enright et al. (2022); Saunders et al. 

(2024); Goffin et al. (2024)
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(Godfree et al., 2021). The recovery of these microbial communi-
ties is not uniform; persistent alterations in microbial composition 
can modify nutrient cycling pathways for years, fundamentally 
altering successional trajectories (Crandall et al., 2021). 
Furthermore, soil properties such as moisture, texture, pH, and 
cation exchange capacity (CEC) heavily modulate heat transfer 
during a fire and dictate the resilience of soil-based nutrient 
cycling in its aftermath (Hoyland et al., 2024; Raeofy et al., 2023).

Importantly, the relationship between burn severity and soil func-
tion is compounded by fire recurrence. Scenarios combining high fire 
recurrence with high severity result in marked, long-lasting reduc-
tions in soil-quality and soil-fertility indicators, illustrating how com-
pounded disturbances threaten soil-based contributions far more than 
isolated fire events.

3.4.2 Biodiversity, habitat mosaics, and 
regeneration pathways

Disturbance regimes strongly mediate habitat heterogeneity, 
which is a core component of habitat creation and maintenance (NCP 
1) through its role in biodiversity maintenance. Natural, heteroge-
neous fire regimes, characterized by patches of varying burn severity, 
promote complex landscape mosaics. This structural variety provides 
vital microhabitats and regeneration niches, enabling the germination, 
recruitment, and persistence of fire-adapted plant species, which in 
turn sustains broader biodiversity (Godfree et al., 2021; Oliveira et 
al., 2020).

Crucially, discussions of biodiversity maintenance must explicitly 
distinguish between fire-sensitive and fire-adapted ecosystems (He et 
al., 2019). In fire-adapted biomes, the “negative impact” framing of 
wildfire breaks down entirely for a vast array of organisms. A substan-
tial body of literature regarding rebound ecology highlights that fire-
obligate and fire-adapted species, such as serotinous conifers that 
require heat to release seeds, pyrophilous insects that breed exclusively 
in recently burned timber, and fire-following annuals, depend entirely 
on periodic fire for their life history strategies (Gill et al., 2022; Mason 
et al., 2023). For these species, fire functions as an irreplaceable eco-
logical process sustaining NCP (He et al., 2019). This dynamic per-
fectly illustrates the necessity of the threshold and trade-off 
framework: biodiversity is only maintained when fire severity and 
frequency remain within the evolutionary tolerances of these adapted 
organisms (Gill et al., 2022).

In stark contrast, when these ecological thresholds are crossed, 
catastrophic megafires tend to homogenize landscapes by uniformly 
erasing key microhabitats and suppressing regeneration pathways. 
These high-severity events can drastically alter plant assemblages and 
early-successional species distributions, sometimes triggering broader 
biogeographic shifts in vegetation (Kang et al., 2023). These changes 
in habitat structure generate cascading negative effects on other 
underlying ecological processes, including soil stabilization and the 
plant–soil feedbacks that underpin overall ecosystem resilience 
(Enright et al., 2022).

3.4.3 Ecosystem multifunctionality and 
context-dependent nuances

When evaluating the footprint of large burn events, it is essential 
to look at ecosystem multifunctionality. The literature cautions against 
simply equating the vast physical size of a megafire with uniform 

ecological devastation; rather, it is the underlying heterogeneity in 
burn severity that ultimately mediates the impacts on soil processes 
and biodiversity (Hoyland et al., 2024; Saunders et al., 2024). The 
apparent tension in the literature, where some studies emphasize an 
immediate positive nutrient flush while others warn of long-term soil 
degradation, reflects this deep context-dependence. The ultimate bal-
ance between the beneficial and detrimental effects of fire on these 
underlying functions and contributions hinges entirely on the specific 
disturbance context (severity and recurrence) and the intrinsic resil-
ience of local soil and biotic communities (Goffin et al., 2024).

3.5 Case studies of megafire impacts on 
NCP

To ground the theoretical NCP framework in empirical reality, 
this section examines several unprecedented modern megafire events 
across diverse global biomes, including the Australian Black summer, 
the Siberian peatland fires, and the Canadian boreal megafires. While 
historical, low-to-moderate severity fires once sustained these land-
scapes, these contemporary case studies illustrate the rapid transition 
from natural regulation to acute negative impacts on nature’s contri-
butions. By examining these extreme, climate-driven fire regimes, we 
can observe the cascading failure of critical material, non-material, 
and regulating contributions.

Furthermore, these events highlight the profound socio-eco-
logical vulnerabilities at the rapidly expanding WUI. Crucially, 
rather than serving merely as a catalog of disasters, these case 
studies provide the direct empirical evidence for our subsequent 
management recommendations. They highlight critical, region-
specific vulnerabilities, from carbon market structures in 
California to the plantation-heavy landscapes of Chile, and dem-
onstrate precisely why localized, adaptive co-management and 
innovative funding mechanisms are essential.

