
Available online at www.sciencedirect.com

ScienceDirect
Current Opinion in

Environmental Science & Health
Hydrology and stream water quality of fire-prone watersheds
Fernando A. L. Pacheco1 and Luís F. Sanches Fernandes2
Abstract

This study reviewed current research on the nexus ‘wildfires-
watershed hydrology-stream water quality’. Various studies
used remote sensed Earth observation data to improve the
understanding of soil erosion and water balance in burned
watersheds and their relationships with fire variables (e.g.,
severity). It was noteworthy the application of computer models
to assess fire-related hydrologic processes (e.g., soil-water
repellence) and their control over runoff generation. The dis-
cussions about short-term and long-term impacts of wildfires
were prominent, including streamflow reductions following
vegetation resprouts or mobilization of metals. The controls of
wildfire impacts drove studies about the role of spatial scale in
the rainfall thresholds for postfire runoff and sediment delivery
or the role of snowpack decline in the anticipation of peak flows
in Boreal latitudes. Finally, it is worth mentioning the research
on fire management, as a measure to restore stream water
yields in forested watersheds and prevent subsequent fires.
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Introduction
Wildfires are a natural phenomenon that always affected
aquatic ecosystems [1,2]. Given the complex interplay
between the natural environment and spatiotemporal
patterns of burned areas, the assessment of wildfire
impacts on the hydrology and water quality of catch-
ments required multiple standpoints of observation.
This has fragmented the scientific literature into
www.sciencedirect.com
studies that mostly addressed the hydrologic impacts
(e.g., postfire runoff and flood-peak increases combined
with infiltration decreases) and studies that looked into
the consequences of sediment and ash discharge into
the water masses, including turbidity, nutrient, and
metal contamination. In both cases, the topics to
address were quite large. This has led some authors to
concentrate the scientific effort on developing models
capable to track the impacts back and forth, while other
authors encountered research niches on factors con-
trolling the impacts or in the hydrologic restoration
postfire. Water resources planning in fire-prone water-

sheds was also the focus of many scientific publications.

The present review tackles a number of issues relevant
to the ‘wildfire-watershed hydrology-stream water
quality’ nexus, highlighting the current research.
Figure 1 captures the review structure. The term
‘wildfires’ occupies the center of the figure because
wildfires are the focus of this review. The statement
‘Watershed hydrology and stream water quality’ sur-
rounds the word ‘wildfires’ to alert the readers to the
nexus. We separated hydrology from water quality

because this division was common in the consulted
papers. Within these broad sections, we addressed
various topics as highlighted in the studies, namely the
assessment and monitoring of wildfire impacts, factors
controlling wildfire impacts, restoration from wildfires,
modeling approaches, and water resources management
in fire-prone watersheds. In Figure 1, these topics
appear as keywords placed outside the hexagram. The
review structure portrayed in this figure and described
above reflects the ways the selected studies approached
the several topics and subtopics. We captured those

approaches and transposed them into the subsections of
this presentation. The review ends up with a table that
summarizes general outcomes. The selection of papers
followed the journal guidelines of including about 50
papers published in the past 2e3 years and resulted
from a consult to SCOPUS database. The search for
papers involved the use of search strings ‘wildfires’, ‘fire-
prone watersheds’, ‘watershed hydrology’, and ‘stream
water quality’.
Hydrology of fire-prone watersheds
Impacts of wildfires on watershed hydrology:
I – assessment and monitoring
Hydrologic processes and water balance components are
both sensitive to land cover changes caused by wildfires.
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Figure 1

Summary of topics and subtopics discussed in recent literature about
hydrology, water quality and burned watersheds.

