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Abstract

Prescribed fire has emerged as an essential ecosystem management practice for maintaining forest
health and mitigating wildfire risks. However, its spatio-temporal patterns and potential impacts
on water quantity and quality remain poorly understood compared to those of wildfires. By ana-
lyzing the Monitoring Trends in Burn Severity database (1984-2022), we characterized distinct
regional, seasonal and interannual dynamics of large prescribed fires relative to wildfires across
the conterminous United States. We found the Southeast dominated the national prescribed fire
regime, accounting for 78.6% of total prescribed fire occurrences and 70.7% of total burned area.
Seasonally, prescribed fires primarily occurred in the spring, contrasting with wildfires that peak
in autumn, particularly in the West and Southwest. Prescribed fires in the Southeast increased sig-
nificantly from the early 2000s, peaking around 2010, then temporarily declined, whereas wild-
fires in the West exhibited an overall upward trend with substantial interannual variability. Our
synthesis of studies from 1969 to 2024 showed that prescribed fire could potentially reduce evapo-
transpiration, but increase surface runoff through alterations of vegetation structure, rainfall par-
titioning, soil properties, and flow generation processes. Additionally, prescribed fire may influ-
ence water quality by modifying soil nitrogen dynamics, dissolved carbon, erosion, and sediment
transport. However, these impacts are typically short-lived and can be effectively mitgated through
site-specific strategies, supporting the use of prescribed fires as as a safe and practical management
tool. To this end, we developed an adaptive framework that guides prescribed burning by balan-
cing its ecological and hydrological benefits against potenital risks, thereby promoting sustainable
forest management, reducing wildfire risk, and protecting water resources.

1. Introduction ecological and land management objectives (Yoder
et al 2004, Hiers et al 2020, Schweitzer and Dey 2023).
Unlike wildfires, which often ignite under extreme
weather conditions and can spread uncontrollably

with high severity across large areas, prescribed fires

Prescribed fire, also known as controlled burning,
is the intentional and carefully managed applica-
tion of fire onto a designated landscape to achieve

© 2025 The Author(s). Published by IOP Publishing Ltd
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are conducted under controlled conditions follow-
ing strict operational protocols (Ryan et al 2013,
Han et al 2020). They are commonly used to reduce
hazardous fuel accumulations of dead wood and
leaf litter (McCaw 2013), restore fire-adapted eco-
systems (Costanza and Moody 2011, Schweitzer and
Dey 2023), promote nutrient cycling (Zhou et al
2022), and enhance wildlife habitats (Knapp et al
2009). In contrast, wildfires typically occur under
extreme weather conditions (e.g. dry and windy),
posing immediate public threats and causing severe
socioeconomic damage (Balch et al 2024). Large wild-
fires are becoming more frequent and intense in both
the western and humid eastern US (Donovan et al
2023, Zhang et al 2023). The high intensity and sever-
ity burns from wildfires can dramatically elimin-
ate vegetation, alter soil structure, and trigger long-
term adverse effects on eco-hydrological processes
(Bowman et al 2020, Zhang et al 2021, Lopez et al
2024, McGuire et al 2024). In contrast, when carefully
planned and executed, prescribed burns can effect-
ively reduce the likelihood of such extreme wildfires
(Hunter and Robles 2020), thus fostering ecosystem
resilience, avoiding hydrological risks and protecting
human communities (Kalies and Yocom Kent 2016,
Coates et al 2017).

Fire has historically been an integral compon-
ent of land management practices (Bowman et al
2020). Indigenous peoples used intentional burn-
ing as a tool to enhance forage, manage landscapes,
and facilitate hunting worldwide (Kelly et al 2023).
With European colonization, however, widespread
fire suppression policies emerged in response to dev-
astating wildfires in North America in the early 20th
century (Baron et al 2022, Knight et al 2022). In recent
decades, an increasing understanding of cultural and
ecological roles of fire have spurred a reintroduc-
tion of controlled burning practices (Hiers et al 2020,
McLauchlan et al 2020) particularly in the south-
eastern and western United States. There, prescribed
burning is supported by ‘right-to-burn’ policies and
more widespread cultural acceptance of fire as an
ecological process (Ryan et al 2013, Wonkka et al
2015, Weir et al 2016). While the spatial and tem-
poral patterns of wildfires have been extensively stud-
ied (Bowman et al 2020, Kelly et al 2023, Zhang
et al 2023), our understanding of the contempor-
ary patterns and dynamics of prescribed fires remains
limited. The extent, frequency, and intensity of pre-
scribed burns vary across different regions and time
periods (Hiers et al 2020, Mason and Lashley 2021),
yet these characteristics have not been as well doc-
umented as those of wildfires (Donovan et al 2023,
Solander et al 2023, Balch et al 2024).

Despite its recognized ecological benefits (Elliott
and Vose 2010, Klimas et al 2020b, Sample et al 2022),
the use of prescribed fire remains a subject of debate
(McCullough et al 2019, Beyene et al 2023). Public
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concerns, ranging from smoke and air quality issues
to liability fears and the possibility of escape, can con-
strain its application (Navarro et al 2018, Frey 2024,
Yoder et al 2004). Moreover, while the ecological role
of prescribed fire is well understood, its hydrological
impacts have received comparatively less attention.
Current literature on the relationship between forest
fires and water largely stems from studies focused on
large-scale, high-intensity wildfires (Smith et al 2011,
Abraham et al 2017a, Hampton et al 2022). However,
a growing body of evidence suggests that even low-
intensity burns have the capacity to modify vegeta-
tion cover, alter soil properties, and change watershed
hydrological dynamics, which in turn can affect both
water quantity and water quality at the local scales
(Flerchinger et al 2016, Alcaniz et al 2018, Hahn et al
2019, Uzun et al 2020).