3.5.1 The 2019–2020 Australian “Black Summer”

The 2019–2020 Australian bushfire season was globally 
unprecedented. Fueled by record-breaking temperatures and pro-
longed drought, the fires consumed upwards of 19 million hectares 
of land (van Eeden et al., 2020). These fires caused catastrophic 
losses to underlying ecological functions and habitat maintenance 
(NCP 1), with an estimated three billion native vertebrates killed 
or displaced as the blazes permanently altered traditionally fire-
resistant ecosystems. The event also generated massive negative 
impacts on regulating contributions, particularly air quality regu-
lation (NCP 2); widespread smoke resulted in a significant spike 
in asthma-related hospitalizations and emergency department 
presentations across eastern Australia (Borchers Arriagada et al., 
2020). Furthermore, the destruction of landscapes holding deep 
spiritual significance severely impacted non-material contribu-
tions (supporting identities and experiences, NCP 16 and 17), 
sparking a national conversation about the necessity of reinstating 
Indigenous “cultural burning” to manage fuel loads and restore 
ecological balance (Fletcher et al., 2021). Consequently, this case 
specifically underscores the urgent management need for 
expanded “right-to-burn” legislative frameworks. Overcoming the 
entrenched liability barriers that currently restrict prescribed fire 
is critical to empowering Indigenous and local communities to 
apply this NCP-sustaining practice at scale.
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3.5.2 The 2020–2021 California megafires

In 2020, California experienced its worst fire season on record 
at the time, with over 4.2 million acres burned (Keeley and 
Syphard, 2021). High-severity fires decimated rangelands and 
merchantable timber, severely impacting material contributions 
(NCP 12 and 13), particularly regional timber and agricultural 
yields. Densely packed, evenly spaced industrial timber planta-
tions experienced nearly 50% higher odds of high-severity mega-
fires than varied public lands (Zald and Dunn, 2018). The 
agricultural sector also suffered acute negative impacts on material 
contributions as heavy smoke caused significant “smoke taint” in 
unharvested wine grapes, resulting in massive crop losses (Kropp, 
2022). In terms of regulating contributions (specifically climate 
regulation, NCP 4), the 2020 fires wiped out years of state GHG 
reduction progress, temporarily turning California's historically 
vital forest carbon sinks into massive carbon sources (Jerrett et al., 
2022). This catastrophic reversal exposes the extreme vulnerability 
of forest carbon markets under changing fire regimes. The massive, 
wildfire-driven depletion of California's compliance market buffer 
pools demonstrates that current carbon offset permanence proto-
cols are dangerously inadequate. This season provided stark 
empirical evidence for the structural necessity of designing carbon 
markets that financially incentivize active, resilience-based forest 
treatments rather than passive, extended-rotation storage with 
high reversal risk.

3.5.3 The 2023 Canadian boreal megafires

The 2023 Canadian wildfire season shattered historical records, 
burning over 18 million hectares of predominantly boreal forest. This 
event had profound, trans-continental impacts on regulating contri-
butions (climate regulation, NCP 4, and air quality, NCP 2). The 
Canadian boreal forest is traditionally one of the world's most vital 
terrestrial carbon sinks; however, the 2023 fires released an estimated 
570 to 727 million metric tons of carbon dioxide, severely undermin-
ing global climate regulation efforts (Byrne et al., 2024). Additionally, 
the fires generated a massive negative impact via transboundary 
smoke pollution, exposing over 350 million people across North 
America and Europe to hazardous daily PM2.5 levels (Zhang et al., 
2025). The fires also disrupted non-material and material contribu-
tions for Indigenous First Nations. This functioned as an acute socio-
ecological detriment, as widespread evacuations severed cultural ties 
to ancestral lands and hindered subsistence hunting, trapping, and 
foraging. The vast geographic reach of these impacts emphasizes the 
structural need for cross-jurisdictional smoke-management protocols 
and international collaboration in managing the planetary-scale nega-
tive impacts of extreme fire events.

3.5.4 The 2017 Chilean megafires

In early 2017, central-south Chile experienced a catastrophic 
fire event burning over 500,000 ha, driven by a decade-long mega-
drought. This event perfectly illustrates the trade-offs between 
material contributions and underlying ecological functions (com-
mercial timber production, NCP 13, versus native habitat resil-
ience, NCP 1). Historically, the region’s land use was converted to 
support a booming timber economy, resulting in vast plantations 
of exotic, fire-prone species like Pinus radiata. When the megafires 

ignited, these dense plantations acted as continuous fuel beds, 
amplifying fire severity and resulting in massive economic losses 
for the forestry sector, an acute loss of material contributions. 
Simultaneously, the fires severely degraded habitat maintenance 
and soil formation (NCP 1 and 8) by spilling over into endangered 
native forest fragments. This triggered a positive feedback loop for 
biological invasion, as fire-adapted exotic pines rapidly colonized 
the deeply burned native areas, fundamentally altering the soil 
microbiome and driving native ecosystems toward an irreversible 
state of degradation (González et al., 2023). Unlike the mixed 
federal-state-private land ownership of the western U.S., Chile's 
specific landscape matrix necessitates highly targeted regulatory 
reform for private industrial plantations. This case illustrates the 
critical need for spatial planning and enforced fuel-reduction 
buffer zones between commercial timber and fire-sensitive native 
forests.