2 Environmental impact assessment: Fire. Prevention, management and challenges
A hydrologic process commonly amplified by wildfires is
water erosion. Recently developed technologies, such as
time-lapse cameras and terrestrial laser scanning,
allowed to map erosion features developed on a severely
burned landscape located in the Chiricahua Mountains
(Arizona, USA) [3]. The features included rills and
gullies, sediment-laden flows, and debris flows. On a
wildlandeurban interface area (the Rafina catchment
located in Attica, Greece), innovative multitemporal
remotely sensed Earth Observation data allowed to
compare prefire and postfire erosion rates considering

fire severity [4*]. The eroded materials ultimately reach
the watercourses contributing to sediment loads. In a
study following the largest and most deadly forest fire in
Portugal (Pedrógão Grande, 2017), which caused a
sudden and drastic removal of vegetation cover in the
Mondego River basin, the analysis of river sediment
composition allowed to understand sediment sources
(granite, metasediment) and control factors (orography)
of sediment transport [5].

The changes to water balance components are another

prominent consequence of wildfires in catchments
around the globe. For example, following the large fires
of January 2017 that burned over 500,000 ha of native
forest around the Quivolgo locality in central Chile,
streamflow reduced significantly triggered by increased
evapotranspiration of vigorously resprouted forest [6].
Wildfires also decreased evapotranspiration relative to
unburned and prefire controls in California’s Sierra
Nevada, an impact that sometimes lasted 15 years after
the fire and varied with burn severity, prefire canopy
Current Opinion in Environmental Science & Health 2021, 21:100243
density, and hydro-topographic environment [7*].
Another example reported infiltration declines in the
Kudremukh national forest (Western Ghats of India)
following the 2017 fires, estimated from historical sat-
ellite hydro-climatic datasets and hydrologic modeling
(SWAT) [8]. In the mountainous areas of the Shingle
Creek watershed within the Twitchell Canyon fire
complex (USA), where snow is a fundamental contrib-

utor of streamflow, wildfires caused earlier disappear-
ance of snowpack in burned areas relative to unburned
areas, particularly on south-facing slopes [9]. The study
of François-Nicolas Rafael Pimentel and Berit Arheimer
[10*] evaluated the impact of a large forest fire that
occurred in 2014 in the Västmanland County, south-
central Sweden, highlighting the shorter and delayed
snow season in the burned areas relative to neighbor
nonburned forests, as well as the reduction in the
duration of high and low flow conditions. In a scoping
review, François-Nicolas Robinne et al. summarized the

results of postfire hydrologic studies in high-latitude
forests of Canada and Alaska, also highlighting the role
of wildfires on the seasonal timing of flow [11].

Many studies dedicated attention to the monitoring of
hydrologic processes and water balance conditions to get
the long-term response of watersheds to wildfires. The
seven-year monitoring of runoff generation thresholds
following the 2010 Fourmile Canyon fire (Boulder,
Colorado, USA), showed a progressive decrease of runoff
generation for identical precipitation events as the time

after the fire has passed [12]. For example, beyond the
first three years, only 30e100 return period events
generated surface runoff. The five years after the 2003
Lost Creek forest fire that burned a vast region in the
eastern slopes of the Rocky Mountains (southern
Alberta, Canada), showed a 20e220% higher mean
annual water yield and peak flows from burned relative
to unburned watersheds [13]. Other studies included
projections of future hydrologic catchment response to
wildfires. Using the SWAT model in the Elbow River
watershed (Alberta, Canada), Danielle Loiselle et al.
simulated streamflow changes resulting from wildfires

compounded with climate change scenarios until 2062
[14]. The results suggested higher streamflow yields
due to increased surface runoff relative to nonforest fire
simulations. The SWAT was also the hydrologic model
used to project stream-flow components in a Sabor River
watershed (Northeast of Portugal) devastated by a large
forest fire [15]. In this case, the simulations revealed
increases in surface flow and decreases of lateral and
groundwater flows.

