
1 of 27Global Change Biology, 2026; 32:e70945
https://doi.org/10.1111/gcb.70945

Global Change Biology

REVIEW OPEN ACCESS

The Integration of Fire Ecology and Freshwater Ecosystems 
in North America: Knowledge Gaps and Research Needs
Morgan L. Piczak1   |  Ava J. A. Sergio1   |  Caliyena R. Brown2  |  Waverley S. Birch3   |  
Rebecca L. Flitcroft4  |  Meg A. Krawchuk5  |  Colin P. R. McCarter6   |  Jonathan W. Moore7   |  Brendan P. Murphy8  |  
Brooke E. Penaluna4   |  Prabha A. Rupasinghe9  |  Victoria Steblaj3   |  Sophie L. Wilkinson10  |  Chantel E. Markle3,11

1Department of Forest and Conservation Sciences, Faculty of Forestry and Environmental Stewardship, University of British Columbia, Vancouver, British 
Columbia, Canada  |  2Department of Biology, Life Science Centre, Dalhousie University, Halifax, Nova Scotia, Canada  |  3Department of Geography and 
Environmental Management, University of Waterloo, Waterloo, Ontario, Canada  |  4USDA Forest Service, Pacific Northwest Research Station, Corvallis, 
Oregon, USA  |  5Department of Forest Ecosystems and Society, College of Forestry, Oregon State University, Corvallis, Oregon, USA  |  6Department 
of Biology, Chemistry, and Geography, Nipissing University, North Bay, Ontario, Canada  |  7Earth to Ocean Research Group, Simon Fraser University, 
Burnaby, British Columbia, Canada  |  8School of Environmental Science, Simon Fraser University, Burnaby, British Columbia, Canada  |  9Independent 
Researcher, Calgary, Alberta, Canada  |  10School of Resource and Environmental Management, Simon Fraser University, Burnaby, British Columbia, 
Canada  |  11School of Environment, Resources and Sustainability, University of Waterloo, Waterloo, Ontario, Canada

Correspondence: Morgan L. Piczak (morgan.piczak@ubc.ca)

Received: 9 January 2026  |  Revised: 13 May 2026  |  Accepted: 18 May 2026

Keywords: biodiversity | fire management | freshwater | wildland fire

ABSTRACT
Wildfires, unplanned fires that start and spread under the influence of weather and fuel composition, are increasing in fre-
quency, duration, and severity across North America. While wildfires are one component of wildland fire, a broader natural 
process in many ecosystems, their changing behavior poses growing ecological and management challenges. Although wildfire 
is widely recognized as an important disturbance, empirical research quantifying its impacts on freshwater ecosystems remains 
limited and fragmented. As a result, our understanding of how wildfire affects imperiled freshwater systems remains under-
developed. The objective of this review was to synthesize the existing empirical literature and identify key knowledge gaps to 
guide future research on wildfire–freshwater interactions across both biotic and abiotic components. At the biological scale, un-
certainties remain around species- and community-level responses (e.g., direct and indirect effects on biota). Freshwater habitat 
dimensions should also be the focus of further research, including alterations to physical structure (e.g., vegetation) and physic-
ochemical conditions (e.g., temperature). From a management perspective, critical questions relate to fire-informed restoration 
(e.g., specialized techniques, role of managed burns) and strategies for enhancing ecosystem resilience (e.g., identifying relevant 
indicators, links to watershed health). Understanding how land-use change (e.g., forestry) and climate change interact to influ-
ence wildfire regimes and generate cumulative effects across landscapes is also essential in this new wildfire reality. To advance 
research and practice, we recommend comprehensive monitoring, standardization of methods and indicators, recognition of the 
role of cultural and prescribed burns, meaningful knowledge co-production, and bridging the gap between scientific knowledge 
and management action.
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1   |   Introduction

Wildfires are a natural ecological process that many eco-
systems have adapted to over evolutionary time (Keeley and 
Pausas 2022). In some fire-adapted landscapes, burns occur-
ring at frequencies consistent with historical fire regimes (see 
Table  1 for glossary) maintain ecosystem function and pro-
mote biodiversity (He et al. 2019). However, the most serious 
concerns today stem not from fire itself, but from shifting 
fire regimes (Jones et  al.  2022), particularly the increasing 
intensity, frequency, spatial extent, and synchronicity of 
high-severity fires (see Table 1 for glossary), as well as shifts 
in seasonal timing that depart from historical fire regimes 
in many ecosystems. Wildfires are one type of wildland fire 
which is a broad category that includes both planned and un-
planned fires that burn natural fuels. Wildland fires generally 
encompass wildfire, cultural burning, and prescribed fire (see 
glossary in Table  1), but in this synthesis, we focus specifi-
cally on wildfires due to their growing ecological impacts and 
global relevance.

Wildfires are driven in part by the accelerating effects of 
climate change, such as rising air temperatures, fuel arid-
ity, shifts in precipitation patterns, and increasing droughts 
(Rogers et al. 2020; Kirchmeier-Young et al. 2020). The char-
acteristics of historical fire regimes are shifting, with wildfire 
seasons starting earlier, lasting longer, and producing larger 
and more severe burns than in the past (Krawchuk et al. 2009; 
Hanes et al. 2019; Bowman et al. 2020; McFarland et al. 2025). 
These shifts are not solely attributable to climate change in 
that land use changes (e.g., agriculture, logging; Lindenmayer 
et al. 2022), anthropogenic stressors (e.g., biological invasions; 
Romualdi et  al. 2023), systematic erasure of Indigenous fire 
stewardship (Bowman et al. 2011; Hoffman et al. 2021), con-
tinued wildfire suppression, and associated fuel accumulation 
over decades of wildfire exclusion have all contributed to the 
increasing prevalence of uncharacteristically large and se-
vere wildfires (Baron et al. 2022; Daniels et al. 2024; Kreider 
et al. 2024). These altered fire regimes can disrupt ecological 
processes and lead to significant declines in biodiversity, par-
ticularly when species or habitats are ill-adapted to such novel 
disturbance patterns (Kelly et al. 2020). While the impacts of 
wildfires on terrestrial ecosystems have received substantial 
attention (e.g., Wan et al. 2001; Geary et al. 2020; McLauchlan 
et al. 2020), the effects of wildfire on freshwater ecosystems 
remain poorly understood (Gomez Isaza et al. 2022; Erdozain 
et al. 2024; Bixby et al. 2015).

Over the last few years, research has highlighted knowledge 
gaps that hinder our understanding of the effects of wildfire on 
terrestrial (e.g., Sanderfoot et al. 2021), marine (e.g., Riera and 
Pausas 2024), estuarine (e.g., Laicher et al. 2026), and freshwa-
ter ecosystems (e.g., Gomez Isaza et al. 2022; Paul et al. 2022; 
Murphy et  al.  2023). However, biodiversity loss in freshwater 
ecosystems exceeds losses relative to marine or terrestrial sys-
tems (Tickner et al. 2020) resulting in many freshwater ecosys-
tems facing crises of both biodiversity loss and climate change. 
The main threats facing freshwater biodiversity include overex-
ploitation, water pollution, flow modification, invasive species, 
habitat loss, habitat alteration (Dudgeon et al. 2006), and shifts 
in hydrological connectivity (Tickner et al. 2020). It is essential 

to mitigate these stressors and their cumulative effects facing 
freshwater ecosystems, as they not only support disproportion-
ately high biodiversity (Strayer and Dudgeon  2010), but also 
provide crucial ecosystem services that benefit human soci-
eties (Lynch et al. 2016). While wildfires are a form of habitat 
alteration, their impacts differ from anthropogenic activities. 
Wildfire has historically been a natural process where fire-
induced changes occur rapidly and often abruptly compared 
with disturbances such as industrial development or biologi-
cal invasions (Anderson  2014). Wildfire effects on freshwater 
ecosystems reflect complex landscape, management, and envi-
ronmental interactions, therefore requiring tailored manage-
ment approaches (Pacific Salmon Foundation  2024). Some of 
the known impacts on freshwater from wildfire can include 
channel reconfiguration, increased sedimentation and large 
woody debris, nutrient loading, altered hydrology and internal 
biogeochemical cycling, changes in groundwater and surface 
water interactions, and the disruption of aquatic food webs in 
affected streams or watersheds (reviewed in Bixby et al. 2015; 
Gresswell 1999; Jager et al. 2021; Rey et al. 2023). Despite past 
research, there is still a limited understanding of wildfire im-
pacts, hindering effective management of these disturbances in 
freshwater ecosystems (Gomez Isaza et al. 2022; Paul et al. 2022; 
Murphy et  al.  2023). As climate change and land-use change 
compound to increase the frequency and severity of wildfires, 
there is an urgent need to better understand their consequences 
for freshwater systems and to integrate these insights into con-
servation and management strategies.

Historically, the fields of wildfire ecology and freshwater ecol-
ogy have developed as separate disciplines with unique jour-
nals, tools, and terminology that have reinforced the continued 
separation of ideas. Despite growing recognition of wildfire as 
a major disturbance, empirical research quantifying its im-
pacts on freshwater ecosystems remains limited, fragmented, 
and uneven across taxa, ecosystems, and study designs. It is 
therefore imperative not only to integrate ideas from wildfire 
and freshwater ecology, but also to critically evaluate what we 
have learned and, importantly, what remains unknown. This 
perspective proposes a framework to link research and man-
agement priorities to support freshwater ecosystem resilience 
given increases in fire, highlighting both positive and negative 
outcomes associated with wildfire. Here, we synthesize our 
current understanding of the impacts of wildfires on North 
American freshwater ecosystems, defined here as inland 
aquatic systems including streams, rivers, lakes, ponds, wet-
lands (i.e., marshes, swamps, fens, bogs, peatlands), as well as 
floodplains and riparian zones, and the underlying ecological 
processes that link wildfire and freshwater ecosystems to help 
guide future efforts. We also identify seven critical knowledge 
gaps that reflect not only areas of uncertainty, but also fun-
damental limitations in the scope, scale, and mechanistic un-
derstanding of existing research, including gaps in taxonomic 
and geographic coverage, study design, and integration with 
fire regime characteristics. Finally, we highlight methodolog-
ical and interdisciplinary opportunities as well as solutions to 
address these gaps. Our goal is to first prioritize research to 
advance our understanding and management of wildfire and 
freshwater ecosystems and second, to ultimately generate ro-
bust knowledge so that decision-making and management can 
be rooted in evidence.
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TABLE 1    |    Key terminology used throughout this perspective.

Term Definition References

Burn severity A qualitative assessment of the heat pulse directed 
toward the ground during a fire. Burn severity relates 

to soil heating, large fuel and duff consumption, 
consumption of the litter and organic layer beneath trees 
and isolated shrubs, and mortality of buried plant parts

US Forest Service Burned 
Area Emergency Response 

(BAER) Glossary

Cultural fire Deep-rooted Indigenous-led practice with cultural, 
spiritual, and ecological goals, often focused on 

land stewardship and resource sustainability

Parks Canada (2025)

Experimental fires Burns intentionally ignited to study the behavior 
and ecological effects of natural wildfires 

under more controlled conditions

Alexander and Quintilio (1990)

Fire Effects The physical, biological, and ecological impacts of fire on 
the environment. Two types are often discussed: first-

order fire effects (direct effects of the combustion process 
on the environment) and second-order fire effects (effects 

that occur after some time and are often caused by the 
interaction of fire-caused stress with other factors).