3.5.5 The Siberian Arctic and peatland fires 
(2019–2021)

Between 2019 and 2021, the Russian Arctic and Siberian taiga 
experienced consecutive years of unprecedented megafires. Unlike 
typical forest fires, the Siberian fires burned deeply into ancient peat-
lands, severely impacting regulating contributions (climate regulation, 
NCP 4). The combustion of these organic soils released hundreds of 
millions of tons of ancient carbon, shifting the Arctic biome from a 
net carbon sink to a net carbon source (Khairoun et al., 2026). 
Furthermore, the burning of the insulating organic surface layer 
exposed the underlying permafrost to extreme summer heat. This 
rapid thawing released trapped methane, creating a vicious, self-sus-
taining climate feedback loop that further degraded global climate 
regulating contributions (Turetsky et al., 2020). This high-latitude 
ecosystem failure highlights an urgent need to incorporate deep-soil 
organic combustion and permafrost feedback loops more accurately 
into global climate mitigation accounting and long-term adaptation 
planning.

3.5.6 The 2023 Maui wildfire

In August 2023, catastrophic wildfires swept across the Hawaiian 
island of Maui, devastating the historic town of Lahaina. This event 
crossed critical socio-ecological thresholds in a fragile island ecosys-
tem, highlighting the extreme vulnerabilities of isolated communi-
ties and exposing severe infrastructural challenges during rapid 
WUI fire spread (Kerber and Alkonis, 2024). The fire simultaneously 
devastated material and non-material contributions by disrupting 
sensitive ecological water filtration systems and heavily contaminat-
ing post-fire drinking water supplies (regulating, NCP 6; McLatchy 
et al., 2026), alongside heavily striking tourism-dependent regional 
economies (non-material, NCP 15 and 16). Evaluating this event 
through a multi-source tri-environmental conceptual framework for 
fire impact analysis reveals how compounding stressors such as inva-
sive grass fuel loads, drought, and hurricane-force winds resulted in 
a cascading failure of natural and built environments (Kerber and 
Alkonis, 2024). This case underscores the necessity of multi-dimen-
sional baseline assessments and community-driven disaster 
responses for island ecosystems recovering from megafires 
(McLatchy et al., 2026).
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3.5.7 The 2025 Los Angeles wildfire

The 2025 Los Angeles wildfire represents a critical inflection point 
for WUI exposure and economic cost modeling. As fires encroach 
further into densely populated municipalities, traditional damage 
assessments fall short of capturing the true socio-ecological toll. 
Integrating Earth Observation data into the tri-environmental evalu-
ation of the economic cost of natural disasters for the LA wildfire 
allowed for a comprehensive multi-environmental evaluation of disas-
ter costs. This approach captured cascading socio-economic losses, 
critical infrastructure degradation, and heightened social vulnerabil-
ity across natural-built boundaries (Li et al., 2026). This event empha-
sizes how advanced satellite tracking and multi-environmental 
frameworks are essential for accurately quantifying the loss of mate-
rial and regulating NCP, ultimately guiding more resilient urban spa-
tial planning.

3.5.8 Summary of megafire case studies

To contextualize the regional events discussed above, Table 5 syn-
thesizes the diverse impacts of recent global megafires. This summary 
highlights how extreme fire events, driven by compounding climatic 
factors, systematically degrade specific NCP across vastly different 
global biomes, serving as a comparative reference for the catastrophic 
failure of these natural systems.

However, while the ecological and economic tolls documented 
in these global cases are staggering, they concurrently construct a 
compelling economic argument for proactive intervention. The per-
sistent barrier to implementing the management solutions derived 

from these case studies, such as buffer creation, cultural burning, 
and resilience treatments, is the sheer scale of required funding. 
Crucially, as the spatial extent of necessary treatments grows, it is 
increasingly evident that public dollars alone will never be sufficient 
to fill this massive funding gap. To ground this paper’s economic 
valuation argument in practical action, policy must increasingly 
turn to conservation finance mechanisms as a necessary, additive 
lens to traditional public budgeting. Payment for Ecosystem 
Services (PES) schemes, FRBs, Water Funds, and outcome-based 
payment structures are increasingly being developed and deployed 
to bridge this public funding gap. By explicitly monetizing the 
avoided negative impacts documented in these case studies (e.g., 
avoided water treatment costs, protected infrastructure, stabilized 
carbon offset markets), these financial models allow downstream 
beneficiaries and private investors to provide the upfront capital 
necessary to scale upstream forest treatments alongside public agen-
cies. Scaling these finance mechanisms is the vital next step to trans-
late the NCP frameworks discussed herein into robust, 
landscape-level resilience.

4 Discussion

4.1 Summary of main findings and policy 
implications

The historical paradigm of absolute fire suppression has 
proven not only physically unsustainable in a warming climate but 
ecologically detrimental, inadvertently fostering dense, 

TABLE 5  Regional case studies of megafire impacts on NCP.