Regardless of the burn type (prescribed vs wild-
fire), forest fires can influence water quantity and
quality through a range of interconnected ecohydro-
logical processes (Klimas et al 2020b, Ebel et al 2023,
Moazeni and Cerda 2024). The loss of overstory
and understory vegetation reduces canopy intercep-
tion and transpiration, potentially lowering overall
evapotranspiration (ET) and temporarily increasing
soil moisture and streamflow (Flerchinger et al 2016,
Hallema et al 2017, 2018). Soil heating can enhance
hydrophobicity (Alcaniz et al 2018, Agbeshie et al
2022), reducing infiltration rates and directly increas-
ing surface runoff and downstream flow (Cawson et al
2012, Zema et al 2024). In cases of severe vegetation
and soil damage, fires have been shown to increase
runoff volume and peak flows by up to threefold
(Neary and Leonard 2015).

Without the protective cover of vegetation, soil
erosion can be significantly amplified during sub-
sequent precipitation events (James and Krumland
2018, Karban et al 2022, Zema et al 2024). Increased
overland flow, coupled with the mobilization of
nutrients and heavy metals (Abraham et al 2017b,
Lopez et al 2024), enhances sediment transport
and can directly degrade downstream water quality
(Caldwell et al 2020, Clow et al 2024). Elevated con-
centrations of solutes such as phosphorus, nitrate,
and other pollutants pose serious risks to aquatic eco-
systems, drinking water supplies, and human health
(Belongia et al 2023, Moazeni and Cerda 2024).
Additionally, forest fires accelerate the mineralization
of organic matter, disrupt root uptake, and elimin-
ate canopy shading over streams, which collectively
influence stream temperature and nutrient concen-
trations (Ice et al 2004, Li et al 2024). The magnitude
and duration of these impacts depend on multiple
factors, including burn intensity, vegetation and soil
types, topography, local climate, and the rate of post-
fire vegetation recovery (Elliott et al 2024).

While the hydrologic and biogeochemical effects
of wildfires are increasingly documented (Agbeshie
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et al 2022, McGuire et al 2024, Zhou et al 2025), the
influence of prescribed fire on these processes remains
less understood. Given prescribed burns generally
occur at lower intensities with controlled fuel con-
sumption, their effects on water quantity and qual-
ity are expected to be less severe (Mullen et al 2006,
Hatten et al 2008, Alcaniz et al 2018, Karban et al
2022). However, a comprehensive assessment of the
potential risks and benefits of prescribed fire to water
resources is needed for effective burn planning and
implementation (Richter et al 1982, Zema and Lucas-
Borja 2023, Hashida et al 2025).

In this study, we first examined prescribed
fire patterns over the conterminous United States
(CONUS) from 1984 to 2022 and then synthesized
existing literature on the impacts of prescribed burn-
ing on eco-hydrological processes and water quality.
Our specific objectives were to: (1) characterize the
spatial and temporal patterns of prescribed fire using
the Monitoring Trends in Burn Severity (MTBS)
dataset to delineate its distribution and frequency
changes across CONUS; (2) assess water quantity
impacts of prescribed fire on hydrological processes,
including ET, soil water infiltration, and streamflow;
(3) evaluate water quality effects of prescribed fires on
changes in soil chemical properties, nutrient mobil-
ization, sediment transport, and both on-site and
downstream water chemistry; and (4) propose a con-
ceptual framework for sustainable and adaptive pre-
scribed burning that integrates its impacts on water
quantity and quality, aiming to guide practices that
minimize water-related risks while maximizing eco-
logical and forest management benefits.

2. Materials and methods

2.1. Fire data and pattern analysis

To analyze spatial and temporal patterns of prescribed
fire events, we used the MTBS dataset (www.mtbs.
gov), which offers daily fire records from 1984 to 2022
at a 30 m resolution. The MTBS program is a col-
laborative effort between the US Geological Survey
and the US Department of Agriculture Forest Service
to consistently map and monitor fire activity across
the United States (Eidenshink et al 2007). MTBS
primarily uses satellite imagery from the Landsat TM
sensor (Landsat 4 and 5), Landsat ETM+ (Landsat
7), and Landsat OLI (Landsat 8 and 9), ensuring
continuity in modern multispectral data collection.
Additionally, MTBS includes more recent satellite
data from Sentinel-2 to supplement fire mapping
efforts.

Wildfires and prescribed fires are differentiated
in MTBS using multiple data sources, including offi-
cial incident reports, land management and satellite
imagery records. Wildfires often result from light-
ning strikes or human-caused ignition, whereas pre-
scribed fires are intentionally set by land managers
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under controlled conditions. In this study, we con-
ducted a regime analysis of prescribed fires in com-
parison to wildfires by calculating three key fire met-
rics: fire count, total burned area, and average fire size.
These metrics were evaluated across five regions in the
CONUS, including Southeast, Northeast, Midwest,
Southwest, and West (figure 1).

We categorized fire occurrences into four
seasons: spring (March—-May), summer (June—
August), autumn (September—November) and winter
(December—February). Seasonal fire metrics were
aggregated to the annual scale, followed by an inter-
annual variability and trend analysis spanning from
1984 to 2022. Note that, for the annual analysis, the
preceding winter season was included in the current
year assessment to ensure temporal consistency.

Note that MTBS include all fires larger than 1000
acres (>404 hectares) in the western US and 500
acres (>202 hectares) in the eastern US (the East-
West dividing line seen in figure 1(a)), ensuring com-
prehensive spatial coverage of larger fire events. We
acknowledge that smaller fires below these thresholds,
particularly prescribed burns, are underrepresented
in the dataset. However, we adopted MTBS for our
study because it is the only high-resolution database
providing consistent mapping of both wildfires and
prescribed fires across CONUS, and larger fires—our
analytical focus—are more likely to produce observ-
able hydrological effects.

To assess this limitation, we compared MTBS
against two additional databases, NFPORS (Kelp
et al 2025) and GlobRx (Hsu et al 2025), and ana-
lyzed fire trends and seasonality (figure S2) across
size classes using California as a test case. Overall,
large fires among three datasets showed highly con-
sistent in the long-term trend, interannual variabil-
ity (figure S1), and seasonal patterns (figure S2) in
California. However, small prescribed fires showed a
slightly increased trend, though with some discrepan-
cies between NFPORS and GlobRx, while large pre-
scribed fires continue to dominate annual variability
in burned area.