Parsons et al. (2010)

Fire Intensity The amount of energy or heat released per unit time 
or area during the consumption of organic matter

Keeley (2009)

Degree to which a site has been altered or disrupte

First-order fire effects First-order fire effects occur during a fire or 
immediately after (e.g., within minutes, hours, 

days); referred to as direct effects of fire

Higuera (2019)

Fuel break A barrier or a change in fuel type or condition (to one 
that is less flammable than that surrounding it), or a 

strip of land that has been modified or cleared to prevent 
fire spread. In the event of fire, it may serve as a control 

line from which to carry out suppression operations

https://​www2.​gov.​bc.​ca/​
gov/​conte​nt/​safety/​wildf​ire-​
status/​about​-​bcws/​glossary

Historical natural fire regime Historical fire conditions under which vegetation 
communities presumably evolved and were 

maintained. Reflect typical fire frequencies and 
effects that evolved without fire exclusion

Hardy (2005)

Ladder fuel Fuels that provide vertical continuity between the 
surface fuels and crown fuels in a forest stand, thus 

contributing to the ease of torching and crowning (e.g., 
tall shrubs, small-sized trees, bark flakes, tree lichens)

Government of BC, Canada 
https://​www2.​gov.​bc.​ca/​

gov/​conte​nt/​safety/​wildf​ire-​
status/​about​-​bcws/​glossary

Prescribed Fire Agency led practice focused on fuel management, 
hazard reduction, and public safety that uses ignition 

methods such as gasoline or drop torches

Parks Canada (2025)

Resilience The ability to absorb disturbances and reorganize under 
change to maintain similar functioning and structure

Scheffer (2009)

Second-order fire effects Second-order fire effects occur over the weeks, months, 
and years after fire; referred to as indirect effects

Higuera (2019)

Soil Burn Severity The effect of a fire on ground surface characteristics, 
including char depth, organic matter loss, altered 

color and structure, and reduced infiltration

Parsons et al. (2010)

(Continues)

 13652486, 2026, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70945 by N

ational Forest Service L
ibrary, W

iley O
nline L

ibrary on [24/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www2.gov.bc.ca/gov/content/safety/wildfire-status/about-bcws/glossary
https://www2.gov.bc.ca/gov/content/safety/wildfire-status/about-bcws/glossary
https://www2.gov.bc.ca/gov/content/safety/wildfire-status/about-bcws/glossary
https://www2.gov.bc.ca/gov/content/safety/wildfire-status/about-bcws/glossary
https://www2.gov.bc.ca/gov/content/safety/wildfire-status/about-bcws/glossary
https://www2.gov.bc.ca/gov/content/safety/wildfire-status/about-bcws/glossary


4 of 27 Global Change Biology, 2026

2   |   A Primer: How Fires Are Studied in Freshwater 
Ecosystems

A variety of study approaches, ranging from opportunistic to ex-
perimental, have been used to understand the ecological effects 
of wildfire on freshwater ecosystems. The study of wildfire is in-
herently opportunistic, due to the unpredictable nature of wildfire 
timing and extent. Consequently, Control-Impact and After-Only 
are often the most feasible study designs for documenting impacts 
associated with fires. Control-Impact study designs make com-
parisons between a burned site (impact) and an unburned refer-
ence site (control; e.g., Markle, Wilkinson, and Waddington 2020); 
whereas After-Only studies are completed post hoc, where data 
are collected only once the wildfire has occurred (e.g., Carvalho 
et al. 2019; Rust et al. 2019). Both approaches can limit the strength 
of inferences and conclusions gleaned from these data as they in-
herently make the assumption that burned and unburned sites are 
comparable. Although Before-After-Control-Impact (BACI) study 
designs offer a much stronger framework for detecting fire-driven 
ecological change, they are less common in wildfire research 
because of the fundamental challenge of having pre-fire data on 
burned and unburned locations.

Cultural and prescribed burns offer greater control than natu-
ral fires, and because researchers know when and where they 
will occur, these burns can support more robust study designs 
(Hoffman et al. 2021). Cultural burning is Indigenous-led and is 
distinct from prescribed burning in the techniques used to burn 
and the primary objectives of the burn (Hoffman, Christianson, 
Dickson-Hoyle, et  al.  2022; see Table  1 for glossary). Varied 
burning practices have been used for ceremonial purposes and 
as a resource management approach by Indigenous Peoples for 
millennia (Hoffman, Christianson, Dickson-Hoyle, et al. 2022), 
often to maintain habitat heterogeneity, support culturally im-
portant species, and sustain ecosystem function across land-
scapes that include riparia and wetland environments (Kimmerer 
and Lake 2001; Bowman et al. 2011; Hoffman et al. 2021). On 
the other hand, prescribed burning is often agency-led (e.g., 
Parks Canada or United States Forestry Service) and used for re-
storing natural wildfire disturbance regimes, fuel management, 
and to modify vegetation structure and composition to enhance 
ecosystem resilience to future wildfire (see Table 1 for glossary), 
and is therefore regarded as an ecological surrogate for natural 

fires (McIver et al. 2008). Most prescribed fires tend to be low 
intensity and severity (Hahn et al. 2019; see Table 1 for glossary), 
purposefully occurring under different fire weather conditions 
than wildfires (Benali et al. 2017) that can constrain the ecolog-
ical and hydrogeomorphic insights that can be drawn from their 
study. Nonetheless, prescribed burns have been used to study 
post-fire effects on the physical environment, biogeochemi-
cal variables, and species richness for freshwater taxa ranging 
from macroinvertebrates to fish and amphibians (Caldwell 
et al. 2013; Arkle and Pilliod 2010). Additionally, the intention-
ality of both cultural and prescribed burns allows for the col-
lection of baseline ecosystem data before burning, facilitating 
robust BACI study designs in a natural setting. Different from 
both cultural and prescribed burns are “experimental fires” (see 
Table 1 for glossary); these fires are typically agency-led (simi-
lar to prescribed burns), yet the goals are to replicate or imitate 
the wildfire behavior and effects of a natural wildfire (i.e., under 
moderate to high wildfire weather conditions). Experimental 
fires have been successfully used to conduct BACI study designs 
in peatlands (e.g., Wilkinson, Moore, Thompson, et  al.  2018; 
Thompson et al. 2020), ponds (Kelly and Harris 2024), and lakes 
(Gschwentner et al. 2025), although these studies remain rela-
tively rare due to large resource requirements, complex logisti-
cal planning, the tendency not to implement managed riparian 
burns, and constrained fire weather conditions. Even then, these 
burns are seldom conducted under truly severe fire weather, as 
safety constraints and operational limits prevent replicating the 
most extreme, and ecologically consequential, fire scenarios.

Mesocosms and lab-based studies provide controlled experimen-
tal settings for investigating the effects of wildfire on freshwater 
ecosystems. These approaches have been applied to examine 
the effects of post-fire ash on the physiological tolerances of 
freshwater fauna (e.g., Gonino et al. 2019), and water chemistry 
(Cramp et al. 2021; Earl and Blinn 2003). Their relatively small 
scale compared to in situ burning enables the detection of fine-
scale changes in processes such as nutrient, element, and carbon 
cycling in freshwater (Earl et al. 2025; Wall et al. 2025). While 
useful for determining the mechanisms impacted by wildfire, 
processes and impacts derived from mesocosm and lab-based 
studies often are not transferable to larger spatial scales since it 
is difficult to incorporate the host of interconnected processes 
that govern ecosystem or catchment responses.

Term Definition References

Surface fuel All combustible materials lying above the duff 
layer between the ground and ladder fuels that are 
responsible for propagating surface fires (e.g., litter, 

herbaceous vegetation, low and medium shrubs, tree 
seedlings, stumps, downed-dead roundwood)

https://​www2.​gov.​bc.​ca/​
gov/​conte​nt/​safety/​wildf​ire-​
status/​about​-​bcws/​glossary

Vegetation Burn Severity The effect of a fire on vegetative ecosystem 
properties, often defined by the degree of scorch, 

consumption, and mortality of vegetation and 
the projected or ultimate vegetative recovery

Parsons et al. (2010)

Wildfire A fire in wildlands that is unplanned and uncontrolled National Park Service (2025)

Wildland fire Both planned and unplanned fires 
that consume natural fuels

Parks Canada (2025)

TABLE 1    |    (Continued)
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Paleolimnology and other paleoclimate methods have also 
been used to study the effects of both wildfire and prescribed 
burns in freshwater ecosystems (Pelletier et al. 2020; Paterson 
et al. 2002; Charette and Prepas 2003; Waters et al. 2023; Enache 
and Prairie 2000). Paleolimnological methods are effective for 
determining the historical long-term effects of fire disturbance 
on freshwater ecosystems. These methods have been used to 
evaluate changes in nutrient deposition (Waters et  al.  2023), 
phytoplankton communities (Charette and Prepas 2003; Waters 
et al. 2023; Paterson et al. 2002), and element fluxes (Pelletier 
et al. 2020) to better understand the overarching shifts in fresh-
water biogeochemistry post-fire (Enache and Prairie 2000). It is 
important to note that paleolimnological approaches have lim-
itations, as fire-related signals can be difficult to detect depend-
ing on sedimentation rates and core resolution, and it is often 
challenging to disentangle wildfire effects from concurrent cli-
matic and environmental drivers.

Remote sensing technology provides valuable spatial informa-
tion about the Earth's surface and its dynamic processes. A va-
riety of remotely-sensed data types, including optical imagery 
(multispectral and hyperspectral), thermal infrared, radar, and 
Light Detection and Ranging (LiDAR), are widely used to study 
freshwater ecosystems, including lentic and lotic systems and 
wetlands and wildfires, particularly across broad spatial and 
temporal scales (Leblon et  al.  2012; Guo et  al.  2017; Chasmer 
et al. 2020; Dang et al. 2021). These datasets enable BACI study 
designs through the assessment of pre-fire, active fire, and post-
fire conditions. Pre-fire assessments may include fuel content 
and moisture levels, vegetation health and structure, biomass, 
species composition, drought conditions, and wetland water 
level (Leblon et al. 2012; Guo et al. 2017). In freshwater ecosys-
tems, particularly in lentic systems such as lakes and wetlands, 
optical and hyperspectral remote sensing is also increasingly 
used to derive aquatic-specific metrics such as lake and wet-
land color, turbidity, suspended sediment concentration, chlo-
rophyll-a, dissolved organic matter, and surface temperature, 
which provide insights into primary productivity, nutrient dy-
namics, and water quality conditions (Kutser  2009; Odermatt 
et  al.  2012; Palmer et  al.  2015). Thermal imagery, often com-
bined with optical data, is useful for monitoring active wildfire 
attributes such as flame length and height, fire temperature, 
rate of spread, and energy output (Lentile et  al.  2006). There 
has also been an increasing effort to monitor fires live through 
online platforms such as the National Atmospheric and Space 
Agency's Fire Information for Resource Management System 
(https://​firms.​modaps.​eosdis.​nasa.​gov/​) and Natural Resource 
Canada's Canadian Wildland Fire Information System (https://​
cwfis.​cfs.​nrcan.​gc.​ca/​home). In addition, the National Oceanic 
and Atmospheric Administration's (NOAA) Hazard Mapping 
System (HMS) Fire and Smoke Plume product provides near-
real-time information on wildfire locations and smoke plume 
extent using multisensor satellite observations. Smoke plume 
data are increasingly recognized as important for freshwa-
ter research, particularly in lakes and wetland systems where 
reduced light availability, altered thermal regimes, and at-
mospheric deposition of nutrients and contaminants can di-
rectly influence water quality and biological processes (Scordo 
et  al.  2021; Farruggia et  al.  2024). Lastly, post-fire attributes 
commonly studied include burn severity and extent, vegetation 
and soil changes, shifts in water levels and quality, patterns and 

rates of ecosystem recovery (Leblon et al. 2012; Li et al. 2020; 
Stankova 2023), and erosion and hazard mapping and character-
ization (Orem and Pelletier 2015; Rengers et al. 2024; Ridgway 
et  al.  2024; Hancock and Wlodarczyk  2025). Post-fire remote 
sensing of freshwater systems can further capture changes in 
lentic systems such as water color, turbidity, algal biomass, and 
light penetration resulting from ash deposition, sediment in-
flux, and smoke-related atmospheric attenuation, while in lotic 
systems remote sensing is more commonly used to assess sed-
iment transport, channel changes, and connectivity, reflecting 
differences in how these systems respond to wildfire. Given its 
broad applicability and capacity to assess large areas over time, 
including both pre-fire conditions and post-fire recovery, remote 
sensing is an increasingly powerful tool in wildfire research in 
both terrestrial and freshwater ecosystems.