Case study/
region

Dominant drivers of 
megafire

Primary NCP impacted Supporting citations

2019–2020 Australian 

“Black summer”

Record heat, prolonged multi-

year drought

Habitat maintenance (NCP 1): Catastrophic 

biodiversity loss

Regulating (NCP 2): Severe air quality degradation

Non-material (NCP 17): Disruption of Indigenous 

heritage

van Eeden et al. (2020); Borchers Arriagada et 

al. (2020); Fletcher et al. (2021)

2020–2021 California 

megafires

Extreme aridity, historical fire 

suppression, dense fuel loads

Material (NCP 12 and 13): Timber/crop loss, smoke 

taint

Regulating (NCP 4): Loss of carbon sequestration

Keeley and Syphard (2021); Zald and Dunn 

(2018); Kropp (2022); Jerrett et al. (2022)

2023 Canadian boreal 

megafires

Extreme heat, atmospheric 

blocking, drought

Regulating (NCP 2 and 4): Massive CO2 emissions, 

transboundary smoke

Non-material and Material (NCP 11, 12, 17): 

Evacuation of First Nations, loss of foraging

Byrne et al. (2024); Zhang et al. (2025)

2017 Chilean megafires Megadrought, exotic timber 

plantations

Material (NCP 13): Devastation of commercial 

forestry

Habitat and Soil (NCP 1 and 8): Native forest 

degradation, exotic pine invasion

González et al. (2023)

2019–2021 Siberian 

Arctic and peatland fires

Arctic warming, extreme summer 

heat

Regulating (NCP 4): Deep peat carbon combustion, 

permafrost thaw, methane release

Khairoun et al. (2026); Turetsky et al. (2020)

2023 Maui wildfire Invasive grasses, drought, extreme 

hurricane-force winds

Regulating (NCP): Disruption of ecological water 

filtration

Kerber and Alkonis (2024); McLatchy et al. 

(2026)

2025 Los Angeles wildfire Extreme WUI encroachment, 

climate-driven aridity

Material and Regulating: Cascading structural and 

economic losses, critical infrastructure degradation

Li et al. (2026)

https://doi.org/10.3389/ffgc.2026.1870338
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Ayompe and Elias� 10.3389/ffgc.2026.1870338

Frontiers in Forests and Global Change 13 frontiersin.org

homogenous landscapes that fuel contemporary megafires. 
Viewed through the NCP framework, it is clear that attempting to 
eliminate fire entirely results in severe, long-term negative impacts 
on ecological functions. Consequently, modern wildfire manage-
ment must urgently transition from a reactive “war on fire” toward 
a paradigm of active coexistence and adaptive resilience. As dem-
onstrated by the regional case studies in Section 4, this structural 
shift demands the implementation of robust, proactive strategies, 
including the deployment of Nature-based Solutions (NbS), the 
systemic reintegration of Indigenous eco-cultural burning, and 
rigorous spatial planning within the WUI. Ultimately, unmanaged 
megafires erode the planetary safety net, while adaptive, commu-
nity-led fire governance restores it.

4.1.1 Shifting paradigms: from suppression to 
coexistence

The prevailing historical paradigm of wildfire management has 
long centered on a strategy of absolute suppression, often character-
ized as a “war on fire.” While this approach aimed to protect human 
lives, infrastructure, and commercial timber resources in the short 
term, it has inadvertently produced severe long-term vulnerabilities. 
Decades of aggressive suppression have altered natural fire regimes, 
created a significant “fire deficit” (an ecological debt that now mani-
fests as catastrophic fire risk), and allowed dangerous fuel loads to 
accumulate across historically fire-adapted landscapes (DellaSala et 
al., 2004; Prichard et al., 2021). Today, there is a clear consensus within 
the contemporary literature that a suppression-only approach is physi-
cally untenable in a warming, increasingly fire-prone world, and eco-
logically detrimental to the maintenance of vital nature’s contributions. 
Consequently, researchers and practitioners alike are urging a defini-
tive paradigm shift away from a dichotomous suppression-versus-
wildfire narrative and toward a continuum of adaptive resilience and 
active coexistence (Roos et al., 2016; Srinivasan et al., 2025).

Central to this paradigm shift is the conceptual reframing of wild-
land fire from a purely mechanical hazard to a complex socio-ecolog-
ical process. This broader perspective is essential to justify deliberate 
fire use, such as safely managed natural ignitions and prescribed burn-
ing, as legitimate, necessary landscape management tools. Rather than 
enforcing universal suppression mandates, management interventions 
can be aligned with local fire regimes to restore landscape heterogene-
ity, disrupt fuel continuity, and mitigate the negative impacts on NCP 
associated with extreme megafires (Depietri and Orenstein, 2019; 
Smith et al., 2016). When conducted under strict safety thresholds and 
with comprehensive stakeholder engagement, intentional fire use not 
only stabilizes fire regimes but also enhances overall ecological integ-
rity, habitat quality, and long-term biodiversity (Prichard et al., 2021).