2.2. Fire literature review and impact analysis

We reviewed the literature on prescribed fires impacts
on water quantity and water quality, covering studies
published between 1969 and 2024. Primary sources
were identified through databases such as Google
Scholar and Web of Science using a systematic search
strategy with key terms related to fire, hydrology, and

geography:

e Fire-related: ‘prescribed fire), ‘prescribed burning),
‘controlled fire), ‘controlled burning’

e Hydrology and water quality: ‘water, ‘stream,
‘river, ‘aquatic, ‘evaporation, ‘transpiration)
‘canopy interception, ‘ET, ‘water yield, ‘runoff;
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review; the purple line marks the eastern-western divide.

(a) MTBS Fire Distribution (1984-2022)

Figure 1. Spatial distribution and fire type composition of prescribed fires and wildfires derived across the conterminous United
States (CONUS). (a) Spatial distribution of total prescribed fires and wildfires derived from the MTBS database during 1984—
2022. (b) Proportion of prescribed fires versus wildfires by fire occurrence count and (c) their respective contributions to total
burned area over the CONUS. In (a), gray circles illustrate the case studies of prescribed fire (Rx) included in our water impact

(b) Fire Number

(¢) Burned Area

‘discharge, ‘soil property), ‘soil erosion, ‘sediment),
‘water quality, ‘nutrient export, ‘water chemistry.

o Geography: ‘CONUS, ‘United States, ‘US, ‘South,
‘Southeast, ‘Southern’, “‘West’, ‘Western, ‘Midwest’,
‘East’, ‘Eastern’

In total, we identified 35 relevant prescribed fire
studies over CONUS, of which 21 were in the east-
ern US and 14 in the western US (table S1), with
regional boundaries following the MTBS delineation
(figure 1(a)). Case studies were classified as eastern
or western based on the dividing line used in the
MTBS database (figure 1(a)). To evaluate the effects
of prescribed fire on water quantity, we synthesized
findings on key hydrological fluxes, including soil
evaporation, canopy interception, ecosystem ET, run-
off, and streamflow. For water quality, we examined
how prescribed fires influence soil properties, nutri-
ent dynamics, erosion rates, and metal mobilization,
along with their secondary effects on aquatic ecosys-
tems. Note that each case study represents one pub-
lished research paper, which may include multiple
sites or experimental treatments within a single study.

A structured pairwise analysis of pre-fire and
post-fire conditions was conducted to classify impacts
into three categories: increase, decrease, and no
change. The statistical significance of these impacts
were determined directly from each individual study,
based on its specific paired design. Given distinct fire
regime controls between eastern and western United

States (related to climate, topography, vegetation, and
fire intensity), we compared prescribed fire impacts
across both regions to identify potential differences in
their hydrological and water quality responses. While
this study primarily focused on forest prescribed fires,
we also included five non-forest studies (two shrub-
dominated, two grassland, and one wetland; seen in
table S1) due to limited forest case availability. These
non-forest studies did not exhibit distinctly differ-
ent hydrological responses compared to forest studies
(table S1). Given their limited number, we included
them in the aggregate analysis rather than analyzing
them separately to avoid drawing conclusions from
insufficient data.

2.3. Adaptive prescribed fire framework
development

Based on our spatial and temporal analysis of
prescribed fire patterns across diverse US regions,
along with an extensive review of their hydrolo-
gical and water quality impacts, we developed an
integrated framework to support sustainable and
adaptive prescribed fire implementation. This frame-
work aimed to balance the benefits of fuel reduc-
tion and ecosystem restoration with the potential
eco-hydrological risks posed by fire. It integrates
key components within three chronological stages—
pre-burn planning and risk assessment, post-burn
monitoring and response, and adaptive strategies
for future burns—including watershed-specific risk
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assessments, vegetation- and season-specific burn
schedules, systematic hydrological monitoring, and
real-time water quality alert systems to enhance trans-
parency and preparedness.

3. Results and discussions

3.1. Contemporary pattern of prescribed fire over
CONUS

We analyzed the contemporary patterns and dynam-
ics of prescribed fire across CONUS based on the
MTBS dataset since 1984. The analysis in this section
highlighted the national overview, regional vari-
ations, seasonal patterns, and interannual variability,
with a focus on the comparison between prescribed
fires and wildfires.

3.1.1. National overview and regional comparison
Our analysis based on the MTBS data indicates that
wildfires are overwhelmingly larger than prescribed
fires both in number and total burned area, and that
their distributions exhibit distinct regional patterns
across the United States (figure 1). The Southeast
consistently emerges as the leading region for pre-
scribed fire application (figure 2). This region, which
includes fire-adapted ecosystems (e.g. longleaf pine
savannas and pine flatwoods) (Knapp et al 2018),
not only exhibits the highest number of prescribed
fire events (78.6% of CONUS; figure 2(a)) but also
accounts for the largest cumulative prescribed burned
area (70.5% of CONUS; figure 2(b)). Longstanding
cultural practices, combined with supportive ‘right-
to-burn’ policies and favorable climatic conditions,
have entrenched the role of prescribed fire in this
region (Ryan et al 2013, Han et al 2020).

In contrast, the West is dominated by wildfires,
which account for 54.0% of total wildfire numbers
and 70.5% of the total burned areas in CONUS, while
prescribed burns play a minor role (figures 1 and 2).
Although prescribed fire is mainly employed in west-
ern states (figure 1) for fuel reduction, its frequency
and scale remain much lower, accounting for only
5.4% of total prescribed fires numbers and 8.8% of
total burned areas in CONUS (figures 2(a) and (b)).
This regional contrast reflects underlying differences
in vegetation types, landscape diversity, climate con-
ditions, and historical land management practices
(Ryan et al 2013, Sample et al 2022).

As expected, prescribed fires had a much smaller
average fire size (765 ha per fire) compared to wild-
fires (3754 ha per fire) (figure 2(c)). However, both
fire types exhibited the largest average sizes in the
West, followed by the Southwest, Midwest, Southeast,
and Northeast. Notably, prescribed fires in the West
and Southwest averaged over 1100 ha per fire, suggest-
ing a potentially greater eco-hydrological and social
impacts in these regions.