The assessment of hydrologic impacts related to wildfires

resorts to measurements and models. The SWAT model
embeds a diversity of hydrologic processes and has the
capability to handle land-use changes, including wild-
fires; however, it fails to account for hydraulic effects
specifically related to vegetation burns, such as soil-water
www.sciencedirect.com
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repellence. The study of Jun Wang et al. developed the
PFHydro to explicitly simulate vegetation interception
and soil-water repellence effects for high, medium, and
low burn severities [16*]. Because of soil-water repel-
lence, the runoff was about three to six times after the
fire than before the fire. With the advent of free and
abundant remotely sensed Earth observation data, as well
as of globally available datasets, basin-wide to worldwide

studies evaluated various water-fire nexus. A study of
Waldo Canyon fire that burned about 74 km2 of land near
Colorado Springs in 2012 related reductions in the
normalized burn ratio calculated from MODIS satellite
imagery and due to the fire, with concurrent increases in
runoff production under similar external conditions
(event precipitation depths, intensities, and antecedent
soil moisture) [17]. The study of François-Nicolas
Robinne et al. presented a global diagnosis on forest fire-
water risk based on the Driving forces-Pressures-State-
Impacts-Response risk analysis framework and the

necessary global environmental databases [18].

The disturbance of catchment hydrology by wildfires has
societal implications addressed in various studies, such as
drinking water supply or watershed management. The
decrease of aquifer recharge in the ‘Serra do Rola Moça
State Park’ (Minas Gerais, Brazil), related to loss of
vegetation cover by wildfire, caused deficits in the
replenishment of headsprings that supply drinking water
to Belo Horizonte and surrounding urban centers [19].

Impacts of wildfires on watershed hydrology: II –
control factors and feedbacks
The consequences of wildfires for catchment hydrology

differ as a function of spatial scale, fire severity, postfire
land cover, time postfire, mulch treatments, climate
change, among other factors. In turn, the modified hy-
drologic conditions in the burned watershed may change
the risk of forest fire besides other feedbacks. Rainfall
thresholds for postfire runoff and sediment delivery
increased significantly across spatial scales after the
Colorado Front Range fires (USA) [20*]. For example,
two years after the 2000 Bobcat fire the minimum
thresholds were 4.4, 7.3, and 12 mm/h in unmulched
plots (�0.06 ha), hillslopes (0.07e5.2 ha), and water-

sheds (100e1500 ha), respectively. Evapotranspiration
decreased as function of soil burnt severity and postfire
land cover after the 2011 Las Conchas fire in New
Mexico (USA) [21]. The postfire evapotranspiration was
19.9e36.1%, 15e34.1%, and 8.7e29.1% lower than the
prefire counterparts in high, moderate, and low soil
burnt severity areas, respectively. Evapotranspiration in
the postfire grassland cover was 18e51% lower than the
prefire conifer cover values. Forest residue mulch
(chopped eucalyptus bark and twigs fibbers) reduced
soil loss by water erosion by as much as 91% during the

five postfire years of 2010 Sever do Vouga (Portugal)
moderate severity fire [22]. A coupled hydrologic-
www.sciencedirect.com
erosion model applied to the Salmon River Basin
(Idaho, USA) predicted the anticipation of peak flows
(1e2 months) in response to a declining snowpack
under warming temperatures, projected in the future
climate scenarios [23].

The loss of vegetation because of wildfires means more
runoff entering the streams in the shorter term because

the burned trees and bushes are not using that water;
however, as the forest resprouts and the growing trees
consume more water, substantial reductions in the water
yield from the catchments will occur over the coming
decades, intensifying droughts. In turn, the occurrence
of more prolonged and severe extreme meteorological
conditions amplifies the risk of summer wildfires [24].
Other feedbacks from catchments affected by wildfires
relate to dry ravel, the transport of sediment by gravity,
which transfers material from steep hillslopes to valley
bottoms during dry conditions. Burned catchments are

prone to dry ravel, and hence, more susceptible to short-
term sediment delivery in response to storms. Drye
ravel processes following the 2013 Springs Fire
occurred in the Big Sycamore Canyon (southern Cali-
fornia), produced deposits distributed irregularly at the
margins of stream channels, which, in turn, dominated
the postwildfire sediment yields [25].