Predicting wildfire occurrence and behavior is a crucial compo-
nent of wildfire management. Modeling approaches are increas-
ingly used in freshwater ecosystems, particularly in wetlands 
and forested catchments where wildfires can alter hydrologi-
cal regimes, groundwater recharge, and surface water dynam-
ics, thereby influencing habitat conditions and water quality. 
Wildfire is a complex phenomenon influenced by numerous 
interacting factors, including weather conditions, fuel type and 
load, fuel moisture content, topography, vegetation characteris-
tics, and the means of ignition (Bakhshaii and Johnson 2019). 
Wildfire modeling integrates these variables through mathe-
matical formulas and algorithms to simulate wildfire dynam-
ics (Morvan  2019). Models are generally classified into two 
main categories: physical and empirical. Physical models con-
sider combustion chemistry, heat transfer, and fluid dynamics 
based on fundamental physics and chemistry (Sullivan  2009), 
while empirical models rely on statistical relationships derived 
from observed or experimental wildfire data (Sullivan  2009). 
Contemporary wildfire models integrate both approaches and 
also account for fire–atmosphere interactions, improving ac-
curacy (Bakhshaii and Johnson 2019). Advances in numerical 
methods, remote sensing, meteorological forecasting, computer 
sciences, and computational power have significantly enhanced 
the performance and predictive capacity of wildfire models 
(Bakhshaii and Johnson 2019; Jain et al. 2020; Singh et al. 2024; 
Klimas et al. 2025). These developments are enabling more ef-
fective wildfire management strategies by providing spatially 
and temporally explicit wildfire behavior forecasts and risk as-
sessments. Continued improvements in modeling are especially 
critical in the context of climate change, which is altering fire 
regimes and increasing wildfire risks across multiple fresh-
water ecosystems such as wetlands and shallow lakes (Rosa 
et al. 2023).

3   |   Knowledge Gaps

Below, we organize key knowledge gaps in the integration 
of fire ecology and freshwater ecosystems into thematic 
areas (Figure  1). For each knowledge gap theme (Figure  1), 
we briefly review the current state of the science and iden-
tify specific details contributing to the knowledge gap (see 
Table  2 for a summary of each gap). We also present a con-
ceptual framework in which wildfire characteristics at the 
site level (Figure  2), including severity, intensity, frequency, 
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size, and timing, shape freshwater ecosystems through three 
primary pathways: (1) species and community responses, (2) 
physical habitat and structural changes, and (3) physicochem-
ical conditions. Understanding these pathways provides the 
foundation required to translate fire–freshwater interactions 
into action, such as (4) fire-informed restoration and (5) strat-
egies for building ecosystem resilience. Beyond the site scale, 
broader processes, including (6) cumulative and cross-scale 
disturbances and (7) global climate change can also influence 
freshwater responses to wildfire (Figure 2).

3.1   |   Species- and Community-Level Responses

Wildfire can both help and hinder freshwater diversity, de-
pending most prominently on whether it is a natural or novel 
disturbance to the area, a distinction increasingly shaped by 
changing fire regimes. Wildfire can promote freshwater biodi-
versity by renewing riparian and freshwater habitats, thereby 
boosting productivity and complexity, or it can lead to severe 
effects that erode diversity and restructure channels and habi-
tat (Bixby et al. 2015). Although most research has focused on 
the severe responses, in many cases, the effects of wildfire on 
freshwater biodiversity are subtle. Wildfires often burn patch-
ily across instream and riparian areas of watersheds, poten-
tially affecting a wide range of freshwater taxa, including fish 
(Gresswell 1999; Bisson et al. 2003; Dunham et al. 2007; Bixby 
et al. 2015; Curtis et al. 2025), amphibians (Russell et al. 1999; 
Bury et al. 2002; Pilliod et al. 2003; Dunham et al. 2007), rep-
tiles (such as turtles; Russell et al. 1999), waterbirds (including 
geese and ducks; Saab and Powell 2005), mammals (including 

river dolphins and otters; Bowen et  al.  2015; Aliaga-Rossel 
et  al.  2025), invertebrates (such as crabs, crayfish, mussels, 
and insects; Minshall 2003; Verkaik et al. 2015), phytoplank-
ton (Paul et  al.  2022), and freshwater and riparian plants 
(González-Sargas et al. 2025; Marques et al. 2022). The effects 
of wildfire on flora and fauna include direct effects where the 
wildfire burns the organism by heat or gas causing injury or 
death. However, many effects of fire are indirect and can re-
duce riparian vegetation and alter the physical structure and 
function where the organism lives (more detail in next section; 
Whitney et al. 2015), including their food webs, which can be 
difficult to predict because fire affects freshwaters through 
multiple pathways, especially in watersheds with mixed burn 
severities (Roon et  al.  2025). Generally, the greatest effects 
of fire are on those individuals, populations, or communities 
that are least mobile, such as stream algae (Klose et al. 2015), 
freshwater mussels (Lawrence et  al.  2022), turtles (Steblaj 
et al. In Review), or species that are constrained to small geo-
graphic areas, such as gila trout (Oncorhynchus gilae). Over 
much longer time frames, wildfires can also modify spe-
cies creating evolutionary adaptations. For example, Pacific 
salmon (Oncorhynchus spp.) have evolved strategies to survive 
large disturbances such as wildfires, including being sea-run 
and mobile with flexible life-histories (Waples et  al.  2008), 
though local populations of a species may be vulnerable.

Globally, fish, macroinvertebrates (Rinne  1996; Rugenski and 
Minshall 2014; Martens et al. 2019), and primary producers, in-
cluding stream algae are the most-studied freshwater taxa fol-
lowing wildfire, and yet knowledge gaps persist for them and 
other understudied taxa. Fish population responses following 

FIGURE 1    |    Key knowledge gaps to direct future research to further our understanding on the impacts of wildfire on freshwater ecosystems in 
North America.
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TABLE 2    |    Summary of research topics within each identified knowledge gap on wildfire impacts to North American freshwater ecosystems, 
with examples illustrating potential research approaches.

Knowledge gap Key research areas Example References

Species- and community-level responses •	 Understudied taxa 
including fish, 
macroinvertebrates, and 
mammals

•	 Sublethal impacts 
related to physiology and 
toxicology

•	 Response across severity 
gradients, management 
actions, and post-wildfire 
precipitation

Before-After 
Control-Impact 

in Oregon, USA, 
found that after 

a severe wildfire, 
stream temperature, 

chlorophyll a, 
age-0 cutthroat 

trout, and Pacific 
giant salamanders 

increased

Swartz and 
Warren (2022)

Physical and habitat structure alteration •	 Impacts of wildfire and 
smoke on vegetation 
structure across freshwater 
habitat types

•	 Alterations to peat soil 
structure, function, and 
hydrological feedbacks

In Ontario Canada, 
depth of burn in 

peat across depths 
within rock barrens, 
where shallow peats 

were found to be 
more vulnerable to 
high burn severity

Wilkinson, Verkaik, 
et al. (2020), 

Wilkinson, Tekatch, 
et al. (2020)

Physicochemical changes •	 Extent of temperature 
related sublethal impacts 
to biota

•	 Dynamics of nutrient 
alterations associated with 
increased phosphorus, 
nitrogen, and cations

•	 Toxicological impacts 
from wildfire-derived 
contaminants, 
with mobilization, 
bioavailability, and 
ecological effects shaped 
by pH shifts, sediment 
deposition, wetland 
retention, and burn 
severity

•	 Evolution of 
physiochemical properties 
and processes as 
ecosystems recover from 
wildfire

In the Northwest 
Territories, Canada, 
ash and char were 
incorporated into 
the peat matrix 

after a low-
severity wildfire, 

resulting in 
increased dissolved 
solutes, dissolved 
organic matter, 

and mercury 
concentrations

Ackley et al. (2021)

(Continues)
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Knowledge gap Key research areas Example References

Fire-informed restoration

 

•	 Response of biota to 
reconnection of freshwater 
ecosystems to floodplains 
to support recovery

•	 Implementation of 
riparian fuel and forest 
management to support 
recovery post-fire

Before-After 
Control-Impact 
study in Idaho 
streams found 
prescribed fire 
did not produce 

the same impacts 
on periphyton, 

macroinvertebrates, 
amphibians, fish, or 
riparian and stream 
habitats as wildfire

Arkle and 
Pilliod (2010)

Building ecosystem resilience •	 Identification of key 
indicators to assess 
resiliency of freshwater 
ecosystems to wildfire

•	 Identification of tipping 
points to inform 
management strategies

•	 Modulation of resilience 
by surrounding watershed 
and landscape-level 
management strategies 
(e.g., cultural burning)

Before-After 
Control-Impact 

study in New 
Mexico streams 

found low 
resistance of insect 

taxa to postfire 
sediment-laden 

floods, with 
moderate resilience 

of richness as 
recovery to pre-fire 

levels occurred 
after four years, 
but community 

composition 
remained altered

Vieira et al. (2004)

(Continues)

TABLE 2    |    (Continued)
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fire are highly variable across the literature showing increases, 
decreases (from starvation, mortality, or emigration), and no ap-
parent change (for richness, densities, and biomass). For exam-
ple, native fish extirpations and population decreases can occur 
from landslides and channel reorganization events following 
precipitation events that follow wildfire though recoloniza-
tion is rapid (< 2 years) if connectivity is maintained (Dunham 
et  al.  2007; Erdozain et  al.  2024). Another study on rainbow 
trout (Oncorhynchus mykiss) showed declines in burned streams 
likely because they were bioenergetically stressed as evidenced 
by their empty stomachs relative to trout in unburned streams 
(Beakes et  al.  2014). Alternatively, sizes of young-of-year of 
coastal cutthroat (Oncorhynchus clarkii clarkii) and rainbow 
trout increased in streams with higher burn severity over un-
burned or lesser burned sites (Swartz and Warren 2022; Swartz 

et  al.  2025) probably owing to increased habitat and bioener-
getic success. These studies highlight differences in responses 
of freshwater fish to wildfire, underscoring the need to conduct 
further research to disentangle these dynamics. Community re-
sponses of macroinvertebrates or fishes include both changes to 
species composition for the majority of the studies or no change 
(Dunham et al. 2003; Minshall 2003; Malison and Baxter 2010; 
Cooper et  al. 2021; Erdozain et  al.  2024; Swartz et  al.  2025). 
Mixed population and community responses are attributed to 
variability in post-fire precipitation events, time lag between 
wildfire and sampling, fire severity, whether the riparian areas 
burned (Erdozain et al. 2024), and varying physiologies and life 
histories of fauna. Post-fire forest harvest or salvage, a common 
management activity after fire, led to declines in tadpole den-
sity of coastal tailed frogs (Ascaphus truei), whose presence may 

Knowledge gap Key research areas Example References

Cumulative and cross-scale impacts •	 Complex direct and 
indirect fire effects 
influencing freshwater 
ecosystems that require 
near- and long-term study 
to understand across 
diverse geographies, fire 
regimes, and ecosystems.