Y Zhang et al

3.1.2. Seasonal variability

Prescribed fires and wildfires show distinct season-
ality at the regional and national scales (figure 3),
reflecting differences in fire management strategies,
climatic conditions and wildfire regimes (Knapp
et al 2009, Baijnath-Rodino et al 2022, Swain et al
2023). Prescribed fires occur predominantly in spring
(51.7%) and winter (31.6%) based on annual totals
across CONUS (figure 3), with spring emerging as
the peak season in most regions—especially in the
Southeast (51.7%), Midwest (81.0%), and Northeast
(77.5%). This pattern aligns with controlled burning
strategies, as fuel accumulation from the prior grow-
ing season provides sufficient fuels, while cooler tem-
peratures and higher soil moisture create safer burn-
ing windows. In contrast, wildfires primarily occur in
autumn (56.2% of annual totals over CONUS) and
spring (22.0%), with autumn showing the highest
wildfire occurrence, especially in the West (79.9%)
and Southwest (42.2%), where favorable fire weather
conditions and abundant dry fuels mainly contribute
to increased fire activity.

The West exhibits a distinct fire seasonality,
with wildfires concentrated in autumn and pre-
scribed fires more evenly distributed throughout
the year. Meanwhile, the Southeast stands out as
the only region where prescribed fires significantly
outnumber wildfires across multiple seasons, high-
lighting the regional fire management strategies.
The Midwest and Northeast show the least wildfire
occurrence, with prescribed fires dominating their
seasonal fire regimes. At the national scale, pre-
scribed fires are concentrated in spring (51.7%) and
winter (31.6%), while most wildfires peak in autumn
(56.2%), demonstrating a clear seasonal divergence
between managed burns and wildfire occurrences.
This seasonality contrast underscores the critical role
of prescribed fires in reducing fuel loads to reduce
wildfire risk outside peak wildfire seasons, particu-
larly in fire-prone regions (Kolden 2019).

However, prescribed fire seasonality exhibits con-
siderable spatial heterogeneity within regions. To
illustrate this variability, we compared MTBS data
with two additional prescribed fire datasets (NFPORS
and GlobRx) for California. All three datasets indic-
ate that autumn accounts for the majority of pre-
scribed fires by frequency (figure S2), contrasting
with the West’s summer (figure 3(b)) and national
spring (figure 3(f)) patterns. This finding is con-
sistent with Baijnath-Rodino et al (2022), who
reported that fall burns are most frequently imple-
mented in California. These seasonal preferences
likely reflect trade-offs among fire weather win-
dows, fuel moisture conditions, burn effectiveness,
and operational feasibility, though they entail elev-
ated fire escape risks (Baijnath-Rodino et al 2022,
Swain et al 2023).
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3.1.3. Inter-annual variability

Given that the Southeast and West represent two
major fire regimes for prescribed fires and wild-
fires, respectively, we further examined their long-
term annual trends and variability from 1984 to 2022
(figure 4) to understand the evolving fire dynam-
ics driven by land management, climate, and policy
shifts. In the Southeast, prescribed fire usage has sub-
stantially increased since the early 2000s, reflecting
policy shifts that recognize its role in fuel reduc-
tion, wildfire mitigation, and ecosystem mainten-
ance (Wonkka et al 2015, Hashida et al 2025). A
notable turning point occurred in 2003, when pre-
scribed fires began to exceed wildfires in both fire
numbers and total burned area. Before 2003, pre-
scribed fire sizes were generally larger and more
variable, but after this point, they became smaller
and more stable likely due to refined fire manage-
ment practices, stricter regulations, and improved
burn prescriptions. A peak in prescribed fire activity
around 2010 suggests enhanced interagency collabor-
ation, increased funding, and improved burn man-
agement, followed by a temporary decline between
2010 and 2012, likely due to budget saturations, liab-
ility concerns and more stringent prescribed fire reg-
ulations (Wonkka et al 2015, Frey 2024). For example,
North Carolina, South Carolina, and Alabama passed
prescribed fire laws between 2011 and 2012 that
required both written prescriptions and the presence
of certified prescribed burn managers (Wonkka et al
2015). However, prescribed fire activity has gradu-
ally rebounded since 2012, reinforcing its importance

in maintaining fire-adapted landscapes and reducing
wildfire risk (Coppoletta et al 2016, Kalies and Yocom
Kent 2016). In contrast, the total burned area in
the West has substantially increased, driven primar-
ily by larger wildfire sizes rather than an increase
in fire frequency. While the number of wildfires has
remained relatively stable, the expansion of individual
fire sizes, likely fueled by rising temperatures, pro-
longed droughts, and excessive fuel accumulation
from historical fire suppression (Alizadeh et al 2021,
Iglesias et al 2022, Kreider et al 2024), has led to lar-
ger fires with potentially more severe and widespread
wildfire impacts.

Unlike the Southeast, where prescribed fire is
widely applied, its application in the West remains
limited and relatively stable, likely constrained by reg-
ulatory restrictions, air quality concerns, and logist-
ical challenges (Alizadeh et al 2021, Swain et al
2023, Davis et al 2024). These contrasting trends
highlight the need for region-specific fire manage-
ment strategies that account for local ecological, cli-
matic, and socio-political factors (Hashida et al 2025).
Expanding prescribed fire use in the West could be a
crucial tool in mitigating escalating wildfire risks and
restoring fire-adapted ecosystem resilience (Kolden
2019, North et al 2024). However, it is import-
ant to note that MTBS employs minimum fire size
thresholds (500 acres in the Western US and 1000
acres in the Eastern US), meaning small prescribed
fires are excluded from our analysis. Data from
NFPORS and GlobRx indicate that the use of small
prescribed fires in California has increased in recent
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years, though large prescribed fires continue to dom-
inate both interannual variability and cumulative area
burned annually (figure S1). Given their increasing
prevalence, the patterns and impacts of small pre-
scribed fires require further research attention.
Despite advances in remote sensing (RS), sub-
stantial challenges remain in accurately characteriz-
ing and distinguishing between prescribed fires and
wildfires (Hsu et al 2025, Vanderhoof et al 2025).
Multi-source satellite data have improved fire map-
ping, but detection reliability is still affected by spa-
tial and temporal inconsistencies across sensor plat-
forms, atmospheric interference from clouds and
smoke, deficiencies in fire mapping algorithms etc
(Gould et al 2023, Zhang et al 2023). These limita-
tions are more pronounced for prescribed fires, which
often lack consistent labeling, comprehensive report-
ing, and standardized identification across jurisdic-
tions. Given prescribed burns are typically smaller,
shorter in duration, and less systematically monitored
than wildfires, they remain underrepresented in RS
products. Continued progress will require integrating

