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Abstract

Deforestation and wildfires drastically impact vegetation cover, consequently affecting
water dynamics. These hazards alter the different components of the water cycle, including
evapotranspiration, runoff, infiltration, and groundwater recharge. Overall, runoff in-
creases while infiltration and groundwater recharge decrease. Furthermore, these hazards
significantly alter the chemistry of both surface water and groundwater. The main changes
to water quality relate to turbidity, bacterial load, mineralization and nutrients. Forest fires
can also release contaminants such as heavy metals, polycyclic aromatic hydrocarbons
(PAHs) and volatile organic compounds (VOCs). Other contaminants can be introduced
by products used in firefighting, such as retardants and perfluoroalkyl substances (PFAS).
This paper reviews the impact of deforestation and wildfires on water resources, especially
with a view to their use as raw water for drinking water production. The paper identifies
the magnitude of the changes induced in water quantity and quality. Even if the results are
climate- and site-specific, they provide an indication of the possible magnitude of these
impacts. Finally, the various changes brought about by these hazards are ranked according
to their potential impact on drinking water production.

Keywords: water resources; raw water; drinking water; forest; deforestation; wildfire

1. Introduction
Both surface and groundwater resources have been discussed in various papers for

their advantages and disadvantages in producing drinking water, e.g., Refs. [1–5]. Among
the advantages of surface water as raw water for drinking water production are that
it is easily accessible, pollution can be easily controlled, and treatment systems are well
established (coagulation, filtration, and disinfection). However, its quality is highly variable
due to the rapid changes in turbidity, organic matter, bacteriology, temperature, and
chemistry. Surface water is easier to treat, but faces more variability. Surface water is also
more vulnerable to contamination during extreme weather events [3].

Numerous works outline the advantages of using groundwater as a source of raw wa-
ter, such as lower contamination risks. Using groundwater generally results in better quality
and more consistent water, with low turbidity and a lower bacterial load. Groundwater has
a better taste and stable temperature, and induces lower treatment costs (typically requiring
only minimal disinfection or chemical adjustments). For its advantages, groundwater
is often used as an emergency or crisis supply when surface sources fail. Groundwater
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is more stable but faces issues like over-extraction and saline intrusion [3]. Among the
disadvantages, these resources can be limited and sometimes potentially overexploited,
particularly in agricultural areas, arid regions and coastal zones. Furthermore, cleaning the
resource is extremely difficult, if not impossible, once it is contaminated (e.g., by nitrate,
pesticides, PFAS, microbes).

A robust drinking water treatment system is defined as one that provides excellent
performance under normal conditions and experiences minimal deviation during periods of
upset or challenge [6]. However, an increase in extreme weather events can cause changes
to surface water quality parameters, such as turbidity, that are unprecedented and pose
operational challenges to drinking water treatment plants [7].

Mirus et al. [8] reviewed hydrological disturbances with indirect or less pronounced
human involvement, such as bark beetle infestation, wildfire and other natural hazards.
Hydrological disturbance is defined as an abrupt event that changes the previously under-
stood hydrological function of a system [9]. Modification of the territory—and, in particular,
of its vegetation cover—has significant repercussions on water flow and quality [10,11].
For example, it was found that for every 1% increase in deforestation, access to clean water
decreased by 1% [12].

After reviewing 137 cases, Andreassian [13] concluded that deforestation increases
water yield, while reforestation decreases it. Filoso et al. [14] reviewed 308 study cases and
summarized that reforestation decreases the total annual water yield in 80% of cases.

Deforestation increases soil erosion, resulting in higher levels of soil, sediment, and
turbidity in the water, which increases the need for drinking water treatment. Numerous
studies have shown a link between forest density and water quality [15–17]. Catchments
that were predominantly forested (with over 70% forest cover) exhibited the lowest levels
of concentration for most of the monitored quality parameters [15]. However, water quality
deteriorates in densely populated areas despite high proportions of forest. Landscape
configuration may explain 48% of the variation in water quality [16].

An inverse relationship was found between forest cover and turbidity [18], but a weak
relationship between forest cover and total organic carbon (TOC). Converting 1% of a
watershed from forest to developed land increases turbidity by 3.9%. An increase in TOC of
1% increases chemical costs by 0.46%, whereas an equivalent increase in turbidity increases
these costs by only 0.19%.

Forest ecosystems enhance the absorption of nutrients, helping to maintain the quality
of water resources [19,20]. An analysis of four land use change scenarios revealed that
forest conversion and increased development resulted in higher average concentrations
of total suspended solids (TSS) and total nitrogen (TN) at 13 out of 15 intake facilities [21].
Potential increases were found to be as high as 318% for TSS and 220% for TN. A German
study of half-forested Water Protection Areas (WPAs) that were subject to deforestation
(with 4.8% of the canopy cover lost within three years) found that nitrate concentrations
more than doubled with severe forest dieback, while concentrations remained unchanged
in undisturbed areas [22].

Forest cover has also been linked to better water quality [17] and reduced treatment
costs [18,23,24]. Many studies have examined the relationships between the costs of treating
drinking water, water quality, and changes in land use and land cover [18,25–34]. Liu
et al. [32] suggest that the higher water yield and increased runoff associated with forest
disturbance could impact water quality and consequently increase water treatment costs. In
contrast, Mulatu et al. found that increasing forest cover in the catchment area substantially
decreases the cost of water treatment chemicals. However, as the buffer distance increases,
the contribution of forest cover to reducing treatment costs declines, although it still has a
substantial effect on the cost of treating water.
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Dearmont et al. [35] studied the effect of turbidity levels on chemical costs for surface
water treatment plants in Texas, finding that a 1% reduction in turbidity reduced chemical
costs by 0.27%. Meanwhile, Ernst et al. [25] demonstrated that 50–55% of variation in
water treatment operating costs could be attributed to the percentage of forest cover in
the catchment area. They also found that a 10% increase in forest cover results in a ~20%
decrease in treatment costs.