Hydrologic recovery from wildfires or in the forest
environment
Recovery of vegetation tends to bring watersheds
toward their prefire conditions normalizing the basin-
wide hydrologic parameters. The time for recovery de-
pends on many factors but natural conditions can return

4e6 years after the fire. This recovery period occurred in
the Upper Nahal Oren basin (Mt. Carmel, Israel)
following the 2010 fire that consumed nearly one-third
of the basin’s vegetation cover [26*]. This was accom-
plished besides the drastic hydrologic changes caused by
the fire in the 2010e2013 period. In these years, the
threshold rainfall amounts for flow generation decreased
by 50%, the number of flow events increased by 180%,
base flows practically disappeared or lasted for just a few
days, and suspended sediment concentrations increased
by 2e3 orders of magnitude. In semiarid regions where

water shortages are frequent, the recovery of watersheds
to prefire conditions enhances where perennial springs
populate the forested areas. Following the 2014 forest
fire in the Asaayi Creek Watershed and Royal Gorge Park
(Colorado, USA), springs provided a critical source of
water that directly affected soil moisture, and in turn,
protected roots and buds allowing native vegetation to
regenerate [27].

In the meantime between fire occurrence and natural
recovery, mitigation of flooding and elevated sediment

loads can protect downstream water resources. Straw-
bale check dams are an option to reduce sediment yields
Current Opinion in Environmental Science & Health 2021, 21:100243
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in small ephemeral catchments where rainfall in-
tensities are low and soils are less erodible. This type of
treatment trapped 50% of sediments delivered from
catchments in the Twitchell Canyon (Utah, USA)
during the two years following the 2010 fire [28]. Post-
fire straw mulching is another measure especially justi-
fied in the case of postfire recovery from high burn
severity fires. In these cases, soil organic matter needs to

rebuild while the mulch protects soil from erosion. The
study of Prats et al. developed in Monchique (Portugal)
and Casares (Spain) after the 2018 fires evidenced a 65e
76% reduction of soil erosion accomplished by applica-
tion of straw-biochar mulching over high to moderate
burn severity areas [29*]. Straw mulching has protected
the soil from erosion even where the burned areas
experienced salvage logging, but had no real impact on
runoff control, as pointed out by Lucas-Borja et al.
working in Lietor (Spain) after the 2016 fire burned
about 830 ha of forest land [30].

Forest fire management may be a preventive measure to
restore stream water yields in forested watersheds, at
the same time that avoids subsequent fires. Trees are
deep-rooted vegetation capable to consume large vol-
umes of water. If fire reduces this demand by a reason-
able predefined amount (e.g., 20%), it frees up some
water to recharging groundwater resources and subse-
quently to surface water supplies as streamflow. Besides,
fire management acts through reducing fuel loads and
hence the risk of severe fires. In the Illilouette Creek

Basin (Upper Merced Watershed, Yosemite National
Park, California, USA), there seems to be a signal of
enhanced streamflow production following the institu-
tion of managed wildfire regime in 1972 [31,32].
Moreover, forcing the ecohydrological model developed
for this basin with an ensemble of downscaled future
climate predictions, showed identical hydrological im-
pacts of fire use to those observed under present-day
climate conditions [33*]. Ecohydrologic enhancement
also occurred in the Great Basin in the USA, where
pinyon and juniper removal by prescribed fire effectively
re-established a successional trajectory towards

sagebrush-steppe vegetation structure and thereby
reduced runoff and sediment yield from high-intensity
rainfall by > 2 fold [34]. Despite the potential virtues
of protective (e.g., straw mulching) and preventive (e.g.,
managed fire) measures taken separately, the discussion
about hydrologic resilience of fire-prone areas is still
ongoing and authors tend to integrate wildfire, water,
and society into common research [35].
Stream water quality in fire-prone
watersheds
Impacts of wildfires on stream water quality
Wildfires impact water quality as severely as they modify
the hydrology of affected watersheds, with potential
sequels for aquatic biota [36e38]. Fortunately, the
Current Opinion in Environmental Science & Health 2021, 21:100243
quality changes seem to last shorter than the hydrologic
impacts. The study of three fires that occurred in the
Northern California Coastal Ranges in 2015 evidenced
high levels of turbidity (e.g., 871 � 747 NTU for the
Rocky fire), color (6014 � 6098 PteCo), and suspended
solids (613 � 626 mg/L) during the first rainy season
postfire [39*]. Then, they decreased to reference values
in the second year (36 � 47 NTU, 362 � 478 PteCo,
and 96 � 158 mg/L, respectively). The fluxes of
dissolved organic carbon, dissolved organic nitrogen, and
ammonium were also larger in the first year after the
burns (67 � 40%, 418 � 125%, 192 � 120%, and
31 � 17%, respectively) and recovered to reference
values in the second year. Nitrate concentrations were,
however, practically undetected in the first year but
increased significantly in fire-impacted streams during
the second rainy season, probably owing to delayed
nitrification. Contrarily to the short time scales of forest
fire impacts on stream water quality, spatial scales can be