and cross-validating multiple data sources—such as
satellite observations, ground reports, permit data-
bases, and agency records—together with standard-
ized reporting protocols and machine learning meth-
ods (Hsu et al 2025, Vanderhoof et al 2025). Such
improvements will enhance the accuracy and com-
parability of prescribed fire datasets and support
more evidence-based fire management and policy
decisions.

3.2. Impacts of prescribed fire on water quantity
Prescribed fire, as a controlled disturbance in forest
ecosystems, can influence water quantity by altering
ET and runoff processes through changes in vegeta-
tion structure (e.g. leaf area index, species compos-
ition) and soil properties (e.g. infiltration capacity,
moisture; figure 5). These changes affect precipita-
tion partitioning and overland flow generation via
infiltration-excess or saturation-excess mechanisms,
with impacts occurring both immediately and over
extended periods (figure 5).
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32.1.ET

ET represents the total amount of precipitation
returned to the atmosphere through canopy intercep-
tion, plant transpiration from overstory and under-
story layers, and evaporation from the soil and forest
floor (Sun et al 2008, Yang et al 2023). As the
primary driver of local hydrological cycling, any small
changes in total ET due to forest disturbances can
directly affect runoff at varying scales (Zhou et al
2015, Hallema et al 2018). Each component of ET is
influenced by multiple biophysical factors, with com-
pensatory responses being common. For example, a
decrease in forest transpiration may be offset by an
increase in forest floor evaporation. Here, we iden-
tified four studies in the eastern US and two in the
western US that reported ET impacts from prescribed
fires. Three of the four eastern studies and both two
western studies observed reduced ET following pre-
scribed fires (figure 5(b)).

A recent study on fire exclusion in longleaf pine
woodlands in southern Georgia (Brantley et al 2024)
suggests that the effects of prescribed fires on total
ET and water balances were highly variable and
dependent on site moisture status. For example, at
the dry (xeric) site, frequent burns reduced over-
all ET by 15.3%, primarily by removing midstory
vegetation. This reduction in canopy interception
and transpiration from the midstory outweighed any
increases in ET from remaining overstory, under-
story, groundcover, or enhanced soil evaporation.
In wetter (mesic) areas, however, ET increased by
18.2% as fire opens the canopy, allowing sunlight and
water to fuel groundcover regrowth that compensates
for midstory losses (Brantley et al 2024). In another
study at the Bankhead National Forest in northern
Alabama, Siegert et al (2023) found that repeated pre-
scribed burning modified physical properties of tree
barks from loblolly pine and chestnut oak by redu-
cing bulk density, increasing porosity, and enhancing
water storage capacity, which accelerated drying rates
and elevated evaporation from bark surfaces. A mod-
eling study using empirical ET models (McLaughlin
et al 2013) suggests that slash pine stands in Florida
managed at lower basal areas can generate up to 64%
more cumulative water yield over a 25 year rota-
tion compared to high-density timber stands, with
even greater yields possible when recurrent under-
story fires are used to further reduce ET.

In the western US, studies showed that prescribed
fires tended to increase ET due to canopy thinning
and changes in soil moisture dynamics. Flerchinger
et al (2016) studied post-fire hydrological responses
in a sagebrush-dominated rangeland and observed
that ET initially declined following prescribed fires
due to vegetation loss but rebounded within 2-
4 years, depending on root depth and plant regrowth.
During this period, canopy loss from prescribed
burns led to higher soil evaporation, particularly in
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arid and semi-arid landscapes, where increased radi-
ation exposure enhanced water loss from bare soils
(Flerchinger et al 2016). Despite the insights provided
by existing research, the scarcity of comprehensive ET
studies related to prescribed fires highlights the need
for further investigation to robustly characterize ET
responses to such controlled burns.

3.2.2. Runoff

Prescribed fire can affect runoff generation through
changes in soil infiltration capacity, surface water
storage, and ecosystem ET. Among the reviewed stud-
ies, three out of four in the eastern US and all four
in the western US reported increased runoff follow-
ing prescribed fires (figure 5(b)). However, the mag-
nitude of runoff impacts vary with fire intensity,
severity and post-fire rainfall intensity (Douglass and
Lear 1983, Robichaud 2000, Flerchinger et al 2016).
Early paired watershed experiments in grass-covered
abandoned fields (Ursic 1969) and hardwood forests
(Ursic 1970) in northern Mississippi documented
that prescribed burning led to a 22%-48% increase in
stormflow within three years post-burn. Robichaud
(2000) further found that prescribed fires in Northern
Rocky Mountain forests resulted in a mosaic of burn
severities, where high-severity burns led to hydro-
phobic soil conditions, reducing infiltration rates by
10%—40% and increasing overland flow. Conversely,
low-severity burns had little effect on infiltration,
allowing soils to maintain permeability. Douglass
and Lear (1983) studied ephemeral streams in South
Carolina and found that prescribed burns did not sig-
nificantly alter storm runoff likely due to the lower
fire severity. However, in semi-arid landscapes, pre-
scribed burning can enhance runoff by reducing ET
losses from vegetation. Flerchinger et al (2016) repor-
ted a 20% increase in streamflow in burned ran-
gelands, primarily due to the transient lower ET
demand and increased soil water percolation.