Price et al. [36] showed that turbidity significantly impacts water treatment costs, with
a 1% increase in nephelometric turbidity units (NTU) resulting in a 0.1% increase in costs
(i.e., a deterioration in water quality). Nehra et al. [37] found that reducing turbidity and
TOC by 1% would reduce treatment costs by 0.046–0.091% and 0.951–1.144%, respectively.
They also found that a 1% loss of forest could increase treatment costs by 1.7%. Westling
et al. [31] found that a 1% increase in forest cover results in a 0.801% decrease in turbidity
of the raw water and a 0.228% decrease in chemical treatment costs.

Studies have shown that forests play a significant role in the various components
of the water cycle and in water quality. Therefore, deforestation due to logging, decline
or wildfires significantly impacts these components and their quality. A decline in the
availability and quality of raw water sources poses a challenge to the production of drinking
water and increases production costs.

The purpose of this paper is to review the impacts of deforestation and wildfire on
the water resources which may subsequently affect the production of drinking water. It
considers the impact on the various components of the water cycle, i.e., precipitation,
evapotranspiration, runoff, infiltration, and groundwater recharge. It also examines the
impact of deforestation and wildfire on water quality, in terms of turbidity, mineralization,
bacteriology, heavy metals, volatile organic compounds (VOCs), polycyclic aromatic hydro-
carbons (PAHs), and anthropogenic chemical pollutants. This review does not examine
the processes of erosion, the fate and role of organic matter in soil, or the process of revege-
tation following a hazard. It also does not consider factors other than deforestation and
forest fires that may influence hydrological processes. It does not address the direct impact
of deforestation and wildfires on the cost of water treatment, as this cost varies greatly
depending on the country and its drinking water regulations.

2. Impacts of Deforestation
2.1. Impacts of Deforestation on the Water Cycle

The removal of forest cover reduces infiltration and increases surface runoff [38–45].
The removal of litter, resulting from deforestation and soil erosion, can increase peak runoff
by around 1.4 to 1.5 and greatly reduce soil moisture [41]. A meta-analysis of the literature
by [46] confirms that deforestation significantly affects rainfall fate and its distribution
between runoff and infiltration.

Because forests transpire vast amounts of water, deforestation reduces evapotranspi-
ration (ET) by between 2% and 50%, depending on the region. This alters local humidity.
Studies using satellites and models confirm that reduced ET leads to less atmospheric
moisture and loss of precipitation downwind [38,44–47]. With less evapotranspiration and
infiltration into the soil, rainfall results in more runoff.

Van Luijk et al. [48] observed that infiltration rates varied from 26.1 to 28.7 mm/h
under shrub vegetation, but from only 0.04 to 0.25 mm/h under degraded vegetation. This
corresponds to a reduction factor of 115 to 650. The maximum humidity (under saturated
soil conditions) was approximately 51% under shrub vegetation and around 37% under
degraded conditions.

Woody plants improve water infiltration by creating macropores and protecting the
structure of the soil. Although root-induced macropores promote infiltration, litter (i.e.,
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decomposing organic debris that accumulates on the soil surface) and dense root systems
can reduce the amount of water that reaches aquifer layers [49,50]. Massive deforestation
can lead to a 50% decrease in recharge to karst aquifers, as well as reducing the recharge
season from six months to three [51].

In a strongly seasonal subtropical dry climate (Malawi), it was found that an increase
in deforestation of 1.0 percentage points has decreased access to clean drinking water
by 0.93 percentage points [12]. In this study, clean drinking water is mainly associated
with boreholes and protected wells, while unsafe water is associated with unprotected
household wells, streams and rivers. During 2000–2010, the ratio of forest area in Malawi
decreased by 14% or by 5.6 percentage points. This implies that the probability of accessing
clean drinking water decreases by 5.2 (=5.6 × 0.93) percentage points. On the other hand,
the study showed that a 1% decrease in rainfall decreases access to clean drinking water by
0.57 percentage points. Over this decade, deforestation has had a comparable impact (14%)
on access to drinking water to the 9% decrease in rainfall caused by climate change.

The recolonization of deforested areas by woody vegetation (trees and shrubs) tends to
have a favorable effect on infiltration rates. Indeed, reviving forests can improve infiltration,
soil stability and baseflows, particularly in degraded areas, where there can be significant
hydrological benefits [52]. However, this recolonization can further reduce groundwater
recharge because trees and shrubs draw infiltration water, leading to a reduction in deep
percolation and recharge [49–55]. Replacing agricultural surfaces with natural forests led
to a 32% decrease in the total volume of water entering the aquifer and a significant drop in
the water table level [56].

In semi-arid systems, woody encroachment often reduces groundwater recharge by
consuming more water. Context (i.e., soil type and climate) is therefore key [57]. On
degraded soils or agricultural land, reforestation typically increases infiltration. However,
in certain situations, it can lead to a significant reduction in infiltration [58]. The impact on
groundwater recharge also depends on geological formations and soil thickness [57]. In
dry regions, recharge may increase via runoff transmission, whereas in more humid zones,
evapotranspiration (ET) dominates and reduces flows [53,59].

The influence of woody plant encroachment on groundwater recharge is highly context-
specific. It is not possible to establish a clear pattern of infiltration and groundwater
recharge, since this influence is also controlled by soil and subsoil characteristics, topogra-
phy, and climate.

Table 1 summarizes the main quantitative impacts of deforestation on water resources
and potential consequences for drinking water production. Deforestation almost always
leads to increased runoff. It also generally reduces infiltration and groundwater recharge.
However, the extent of this impact can vary depending on the climatic and geological
context. In quantitative terms, therefore, the potential impact on drinking water production
will mainly concern the risk of a decrease in groundwater availability. This could result in
a reduction in the volume of water available for production or a drop in the water table,
causing wells or pumping systems to run dry. Since rivers rely on groundwater for their
base flow, a decline in groundwater recharge can lead to reduced river and spring flow
during periods of low water.
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Table 1. Main quantitative impacts of deforestation on water resources and potential consequences
for drinking water production.