very large. Following the devastating 2016 Fort
McMurray wildfire in western Canada, ash transport in
rivers has been signaled in river basins as large as
100,000 km2 following rainfall events [40].

Wildfires can mobilize metals in runoff reducing the
benefits of high-quality potable water provision from
forested watersheds. Globally, preserving these water-
sheds in a pristine state supports the economy of
approximately US$ 4.1 trillion/yr by limiting the cost of
expensive drinking water treatments and provision of

unnecessary infrastructure [41*]. One particularly
relevant issue regarding metal mobilization from burnt
soils and ashes relates to mercury (Hg) washout by
postfire rainfall that can reach streams and lakes via
runoff transport. After the 2010 fires occurred in Ermida
and São Pedro do Sul (Portugal), Isabel Campos et al.
reported 0.5 g Hg/ha exported from burnt areas towards
adjacent areas [42]. The mobilization of metals from
wildfire-affected watersheds is, however, not restricted
to Hg. In a comparative study about lead (Pb) and iron
(Fe) leaching from burnt forests and urban areas, Paulina
Pinedo-Gonzalez et al. highlighted the larger pro-

portions of soluble Pb and Fe in storm runoff from the
fire-affected (58% and 24% of total dissolved, respec-
tively) than from urbanized watersheds (17% and 8%)
[43]. The study of the 2010 Fourmile Canyon Fire near
Boulder (Colorado, USA) revealed how the exposure of
mine tailings and waste rock due to the burn of vege-
tation cover, along with hydrologic changes induced by
the wildfire, have accelerated the mobilization and
dispersal of arsenic and metals to local streams [44].

The impacts of wildfires on stream water quality can

trigger water security problems, which may negatively
influence source water quality and treatment [45,46].
The study of Regina Santos et al. showed large stream
flows overlapped with large phosphorus concentrations
in the Beça River basin (Portugal) and showed how
www.sciencedirect.com
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Table 1

Summary of general outcomes reported in scientific studies that recently addressed the nexus ‘wildfires – watershed hydrology – stream water quality’. The outcomes are valid for
the case studies indicated below the heading ‘source’. They are not generalizable.

Forest fire impacts on watersheds

Research topic Hydrology Source(s) Water quality Source(s)

Assessment Use of time-lapse cameras and terrestrial laser scanning to map
water erosion

[3] Investigating the sources of high phosphorus concentrations in forested
watersheds approaching the problem from the ‘pressures-pathways-
receptors’ conceptual model

[49]

Use of remotely sensed Earth Observation data to compare
prefire and postfire erosion rates considering fire severity

[4] Use empirical deterministic spatiotemporal relationships between land
cover, nonpoint pollution sources, and erosion to estimate
accumulations from the overland flow within the watershed

[50]

Use of historical satellite hydro-climatic datasets to assess
infiltration declines postfire

[8] Combine physically described processes with stochastic models to
assess water quality risk in wildfire-prone catchments

[51]

Use of global environmental databases to assess forest fire-
water risk on Earth

[18] Creation of a dataset containing relevant information to develop spatial
indicators of wildfire risk for water security

[48]

Use of general hydrologic models (e.g., SWAT) to project water
balance components in fire-prone watersheds in the near
future

[14,15]

Use of specific hydrologic models (e.g., PFHydro) to account for
hydraulic effects specifically related to vegetation burns (e.g.,
water repellence)

[16]

Short-term impacts Streamflow reduction is triggered by increased
evapotranspiration of vigorously resprouted forest