While prescribed fires could temporarily enhance
streamflow, long-term impacts are highly depend-
ent on site-specific vegetation recovery (Wright et al
1976, 1982, Flerchinger et al 2016). In a post-fire
study in Idaho, Wright er al (1976) observed that the
streamflow initially increased but gradually declined
to pre-burn levels as vegetation cover recovered.
Similarly, Wright et al (1982) demonstrated that pre-
scribed burns on steep watersheds in Texas increased
overland flow in the first year, but post-fire seed-
ing and vegetation recovery helped stabilize runoff
within one to two years. A more recent study from
Flerchinger et al (2016) confirmed that prescribed
fires initially increased surface water runoff in ran-
geland catchments but that this effect was transient,
with hydrological conditions recovering within two
to four years as vegetation reestablished. However,
due to the typically limited extent of prescribed
burns, their hydrological effects at the large watershed
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scale are often minimal. For example, the impacts of
forest thinning on watershed hydrology are generally
undetectable when basal area removal is less than 50%
or when the burned area covers less than 20% of the
watershed (Hallema et al 2018, Del Campo et al 2022).

3.3. Impacts of prescribed fire on water quality
Prescribed fire impacts water quality by modifying
soil properties and nitrogen dynamics, driving soil
erosion and sediment transport, and consequently
altering stream water chemistry (figure 5). A thor-
ough understanding of these hydrological processes
is essential for balancing prescribed fire management
goals with the protection of water resources (Klimas
et al 2020b, Paul et al 2022).

3.3.1. Soil nitrogen

Prescribed fire alters soil nitrogen dynamics by com-
busting ground litterfall (Dukes et al 2020, Agbeshie
et al 2022), directly impacting downstream water
quality through nutrient release and indirectly influ-
encing it by affecting post-fire vegetation recovery
(Vose and Swank 1993), which subsequently mod-
ulates water quality restoration (Klimas et al 2020a,
Hampton et al 2022). Among the reviewed studies,
seven out of twelve in the eastern US and one out of
two in the western US reported increased soil nitro-
gen caused by prescribed fires (figure 5(b)).

In the short term, prescribed burns typically
increase soil nitrogen availability by accelerating
organic matter decomposition and nitrogen miner-
alization through ash deposition, leading to transi-
ent pulses in nutrients, such as, ammonium (NH, )
and/or nitrate (NO3; ™) concentrations (Knoepp and
Swank 1993, Carter and Darwin Foster 2004, Stephan
et al 2012, Klimas et al 2020a). A long-term study
in Midwestern oak forests further confirms that
repeated prescribed burns can enhance total nitro-
gen levels and mineralization rates, with peaks occur-
ring 12-24 months following the most recent fire
(Scharenbroch et al 2012). This finding aligns with
an earlier study conducted at a mature loblolly
pine stand in North Carolina (Schoch and Binkley
1986), where prescribed fire nearly doubled the
decomposition rate of forest floor, releasing up to
60 kg N ha™! during the first growing season post-
burn. Nevertheless, there are still 45% of the total
studies in the Eastern US and one-third of those in the
Western US reporting minimal changes in soil nitro-
gen levels (figure 5), primarily attributed to the lower
intensity and severity of the prescribed fires (Richter
et al 1982, Davis 1989, Hahn et al 2019, Thompson
et al 2019).

3.3.2. Soil erosion

The removal of protective vegetation and litter dur-
ing a prescribed burn can leave soils vulnerable to
erosion, particularly on steep slopes, where enhanced
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surface runoff increases sediment transport (Ursic
1969, 1970, Wright et al 1976, Karban et al 2022).
This process can thus lead to elevated sediment loads
and other pollutants such as nutrients and metals
into streams, reducing water clarity, and degrading
stream water quality (Cawson et al 2012, Elliott et al
2024). Among the reviewed studies, three out of seven
in the eastern US and all three in the western US
reported increased soil erosion following prescribed
fires (figure 5(b)). For example, Wright et al (1976)
found that prescribed burns on Texas juniper lands
caused minimal soil loss on level terrain, but large
increases in erosion occurred on steeper slopes, last-
ing 9-30 months post-fire depending on vegetation
recovery. Similarly, Karban et al (2022) observed that
prescribed burns in pinon-juniper woodlands of Utah
increased wind and water erosion by up to 17-fold,
particularly after broadcast burns, which significantly
remove vegetation and biological soil crusts.

Post-fire vegetation recovery is a critical factor
in stabilizing soils and mitigating erosion. Wright
et al (1982) found that erosion rates returned to pre-
burn levels once vegetation and litter cover exceeded
64%—-72% in wet years and 53%-60% in dry years.
Additionally, post-fire seeding was shown to reduce
erosion by 78%—-93% and accelerate soil stabilization
within six months to a year. Karban et al (2022) fur-
ther demonstrated that pile burning, compared to
broadcast burning, resulted in less soil disturbance
and lower erosion rates, suggesting that more local-
ized fuel reduction strategies may better preserve soil
stability. While pile burning can enhance soil water
repellency and reduce infiltration at burn pile sites
similar to high-severity fires (Fowler et al 2024), the
limited spatial footprint and intact litter and plant
cover surrounding the piles could effectively capture
and filter sediment and nutrients moving downslope,
resulting in less watershed-scale soil disturbance than
the more extensive impacts of broadcast burning
(Hubbert eral 2015). Notably, several studies (4 out of
7 in eastern regions) showed negligible effects of pre-
scribed fires on soil erosion (figure 5(b)), likely due
to their low severity, retention of soil structure, and
rapid post-fire vegetative recovery (Douglass and Lear
1983, Swift and Elliott 1993, Elliott and Vose 2005,
Singh et al 2017, Thompson et al 2019).

3.3.3. Stream water quality

Prescribed fires influence stream water quality by
increasing sediment and nutrient loads and thus
altering water turbidity and chemical composition
(Hahn et al 2019, Klimas et al 2020b), with the extent
and persistence of these effects varying based on fire
severity, slope steepness, precipitation patterns, and
the rate of vegetation regrowth (Wright et al 1976,
1982, Battle and Golladay 2003, Béche et al 2005,
Beyene et al 2023). Among the reviewed studies, two
out of eleven in the eastern US and three out of seven
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in the western US reported degraded downstream
water quality following prescribed fires (figure 5(b)).