Impact References Magnitude Consequence for
Drinking Water

Deforestation favors the runoff
and erosion of surface litter and
soil. Macro-porosity closes due to
soil destructuration, compaction
and macropore clogging by soil
particles. This reduces infiltration
and groundwater recharge.

[12,38–51]

Infiltration rates can be
reduced by several orders
of magnitude. A reduction
in recharge of up to 50%
has been reported.

Lower infiltration and
groundwater recharge, and
consequently lower
amount of groundwater
available as a source of raw
water. This impact can last
for many years. This can
also result in reduced river
and spring flow during
periods of low water.

The recolonization of soils by
woody plants does not
immediately lead to the recovery
of the soil’s infiltration capacity.
In fact, it can further reduce
groundwater recharge due to the
removal of soil water by roots.

[52–59]

A 32% decrease in recharge
has been reported over
several years following the
re-establishment of woody
vegetation.

2.2. Impacts of Deforestation on the Water Quality

Deforestation had significant effects on the quality of surface water [60], including a
notable decrease in electrical conductivity and changes in the ionic composition of the water,
which suggests a dilution-related impact. Conversely, nitrate concentrations in streams
increased significantly during the first two to three years after deforestation. Similar results
were observed in other deforested catchments, and were attributed to increased leaching
and reduced nutrient (N and P) uptake by biomass [61–65].

Watersheds with less than 35% forest cover experienced increased turbidity, suspended
sediment, nutrients (nitrogen and phosphorus) and microbial load, whereas watersheds
with 55% or more forest cover had much better water quality [66]. Above all, deforestation
has led to a significant increase in turbidity and the bacteriological load in surface waters.
However, there has been little or no increase in groundwater, as it is generally better
protected from such parameters.

Nayaranan et al. [67] have shown that large-scale deforestations of the Amazon during
the 2001–2020 period are associated with significant changes in sediment concentration in
the eastern portion of the basin. In the heavily deforested eastern regions, the hydrogeo-
morphic response to deforestation occurs relatively rapidly (within a year), whereas the
less disturbed western areas exhibit delays of 1 to 2 years before responses are observable.

Zhao et al. [68] studied the Upper Chao Phraya River Basin (UCPRB), which is a
tropical monsoon basin located in Thailand. In the entire basin, a one percent reduction in
the forest cover can increase the annual streamflow by 1.9%. In the upstream sub-basins, a
one percent reduction in the forest cover can increase the annual streamflow and annual
baseflow by 2.5–5.4% and 2.6–6.7%, respectively. A one percent reduction in the forest
cover can increase the annual suspended sediment load by 8.7%.

Klein et al. [69] used continuous turbidity data during winter runoff seasons in
28 coastal watersheds. They showed that watersheds with more recent logging (higher
percent harvested annually) have much higher turbidity (e.g., 10—percent exceedance
turbidity levels) compared to pristine forested baselines.

Very few studies have addressed the impact of deforestation on groundwater quality. A
significant increase in nitrate levels in groundwater during the first two to three years after
deforestation [60]. Sheikhy-Narany et al. [70], meanwhile, examined nitrate concentrations
measured in wells over a 25-year period (1989–2014), attempting to correlate them with
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changes in land use brought about by deforestation. According to their findings, nitrate
concentrations increased by around 8.1% per year in agricultural wells and by around
3.9% in residential wells. By 2014, the proportion of areas where nitrate levels exceeded
10 mg-N/L (or 45 mg/L of NO3, i.e., the nitrate standard for drinking water in many
countries, e.g., Ref. [71]) had risen from 1% to 48%, indicating that nearly half of the wells
were no longer in compliance with the drinking water standard. However, this evolution
could be due to the combined effect of deforestation and changes in land use.

Deforestation has been linked to increased turbidity and worsening bacterial contami-
nation in surface waters used as drinking water sources. Heavy rainfall post-deforestation
increases the amount of suspended solids entering drinking water systems. This has led to
higher turbidity and spikes in bacterial parameters [72].

Table 2 summarizes the main qualitative impacts of deforestation on water resources
and potential consequences for drinking water production. Deforestation has a greater
impact on surface water than on groundwater. The most significant impact is related to
increases in total dissolved solids (turbidity), as well as in microbiological load. Increased
turbidity mainly affects surface water and karst aquifers, and will have a significant impact
on drinking water production, requiring increased flocculation, filtration and disinfection.
It should also be noted that this turbidity may affect the effectiveness of water disinfection.
In any case, continuous monitoring will be required so that treatments can be adjusted in
real time. Deforestation will also alter the water’s pH, which may affect the disinfection,
coagulation and flocculation processes. Deforestation also promotes the release of nitrogen
and phosphorus, which are produced when soil organic matter mineralizes and is no longer
absorbed by vegetation. If the standards for drinking water are exceeded, the water will
require appropriate treatment.

Table 2. Main qualitative impacts of deforestation on water resources and potential consequences for
drinking water production.

Impact References Magnitude Consequence for
Drinking Water

Deforestation promotes the
circulation of ions (both anions
and cations), which contributes to
changes in electrical conductivity
and pH of waters.

[60,61,63] No drastic changes have
been reported.

Effect on disinfection
efficiency, coagulation and
flocculation

Sharp increase in turbidity and
bacterial load in surface waters
during rainy periods. Could also
affect the groundwater in
fractured or karstic aquifers.

[64,66–69,72] Increase in load by several
orders of magnitude.

Requires increased
monitoring, filtration and
disinfection, the latter of
which is also losing its
effectiveness.

Increased nitrogen and
phosphorus concentrations due to
a significant reduction in uptake
by vegetation and mineralization
of soil organic matter, affecting
both surface water and
groundwater.

[60–66,69,71]

A significant increase in
nitrate levels in
groundwater was reported,
with 50% of wells showing
concentrations that exceed
the drinking water
standard.

May cause drinking water
standards to be exceeded,
requiring appropriate
treatment.