•	 Broad understanding 
of the fire ecology of 
freshwaters may come 
from careful integration 
of existing theories of 
systems dynamics from 
freshwater and terrestrial 
perspectives

Comparative study 
of fourth-order 

streams affected 
by varied degrees 

of wildfire severity 
in the Western 

Cascades Oregon, 
U.S.A. Burns 

occurred in the 
summer of 2020. 
The first year of 

measurements was 
2021, and it has 

continued annually 
(now at 2025). 
Measurements 

include vertebrate 
and invertebrate 

species 
responses, stream 

environment, 
riparian 

environments, 
wood recruitment, 

salvage logging, and 
age of forest stands

Coble et al. (2023)

Climate change interactions •	 Compounding effects 
of climate change and 
wildfire, leading to 
more severe impacts on 
freshwater ecosystems

•	 Thermal stress on 
aquatic habitats and 
biota, particularly for 
ectothermic species

•	 Changes to snowpack, 
precipitation, and 
streamflow interacting 
with wildfire-driven 
runoff and flood risk

In Washington, 
USA, the population 

vulnerability of 
bull trout was 

modelled to assess 
the impacts of 
simulated fire 

under climate and 
fire scenarios. The 
study determined 

that management of 
habitat connectivity 

and fire size can 
reduce climate 
change impacts

Falke et al. (2015)

TABLE 2    |    (Continued)
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10 of 27 Global Change Biology, 2026

FIGURE 2    |    Conceptual framework illustrating key knowledge gaps at the intersection of fire ecology and freshwater ecosystems. Climate change 
(7) forms the overarching context, interacting with and often compounding cumulative and cross-scale effects (6) across freshwater ecosystems. 
These broader processes, including land-use change, site history, and upstream influences, shape local conditions and can both influence and be in-
fluenced by site-level dynamics. At the site level, fire characteristics such as severity, intensity, frequency, size, and timing are embedded within this 
broader context. Importantly, feedbacks occur among climate change (7), cumulative and cross-scale processes (6), and fire characteristics, creating 
a three-way interaction in which each component can modify and reinforce the others across spatial and temporal scales. Within this framework, 
understanding wildfire characteristics is essential for predicting ecological responses. These fire attributes drive three primary ecological pathways 
within freshwater ecosystems: (1) species and community responses, (2) physical habitat and structural changes, and (3) physicochemical conditions, 
including temperature, sediment dynamics, and water chemistry. Together, these processes represent foundational knowledge required before trans-
lating fire–freshwater interactions into action, including (4) fire-informed restoration and (5) strategies for building freshwater ecosystem resilience.
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have been complicated by metamorphosis (Swartz et al. 2025). 
Fire can also alter whole-stream functions, such as nutrient 
spiraling, primary productivity, and ecosystem metabolism, 
creating cascading effects on stream food webs (Rugenski and 
Minshall  2014). Responses of primary producers generally 
show initial increases following fire (e.g., stream algae; Klose 
et al. 2015; peripython, Roon et al. 2025), though there are cases 
of no change. These ecosystem-level responses often integrate 
multiple physical and biological pathways making them sen-
sitive indicators of fire. Future work could evaluate the effects 
of wildfire on water quality factors and freshwater taxa across 
gradients of fire severity, post-fire management actions, such as 
salvage and post-fire precipitation events. In addition to study-
ing population- and community-level processes (e.g., Pleizier 
et al. 2025), future research could also examine how wildfires 
influence other biological processes, including behavior and 
physiology.

3.2   |   Physical and Habitat Structure Alteration

Wildfire alters the habitat structure of freshwater ecosystems in 
ways that differ among ecosystem types. The moderating influ-
ence of a high water table (Guêné-Nanchen et al. 2022; Nelson 
et  al.  2021; Mackay et  al.  2024), physical peat properties (e.g., 
composition, depth, density), and hydrological fragmentation 
strongly influence the susceptibility of different types of fresh-
water ecosystems to wildfire (Crawford et al. 2024; Wilkinson, 
Verkaik, et al. 2020; Wilkinson, Tekatch, et al. 2020; Lukenbach 
et al. 2015). In both lotic and lentic ecosystems, the direct burn-
ing and loss of upland vegetation increases the risk of erosion 
and runoff facilitating sediment transport into freshwater and 
altering physical habitat through changes in turbidity, conduc-
tivity, nutrients, and contaminants (Gomez Isaza et  al.  2022; 
McCullough et al. 2019; see section 3 for more details). These 
impacts can be exacerbated by high-severity and high-intensity 
fires that consume canopy cover (e.g., increased light availabil-
ity potentially creating hotter and drier soil conditions, Legge 
et al. 2025, Kreye et al. 2018) and groundcover (e.g., loss of top-
soil and associated nutrients/microbial communities), which 
can lead to long-term or permanent changes (Ngole-Jeme 2019; 
Certini 2005). In contrast, the loss of riparian vegetation along 
rivers and streams following wildfire is relatively well studied, 
particularly when riparian corridors burn at moderate to high 
severity or when fire extends directly to the stream edge (see 
Gomez Isaza et al. 2022; Erdozain et al. 2024; Bixby et al. 2015). 
This loss of riparian vegetation generally results in increased 
light availability and thus increased water temperature along a 
gradient of low- to high-burn severity (River et al. 2026), which 
alters thermal habitat conditions for freshwater species and can 
deplete dissolved oxygen (DO) content. Wildfire also generally 
increases stream flow and peak flows, resulting in increased 
sediment and debris flows, which can be a major source of car-
bon, nutrient, and contaminant inputs to freshwaters post-fire, 
that negatively alter habitat for phytoplankton and macroinver-
tebrates in the first few years after fire (Paul et al. 2022).

Although lakes may have similar responses to loss of riparian 
vegetation as lotic systems, such as increased inputs from the 
watershed, combined effects of fire, increasing air tempera-
tures, and other concurrent disturbances (e.g., logging) make it 

difficult to disentangle the drivers of observed water tempera-
ture increases (McCullough et al. 2019). Despite the possibility of 
streams propagating wildfire effects to downstream lakes, lake 
volume and water residence time are likely the primary factors 
mediating how lakes respond to fire (McCullough et al. 2019). 
In one lake case study, prolonged wildfire smoke reduced light 
availability which altered thermal structure and primary pro-
ductivity, leading to modest shifts in zooplankton community 
composition, while zooplankton biomass and migration pat-
terns remained unchanged (Scordo et al. 2021). However, such 
responses are likely to vary with lake morphometry, trophic 
status, mixing regime, background climate conditions, and the 
duration and intensity of smoke exposure, thereby highlighting 
the importance of research across diverse freshwater ecosystem 
types and settings.

Wetlands may experience disproportionate physical alteration 
due to their susceptibility to higher wildfire severity, which 
can stem from the ephemeral nature, shallow depths, and brief 
hydroperiods of some wetland types (Kominoski et  al.  2022; 
Wilkinson, Verkaik, et al. 2020; Wilkinson, Tekatch, et al. 2020). 
Wildfire can alter wetland habitat structure and function in ways 
that are highly variable and influenced by regional geographic 
context. Fire-induced reductions in water storage may com-
promise the suitability of wetlands as habitat for semi-aquatic 
taxa, including turtles, frogs, and salamanders (e.g., Roberts 
et al. 2023; Gould et al. 2022; Struecker et al. 2021); however, 
wildfire may also create novel freshwater microhabitats through 
ephemeral ponding suitable for semi-aquatic species within 
2.5 years since fire (Delay et al. 2024). High vegetation and soil 
burn severity can alter habitat structure and function for snakes 
whose survival is tightly coupled with wetland thermal and 
hydrological dynamics (North et  al.  2024; Markle, Wilkinson, 
and Waddington 2020) and frogs whose breeding persistence is 
linked to percentage of unburned habitat surrounding ephem-
eral wetlands (Bailey et  al.  2025). Wetlands with interspersed 
patches of open water (e.g., marsh, ponds, fen) typically experi-
ence lower fire severities and therefore decreased habitat alter-
ations due to limited fuel continuity, high soil moisture content, 
and the presence of beaver dams (Markle et  al.  2022; Fairfax 
and Whittle 2020). In cases of lower burn severity, revegetation 
is generally possible if there is adequate water availability; how-
ever, in drier conditions, regeneration of wetland vegetation may 
not occur (Mackay et  al.  2024), and wetlands could transition 
towards other ecosystem types (e.g., open fens to shrubby fens; 
Guêné-Nanchen et al. 2022).

Deep peatlands generally recover quickly and remain resilient to 
wildfire (Wilkinson, Tekatch, et al. 2020) due to feedbacks that 
maintain a high water table (Waddington et al. 2015; Furukawa 
et al. 2025), although vulnerability to severe burning can vary 
based on vegetation structure (i.e., presence of trees; Johnston 
et al. 2015) and peat properties (e.g., depth, density; Benscoter 
et al. 2011). While physical and chemical shifts in peat proper-
ties and microbial disruptions are frequently observed following 
fire, with the magnitude of change influenced by burn severity 
and the depth of peat consumption (e.g., Allingham et al. 2024; 
Ackley et al. 2021; Flanagan et al. 2020; Wu et al. 2020), shallow 
peatlands may operate near critical ecohydrological thresholds 
because of their relatively limited capacity to regulate hydro-
logical conditions (Furukawa et  al.  2025; Sutton et  al.  2025). 
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This makes them disproportionately vulnerable to disturbances 
such as increased fire severity and frequency in the context of 
climate change (McCarter et al. 2024; Sutton et al. 2025). In fire-
disturbed peatlands, drainage combined with deep smoldering 
fire may generate altered hydrological regimes that facilitate 
invasive species spread, such as the common reed (Phragmites 
australis; Link et  al.  2024), which negatively impacts habitat 
structure by homogenizing bird communities (Robichaud and 
Rooney 2022) and altering turtle habitat selection (Markle and 
Chow-Fraser 2018). Other types of wetland ecosystems, such as 
swamps, were found to experience similar habitat alterations 
due to wildfire. Mesocosm experiments have suggested that in 
groundwater-dependent upland swamps, wildfire may reduce 
vegetation species richness and cause shifts in community com-
position, with hydrological change and fire acting synergistically 
to drive transitions toward drier conditions (Mason et al. 2023).