[6] Quality changes seem to last no longer than 1–2 years, i.e. less than
the hydrologic impacts

[39]

Evapotranspiration decreases relative to prefire and unburned
catchments, lasting for 15 years postfire and depending on
burn severity, prefire canopy density, and hydro-topographic
environment

[7] Nitrate concentrations can be undetected in the first year but increase
significantly in fire-impacted streams during the second rainy season,
probably owing to delayed nitrification

[39]

Earlier disappearance of snowpack in burned areas relative to
unburned areas

[9] Fire-related ash transport in rivers can be signaled in river basins as
large as 100,000 km2 following rainfall events

[40]

Shorter and delayed snow season in the burned areas relative to
neighbor nonburned forests

[10] Forest fires can mobilize metals in the runoff, such as Hg, Pb, Fe, As,
among others

[41–44]

Soil-water repellence increased runoff about three to six times
after fire

[16]

Decrease of aquifer recharge caused deficits in the
replenishment of headsprings that supply drinking water to
urban centers

[19]

Long-term impacts Progressive decrease of runoff generation for identical
precipitation events in a seven-year period

[12] Recurrent wildfires and damming can keep nutrient concentrations
periodically high threatening water security

[47]

A report of 20%–220% higher mean annual water yield and
peak flows from burned relative to unburned watersheds, 5
years postfire

[13]

Control factors Rainfall thresholds for postfire runoff and sediment delivery
increased significantly across spatial scales

[20] Globally, preserving forest watersheds in the pristine state supports the
economy of approximately US$ 4.1 trillion/yr by limiting the cost of
expensive drinking water treatments and provision of unnecessary
infrastructure

[41]

Evapotranspiration decreased as a function of soil burnt severity
and postfire land cover

[21]
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recurrent wildfires and damming can threaten water
security in the long term [47]. The conscience of
wildfire impacts on water security led François-Nicolas
Robinne to create a dataset for Canada and Alaska that
contains relevant information to develop spatial in-
dicators of wildfire risk to water security [48]. This
useful database would be helpful to water resources
managers anywhere around the globe.

Modeling approaches for impact assessment
The accomplishment of a catchment-wide view about the

impacts of wildfires on stream water quality usually resorts
to models that combine spatiotemporal distributions of
environmental variables (e.g., topography, hydrology, and
climate) and burnt areas. For example, a study by Regina
Santos et al. investigated the sources of high phosphorus
concentrations in Portuguese forested watersheds
approaching the problem from the ‘pressures-pathways-
receptors’ conceptual model [49]. The results showed
postfire soil erosion among the leading factors of phos-
phorus exports across the watersheds and precipitation
intensity as a key variable of erosion, not ruling out the role

of forest management (hardwood clear cuttings). The
study outcomes also suggested sediment deposition along
the pathway from burned areas to water masses as atten-
uating factor of phosphorus yields. Other models rely on
empirical deterministic spatiotemporal relationships be-
tween land cover, nonpoint pollution sources, and erosion
to estimate accumulations from the overland flow within
the watershed. In the Santa Lucia Range (northern
portion of Los Padres National Forest, California, USA), an
empirical runoff-erosion model indicated average postfire
concentration increases in phosphorus, sediments, and

total suspended solids by 161%, 350%, and 53% above
prefire years, respectively [50]. Models that are more so-
phisticated can combine physically described processes
(e.g., debris flow initiation, fire spread) with stochastic
models (e.g., Monte Carlo simulations) and assess water
quality risk in wildfire-prone catchments in the sequel.
Using a model of this kind in central Victoria (Australia),
Christoph Langhans et al. estimated recurrent risks (e.g.,
every 15 years) of turbidity in the water supply of Upper
Yarra reservoir near Melbourne, caused by periodic inflows
of clay-sized wildfire-related debris [51].
Summary
Table 1 summarizes the general outcomes of studies
described in the previous sections. The aim was to grant
the readers with a systematized list of recently reported

methods, impacts, and restoration results, in studies of
wildfires concerned with watershed hydrology and
stream water quality. Like the review, the table is far
from exhaustive.
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