3. Impacts of Wildfires
3.1. Impacts of Wildfires on the Water Cycle

Many studies regard wildfires as a driver of deforestation or a special case thereof,
given that fires facilitate forest degradation and often precede conversion to non-forest
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land use [73]. An analysis of the relationship between forest loss and fire [74], based on
satellite-derived data from 2003 to 2018, found that, on average, 38 ± 9% of global forest
loss was associated with fire. This proportion remained relatively stable throughout the
study period. However, the impact on soil and water resources differs depending on
whether deforestation or wildfires are involved.

Wildfires have a significant impact on the hydrological response of watersheds [75–79].
Atchley et al. [80] suggest that the increases in baseflow (i.e., watershed flow transiting
groundwater) that are sometimes observed after a fire—see, e.g., Refs. [81,82]—may be
related to increased water storage in the watershed. This is probably the result of increased
soil moisture and groundwater recharge.

Johnk and Mays [83] found a correlation, which they consider to be causal, between
wildfires and a temporary drop in the water table. They observed a significant decrease in
recharge during the first year after the fire. Although some recovery occurs in subsequent
years, infiltration capacity remains below previous levels [84–89]. Guzmán-Rojo et al. [87]
report a reduction in groundwater recharge of around 40% in the first year, with recharge
amounting to just 36 mm/year compared to 59 mm/year in unburned areas. The recharge
deficit remained at around 10% after two years, suggesting that the soil’s infiltration
capacity had only partially recovered.

However, other studies have reported an increase in groundwater recharge and
levels, which may be due to a decrease in evapotranspiration following vegetation
mortality [80,90,91], or to the formation of macropores from burnt vegetation [92,93]. For
example, Giambastiani et al. [94] found that the estimated recharge rates increased in the
partially and completely burnt areas (219 and 511 mm/year, respectively) compared to the
pristine pine forest area (73 mm/year). La Pasta Cordeiro et al. [95] showed that, in the
first year after the wildfire, groundwater recharge in the burnt area increased from 20% to
40% of precipitation. Six years later, the groundwater level in the burnt area was still 10%
higher than the historical average.

Atwood et al. [96] indicated that both surface runoff and infiltration likely increased
in tandem. Their results suggest that the hydrological response to storms in post-fire
environments is dynamic, involving more surface-subsurface exchange than was previously
thought. This has important implications for vegetation regrowth and post-fire landslide
hazards in the years following a wildfire.

A review of groundwater response reveals a range of outcomes, varying from substan-
tial increases to notable decreases in recharge and baseflow, with some studies indicating
negligible or short-lived effects [97]. This review concludes that in hydroclimatic settings
where water input and evaporative demand cycles are out of sync, post-wildfire ground-
water responses tend to be positive (i.e., increased flux or storage), whereas under low fire
severity conditions or in vegetation types that quickly recover, groundwater responses tend
to be negative (i.e., decreased flux or storage).

Fire burns vegetation and organic soil layers, often creating water-repellent or ash-
sealed soils [98–104]. This reduces soil permeability by several orders of magnitude.
Consequently, soil clogging with ash reduces permeability and infiltration capacity, thereby
increasing surface runoff and limiting groundwater recharge [84–87,105,106]. Infiltration
rates can decrease by over 90% [107]. Moody and Martin [108] have also shown a reduction
in infiltration rates of between two and seven times post-fire. However, Bart and Tague [109]
suggest that reduced evapotranspiration may influence groundwater recharge to a greater
extent than increased soil hydrophobicity.

A wildfire typically causes an increase in runoff and erosion, directing precipitation
towards watercourses rather than into the ground. However, the severity of the fire can
influence recharge rates, either positively or negatively [80]. Therefore, groundwater
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recharge can increase or decrease depending on the severity, duration and physiographic
setting of the fire. Úbeda and Sala [110] analyzed maximum runoff coefficients measured
under different wildfire severities in northeastern Spain. During their study, they observed
an increase in the coefficients from 6.3% to 10.0% for unburned forests, around 8.9% for
forests subjected to low fire severity and from 33.6% to 37.4% for forests subjected to
moderate or high fire severity. Therefore, the change in runoff coefficients was much
greater for severe fire situations.

Moderate burns can open up the canopy and stimulate infiltration, whereas intense
burns often have the opposite long-term effect [84,101]. Moody and Martin [108] inves-
tigated the effect of fire severity on hydraulic conductivity (i.e., soil permeability) and
sorptivity (i.e., the soil’s capacity to absorb and transmit water by capillary action), which
are the two main parameters that control runoff, infiltration, and groundwater recharge.
They found that the relationship between hydraulic conductivity and fire severity fol-
lowed an exponentially decreasing function, while sorptivity followed a linearly decreasing
function. Therefore, a severe fire reduces soil permeability more than sorptivity, whereas
medium to less severe fires primarily influence the evolution of soil hydrological behavior
through changes in sorptivity.

The time required for a watershed’s hydrological functioning to return to its initial
(pre-fire) state depends heavily on the rate at which vegetation cover is restored. González-
Pelayo et al. [79] studied the relationship between fire frequency, soil water properties,
and soil water dynamics. They found that water stress (a lack of soil humidity for plants)
occurred 17 days earlier in areas affected by four fires and 10 days earlier on bare sites.
Therefore, frequently burnt areas experience water stress more quickly than bare areas.
Areas affected by a single fire exhibited superior vegetation resettlement compared to areas
affected by four fires.

The increase in runoff generally persists for 2–6 years after the fire, with a peak in
the first 1–2 years [111–114]. Mediterranean watersheds typically recover their initial
hydrological functioning within 3 to 7 years, although the extent of the burnt area can
extend this period [76,115]. Therefore, the effects of fires can be observed for one to two
years after the fire, but may also be evident five to seven years later [107,116–118].

Wagenbrenner et al. [76] conducted a review of 28 studies (38 Mediterranean sites
monitored for between three and 20 years) investigating how these sites recover their
hydrological functioning following wildfires. Eighteen of the sites showed recovery within
seven years, with delays ranging from zero years (i.e., no post-fire response) to seven years.
However, no clear correlation was found between the time taken for hydrological recovery
and either site or fire characteristics.