To operationalize this coexistence, the integration of NbS is 
increasingly identified as a critical pathway to harmonize human 
safety with the preservation of NCP. NbS approaches, such as the 
deployment of green firebreaks and close-to-nature forest manage-
ment, complement traditional suppression by creating resilient, mul-
tifunctional landscapes that can better absorb fire disturbances 
(Taccaliti et al., 2023). Furthermore, these solutions deliver substantial 
co-benefits, including carbon storage (regulating) and enhanced rec-
reational values (non-material). This perspective situates NbS within 
a broader governance framework that emphasizes the co-management 
of fire risk alongside local communities, land managers, and policy-
makers, ensuring that risk reduction strategies align closely with both 

social and ecological objectives (Depietri and Orenstein, 2019; 
Johnston et al., 2024).

Finally, transitioning to adaptive fire management requires bridg-
ing persistent disciplinary silos. Successfully coexisting with fire 
demands the integration of fire science with urban planning, land-
scape design, and risk governance to overcome jurisdictional frag-
mentation and scale mismatches (Roos et al., 2016). Actionable 
policies must institutionalize cross-jurisdictional collaboration and 
promote region-specific interventions, particularly within the WUI 
(Taccaliti et al., 2023).

However, even with integrated planning, this transition is fre-
quently stalled by a massive “scale gap” between policy endorsement 
and on-the-ground delivery. For instance, while jurisdictions like 
California have set ambitious targets of treating 400,000 acres per year 
with beneficial fire, actual delivery remains a fraction of that goal. This 
scale gap cannot be treated merely as a tractable policy hurdle; rather, 
it is driven by entrenched, structural barriers. These include severe 
workforce shortages, strict liability frameworks, complex air quality 
permitting processes, and pervasive interagency coordination chal-
lenges (Williams et al., 2023). To overcome these deeply rooted barri-
ers, policy frameworks must decouple wildfire budgets from 
emergency-only response funds, creating dedicated, multi-year fund-
ing streams for'pre-suppression' activities such as controlled burning 
and green infrastructure. Furthermore, air quality regulations must be 
modernized to recognize the critical trade-off between the short-term, 
regulated smoke of prescribed fires and the catastrophic, high-toxicity 
emissions of unmanaged megafires. While the necessity of adaptive 
resilience is broadly accepted, researchers acknowledge remaining 
uncertainties surrounding social acceptance, economic costs, and the 
predictability of climate-driven outcomes. Addressing these tensions 
requires robust evaluation frameworks and highly inclusive stake-
holder processes to effectively balance safety, ecological integrity, and 
diverse social values (Smith et al., 2016).

4.1.2 Adaptive management strategies

Effective adaptation to the dual nature of wildfire requires a para-
digm shift from purely reactive fire suppression toward proactive, 
Integrated Fire Management (IFM). Operating across multiple spatial 
scales and social-ecological contexts, IFM frameworks emphasize 
moving beyond “one-size-fits-all” policies toward flexible governance 
arrangements that can absorb climate-driven uncertainties and learn 
from near-real-time outcomes (Stephens et al., 2020). Central to this 
adaptive approach is the deployment of NbS, such as fire-smart for-
estry and strategic mechanical fuel treatments coupled with prescribed 
or managed burning (Keenan et al., 2021; Nolan et al., 2021). These 
interventions effectively reduce surface and ladder fuels while preserv-
ing the structural diversity and landscape heterogeneity necessary for 
long-term ecosystem resilience (Hessburg et al., 2021; Stephens and 
Ruth, 2005). Importantly, managers must design these treatments with 
explicit attention to future climate projections; relying solely on his-
torical fire regimes may no longer represent feasible or desirable tar-
gets under contemporary climate and land-use conditions (Prichard 
et al., 2021; Schoennagel et al., 2017).

However, it must be explicitly acknowledged that management 
prescriptions are not universally interchangeable across global biomes. 
The western U.S. context, for instance, is highly distinctive due to a 
century of active suppression, mixed federal/state/private land owner-
ship, a heavily regulated prescribed burn environment, and the 
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proximity of fire to large urban populations (Schultz et al., 2019). By 
contrast, the savanna fire regimes of Australia or the heavily planted 
industrial matrices of Chile require fundamentally different policy 
interventions (Escobedo et al., 2024; Nikolakis et al., 2022). 
Acknowledging this geographic specificity is critical for translating 
broad frameworks into actionable policy.

A robust, rights-based adaptive strategy must fundamentally 
integrate Indigenous fire governance and eco-cultural burning. 
Reinvigorating traditional ecological knowledge (TEK) and IEK 
within formal risk-management frameworks is repeatedly linked 
to improved biodiversity, optimized fuel reduction, and the vital 
restoration of non-material contributions, particularly supporting 
identities and intergenerational learning (NCP 15 and 17; Dewi et 
al., 2024; Dickson-Hoyle et al., 2022). Establishing formal inter-
agency and Indigenous-public-private partnerships that respect 
Indigenous communities as rights-holders is critical for co-pro-
ducing knowledge and sharing decision-making power. However, 
successfully scaling these collaborative models requires policy 
reform to navigate and dismantle persistent jurisdictional barriers, 
resolve legal liability concerns, and create protective frameworks 
for cultural fire practitioners (McCormack et al., 2023; Williams et 
al., 2023).