While hydrological and vegetation regime shifts may weaken 
the resilience of freshwater ecosystems to fire, how these pro-
cesses interact with changing hydrological dynamics, climate 
variability, and fire-related feedbacks to drive potential irrevers-
ible changes to habitat structure and function remains poorly 
understood (Mason et al. 2023; Link et al. 2024). Broadly, the 
effects of altered fire regimes on vegetation structure of lakes 
and wetlands (e.g., marshes, swamps, coastal wetlands) also re-
main an important knowledge gap (Bixby et al. 2015). In partic-
ular, uncertainty persists around the impacts of wildfire in open 
peatlands, especially as climate change and associated drying 
could shift vegetation composition (Guêné-Nanchen et al. 2022). 
Furthermore, there is also a lack of research on the indirect im-
pacts of wildfire on vegetation structure. For example, wildfire 
smoke is known to influence light and thermal regimes, and 
productivity of lakes (Scordo et al. 2021; Farruggia et al. 2024; 
Smits et al. 2024), but there is little research on how this trans-
lates to wetland or riparian vegetation growth. For peatland 
environments, critical gaps remain in understanding the long-
term resilience and recovery of peat soil structure and function, 
particularly across peat depths and under repeated wildfire ex-
posure (McCarter et al. 2024; Sutton et al. 2025).

3.3   |   Physicochemical Changes to Freshwater 
Environments

Wildfires impact the physicochemical conditions in many 
surface freshwaters (e.g., wetlands, lotic systems, lakes) over 
varying timescales, where short-term impacts can have poten-
tially acute effects on freshwater biological communities but 
longer-term changes to water chemistry are often observed with 
less certain impacts to ecosystems and communities (Bixby 
et al. 2015; Curtis et al. 2025; Sánchez-García et al. 2023; Silins 
et al. 2014).

Initially, the loss of riparian and shoreline vegetation around 
freshwaters leads to an increase in sunlight reaching the water 
surface and an increase in water temperature in both lotic (e.g., 
streams, Cooper et al. 2015; Paul et al. 2022; Sanders et al. 2022) 
and lentic ecosystems (Paul et  al.  2022). Increases in surface 
water temperatures are greater with higher fire severity, lower 
water volumes (less thermal mass), and slower water speeds 
(e.g., meandering rivers, shallow lakes; Burton  2005; Beakes 

et al. 2014; Koontz et al. 2018). Elevated surface water tempera-
tures can persist for years to decades as the surrounding upland 
vegetation recovers from the wildfire (Burton  2005; Koontz 
et al. 2018); however, it is rare that temperatures increase beyond 
the ecosystems' thermal boundaries (Bixby et al. 2015; Gomez 
Isaza et al. 2022). Nonetheless, sublethal thermal impacts to tem-
perature sensitive taxa, such as reptiles, amphibians, and fish, 
can directly alter metabolisms and life history traits (Beakes 
et al. 2014; Rosenberger et al. 2015; Arroyo-Morales et al. 2023). 
Importantly, the increase in stream surface water temperature 
decreases the solubility of oxygen gas (O2), contributing to mass 
mortality events (Burton  2005). Temperature increases can 
also stimulate other biogeochemical processes that often have 
greater detrimental impacts to freshwater ecosystems when 
combined with other wildfire impacts (Gomez Isaza et al. 2022).

Wildfires can also result in alterations to nutrient dynamics 
within lentic and lotic ecosystems. For instance, smoke and ash 
from wildfires can result in temporary increases in bioavailable 
phosphorus and nitrogen species in surface waters of lakes (Olson 
et al. 2023) and streams (Rhoades et al. 2025). Precipitation fol-
lowing wildfires, or sometimes even during wildfires (Curtis 
et  al.  2025; Rhoades et  al.  2025) can result in the flushing of 
both water soluble and particulate (i.e., fire destabilized soils) in-
organic nutrients and some cations (i.e., calcium and potassium) 
into surface waters (Bixby et al. 2015; Bladon et al. 2014; Brown 
et al. 2015; Emmerton et al. 2020). The timing and magnitude 
of these flushing events varies based on catchment character-
istics, precipitation patterns, and other landscape disturbances 
(e.g., Paul et al. 2022). Regardless of the differences in delivery, 
increased nutrients and energy inputs post-wildfire in freshwa-
ter ecosystems can lead to eutrophication due to increased algae 
production and microbial activity (Paul et  al.  2022; Sánchez-
García et  al.  2023). However, response in primary production 
as a result of fire-induced biogeochemical changes (“pyroeutro-
phication”, Waters et  al.  2023) is not consistent (e.g., Earl and 
Blinn 2003; Harris et al. 2015), suggesting that burn intensity is 
a mediating mechanism (Waters et al. 2023). Increases in algae 
observed, coupled with increased water temperatures, can lower 
DO in the water column of both impacted lentic and lotic fresh-
water ecosystems, which has resulted in mass mortality events 
shortly after wildfires (Burton 2005; Gomez Isaza et al. 2022). 
Understanding the magnitude, directionality, and timescales of 
these compounding wildfire impacts on both physicochemical 
environments and biological systems remains unresolved.

Runoff during and after wildfires transports a range of con-
taminants, including potentially toxic elements (PTEs), poly-
cyclic aromatic hydrocarbons (PAHs), organic compounds, 
and fire-fighting chemicals (Campos et  al.  2015; Campos and 
Abrantes  2021; Murphy et  al.  2020, 2025; Nunes et  al.  2017; 
Pennino et al. 2022; Puglis et al. 2022; Schäfer et al. 2010; Wu 
et al. 2022). Post-fire shifts in water chemistry, particularly el-
evated pH, influence contaminant solubility and speciation, 
altering their mobility and bioavailability (Bixby et  al.  2015; 
Emelko et al. 2011; Murphy et al. 2020, 2025; Rust et al. 2019). 
Mobilization of PTEs can occur shortly after fire and persist 
for years (Smith et  al.  2011; Paul et  al.  2022), but is usually 
below acute thresholds unless legacy contaminants are remo-
bilized. Yet, shorter fire return intervals may increase contam-
inant accumulation in sediments or enhance methylmercury 
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bioaccumulation (Ackley et al. 2021; Bladon et al. 2014; Gomez 
Isaza et al. 2022). Unlike PTEs, PAHs, and firefighting chemi-
cals have been detected at harmful concentrations for aquatic 
organisms (Gomez Isaza et  al.  2022; Morrison et  al.  2025). 
However, most toxicological evidence is based on organism-
level laboratory or mesocosm studies, leaving ecosystem-scale 
consequences unresolved (Gomez Isaza et  al.  2022). An addi-
tional impact associated with the application of aerial fire retar-
dants is the delivery of high concentrations of phosphorus- and 
nitrogen-based compounds to freshwater ecosystems, often at 
rates exceeding those typical of agricultural nutrient applica-
tions (Moore et al. 2025). Excessive nutrient loading to surface 
waters can endanger aquatic life by stimulating harmful algal 
blooms, increasing microbial respiration, reducing dissolved 
oxygen concentrations, and altering community composition 
(Moore et al. 2025).

Wetlands play a central role in regulating post-fire contami-
nants through influencing water and chemical fluxes (Bixby 
et al. 2015; Casey and Klaine 2001; Hefting et al. 2006). Unburned 
wetlands buffer downstream impacts by retaining particulates, 
transforming nutrients, and sequestering contaminants via ad-
sorption, degradation, or plant uptake (Kominoski et al. 2022; 
McCarter et al. 2024; Zhao et al. 2021). When wetlands, chiefly 
organic soil rich peatlands, themselves burn, outcomes de-
pend strongly on fire severity and extent (Ackley et al. 2021; Li 
et al. 2023; McCarter et al. 2024; Wu et al. 2022). Combustion 
of peat and other organic soils creates hydrophobic layers that 
reduce infiltration, enhance runoff, and deliver pulses of sed-
iment and associated contaminants to receiving waters, typ-
ically during rainfall events shortly after wildfires (Chanasyk 
et al. 2003; Elmes et al. 2019; Kettridge et al. 2014; Marcotte et al. 
2024, 2025). Burned organic soil wetlands often show elevated 
pore-water nutrients and contaminants, with chemical profiles 
shaped by fire temperature (Abraham et al. 2017; Li et al. 2023; 
Sánchez-García et al. 2023). The ecological significance of these 
changes is mediated by shifting ecohydrological connectiv-
ity between soil pore, wetland vegetation, and surface waters, 
which can delay the delivery of dissolved constituents, such as 
PTEs, for months or longer (Emelko et  al.  2011; Richardson 
et al. 2024; Rust et al. 2019). Such temporal lags complicate de-
tection of biological impacts, underscoring the need for longer-
term studies that capture both immediate and delayed wildfire 
effects on freshwater ecosystems. In addition, the combined 
effects of catchment and wetland ecohydrological recovery and 
biogeochemical change (i.e., landscape connectivity) on fresh-
water organisms remain poorly understood.

3.4   |   Fire-Informed Restoration

Historically, functional freshwater ecosystems (lotic and lentic) 
interacted with disturbance processes such as wildfire, floods, 
and landslides, creating dynamic freshwater landscapes char-
acterized by mosaics of habitat quality and quantity for aquatic 
biodiversity over time (Hessburg et al. 2016). Wildfire suppres-
sion, coupled with warmer and drier landscape conditions, 
has altered the processes that supported native ecosystems. 
Additionally, wildfire suppression has changed fuel availabil-
ity, which affects wildfire severity and burn intervals in both 
upslope (Agee and Skinner  2005) and riparian areas (Dwire 

et  al.  2016). In many regions, these altered fire regimes also 
reflect the systematic suppression of Indigenous cultural burn-
ing practices that historically contributed to landscape hetero-
geneity and ecosystem function across terrestrial and adjacent 
freshwater environments (Kimmerer and Lake 2001; Hoffman 
et al. 2021). As managers seek to recover imperiled freshwater 
species, restoration that prepares freshwater ecosystems to take 
advantage of fire may offer a means for natural rejuvenation. 
However, freshwater ecosystem restoration generally ignores 
the role of wildfire in contributing to their habitat complexity. 
Implementing freshwater restoration that facilitates the connec-
tivity of nutrients, sediments, and large wood from hillside and 
riparian environments with valley-floor rivers, wetlands, and 
ponds has potential to recover processes that naturally support 
freshwater ecosystems (Beechie et al. 2010). For example, flood-
plain reconnection is hypothesized to provide refugia to native 
species during wildfire, and accumulate post-wildfire sediments 
(Pugh et al. 2022). Similarly, restoration of beaver or beaver-style 
dams has been shown to recover wetlands, rewetting valleys 
and changing how fire moves across the landscape (Fairfax and 
Whittle 2020). More investigation is needed of the effectiveness 
of reconnecting rivers, wetlands, and ponds to their floodplains 
and riparian areas in order to design and identify restoration 
locations that are intended to capitalize on future wildfire to 
enhance habitat quality and composition. Additionally, the con-
text of historic wildfire regime and current forest vegetation 
age and composition contribute to diverse outcomes of coupled 
floodplain-upslope restoration. These relationships require re-
search that spans wildfire regimes and forest types to effectively 
understand the effects of restoration and management for the 
diversity of freshwater environments (e.g., lotic and lentic).

Different forest management practices that facilitate recovery 
of watershed-scale processes connecting upslope and riparian 
areas are needed, which are customized by local patterns of to-
pography, climate, soil composition, forest stand structure, local 
wildfire regime, and river network configuration. Thus, forest 
management must be customized to local forest composition 
and wildfire regimes. For example, dry forests generally burn 
more frequently than mesic forests, and their fire severity and 
ignition potential are often linked with fuel loading. Therefore, 
management of these forests includes reduction in forest fuels 
and thinning of canopies (see Agee and Skinner  2005). These 
actions have not generally included riparian or wetland areas 
(Dwire et  al.  2016), and the outcomes of the actions in ripar-
ian areas are not well understood. For example, Arkle and 
Pilliod  (2010) evaluated prescribed fire in riparian areas and 
found that it may not result in the natural subsidies of nutrients 
and material to freshwater food webs that are typically associ-
ated with wildfires. Post-fire restoration techniques for peat-
lands are currently being developed to increase the density of 
wetland on the landscape post fire (Gage et al. 2024). Thus, addi-
tional experimentation to evaluate treatment effectiveness and 
outcomes is necessary in riparian and wetland areas in both dry 
and mesic environments.