Table 3 summarizes the main quantitative impacts of wildfires on water resources and
potential consequences for drinking water production. Wildfires leads to increased runoff.
Depending on the climatic and geological context, infiltration and groundwater recharge
may increase or decrease. In quantitative terms, therefore, the potential impact on drinking
water production will mainly concern the risk of a decrease in groundwater availability.
Since rivers rely on groundwater for their base flow, a decline in groundwater recharge can
lead to reduced river and spring flow during periods of low water. This could result in
a reduction in the volume of water available for production or a drop in the water table,
causing wells or pumping systems to run dry.
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Table 3. Main quantitative impacts of wildfires on water resources and potential consequences for
drinking water production.

Impact References Magnitude Consequence for
Drinking Water

Wildfires significantly impact the
distribution of rainfall between
runoff and infiltration. Runoff is
generally exacerbated. This
impact can last for several years.
It is most significant during the
first two years, but it can last up
to seven years. Depending on the
climatic context, wildfires can
lead to an increase or decrease in
the rate of groundwater recharge
and the levels of the water table.

[73–118]

Runoff may increase from
6.3% to 10.0% for unburned
forests, around 8.9% for
forests subjected to low fire
severity and from 33.6% to
37.4% for forests subjected
to moderate or high fire
severity. Increases or
decreases in groundwater
are highly context-specific.

If there is a decline in
groundwater recharge,
there will be less
groundwater available as a
source of raw water. The
resulting drop in the water
table can cause wells to dry
up or pumps to stop. This
impact can last for many
years. This can also result
in reduced river and spring
flow during periods of low
water.

The severity of the fire determines
the extent to which burning the
soil and clogging its pores with
ash reduces its permeability. This
has a significant impact on
infiltration and groundwater
recharge. More frequent fires
exacerbate impacts due to the
difficulty of vegetation in
reinstating itself and helping soils
to recover their hydrological
functionality.

[80,84,108,110,111]

Severe fire can exacerbate
the changes and frequent
fires can quadruple the
impacts.

3.2. Impacts of Wildfires on the Water Quality

Wildfires can significantly degrade the quality of river water in both the short and long
term by increasing sediment loads and nutrient concentrations (nitrogen and phosphorus),
as well as introducing toxic elements and modifying pH and temperature. A shift in
groundwater hydrochemistry can also be observed due to ash and burnt organic matter,
which modify the chemistry of infiltrated water by lowering pH and increasing ions,
sometimes by a factor of 7 [86,89,119].

In the Mediterranean region, fires have been shown to greatly increase sediment flux
and water turbidity, with a significant impact on water quality [120]. Lane et al. [117] report
increases in suspended sediments of up to 200% after wildfires. Malmon et al. [121] report
suspended sediment levels that were 10 to 100 times higher than previous, particularly in the
first year. Smith et al. [122] report first-year exports ranging from 0.017 to 50 t per year per
hectare over a wide range of catchment sizes (0.021–1655 km2), representing an increase of
between 1 and 1459 times the exports observed under unburned conditions. The maximum
concentrations reported in the first year ranged from 11 to nearly 500,000 mg/L.

Following forest loss due to wildfires and salvage logging, streams that feed water
treatment systems showed significantly higher turbidity levels (up to ~15 NTU versus
~5 NTU in unburned watersheds) [123]. This has an impact on the production of drinking
water, due to higher levels of turbidity, organics and metals, which increase the cost and
complexity of water treatment [122–124].

Wildfires generate high concentrations of nutrients (nitrogen—N and phosphorus—P),
organic matter, and pollutants, such as heavy metals, in runoff water. Hampton et al. [125]
conducted a meta-analysis of 121 sites, reporting median increases of 40–60% in nitrogen
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and phosphorus in rivers, as well as significant increases in dissolved organic carbon and
suspended sediments. Wildfires also mobilize various metals, including Al, Fe, Mn, As, Pb,
Cu and Ni, as well as PAHs.

In particular, ash releases nitrogen and phosphorus in soluble inorganic forms, pro-
moting the eutrophication of waterways [122,126–130]. Smith et al. [122] report a wide
range of exports to streams of total nitrogen (1.1 to 27 kg/ha/year) and total phosphorus
(0.03 to 3.2 kg/ha/year) in the first year, representing 0.3 to 431 times the exports observed
in unburnt forests. Nitrate exports ranged from 0.04 to 13.0 kg-N/ha/year (i.e., three to
250 times those observed in unburned forests).

Following a wildfire, recharge can therefore transfer significant nutrient fluxes to
aquifers [119–133]. Ref. [119] reports a significant increase in nitrate concentrations in
springs (by a factor of six after six to seven months), as well as a 1.3- to 2.2-fold increase in
PAHs. Gunnarsdottir et al. [134] showed the presence of polycyclic aromatic hydrocarbons
(PAHs) and volatile organic compounds (VOCs) in groundwater, as well as an increase in
heavy metals. PAHs were detected in the groundwater up to five months post-wildfire. The
transfer of these constituents can peak in the months that follow [119,132] and continues
to do so for at least nine years after the fire [133]. Several metals were also found at
concentrations up to six times higher than the median. Solomon et al. [135] also identified
VOC contamination in drinking water after the 2018 wildfires in California.

In addition to the direct risks they pose, wildfires can also lead to secondary con-
tamination. This is particularly the case with retardants based on nitrogen, phosphorus
and sulfur, and water additives such as aqueous film-forming foams, which are used to
extinguish wildfires and can release per- and polyfluoroalkyl substances (PFAS).

Tobin et al. [136] found high nitrogen concentrations in California that subsequently
declined over the following three to four years of monitoring. The spatial distribution
of these concentrations correlated with that of nitrogen-based retardant products used in
firefighting. However, Dimitriadou et al. [131] did not observe any increase in nitrogen
or phosphorus attributable to wildfires, whether due to the combustion of organic matter
or retardants.