In the U.S. context particularly, a critical policy lever for scaling 
adaptive management is the reform of liability laws for prescribed fire. 
In many jurisdictions, the'strict liability' standard, where a practitioner 
is held responsible for any fire escape regardless of negligence, acts as 
a primary deterrent for private landowners and certified burn bosses. 
Adopting a'gross negligence' standard, similar to recent legislative 
shifts in California and parts of the Southeastern United States, pro-
vides the legal protection necessary to significantly increase the pace 
and scale of proactive fuel treatments. Furthermore, drawing directly 
from the lessons of the Australian Black summer fires, international 
policy should institutionalize'right-to-burn' frameworks that recog-
nize Indigenous cultural burning not merely as a fuel-reduction tactic, 
but as a protected exercise of sovereignty and cultural heritage.

Beyond wildland interventions, adaptive strategies demand 
stringent spatial planning within the expanding WUI to mitigate 
risks, protect infrastructure, and safeguard human health. This 
includes enforcing fire-resilient building codes, establishing com-
munity-wide defensible spaces, and proactively restricting new 
development in historically high-risk fire corridors to limit human-
caused ignitions (Atkinson and Molina, 2023; Menor et al., 2025). 
Additionally, as vividly illustrated by the 2017 Chilean case study, 
in landscapes dominated by commercial forestry, proactive spatial 
planning necessitates targeted regulatory reform for private indus-
trial plantations. This includes enforcing strict fuel-reduction 
buffer zones between exotic timber and fire-sensitive native forests. 
Furthermore, holistic spatial planning must explicitly address envi-
ronmental justice by coordinating with public health agencies to 
protect vulnerable populations from severe smoke exposure during 
both managed burns and megafires (D’Evelyn et al., 2022; Gillespie 
and Lange, 2025). To protect material contributions like municipal 
water supplies and support subsequent forest regeneration, rapid-
response post-fire remediation protocols, such as the deployment 
of erosion control mulching and log barriers, remain a critical 
component of WUI and watershed defense (Johnston et al., 2024; 
Sample et al., 2022).

Ultimately, the success of this multifaceted portfolio approach 
depends on institutionalizing adaptive learning loops, iterative cycles 

of implementation, monitoring, evaluation, and subsequent policy 
adjustment (Hessburg et al., 2021; Nolan et al., 2021). Sustaining these 
efforts requires overcoming structural barriers through new, multi-
year funding models and enhanced post-fire data collection. 
Furthermore, as strategies are shared across regions, cross-jurisdic-
tional learning must be pursued with careful attention to biome-spe-
cific ecological nuances and local socio-cultural contexts to ensure 
that adaptive management remains both effective and equitable 
(Nikolakis and Roberts, 2021; Smith et al., 2016).

4.2 Future directions and critical research 
gaps

The literature evaluating wildfire effects through the NCP frame-
work reveals several persistent gaps that limit the integration of post-
fire socio-ecological recovery into long-term restoration and modern 
wildfire management. Foremost among these is a pronounced research 
imbalance: while pre-fire mitigation and active-fire dynamics are 
heavily studied, the long-term trajectories of post-fire recovery remain 
underrepresented (Bowman et al., 2020; Shen et al., 2025).

Furthermore, there is a critical need for standardizing Earth 
Observation data with localized socio-economic metrics. Doing so is 
essential for tracking cascading impacts across the natural-built divide 
and calculating true disaster costs within the shifting 
WUI. Additionally, current wildfire literature exhibits severe geo-
graphic biases. There is a distinct over-representation of studies 
focused on North America and Australia compared to heavily fire-
affected regions like African savannas, South American ecosystems, 
and tropical peatlands. Addressing these spatial blind spots is crucial 
for globalizing adaptive governance models.

To synthesize the path forward for the scientific community, 
Figure 3 maps the primary dimensions where knowledge remains 
fragmented across six critical gap categories: temporal imbalance, 
cascading disturbances, social equity and justice, methodological 
opacity, threshold dynamics, and sector-specific economic valu-
ation. This framework visually highlights the transition required 
from current research limitations, such as the lack of multi-
decadal post-fire data and modeling opacity, toward an inte-
grated, multi-decadal, and equitable research agenda for 
incorporating NCP into wildfire management. To guide future 
scholarly efforts, Table 6 further details these deficiencies, high-
lighting a vital gap in applied economic valuation, and identifies 
the specific methodological and thematic advancements required 
to bridge them.