In Central Texas, controlled burning juniper
woodlands increased stream turbidity (up to 132
Jackson Units) and total hardness (up to 95 mg 17 !)
on watersheds with steep slopes for 1.5-2.5 years,
though post-fire seeding reduced sediment loads by
78%-93%, and rapidly restored water quality in six
months (Wright et al 1976, 1982). In Southwestern
Georgia, prescribed fires in wetlands briefly elev-
ated water ammonium (NH,4 ™), phosphorus (P), dis-
solved organic carbon, pH, and alkalinity due to
upstream soil scorching, with effects varying by year
based on drought or rain (Battle and Golladay 2003).
In the Sierra Nevada, a low-severity prescribed fire
affecting 14% of a watershed caused short-lived spikes
in stream nitrogen, phosphorus, sulfate, and cations,
recovering within weeks to a year due to gentle slopes
and low post-fire rain (Béche et al 2005).

It is worth noting that most studies (80% in the
eastern and 57% in the western regions; figure 5(b))
showed neutral effects on water quality from pre-
scribed fires when compared to higher-severity wild-
fires (Vose et al 1999, Clinton et al 2003, Abraham
etal 2017a, Hahn et al 2019, Beyene et al 2023). Hahn
et al (2019) attributed this to low fire intensity and
severity in moist-temperate eastern North America,
where prescribed fires consume little soil organic
matter, preserve overstory vegetation, and maintain
intact riparian buffers, limiting erosion and minim-
izing sediment and nutrient runoff into streams—
typically stabilizing within 1-3 years. In contrast,
wildfires in the southern Appalachians (Caldwell et al
2020) and Colorado Rocky Mountains (Clow et al
2024), characterized by greater severity and larger
burned areas, were shown to degrade water quality,
with severe burns causing increases in nitrate, turbid-
ity, and sediment during post-fire storms, alongside
variable dissolved organic carbon responses and elev-
ated water yield, posing risks to downstream water
supplies. Abraham et al (2017a, 2017b) further indic-
ated that wildfires incinerate organic horizons and
vegetation, mobilizing toxic metals (e.g. chromium,
cadmium, lead, arsenic) that are then transported by
intensified post-fire erosion from rainfall and wind,
leading to prolonged water quality degradation and
risks to aquatic ecosystem. Similarly, Beyene et al
(2023) found that in the western US, small, low-
severity prescribed burns rarely elevated stream trace
element concentrations (e.g. arsenic, selenium, and
cadmium), whereas large, high-severity wildfires sig-
nificantly increased these levels. These effects per-
sisted over time due to the greater burn extent and
associated increased runoff, underscoring the influ-
ence of fire severity and intensity.

Overall, based on the limited observed adverse
effects, prescribed fires may temporarily degrade
stream water quality. However, these impacts are
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typically short-lived and may be effectively mitig-
ated through site-specific strategies, such as patchy
burning, avoiding steep terrain, conducting post-
burn seeding, and steering clear of sensitive riparian
zones. These practices can reduce soil erosion and
enhance soil stability, thereby limiting the mobiliza-
tion of nutrients and metals and ultimately protecting
downstream water quality. The controlled nature of
prescribed fires, carefully timed and conducted spe-
cifically before the fire season, may largely reduce the
risk of uncontrolled, high-severity wildfires (Kelp et al
2025) and help avoid more severe impacts on water
quality (Arkle and Pilliod 2010, Uzun et al 2020),
particularly in the western U.S (Beyene et al 2023).
Although our review focuses primarily on forest
ecosystems due to limited non-forest literature, the
hydrological effects of prescribed fire in shrublands,
grasslands, and wetlands require more comprehens-
ive investigation as the literature base expands, given
that these ecosystems have distinct vegetation struc-
ture, fuel characteristics, and management objectives
that may result in varied hydrological impacts.

3.4. Adaptive framework for prescribed fire
management

Given the multifaceted impacts of prescribed fire on
both ecosystems and water resources (figure 5), a
comprehensive, adaptive framework is essential for
guiding its implementation. Here, we proposed such
a framework by integrating six critical components
within three chronological stages: pre-burn plan-
ning and risk assessment, post-burn monitoring and
response, and adaptive strategies for future burns
(figure 6). This approach incorporates best manage-
ment practices to harmonize both immediate and
long-term ecological and hydrological impacts from
prescribed fires.

3.4.1. Pre-burn risk assessment and planning

Effective prescribed fire management requires a
dynamic framework adapted to specific objectives—
such as reducing hazardous fuel loads and mitigat-
ing wildfire risk, which are common priorities in the
western US, and enhancing soil nutrient cycling, pro-
moting forest regeneration, and maintaining long-
term forest health, which are often emphasized in the
eastern US (Step 1 in figure 6(a)). Pre-burn evalu-
ations using RS and GIS include assessments of veget-
ation structure and composition, distributions of wet
and dry fuel loads, soil texture, and hydrological map-
ping of vulnerable zones—such as steep slopes prone
to erosion and riparian areas sensitive to sedimenta-
tion (Step 2 in figure 6(a)).

Based on the specific fire objectives and risk
assessment, a detailed burn plan can be developed
(Step 3 in figure 6(a)). Key components include
identifying the localized burn window by balancing
fire weather conditions, burn effectiveness, and fire
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escaping risk; determining the appropriate burn area
and intensity based on fire objectives, regional con-
ditions, fire weather, fuel characteristics, and policy
constraints; selecting the burn type (e.g. mosaic or
patch burning) while minimize soil erosion and
water quality risks (e.g. avoiding steep erosive slopes
and off sensitive riparian regions); and establishing
both post-fire erosion control strategies (e.g. mulch-
ing, reseeding, contour-felled log barriers, tackifier-
only hydromulch etc) and post-fire monitoring plans
(Robichaud et al 2013, Bontrager et al 2019).