PFAS (from aqueous film-forming foams) are highly mobile, toxic and persistent [137–139].
The fate of PFAS is influenced by organic carbon (OC), pH, cations and ionic strength [140–142],
but the sorption of PFAS cannot be explained by OC, pH or clay content alone. Therefore, their
fate in soil and groundwater is difficult to predict due to a lack of knowledge and hindsight, as
well as uncertainties.

Table 4 summarizes the main qualitative impacts of wildfires on water resources and
potential consequences for drinking water production. Wildfires affect both surface water
and groundwater. A significant impact is related to increases in total dissolved solids
(turbidity), as well as an increased microbiological load. This mainly concerns surface
waters and karst aquifers. Increased turbidity will have a significant impact on drinking
water production, requiring increased flocculation, filtration and disinfection. It should
also be noted that this turbidity may affect the effectiveness of water disinfection. In
any case, continuous monitoring will be required so that treatments can be adjusted in
real time.

Wildfires will also alter the water’s pH, which may affect the disinfection, coagulation
and flocculation processes. They also cause an increase in metal concentrations and the
release of nitrogen and phosphorus. These nutrients are produced when soil organic matter
mineralizes and are no longer absorbed by vegetation. Polycyclic aromatic hydrocarbons
(PAHs) and volatile organic compounds (VOCs) can also be released by the combustion
of organic matter. If the standards for drinking water are exceeded, the water will require
appropriate treatment. Appropriate monitoring is required to identify such exceedances.



Hydrology 2025, 12, 271 11 of 20

Table 4. Main qualitative impacts of wildfires on water resources and potential consequences for
drinking water production.

Impact References Magnitude Consequence for
Drinking Water

Wildfires can alter the chemistry
of water. This often results in a
decrease in pH level.

[86,89,119]
Concentrations of ions can
increase by up to
sevenfold.

Effect on disinfection
efficiency, coagulation and
flocculation.

Wildfires can carry significant
amounts of suspended matter
into waterways due to the
removal of the vegetation cover
and humus layer that would
normally protect the soil from
erosion.

[120–124]
Suspended sediment rates
up to 1000 times higher in
streamflows.

Requires increased
monitoring, filtration and
disinfection, the latter of
which is also losing its
effectiveness

Wildfires can cause significant
losses of nutrients (Nitrogen and
Phosphorus).

[122,125–133]

Mean increases of 40–60%
in nitrogen and
phosphorus concentrations
in rivers. Concentrations
up to 400 times higher in
the first year.

May cause drinking water
standards to be exceeded,
requiring appropriate
treatment.

The combustion of plants releases
polycyclic aromatic hydrocarbons
(PAHs) and volatile organic
compounds (VOCs).

[119,132,135]
Found at much higher
concentrations than normal
for several years.

Increased monitoring and
treatment if necessary.

Fire retardants may release
nitrogen, phosphorus and sulfur.
Water additives may also provide
pollutants such as perfluoroalkyl
substances (PFAS).

[136–142] N, P and S concentrations
may approach standards.

Increased monitoring and
treatment if necessary.

Wildfires can lead to increased concentrations of nitrogen, phosphorus or sulfate,
which are linked to the retardants used to fight them. PFAS (perfluoroalkyl substances) can
be released from aqueous film-forming foams.

4. Discussion and Perspectives
Figure 1 summarizes the potential impacts and consequences of deforestation and

wildfires on water resources and the production of drinking water. The main impacts and
consequences are listed using a color code: blue = favorable; orange = unfavorable; red =
very unfavorable. This enables the importance of each situation to be quickly grasped. For
example, it shows that severe wildfire has the greatest impact on drinking water production
in terms of both quantity and quality, while sustainable forestry (where only mature trees
are cut) has the least impact. This table can be used to quickly identify the most significant
quantitative or qualitative impacts associated with both types of risk.

Deforestation and wildfires can significantly impact the quantity and quality of water
resources, with notable consequences for drinking water production. While most of the
studies agree that these hazards modify runoff at the expense of infiltration and groundwa-
ter recharge, quantitative data on their impact on the different components of the water
cycle is still scarce. The importance and duration of the impact are not fully documented,
and are highly site-specific.

Although climate and vegetation (which are closely linked) play a significant role,
they are not the only factors that determine the significance of the impacts. Without
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field measurements, it is impossible to accurately estimate this importance based solely
on the most influencing factors. This is particularly true of the duration of the impacts,
which varies significantly and appears to be closely linked to the dynamics of vegetation
re-establishment.

Figure 1. Summary of the impacts and consequences of deforestation and wildfires on water resources
and drinking water production.

The lack of knowledge about quantitative impacts appears to stem from the limited
number of gauged watersheds or the excessive size of those that are gauged. For this reason,
it is not always possible to clearly identify the impact resulting from a change affecting
only a small part of a watershed. This makes it difficult to carry out statistical analyses of a
temporal or multivariate nature, which are needed to identify and quantify changes, and to
determine the contribution of each factor to these changes.

In terms of drinking water production, the most damaging impact on the quantity of
resources appears to be the changes in groundwater recharge, which consequently leads to
low river flow rates. To quantify this impact, it is necessary to monitor groundwater levels
and the discharge of springs and river base flow supported by groundwater. The ease with
which the impacts can be identified depends on the size of the aquifer. The smaller the
aquifer, the more noticeable the changes will be.

Deforestation and wildfires also impact water quality, leading to increased turbidity,
bacterial load, metal concentrations, and nutrient levels. Wildfires can produce contami-
nants such as polycyclic aromatic hydrocarbons (PAHs) and volatile organic compounds
(VOCs), as well as contaminants related to firefighting products, such as perfluoroalkyl
substances (PFAS). Therefore, quantitative monitoring must always be accompanied by
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qualitative monitoring in order to detect any undesirable substances or contaminants. The
same recommendations apply to monitoring neighboring areas, as well as to the specific
issue of unpredictable wildfires.

Water cycle sensitivity to forest change is then essential for understanding the magni-
tude of possible hydrological impacts caused by forest disturbance (e.g., de-forestation and
wildfire) or forestation [143]. Many studies have examined the impact of deforestation and
wildfires on surface water resources, but few have looked at groundwater, and very few
from the point of view of drinking water production.