4.2.1 Post-fire recovery and the temporal scale

Elevating post-fire recovery to parity with fire suppression 
research requires multi-decadal monitoring designs capable of cap-
turing baseline shifts under a warming climate. However, immedi-
ate post-fire threats, such as pests, disease, invasive species, and 
hydrological shifts, often dominate the short-term context. 
Consequently, recovery trajectories are rarely linear; they are 
highly contingent on localized pre-fire legacies, persistent refugia, 
and varying structural layers (e.g., canopy versus understory), 
underscoring the need for context-specific analyses rather than 
assuming uniform landscape regeneration (van Etten et al., 2022; 
Legge et al., 2022).
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4.2.2 Cascading disturbances and threshold 
dynamics

Post-fire ES recovery cannot be disentangled from co-occurring, 
competing threats like herbivory, altered hydrology, and land-use 
changes (Geary et al., 2021). While these interactive threats are 
broadly recognized, there remains limited empirical quantification of 
how they translate into measurable NCP losses or gains across regulat-
ing, material, and non-material contributions, as well as underlying 
ecological functions (Gallagher et al., 2022). Shifting fire intervals 
(e.g., “interval squeeze”) and climate-driven regime shifts produce 
highly heterogeneous outcomes. While extreme fire behavior is often 
attributed broadly to macro-climate warming, mechanistic studies 

demonstrate that megafires frequently arise from localized, scale-
dependent feedbacks. To understand these threshold dynamics and 
drivers of resilience, researchers must expand regionally diverse, long-
term case studies that accommodate spatial heterogeneity (Breton et 
al., 2022; Coen et al., 2018; Santos et al., 2022).

4.2.3 Equity, valuation, and decision support

Another significant deficiency is the limited understanding of the 
distributional and equity dimensions of NCP losses. While post-fire 
studies frequently identify localized variations in biodiversity and 
habitat refugia, they rarely tie these ecological patterns systematically 
to social vulnerability, watershed governance, or environmental justice 

TABLE 6  Critical research gaps in wildfire-NCP literature and requirements for future integration.

Research 
gap category

Current limitation Requirement for future research Key reference citations

Temporal 

imbalance

Heavy focus on pre-fire mitigation; lack of 

multi-decadal post-fire recovery data.

Implement long-term monitoring designs to capture 

baseline shifts in a warming climate.

Bowman et al. (2020); Shen et al. 

(2025); van Etten et al. (2022)

Cascading 

disturbances

Limited quantification of how fire interacts 

with herbivory, altered hydrology, and land-

use change.

Empirical measurement of NCP losses/gains driven 

by “interval squeeze” and interactive threats.

Geary et al. (2021); Gallagher et al. 

(2022); Breton et al. (2022)

Social equity and 

justice

Ecological patterns (refugia/habitat) are rarely 

linked to social vulnerability or 

environmental justice.

Spatially explicit NCP valuation combined with 

stakeholder-informed contribution mapping.

Keeley et al. (2024); Nolan et al. (2022); 

Six (2025)

Methodological 

opacity

“Black-box” predictive models hinder 

manager trust and policy uptake.

Development of interpretable, process-based 

multiscale frameworks with clear causative linkages.

Evers et al. (2022); Li et al. (2024); 

Coen et al. (2018)

Threshold 

dynamics

Mechanistic drivers of megafires are often 

over-generalized to macro-climate trends.

Regionally diverse, long-term case studies that 

account for localized, scale-dependent feedbacks.

Santos et al. (2022); Legge et al. (2022); 

Coen et al. (2018)

Sector specific 

economic valuation

Absence of industry- or sector-specific (e.g., 

utilities, corporates, local governments) 

standardized economic valuation methods for 

fire-related negative impacts on NCP.

Develop standardized, decision-relevant 

monetization methodologies for non-market NCP 

and their negative impacts tailored to specific 

stakeholder sectors to drive conservation finance.

Ebel et al. (2023); Johnston et al. 

(2024); Bladon et al. (2014); Depietri 

and Orenstein (2019); Gartner et al. 

(2017); Wlostowski et al. (2021)

FIGURE 3

Multi-dimensional research gaps and future directions for integrating CP into wildfire management.

https://doi.org/10.3389/ffgc.2026.1870338
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Ayompe and Elias� 10.3389/ffgc.2026.1870338

Frontiers in Forests and Global Change 16 frontiersin.org

concerns across disparate human communities (Keeley et al., 2024; 
Nolan et al., 2022). Addressing this requires the implementation of 
spatially explicit, ecologically grounded NCP valuation. By combining 
advanced remote sensing, field ecology, and stakeholder-informed 
contribution mapping, researchers can detect differential environmen-
tal responses and provide actionable, multi-contribution data to 
inform equitable restoration priorities (Shen et al., 2025; Six, 2025).

Finally, methodological gaps in forecasting and decision support 
continue to hinder policy uptake. While the predictive accuracy of 
fire models has improved, the opacity of “black-box” systems remains 
a challenge for managers. There is a pressing need to broaden the use 
of interpretable, process-based multiscale frameworks that reveal 
clear causative linkages among climate, fuels, human factors, and 
ultimate NCP outcomes (Evers et al., 2022; Li et al., 2024). Ultimately, 
an integrated NCP-post-fire research program must translate these 
complex ecological cascades into transparent resilience metrics and 
decision-relevant outputs for effective long-term policy design.