3.4.2. Post-burn monitoring and response

Once prescribed fire is executed, post-fire monitoring
is essential for evaluating whether the burn plan was
successfully implemented and for informing adaptive
management decisions (Step 4 in figure 6(a)). This
process begins with immediate field-based assess-
ments and RS-based evaluations of fire severity
within days to weeks after the burn. Pre-deployed
site-level sensor networks can be used to monitor key
hydrological variables such as soil moisture, stream-
flow, and downstream water quantity. In the rainy
seasons that follow, it is important to assess potential
soil erosion and stream pollution. Over longer times-
cales, RS and GIS tools can be used to track vegeta-
tion recovery and evaluate its influence on hydrolo-
gical processes.

It is worth noting that vegetation regrowth
plays a critical role in shaping post-fire hydrological
outcomes. The rate and pattern of recovery affect
soil stabilization, erosion risk, and overall watershed
response, with significant variation across regions
and vegetation types. For example, in the southeast-
ern US, rapid regrowth can stabilize soils quickly
and shorten the erosion-prone period. In contrast,
slower recovery in arid western regions extends post-
fire vulnerability and may require longer recovery
after burns. To minimize hydrological disruption,
adaptive practices such as mulching and reseeding
can be implemented before the onset of or during
the rainy season. By aligning fire regimes with site-
specific recovery dynamics and incorporating com-
prehensive post-fire monitoring, land managers can
improve ecological outcomes—such as maintaining
open forest structures to reduce wildfire severity—
while mitigating adverse impacts on water resources
across diverse landscapes.

Given public concerns about prescribed fire as
a form of disturbance, it is necessary to develop
warning systems that clearly communicate poten-
tial eco-hydrological risks to downstream communit-
ies with transparency and accountability (Step 5 in
figure 6(a)). Collaboration among land managers,
local communities, water utilities, and conservation
groups is critical for recognizing and responding to
both short-term concerns—such as smoke exposure
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and liability—and medium- to long-term impacts
on water resources. A well-designed, real-time alert
system can provide timely information on post-fire
runoff hazards, particularly during extreme rainfall
events that intensify erosion and the transport of
sediment, ash, and contaminants into waterways. By
integrating scientific data, proactive communication,
and cross-sector coordination, such systems not only
help protect public health and water quality but also
foster trust in the responsible and adaptive use of pre-
scribed fire as a land management tool.

3.4.3. Adaptive strategies for future burns

Strategic monitoring and research provide the sci-
entific foundation needed for sustainable imple-
mentation of prescribed fire (Step 6 in figure 6(a)).
Advanced monitoring tools including real-time
sensor networks, RS, GIS-based mapping, and fire-
behavior simulations enable tracking changes in key
hydrological variables, such as soil moisture, stream-
flow, sediment transport, and nutrient loading. These
data are essential not only for assessing immediate
ecological responses, but also for guiding and refin-
ing adaptive fire prescriptions on the timing, loca-
tion, and intensity of burns to minimize hydrologic
impacts. In particular, understanding how fire inter-
acts with seasonal fire weather, fuel moisture condi-
tions, and ecosystem development stages (Zhang et al
2023, 2025) can help land managers optimize burn
windows to ensure burn effectiveness while redu-
cing post-fire erosion and water contamination risks
(Emelko ef al 2011, Nyman et al 2015, Li et al 2024).
While long-term studies remain limited, they are cru-
cial for evaluating cumulative effects on watershed
stability, aquatic ecosystems, and water quality over
extended periods. Establishing permanent monitor-
ing sites and experimental watersheds will support the
development of region-specific fire thresholds and
hydrologic resilience metrics. Integrated monitoring
of both upland forest conditions and downstream
aquatic responses will further help optimize burn
severity and frequency to achieve local ecological
goals. Collectively, these monitoring and research
efforts ensure prescribed fire continues to evolve as
a data-informed, climate-resilient management tool
(figure 6(b)) that supports ecosystem health and pro-
tects water resources and mitigate the growing risks
of frequent and severe wildfires intensified by climate
change (Jones et al 2022, Zhang et al 2023).

4. Conclusions

Prescribed fire, a controlled surface burning, has
emerged as an indispensable tool in modern forest
management. Our analysis of long-term national
fire database (MTBS; 1984-2022) reveals marked
regional, seasonal, and temporal differences in con-
temporary patterns of prescribed fires when com-
pared to wildfires. The Southeast shaped the national
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prescribed fire regime by contributing the largest fire
numbers (78.6%) and total burned area (70.5%) in
CONUS. Prescribed fires exhibited a distinct seasonal
pattern—primarily occurring in spring—contrasting
sharply with wildfires, which peaked in autumn,
particularly in the West and Southwest. Over time,
policy shifted and refined management practices have
driven a significant increase in prescribed fire usage
in the Southeast since the early 2000s, with a not-
able peak around 2010 despite a temporary decline
thereafter. Conversely, a rise in wildfire burned areas
in the West was driven by climatic extremes and
historical fire suppression, while prescribed fire use
remained limited likely due to regulatory constraints,
air quality concerns, liability risks, public opposition,
and insufficient understanding of potential environ-
mental trade-offs.

Our synthesis of studies conducted between
1969 and 2024 indicates that prescribed fire exerts
both immediate and longer-term effects on water
quantity—altering ET and runoff by modifying
vegetation structure, soil properties, and hydrolo-
gical processes—and water quality through changes
in soil nitrogen dynamics, erosion, and sediment
transport that impact stream chemistry. These effects
are complex and vary across regions but are gen-
erally less severe than those associated with high-
severity wildfires. Thus, when properly implemented,
prescribed fire could benefit water resources through
mitigating catastrophic wildfires that severely degrade
water quality (particularly important in the western
US), and maintaining healthy, fire-adapted ecosys-
tems that sustain watershed function and water qual-
ity (especially critical in the eastern US). Finally, we
proposed an adaptive framework by balancing eco-
logical benefits against hydrological risks from pre-
scribed fires, offering science-based guidelines to sup-
port sustainable forest management, mitigate wildfire
risks, and safeguard water resources.
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