The impact of deforestation and wildfires on groundwater and base flow in watersheds
is still a poorly understood and under-researched topic [144,145]. Zhang and Wei [146]
estimated that future research and watershed management require a systematic approach
that considers key contributing factors and the broad range of response variables related
to hydrological services. All explanatory variables—including climate, forests, watershed
properties, and the interactions and feedback between these factors—should be assessed.

To further reveal the mechanisms for variable hydrological response to forest change,
it is necessary to study the water behavior through the whole critical zone extending
from the top of the vegetation canopy through the soil and down to fresh bedrock and
the bottom of the groundwater [147]. McDonnell et al. [148] concluded that the paired
watershed approach is the most popular tool for quantifying the effects of forest watershed
management on water sustainability. However, this approach does not often address the
critical factor of water stored in the landscape. Future work needs to quantify storage in
paired watershed studies to inform sustainable water management.

Mirus et al. [8] noted that the paucity of long-term recovery records (>5 years duration)
also limits our ability to assess hydrologic resilience and distinguish between lasting versus
ephemeral changes. Further development of conceptual models for disturbances and
recovery trajectories are needed and will be possible with continued field monitoring,
which underscores the utility of long-term experimental data [149]. Ebel et al. [150] found
hydrologic impacts of disturbances may extend for longer than several years duration.
Mirus et al. [8] concluded that future research will also contribute to the development of new
conceptual frameworks and modeling approaches to meet land management objectives,
hazard warning goals, and societal needs in an increasingly disturbed world.

In light of the impact of deforestation and wildfires on water resources, future research
should consider the following aspects:

• Monitor small logged watersheds over several years. The size of the watershed should
be proportionate to that of the deforested area. Measurements should begin a few
years before deforestation starts and continue for several years after logging finishes,
in order to measure the effect of vegetation re-establishing itself.

• To eliminate the effect of meteorological factors, this monitoring should also be carried
out simultaneously in neighboring, unlogged watersheds.

• For wildfires, it is difficult to predict where and when they will occur. This makes it
difficult to identify which watersheds require monitoring. This also makes it more
challenging to accurately assess the quantitative impact of wildfires on ungauged
watersheds. Nevertheless, it is crucial to monitor burnt watersheds immediately after
wildfires in order to comprehend their effect on hydrology and the subsequent changes
as vegetation re-establishes itself. Neighboring unburned watersheds should also
be monitored.

• The impact on groundwater should be assessed in the same way. This should involve
setting up piezometric monitoring and gauging springs or small draining watercourses.
The same recommendations apply to the monitoring of neighboring aquifers (or parts
of aquifers), as well as to the specific issue of unpredictable wildfires.
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In any case, it is important to bear in mind that these monitoring activities must be
carried out over many years in order to take into account the re-establishment of vegetation.
It should also be remembered that the results are specific to the site and climate in question,
and are not necessarily transferable to other contexts.

In the case of resources used for producing drinking water, regular quality monitoring
carried out in accordance with the relevant regulations will be beneficial. It would therefore
be important to include, in regulatory monitoring analyses, any undesirable substances
and contaminants that may occur. This would enable verification of the qualitative impact
of any hazards.
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15. Kändler, M.; Blechinger, K.; Seidler, C.; Pavlů, V.; Šanda, M.; Dostál, T.; Krása, J.; Vitvar, T.; Štich, M. Impact of land use on water
quality in the upper Nisa catchment in the Czech Republic and in Germany. Sci. Total Environ. 2017, 586, 1316–1325. [CrossRef]
[PubMed]

16. Clément, F.; Ruiz, J.; Rodríguez, M.A.; Blais, D.; Campeau, S. Landscape diversity and forest edge density regulate stream water
quality in agricultural catchments. Ecol. Indic. 2017, 72, 627–639. [CrossRef]

17. Caldwell, P.V.; Martin, K.L.; Vose, J.M.; Baker, J.S.; Warziniack, T.W.; Costanza, J.K.; Frey, G.E.; Nehra, A.; Mihiar, C.M. Forested
watersheds provide the highest water quality among all land cover types, but the benefit of this ecosystem service depends on
landscape context. Sci. Total Environ. 2023, 882, 163550. [CrossRef]

18. Warziniack, T.; Sham, C.H.; Morgan, R.; Feferholtz, Y. Effect of Forest Cover on Water Treatment Costs. Water Econ. Policy 2017, 3,
1750006. [CrossRef]

19. Mupepele, A.-C.; Dormann, C.F. Influence of forest harvest on nitrate concentration in temperate streams—A Meta-analysis.
Forests 2017, 8, 5. [CrossRef]

20. Piffer, P.R.; Tambosi, L.R.; de Ferraz, S.F.B.; Metzger, J.P.; Uriarte, M. Native forest cover safeguards stream water quality under a
changing climate. Ecol. Appl. 2021, 31, e02414. [CrossRef]

21. Gay, E.T.; Martin, K.L.; Caldwell, P.V. Projected land use changes will cause water quality degradation at drinking water intakes
across a regional watershed. PLoS Water 2025, 4, e0000313. [CrossRef]

22. Winter, C.; Nguyen, T.V.; Musolff, A.; Lutz, S.R.; Rode, M.; Kumar, R.; Fleckenstein, J.H. Droughts can reduce the Nitrogen
retention capacity of catchments. Hydrol. Earth Syst. Sci. 2023, 27, 303–318. [CrossRef]

23. Price, J.I.; Heberling, M.T. The Effects of Source Water Quality on Drinking Water Treatment Costs: A Review and Synthesis of
Empirical Literature. Ecol. Econ. 2018, 151, 195–209. [CrossRef]

24. Fiquepron, J.; Garcia, S.; Stenger, A. Land use impact on water quality: Valuing forest services in terms of the water supply sector.
J. Environ. Manag. 2013, 126, 113–121. [CrossRef]

25. Ernst, C.; Gullick, R.; Nixon, K. Protecting the source: Conserving forests to protect water. Opflow 2004, 30, 4–7. [CrossRef]
26. Sthiannopkao, S.; Takizawa, S.; Homewong, J.; Wirojanagud, W. Soil erosion and its impacts on water treatment in the northeastern

provinces of Thailand. Environ. Int. 2007, 33, 706–711. [CrossRef] [PubMed]
27. Abildtrup, J.; Garcia, S.; Stenger, A. The effect of forest land use on the cost of drinking water supply: A spatial econometric

analysis. Ecol. Econ. 2013, 92, 126–136. [CrossRef]
28. Honey-Rosés, J.; Acuna, V.; Bardina, M.; Brozovic, N.; Marcé, R.; Munné, A.; Sabater, S.; Termes, M.; Valero, F.; Vega, A.; et al.