Active forest management in mesic forests could also facilitate 
a shift towards coupled wildfire-related upslope and riparian 
management. Modification of tree composition in both ups-
lope and riparian areas away from uniform stands of similarly 
flammable conifers, towards greater stand diversity, could 
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facilitate ecological recovery (Hessburg et al. 2022), which has 
been conducted within the USA with aspens (Harris et al. 2025; 
Krasnow et al. 2012). Research demonstrates the important role 
of non-stand-replacing wildfires in old-growth moist-wet forests 
(Tepley et al.  2013; Merschel et al.  2024); however, prescribed 
fires are not generally conducted in moist-wet forests (Reilly 
et al. 2022). Rather, incorporating diversified stand composition 
by tree age and species in riparian and upslope environments 
may be the most tractable way to recreate forest complexity that 
contributes to the development of burn mosaics, and forest re-
generation after wildfire that benefits upslope stands and em-
bedded riparian areas and associated lentic and lotic habitats. 
Thus, active management to facilitate the functional expression 
of wildfire at forest scales will differ across dry and mesic envi-
ronments, reflecting variability in forest composition, drivers of 
fire severity, and return intervals.

3.5   |   Building Ecosystem Resilience

Ecological resilience, termed by Holling (1973), refers to the 
amount of disturbance that an ecosystem can withstand while 
maintaining its original function. Inherently, ecological re-
silience is a measure of resistance to change under stress (re-
sistance) and the ability to recover (resilience; Connell and 
Sousa  1983). Here we encompass the two using the definition 
of resilience by Scheffer (2009) as ‘the ability to absorb distur-
bances and re-organize under change to maintain similar func-
tioning and structure’. Resilience is deemed to be overstepped 
when an indicator such as community composition or nutrient 
concentration does not reflect the original ecosystem (or con-
trol site), suggesting a regime shift or transition to an alternate 
stable state has occurred (Scheffer 2001; Carpenter et al. 2003). 
Here, key indicators are used as proxies for ecological function, 
but due to the diverse functions of freshwater ecosystems, multi-
ple measures of function will likely be required to be integrated 
to effectively evaluate resilience (Grantham et al. 2019; Jaiswal 
et al. 2021). Further, Indigenous Nations and Peoples are likely 
to hold their own Knowledge and understandings of ecological 
balance that may differ from those determined through Western 
science and can be applied to identify thresholds for building 
resilience (Grenz 2025, 145).

The resilience concept has been applied to evaluate many other 
disturbances in freshwater ecosystems, including nutrient input 
to shallow lakes (Scheffer and Jeppesen  2007), the impacts 
of large water infrastructure projects on rivers and streams 
(Grantham et  al.  2019), and the climate change impacts of 
changing flow regimes and higher severity floods and droughts 
on freshwater ecosystems (Aldous et al. 2011). Most studies use 
a number of indicators specific to their metric of interest (e.g., 
flow rate, nutrient concentration, water temperature, popula-
tion density, community composition) to measure and evaluate 
resilience, making attempts at cross-comparison between stud-
ies or disturbances challenging. With particular focus on wild-
fire, Lewis et al. (2014) assessed the impacts of natural wildfire 
on boreal lakes and found high resistance and resilience (i.e., no 
significant change from pre-disturbance conditions) in most tro-
phic levels. Conversely, Vieira et al. (2004) found low resistance 
of insect taxa to post-fire sediment-laden floods with moderate 
resilience of richness shown by recovery to pre-fire levels after 

four years. Further, ecohydrological thresholds related to tree 
basal area and peat depth have been used to identify tipping 
points in ecosystem resilience to wildfire in inland wetlands 
(Wilkinson, Moore, Flannigan, et al. 2018; Wilkinson, Tekatch, 
et al. 2020). These thresholds have been applied to inform man-
agement strategies related to fire severity, carbon sequestration, 
and snake and turtle species-at-risk habitat (see Markle, Moore, 
and Waddington 2020; North et al. 2024) by identifying areas of 
higher impact (lower resistance) on the landscape. While some 
thresholds have been identified in inland wetlands and peat-
lands, it is likely that other freshwater ecosystems have easy-to-
measure thresholds that represent tipping points for increasingly 
severe fire impacts; however, this represents a knowledge gap in 
many systems, largely due to a lack of accurate pre- and post-
fire data.

Thresholds to cascading disturbances are common for hydro-
geomorphic processes such as flooding, landslides, and debris 
flows. Infiltration-excess runoff and runoff-generated debris 
flows after wildfire are both dependent on the exceedance of 
rainfall intensity thresholds (Cannon et  al. 2011; Staley et  al. 
2013) and can have significant impacts on freshwater ecological 
systems, particularly where wildfire-induced soil water repel-
lency (hydrophobicity) reduces infiltration and increases over-
land flow (Caltabellotta et al. 2022). These threshold processes 
will affect ecosystems differently in relation to their hydrolog-
ical dynamics with greater impacts for ecosystems receiving 
water from large basins and/or steeper slopes (Staley et al. 2017). 
While wildfire resilience research is growing, there remains a 
sparsity of research regarding both process-based resilience 
thresholds and impact-based thresholds of plant, animal, and 
microbial communities across the continuum of freshwater 
ecosystems.

The resilience of freshwater ecosystems to wildfire is connected 
to, and somewhat dependent on, the resilience of the surround-
ing terrestrial ecosystems. As such, the resilience of surrounding 
terrestrial ecosystems will moderate the magnitude and dura-
tion of wildfire impacts on freshwater ecosystems. For example, 
ecosystems that are hydrologically connected to burned uplands 
will be impacted based on the burn severity of those uplands, 
where higher severity wildfire may cause changes to water and 
sediment fluxes, water quality, biomass, and both sedimentation 
and energy exchanges in downstream lakes, ponds, or wetlands, 
as well as changes to the ecosystem itself, such as combustion of 
vegetation. The magnitude of such impacts, particularly those 
downstream, will also be modulated by the degree of ecologi-
cal, hydrological, and sediment connectivity across the land-
scape (Grantham et al. 2019; Murphy et al. 2019). Further, many 
post-fire hydrogeomorphic processes (e.g., flooding, debris 
flows, landslides) are threshold processes that are often associ-
ated with a time-lagged response to the fire itself. Thus, given 
that post-fire floods and debris flows can represent some of the 
most significant modifiers of and disturbances for in-stream 
and wetland habitat (as well as downstream, i.e., lacustrine 
habitat), there may be implicit threshold behavior involved in 
when, and under what conditions, freshwater ecosystems and 
populations are pushed beyond the limits of their resilience. The 
resistance and the resilience of the freshwater ecosystem will 
then determine the amount of change incurred. Hence, manag-
ing for increased resilience in freshwater ecosystems requires a 
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watershed approach where the spatial and temporal connectiv-
ity of landscape units is currently a significant knowledge gap.

Decades of research aimed at protecting forest resources have 
informed efforts to manage forested ecosystems for increased re-
silience, leading to the development of fuel-reduction treatments 
to dampen the effects of fire (Agee and Skinner 2005). There are 
many ecozone, forest-type, or jurisdictional boundary-specific 
guides and plans where fuel treatments are sometimes referred 
to as wildfire risk reduction treatments (BCWS 2024). Although 
many regional plans reference fuel treatments or wildfire risk 
reduction treatments (BCWS  2024), in practice very little fuel 
reduction work is implemented, as seen in British Columbia, 
Canada, where only limited areas have been treated, and there 
has been far greater spending on suppression than prevention 
(Daniels et al. 2024). The principles of forest resilience could be 
followed for proactive management around freshwater ecosys-
tems in order to reduce the magnitude of the impacts on them 
(as described above). Further, treatments could be conducted in 
treed freshwater ecosystems to reduce fire impacts. Research 
in this space is limited, but see Wilkinson, Moore, Thompson, 
et  al.  (2018) and Thompson et  al.  (2020). Principles for fire-
resistant forests in western North American forests include re-
taining and encouraging (large-diameter) fire-resistant trees, as 
well as reducing surface fuels, ladder fuels (also referred to as in-
creasing canopy base height or height to live crown; see Table 1 
for glossary), and crown fuel load (Agee and Skinner  2005). 
While these principles are typically achieved using heavy ma-
chinery, alternative implementations should be considered to 
protect the structure and function of freshwater ecosystems.

Fuel treatments are often confined to the immediate vicinity sur-
rounding communities or critical infrastructure, known as the 
wildland-urban interface. This approach does not easily scale 
to provide a watershed scale strategy. Indigenous land and fire 
stewardship, may be more appropriate to treat large areas across 
watersheds. Prescribed and cultural fire (part of Indigenous fire 
stewardship) utilize fire on the landscape in intentional ways, 
often during shoulder or winter seasons when fire impacts are 
reduced. Western prescribed burns can reduce surface and 
ladder fuel loads and may provide additional ecological bene-
fits in fire-prone landscapes (Arkle et al. 2012). Indigenous-led 
cultural burning similarly represents a low-impact, place-based 
approach that enhances ecosystem diversity, supports the man-
agement of complex socio-ecological resources, and reduces 
wildfire risk, thereby contributing directly to ecosystem re-
silience; however, systemic and colonial barriers continue to 
limit the re-engagement of Indigenous fire stewardship despite 
millennia of practice (Hoffman, Christianson, Dickson-Hoyle, 
et al. 2022). Together, these approaches support resilience in for-
ested ecosystems by reducing the likelihood of high energy (high 
intensity) wildfire, where intensity is correlated with severity 
(i.e., impacts; Agee and Skinner 2005). However, research on the 
efficacy of upland/adjacent fuel management treatments on the 
resilience of freshwater ecosystems to wildfire is severely lack-
ing, as are studies on fuel management within treed freshwater 
ecosystems (but see Wilkinson, Moore, Thompson, et al. 2018 
and Thompson et al. 2020) and cultural burn effects on fresh-
water ecosystems. Challenged by the probability of fuel treat-
ments, wildfire, and research funding coinciding, fuel-treated 
stands that are in or adjacent to freshwater ecosystems should 

be actively considered for prescribed or experimental fires, re-
duction of barriers preventing cultural burning practices, and 
targeted post-fire monitoring.

Proactive management strategies may include mapping ecosys-
tem and watershed vulnerability to (severe) wildfire and post-
fire natural hazards (Markle et al. 2022; Wilkinson et al. 2021; 
Cafferata et  al.  2021), identifying ecological refugia (Tekatch 
et al. 2025) and critical co-occurrence habitat across landscapes 
(Markle, Moore, and Waddington  2020), and mitigating other 
ecosystem stressors (e.g., land-use change such as forestry). 
Reducing other ecosystem stressors is critical, as evidence from 
varied ecosystems and disturbances suggests that ecosystem 
health before disturbance has greater or equal importance on 
the outcome of disturbance (recovery vs. non-recovery) than 
the characteristics and magnitude of the disturbance itself. This 
is likely rooted in the ability of healthy landscapes and ecosys-
tems (e.g., free of invasive plants, low levels of pollutants) to re-
sist severe wildfire impacts by maintaining typical moist to wet 
conditions (e.g., via the presence of beaver dams; Fairfax and 
Whittle 2020), and to reorganize and recover using typical seed-
bank and resprouting mechanisms.