4.2.4 Applied economic valuation and 
conservation finance

Crucially, while this review strongly advocates for monetizing 
non-market NCP to drive policy action, there remains a pronounced 
absence of industry- and sector-specific standardized economic valu-
ation methods for fire-related negative impacts on NCP. Pointing 
methodology development specifically toward decision-relevant 
actors, such as municipal water utilities, corporate stakeholders, and 
local governments, must become a top research priority.

For example, future research should develop targeted avoided-
cost modeling frameworks for municipal water utilities to quantify 
the economic burden of negative impacts of post-fire sedimentation 
(Bladon et al., 2014; Gartner et al., 2017). By calculating the deferred 
costs of dredging reservoirs, upgrading water filtration infrastructure, 
or sourcing alternative water supplies, these models can translate bio-
physical hazards directly into explicit financial liabilities. This level of 
standardized, sector-specific valuation is essential to justify and scale 
upstream investments in forest resilience, such as through Forest 
Resilience Bonds (Depietri and Orenstein, 2019; Wlostowski et al., 
2021). Developing these financial mechanisms ensures that the eco-
logical knowledge synthesized in this review translates directly into 
sustainable landscape management and conservation finance.

4.3 Limitations of the study

A conceptual limitation of framing wildfire management purely 
through the IPES NCP lens is its inherent grounding in human-cen-
tric contributions. While the framework successfully captures diverse 
worldviews and relational values, prioritizing management actions 
based on quantified material or regulating benefits risks marginaliz-
ing ecosystem components and species that lack documented utilitar-
ian value to human societies. In the context of nature’s co-existence, 
an over-reliance on NCP metrics may skew fire management policies 
(such as targeted fuel treatments) toward protecting high-value 
human-built or human-utilized landscapes, potentially disrupting the 
evolutionary fire niches required by non-beneficial or isolated 
endemic species. Future firescape frameworks should balance NCP 
assessments with intrinsic biodiversity valuation paradigms to safe-
guard holistic ecosystem co-existence.

5 Conclusion

The narrative surrounding wildland fire is often dominated by 
destruction and disaster. However, as this review demonstrates, view-
ing fire strictly as an ecological catastrophe overlooks its profound, 
dual role as both a consumer and a provider of Nature’s Contributions 
to People (NCP). For millennia, low-to-moderate severity fires have 
functioned as essential regulating contributions and drivers of under-
lying ecological functions, cycling vital nutrients back into the soil, 
creating complex habitat mosaics that sustain biodiversity, and natu-
rally regulating hazardous fuel loads.

Yet, the unprecedented megafires of the Anthropocene, illus-
trated by catastrophic events from the Australian bush to the 
Siberian Arctic, and extending into the complex municipal and 
island boundaries of Los Angeles and Maui, represent a stark 
departure from historical fire regimes. Driven by a volatile com-
bination of climate change, compounding droughts, and a century 
of misguided fire exclusion policies, these high-severity fire events 
are driving acute negative impacts on nature’s contributions. They 
are converting long-term terrestrial carbon sinks into massive 
GHG sources, devastating water quality and provisioning systems 
for millions of people, and permanently altering fragile 
ecosystems.

As we look to the future, the NCP framework must be placed 
at the center of environmental planning. By explicitly identifying 
the complex trade-offs and regime shifts inherent in landscape 
management, policymakers can move away from the untenable 
goal of absolute fire suppression. To protect the vital material, 
non-material, and regulating contributions upon which human 
societies rely, we must embrace adaptive socio-ecological gover-
nance. This requires integrating IEK with Western science, 
actively utilizing prescribed and cultural burning, implementing 
proactive forest thinning, and enforcing smart development 
restrictions within the WUI. Furthermore, explicitly quantifying 
the economic value of non-market NCP will be essential for poli-
cymakers to financially justify these proactive interventions. As 
outlined in Section 4, systematically addressing current research 
gaps, particularly regarding compounding disturbances and the 
sector-specific economic valuation of these non-material and 
regulating contributions, will be crucial to supporting this 
transition.

Moving forward, the success of this ‘Adaptive Socio-Ecological 
Governance’ model hinges on three policy pillars: (1) Liability Reform, 
to empower local practitioners and reduce the risk of proactive man-
agement; (2) Equitable Governance, which moves beyond consulting 
Indigenous communities to granting them autonomous decision-
making power over cultural fire; and (3) Risk-Based Accounting, 
which integrates the long-term value of NCP, such as water security 
and carbon stability, into the economic metrics used to justify fire 
management budgets. Crucially, because public dollars alone will 
likely never be sufficient to fill the massive funding gap required for 
landscape-scale treatments, this accounting must be coupled with the 
additive lens of innovative financing. By rigorously quantifying 
avoided negative impacts on these contributions, managers can lever-
age conservation finance models, drawing in private capital and incen-
tivizing downstream beneficiaries to co-invest alongside public 
agencies. Ultimately, learning to proactively coexist with fire, rather 
than endlessly fighting it, is not merely an ecological ideal; it is an 
urgent necessity for global sustainability in a warming world.
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