Examining the demand for ecosystem services: The value of stream restoration for drinking water treatment managers in the
Llobregat River, Spain. Ecol. Econ. 2013, 90, 196–205. [CrossRef]

29. Vincent, J.R.; Ahmad, I.; Adnan, N.; Burwell, W.B.; Pattanayak, S.K.; Tan-Soo, J.-S.; Thomas, K. Valuing water purification by
forests: An analysis of Malaysian panel data. Environ. Resour. Econ. 2016, 64, 59–80. [CrossRef]

30. Namugize, J.N.; Jewitt, G.; Graham, M. Effects of land use and land cover changes on water quality in the uMngeni river
catchment, South Africa. Phys. Chem. Earth 2018, 105, 247. [CrossRef]

31. Westling, N.; Stromberg, P.M.; Swain, R.B. Can upstream ecosystems ensure safe drinking water—Insights from Sweden. Ecol.
Econ. 2020, 169, 106552. [CrossRef]

32. Liu, N.; Caldwell, P.V.; Dobbs, G.R.; Miniat, C.F.; Bolstad, P.V.; Nelson, S.A.C.; Sun, G. Forested lands dominate drinking water
supply in the conterminous United States. Environ. Res. Lett. 2021, 16, 084008. [CrossRef]

33. Mulatu, D.W.; Fentie, A.; Siikamäki, J. The Impact of forest and non-forest cover on drinking water treatment costs: Panel
evidence from Ethiopia. Water Environ. J. 2021, 35, 772–790. [CrossRef]

34. Piaggio, M.; Siikamäki, J. The value of forest water purification ecosystem services in Costa Rica. Sci. Total Environ. 2021, 789,
147952. [CrossRef] [PubMed]

35. Dearmont, D.; McCarl, B.A.; Tolman, D.A. Costs of water treatment due to diminished water quality: A case study in Texas. Water
Resour. Res. 1998, 34, 849–853. [CrossRef]

36. Price, J.I.; Renzetti, S.; Dupont, D.; Adamowicz, W.; Emelko, M.B. Production costs, inefficiency, and source water quality: A
stochastic cost frontier analysis of Canadian Water utilities. Land Econ. 2017, 93, 1–11. [CrossRef]

37. Nehra, A.; Baker, J.S.; Caldwell, P.V.; Martin, K.L.; Warziniack, T.W.; Manner, R.H.; Mihiar, C.M.; Frey, G.E.; Costanza, J.K. The
potential impact of forest loss on drinking water treatment costs in the southeastern U.S. For. Policy Econ. 2025, 179, 103603.
[CrossRef]

38. François, M.; de Aguiar, T.R., Jr.; Mielke, M.S.; Rousseau, A.N.; Faria, D.; Mariano-Neto, E. Interactions Between Forest Cover and
Watershed Hydrology: A Conceptual Meta-Analysis. Water 2024, 16, 3350. [CrossRef]

39. Bosch, J.M.; Hewlett, J.D. A review of catchment experiments to determine the effect of vegetation changes on water yield, and
evapotranspiration. J. Hydrol. 1982, 55, 3–23. [CrossRef]

40. Zhang, L.; Dawes, W.R.; Walker, G.R. Response of mean annual evapotranspiration to vegetation changes at catchment scale.
Water Resour. Res. 2001, 37, 701–708. [CrossRef]

https://doi.org/10.1016/j.scitotenv.2016.10.221
https://www.ncbi.nlm.nih.gov/pubmed/28202236
https://doi.org/10.1016/j.ecolind.2016.09.001
https://doi.org/10.1016/j.scitotenv.2023.163550
https://doi.org/10.1142/S2382624X17500060
https://doi.org/10.3390/f8010005
https://doi.org/10.1002/eap.2414
https://doi.org/10.1371/journal.pwat.0000313
https://doi.org/10.5194/hess-27-303-2023
https://doi.org/10.1016/j.ecolecon.2018.04.014
https://doi.org/10.1016/j.jenvman.2013.04.002
https://doi.org/10.1002/j.1551-8701.2004.tb01752.x
https://doi.org/10.1016/j.envint.2006.12.007
https://www.ncbi.nlm.nih.gov/pubmed/17275087
https://doi.org/10.1016/j.ecolecon.2013.01.004
https://doi.org/10.1016/j.ecolecon.2013.03.019
https://doi.org/10.1007/s10640-015-9934-9
https://doi.org/10.1016/j.pce.2018.03.013
https://doi.org/10.1016/j.ecolecon.2019.106552
https://doi.org/10.1088/1748-9326/ac09b0
https://doi.org/10.1111/wej.12669
https://doi.org/10.1016/j.scitotenv.2021.147952
https://www.ncbi.nlm.nih.gov/pubmed/34058576
https://doi.org/10.1029/98WR00213
https://doi.org/10.3368/le.93.1.1
https://doi.org/10.1016/j.forpol.2025.103603
https://doi.org/10.3390/w16233350
https://doi.org/10.1016/0022-1694(82)90117-2
https://doi.org/10.1029/2000WR900325


Hydrology 2025, 12, 271 16 of 20

41. Gomyo, M.; Kuraji, K. Effect of the litter layer on runoff and evapotranspiration using the paired watershed method. J. Res. 2016,
21, 306–313. [CrossRef]
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