3.6   |   Cumulative and Cross-Scale Impacts

Fire events are one of many disturbances that overlap and in-
teract over time, resulting in the cumulative impacts of fire for 
a landscape or watershed. For example, post-fire salvage log-
ging results in changes to standing and downed wood legacies 
(Lindenmayer et al. 2008; see Table 1 for glossary) that can in-
fluence wood recruitment to freshwaters (Reeves et  al.  2006). 
However, the broader cumulative impacts of post-fire salvage on 
freshwater communities and conditions will vary depending on 
context, including time since fire, stand conditions at the time 
of fire (e.g., structure and composition of the stand), the loca-
tion and type of salvage (e.g., topographic slope, salvage method, 
amount of wood removed, implementation of erosion control, up-
stream/downstream burn severity), and the ecological response 
of interest (Karr et  al.  2004; Reeves et  al.  2006; Lindenmayer 
et al. 2008). These diverse outcomes require further study and 
are a clear example of the need to understand the “it depends” of 
fire and disturbance ecology in freshwater ecosystems.

In fire ecology, we characterize a continuum of first-order fire 
effects as the direct or immediate influences from fire and 
second-order fire effects (see Table 1 for glossary) as the indi-
rect, longer-term outcomes of a wildfire. The direct and indirect 
effects are inherently cumulative. For example, fire-induced 
soil alteration and the development or enhancement of soil 
water repellency can increase runoff and soil erosion while re-
ducing soil-water infiltration (DeBano 1981; Doerr et al. 2000; 
Parsons et al. 2010). These post-fire hydrological changes can, 
in turn, affect sediment loads, water chemistry, and the mor-
phology of freshwater systems, particularly in streams (Moody 
and Martin 2009; Eaton et al. 2010; Rust et al. 2018; Ridgway 
et al. 2024). In some cases, post-fire natural hazards such as de-
bris flows or landslides may deliver large volumes of sediment 
and woody debris to streams, depending on the magnitude and 
timing of rainfall events following the fire (Ridgway et al. 2024). 
Furthermore, restoration and land management activities 
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implemented after fire, including erosion control treatments and 
salvage logging, can influence both the biological and physical 
properties of stream ecosystems. Reductions in riparian canopy 
cover can increase stream temperatures by exposing channels 
to direct sunlight (Beakes et al. 2014), while subsequent distur-
bances such as windthrow or insect outbreaks may further alter 
forests adjacent to aquatic habitats. Collectively, these processes 
interact in complex ways, and the added influence of climate 
change introduces further uncertainty into how post-fire land-
scapes will affect freshwater ecosystems.

While our focus has been to highlight cumulative impacts that 
may affect freshwaters after a given fire event, it is also import-
ant to consider that every watershed has a pre-fire history of 
disturbance (i.e., site history; Figure  2), with landscape mem-
ory and legacies of those overlapping events (Peterson  2002). 
For example, repeat, short-interval fire events (i.e., ‘re-burns’), 
whether from wildfire, prescribed fire, or cultural burning, 
contribute to the nature and degree of cumulative impacts 
and need further study from ecological and hydrogeomorpho-
logical perspectives. Additionally, insect outbreaks (Talucci 
et  al.  2020), wetland drainage (Wilkinson, Moore, Flannigan, 
et al. 2018; Wilkinson, Verkaik, et al. 2020; Wilkinson, Tekatch, 
et al. 2020), and restoration (McCarter et al. 2021), or forest har-
vest (Zald and Dunn  2018) before a fire event can fundamen-
tally influence wildfire effects, contributing to the post-fire 
conditions and responses. There are complex direct and indirect 
pathways in which the effects from fire may influence freshwa-
ter ecosystems that require near- and long-term study to under-
stand across diverse geographies, fire regimes, and ecosystems. 
Ultimately, it is important to recognize that while wildfire can 
represent a severe disturbance to freshwater ecosystems that, 
particularly in the short-term, may reduce biodiversity and eco-
system function, it can also be a critical process for the renewal 
and rejuvenation of riparian and freshwater habitats that may 
boost productivity and ecosystem complexity in the long-term 
(e.g., Pugh et al. 2022). Recognition of a historical range of vari-
ability of characteristic fire effects and fire regimes for different 
freshwater ecosystems, and distinguishing them from unchar-
acteristic effects of shifting fire regimes is critical for develop-
ment of freshwater fire ecology.

Freshwater ecosystems are structured by connections across 
multiple spatial and temporal scales that influence their re-
sponse to fire events. For example, high severity fire in the ripar-
ian zone of narrower first- or second-order streams may strongly 
influence the local in-stream environment with increased light 
and temperatures (e.g., Beakes et al. 2014), but will likely have 
more varied or limited effects on stream conditions in wider 
third- or larger order streams (e.g., Coble et al. 2023). Whether 
or not fire effects from upstream are translated to downstream 
environments will depend first and foremost on the hydrogeo-
morphic connectivity throughout the watershed (e.g., Murphy 
et al. 2019). In well-connected watersheds though, the area of 
the watershed, the percentage of upstream area burned, and the 
severity of the wildfire will all be important factors influenc-
ing the magnitude of downstream effects, which would have 
relatively quick impacts. Understanding the degree to which 
upstream fire effects influence freshwater response timing 
and magnitude relative to local fire effects (e.g., burn of adja-
cent riparian forest) is an important yet open question that 

needs further research. Broad understanding of the fire ecol-
ogy of freshwaters may come from careful integration of stream 
ecology's river continuum concept (Vannote et  al.  1980) that 
suggests predictable features of aquatic ecosystems from up-
stream to downstream, along with the process domains concept 
(Montgomery  1999) that integrates geomorphology and dis-
turbances into our understanding of watershed dynamics, and 
landscape ecology of terrestrial ecosystems (Turner 1989) that 
considers the importance of spatial heterogeneity and both local 
and landscape context. In addition to lotic systems (e.g., streams 
and rivers), extending these frameworks to lentic habitats (e.g., 
ponds and lakes) by accounting for factors such as basin mor-
phology, hydrological connectivity, and water residence time, 
as well as system-specific cumulative stressors such as nutrient 
loading, urbanization, water level regulation, and invasive spe-
cies that influence how fire-driven inputs are processed within 
these systems.

3.7   |   Climate Change Interactions

Now and into the future, an increasingly important consider-
ation is how ongoing climate change could alter the impacts of 
wildfire on freshwater ecosystems. Climate change could exac-
erbate or alter the impacts of wildfire in different ways. First, 
as mentioned previously, climate change is altering the severity, 
extent, and frequency of wildfires. However, projected changes 
in fire regimes are highly ecosystem-dependent, and projected 
changes in fire severity and return intervals differ across North 
American biomes. For example, boreal forests are expected to 
experience shorter return intervals and more frequent high-
severity fires (Buma et al. 2022; Palm et al. 2022; Walker et al. 
2023), while western temperate and montane forests may 
see increased fire severity due to warming, drought, and fuel 
aridity (Abatzoglou et al. 2017; Wasserman and Mueller 2023). 
Historically low-fire systems, including some coastal and 
wetland-dominated landscapes, may experience increased vul-
nerability (Nelson et al. 2021) and novel fire activity (e.g., Garcia 
et al. 2021). Accordingly, the impacts of any given ignition event 
(e.g., lightning strike) on freshwater ecosystems may be magni-
fied by climate-dried forest or severe fire weather, such as low 
humidity and high air temperatures. Thus, as climate change al-
ters fire regimes, this should be anticipated to impact freshwater 
ecosystems. Reciprocally, wildfire can influence global climate 
cycles by increasing terrestrial carbon loss and decreasing car-
bon storage (Hudiburg et  al.  2023). Therefore, climate change 
will influence fires, and fires will influence climate change.

Climate change and wildfires have many different impacts that 
will combine for a variety of compounding and cumulative 
effects on freshwater ecosystems. If climate change and wild-
fire have shared symptoms, then wildfire and climate change 
can combine to push stressors or conditions to harmful levels 
(Moore et al. 2025). With regards to water temperatures, both 
wildfire and climate change warm waters that control habitat 
suitability for exothermic species. For example, climate change 
is incrementally warming streams within western North 
American watersheds, with a long-term average increase of 
0.27°C/decade, but water temperature in stream regions burned 
by large wildfires increased 2–3 times faster, which contracts 
suitable habitat for thermally-sensitive fishes (Isaak et al. 2010; 
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Falke et al. 2015). Contrastingly, other studies have found pop-
ulation persistence of salmonids despite a severe wildfire driv-
ing increases of stream warming of 6°C–7°C in a cool, shaded 
headwaters stream (Warren et  al.  2022). However, long-term 
or sublethal impacts beyond the 2-month study period were not 
assessed, and complex interactions between fire and landscape 
characteristics could result in varying responses in habitat and 
local fish populations (Warren et al. 2022). Alternatively, wild-
fire smoke can reduce solar radiation and has been found to pro-
vide short-term cooling to summer stream temperatures (David 
et  al.  2018). Other symptoms of climate change and wildfire 
may interact in more complicated ways. For example, climate 
change is decreasing snowpack, altering local precipitation, and 
reducing summer baseflows in some regions, but more extreme 
precipitation events related to climate change may also increase 
the frequency, magnitude, and flashiness of storm flows. In the 
years immediately following high severity wildfires, runoff and 
the likelihood and magnitude of flooding can also increase at 
the watershed scale; however, in some cases, low flows have also 
been observed to increase after wildfires due to the decrease in 
evapotranspiration (e.g., Niemeyer et  al.  2020). Thus, climate 
change and wildfire could, at least at short timescales, either off-
set or exacerbate each other's impacts, but both represent stress-
ors that can push key environmental conditions to levels that 
may start to cause severe ecological harm.

For the majority of regions worldwide where post-fire debris 
flows have previously been documented, projected increases 
in both fire activity and precipitation are anticipated to result 
in associated increases in post-fire natural hazard occurrence 
(McGuire et al. 2024). Flooding, debris flows, and landslides—
all of which can occur following moderate-to-high severity 
wildfires in steeper terrain—are capable of both degrading 
and rejuvenating freshwater habitats and ecosystems. Which 
of these dichotomous outcomes occurs, though, may depend at 
least in part on the spatiotemporal scale over which the effects 
are considered. For example, the effects of post-fire hydrogeo-
morphic disturbances may initially appear detrimental to eco-
systems at a reach- or tributary-scale, such as channels where a 
post-fire debris flow is actually generated and/or transported. In 
such locations, a stream might experience localized scouring of 
the streambed, reductions in hydraulic and habitat complexity, 
such as provided by large woody debris, or even the extirpation 
of subpopulations of fish (Roghair et al. 2002; Sedell et al. 2015; 
Curtis et al. 2025). However, in downstream reaches where de-
bris flow material is deposited, the same disturbance may re-
sult in substantial influxes of new boulders, sand, and gravel, 
and/or large wood. These deposits have localized, short-term 
effects on stream habitat and can erode by the end of the next 
year's freshet depending on the local hydrogeomorphic condi-
tions (Ridgway et al. 2024). Over time, these materials will be 
transported downstream and redistributed throughout the river 
system (Murphy et al. 2019), diffusing most localized erosion or 
sedimentation impacts. Thus, the net effect at the watershed-
scale should be an augmentation of sediment to rivers (e.g., 
spawning gravels) as well as the introduction of new large wood 
and boulders that enhance habitat complexity. Moreover, in 
well-connected river systems with minimal barriers to move-
ment, fish will be able to eventually recolonize any extirpated 
tributaries (Jager et  al.  2021). Post-disturbance recolonization 
can result in initial rebounds to the subpopulation abundance 

that exceed pre-disturbance levels (Gresswell  1999; Roghair 
et al. 2002), and given limited fragmentation, buffer any major 
long-term impacts to the metapopulation (Neville et al. 2009). 
In more fragmented watersheds, where hydrological and sed-
iment connectivity are limited and physical barriers restrict 
recolonization, wildfires and associated post-fire disturbances 
pose greater risks to structurally isolated freshwater subpopula-
tions (Sedell et al. 2015). Although wildfires and landslides are 
natural disturbances that have historically shaped mountainous 
forested landscapes (Kirchner et al. 2001), increasing river frag-
mentation (Spinti et al. 2023), combined with climate change-
driven increases in fire frequency, severity, and synchronicity 
(McGuire et al. 2024), may amplify their impacts on freshwater 
ecosystems.

There are thus major knowledge gaps in how climate change 
will interact with wildfire impacts. The impacts of climate 
change and wildfire on freshwater ecosystems can be considered 
through a lens of cumulative effects (Schindler 2001; Schindler 
and Smol 2006). Both pressures have a myriad of different path-
ways of effects that play out across scales of time and space. In 
addition, impacts could be additive, synergistic, or antagonistic. 
The impacts of these different effects and their potential in-
teractions will also likely be context-dependent, depending on 
local environmental conditions, geographic features, and other 
human pressures and management systems. There is also in-
creasing appreciation that climate change is leading to extreme 
climate events in freshwater ecosystems, such as heat waves and 
droughts with profound consequences for aquatic biodiversity 
(Tonkin et  al.  2026). These extreme climate events could co-
occur with wildfire impacts by chance or increase the chance 
of a severe wildfire and thus lead to compounding effects. Thus, 
wildlife and its impacts will play out over a complicated mosaic 
of climate impacts. Climate change will continue to contribute 
to non-stationarity in ecosystems, and past relationships be-
tween wildlife and aquatic ecosystems will shift.

4   |   Opportunities for Advancing Research and 
Practice

Addressing the growing threat of wildfires to freshwater eco-
systems will require shifts in both research design and ulti-
mately management practice. As fire regimes intensify (Rogers 
et al. 2020; Kirchmeier-Young et al. 2020), monitoring systems 
that can capture both acute (e.g., decreases in DO and pH; 
Curtis et  al.  2025, nutrient loading; Silins et  al.  2014) and cu-
mulative impacts (e.g., delayed succession changes in freshwa-
ter communities; Pugh et  al.  2022) are becoming increasingly 
necessary. This includes the implementation of long-term mon-
itoring programs across broad spatial and temporal scales (e.g., 
Biodiversity Observational Networks; Gonzalez et  al.  2023) to 
capture the full trajectory of ecological responses, including 
immediate, delayed, and cumulative effects. Designing moni-
toring networks that combine ecological surveys, hydrological 
monitoring (Ridgway et  al.  2024), and emerging tools like re-
mote sensing (Leblon et  al.  2012) will enable stronger experi-
mental designs such as BACI studies, allowing researchers to 
document ecosystem-level changes, assess wildfire impacts 
relative to baselines, and monitor for time-lagged effects like 
post-fire natural hazards (Graber et al. 2023) and successional 
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changes in freshwater communities (Dorado-Guerrero and 
Willemen 2022).

Consistency in methods and standardization of reporting rep-
resents another key opportunity. This includes standardizing 
definitions and benchmarks across studies, such as volumetric 
discharge, nutrient/PTE concentrations, water temperature, 
population density, and community composition, as well as fire 
severity, intensity, and freshwater biodiversity indicators (Sergio 
et  al. in review). This will enable cross-site comparison and 
support more robust conclusions across regions (e.g., Nguyen 
et al. 2025). Such standards could also facilitate meta-analyses 
and improve the translation of data into evidence-based man-
agement decisions. Embedded in this is the need to adopt in-
terdisciplinary frameworks to address the limitations stemming 
from the separate evolution of fire ecology and freshwater sci-
ence, each with distinct methods, terminology, and manage-
ment strategies (Schultz et al. 2019). Incorporating insights from 
both of these fields alongside restoration ecology, hydrology, bio-
geochemistry, landscape ecology, forest management, geomor-
phology, and climate science can generate more comprehensive 
understandings of how wildfires affect freshwater ecosystems.

Empowering Indigenous-led research (Wong et al. 2025), sup-
porting Indigenous-led cultural burning, and transforming 
wildfire policies that uphold Indigenous Knowledge (Hoffman, 
Christianson, Gray, and Daniels 2022) will enhance freshwater 
ecosystem management in the face of changing wildfire regimes 
(e.g., Hoffman et al. 2021). Indigenous Knowledge Holders offer 
unique (e.g., place-based) and long-term knowledge regarding 
the interactions between wildfires and freshwater ecosystems. 
Many communities have observed how freshwater systems re-
spond to fire over decades or centuries, including changes asso-
ciated with increasing fire severity and frequency. For example, 
cultural burns are grounded in Indigenous ways of knowing that 
recognize the connections between fire and ecosystem health 
(Kimmerer and Lake 2001; Eisenberg et al. 2019). While numer-
ous studies have examined the terrestrial outcomes of cultural 
burning (e.g., Hankins 2013; Eisenberg et al. 2019), much less is 
known about their effects on freshwater systems (Greenler et al. 
2024). When invited and conducted in a “good way” (i.e., mean-
ing research that is relational, culturally grounded, respectful 
of Indigenous sovereignty, and conducted with free, prior, and 
informed consent using Indigenous methodologies; see Gordon 
and Around Him  2024), co-production of wildfire research 
and management strategies provides an opportunity to uphold 
Indigenous Knowledge Systems, thereby addressing both cul-
tural and ecological priorities and revealing insights that would 
not be captured through Western scientific monitoring alone.

Complementary to cultural burns are low-severity prescribed 
burns, which offer additional opportunities for wildfire research 
and management. Prescribed burning is well documented as 
vital for biodiversity (Brodie et  al. 2024), but these potential 
benefits are understudied in freshwater ecosystems. Prescribed 
burning may help to mitigate wildfire risk and support the re-
generation of vegetation (i.e., peat-forming species) in certain 
peatland types (Marrs et al. 2019) and to restore wetlands where 
woody encroachment has occurred (Luvuno et  al. 2016), but 
these benefits do not apply to other peatland and wetland types 
(Baird et al. 2019). An additional consideration when conducting 

prescribed burns is expanding the scope of effects assessment 
beyond the focal ecosystems (e.g., downstream or cumulative 
effects; Hahn et al. 2019; Beyene et al. 2023).

Building on existing agency led fire management practices will 
be critical for assessing their impacts on freshwater ecosystems 
and informing strategies to enhance their effectiveness (Rieman 
et al. 2010). Among the three main phases of fire management, 
(a) prevention, (b) active fire suppression, and (c) recovery and 
restoration, there are opportunities to advance the science of 
fire management in relation to freshwater ecosystems at every 
stage. In the prevention phase, advancing freshwater-focused 
fire management includes understanding aspects such as how 
chronic fire suppression (Backer et al. 2004), prescribed burns 
(as previously discussed), or the creation of fuel breaks (e.g., 
Roche et al. 2024; see Table 1 for glossary) alter hydrological pro-
cesses, sediment dynamics, and riparian habitat connectivity, 
ultimately influencing the resilience of freshwater ecosystems 
to future fires. Next, during the active firefighting phase, there 
are known impacts associated with strategies such as the appli-
cation of aerial fire retardants (Dietrich et al. 2013) and direct 
water withdrawal from streams and lakes (Fletcher et al. 2025). 
Finally, during the restoration and recovery phase, activities 
such as salvage logging (Silins et al. 2014) have also been docu-
mented to impact freshwater ecosystems. These examples repre-
sent only a small subset of fire management practices currently 
in use within North America, and further research is needed to 
better understand their implications for freshwater ecosystems.

Effective freshwater-wildfire research also requires bridging 
ecological and physical knowledge with decision-making pro-
cesses and recognizing the cultural and social dimensions of 
wildfire management (Bacciu et al. 2022; Moreira et al. 2020). 
Integrative research approaches that combine ecological mon-
itoring with qualitative data, such as interviews with various 
stakeholders (e.g., Nocentini et  al.  2017; Schultz et  al.  2021) 
and rightsholders, and collaboration with land managers, fire 
personnel, and community members, can reveal how freshwa-
ter ecosystems are, or are not, being accounted for in wildfire 
management decisions (Schultz et  al.  2019). There is an op-
portunity within wildfire research to apply knowledge-action 
frameworks, such as those proposed by Nguyen et al. (2017) to 
turn knowledge into effective conservation strategies and nat-
ural resource management as more empirical evidence about 
wildfire effects is gathered. When such frameworks are used, 
alongside the pairing of qualitative and ecological data, there is a 
greater opportunity to inform more adaptive, inclusive wildfire 
management strategies, ultimately fostering resilient freshwater 
ecosystems while addressing cumulative and long-term wildfire 
impacts.

5   |   Conclusion

Fire is not inherently detrimental. In many landscapes, it serves 
as a fundamental ecological process that shapes rivers, wet-
lands, and riparian forests by renewing habitat structure, redis-
tributing wood and sediment, cycling nutrients, and sustaining 
biodiversity. The primary threat to freshwater ecosystems today 
arises not from fire itself but from the transformation of fire re-
gimes. Climate warming, extended drought, fuel accumulation 
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following decades of suppression, the loss of cultural burning, 
land-use change, and hydrological alteration have produced 
fires that are more frequent, extensive, and severe than those 
to which many ecosystems are adapted. Despite this growing 
recognition, empirical evidence linking these altered fire re-
gimes to freshwater ecosystem responses remains limited and 
fragmented, constraining our ability to generalize outcomes or 
predict impacts across systems. This gap is not simply one of 
synthesis, but reflects a broader lack of mechanistic, watershed-
scale, and comparative studies needed to understand how 
changing fire regimes translate into ecological responses in 
freshwater environments.

Here, we identified seven key research gaps concerning the in-
teractions between fire and freshwater ecosystems. Specifically, 
these gaps encompass (1) species- and community-level re-
sponses, (2) changes to physical and habitat structure, (3) al-
terations in physicochemical conditions, (4) fire-informed 
restoration approaches, (5) building ecosystem resilience, (6) 
interactions with climate change, and (7) cumulative and cross-
scale impacts. We also highlighted opportunities to advance re-
search and practice, including the need for greater consistency 
in methods and standardized reporting, empowering and up-
lifting Indigenous-led research and supporting cultural burns, 
learning from prescribed burns, scientifically evaluating how 
fire management practices affect freshwater ecosystems, and 
expanding the inclusion of social science perspectives. We hope 
that this synthesis will further highlight the knowledge gaps re-
garding interactions between wildfires and freshwater ecosys-
tems, helping to establish clear research priorities and ensuring 
that these fragile systems are meaningfully considered in future 
management and policy decisions.
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