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Abstract Wildfires can substantially impact the hydrology of forested watersheds, increasing the risk of
hydrologic hazards such as flash floods and debris flows. Soil hydraulic properties related to infiltration are a
key control in determining the timing and magnitude of these hydrogeomorphic events. In our study, we
collected 445 soil cores from burned (216 cores) and unburned (229 cores) reference catchments and analyzed
them for soil hydraulic properties 10 months after the 2022 Cedar Creek Fire in Oregon, USA. We observed
significantly greater field‐saturated hydraulic conductivity (Kfs), sorptivity (S), and wetting front potential (Ψf)
in burned soils relative to unburned soils, with median ratios of 5.7, 4.4, and 5.0, respectively. Among low‐,
moderate‐, and high burn severity groups, soil hydraulic properties were not statistically different. Reductions in
median soil bulk density with increasing burn severity suggested an expansion of pore sizes, which may have
been partially responsible for increasing Kfs and S. Additionally, in some burned soil samples, the increase in
soil hydraulic properties may have been partially related to a concurrent reduction in “natural background”
water repellency that is characteristic of dry, unburned soils in the Western Cascades. We observed no evidence
of spatial autocorrelation in Kfs using semivariogram analysis. Principal component analysis paired with a k‐
means cluster analysis suggested that soil physical properties explained variations in soil hydraulic properties
better than landscape attributes. Although there is a lack of regional results for comparison, our results trend in
the opposite direction from drier, lower net primary productivity regions that are typically studied for post‐
wildfire soil hydraulic properties.

Plain Language Summary Wildfires can increase the risk of hazards by altering the soil hydrology
of watersheds, particularly in forested catchments. In this study, we compared soil hydraulics between an
unburned and a burned catchment with a range of burn severities in western Oregon, USA. We found
significantly greater hydraulic conductivity, sorptivity, and wetting front potential in burned soils relative to the
unburned soils but found no statistically significant influence of burn severity on these soil hydraulic properties.
These results contrast with studies of hydraulic properties in more arid regions, where post‐fire soil hydraulic
characteristics decrease relative to unburned reference sites and illustrate the need for region‐specific
parameterization of models of post‐fire watershed hydrologic changes.

1. Introduction
Wildfires are part of the natural cycle of disturbances of many forested ecosystems (Agee, 1998). Mixed‐severity
fires help increase species diversity (Burkle et al., 2015), enhance aquatic habitat (Bisson et al., 2003), and
sequester carbon long‐term through the production of pyrogenic carbon (Santín et al., 2015). In recent decades,
wildfires have grown in size and severity across many regions, including the western United States (US; Dennison
et al., 2014; Parks et al., 2025). These trends have been linked to anthropogenic climate change leading to earlier
spring snowmelt and warmer temperatures (Adams, 2013; Westerling, 2016; Westerling et al., 2006), decreased
relative humidity, and increased fuel aridity (Abatzoglou & Williams, 2016). Additionally, decades of fire
suppression in forests in the western US have led to increased density of fuels, as well as less fire‐tolerant
vegetation, which has contributed to increased occurrence of large, high‐severity wildfires (Perry et al., 2011).

Wildfire can impact hydrologic processes in forests, reducing canopy interception (Williams et al., 2019) and
evapotranspiration (Ma et al., 2020; Poon & Kinoshita, 2018), leading to greater net precipitation (Cardenas &
Kanarek, 2014; Holden et al., 2015). Combined with greater net precipitation (Williams et al., 2019) and
increased transfer of raindrop kinetic energy to the soil (Noske et al., 2022), changes in soil properties and
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reductions in ground cover due to wildfire can lead to increases in erosion (Vieira et al., 2015), hillslope runoff
rates (Shakesby & Doerr, 2006), altered streamflow regimes (Hallema et al., 2017), and more runoff‐induced
debris flows (Cannon & DeGraff, 2009; Cannon et al., 2008; Hoch et al., 2021), which increase stream sedi-
ment loads. These impacts, along with changes in stream chemistry (Beyene et al., 2021; Emelko et al., 2011; Rust
et al., 2018; Smith et al., 2011), have led to concerns regarding the impacts of wildfires on water supplies for
downstream community drinking water and aquatic ecosystem health (Bladon et al., 2014; Emelko et al., 2011;
Nyman et al., 2021; Robinne et al., 2021).

A central control on these post‐fire hydrologic responses is soil infiltration capacity (Cerdà & Robichaud, 2009;
McGuire et al., 2024; Neary, 2011; Noske et al., 2016; Nyman et al., 2011; Sheridan et al., 2007, 2016; Van der
Sant et al., 2018), which is governed by soil hydraulic properties including field‐saturated hydraulic conductivity
(Kfs), sorptivity (S), and wetting front potential (ψf) (Rengers et al., 2016). However, reported post‐fire responses
of these properties are highly variable (Neary, 2011; Nyman et al., 2014; Perkins et al., 2022). For example,
hydraulic conductivity has been observed to decrease by 10%–40% following prescribed fire and wildfire (Ebel &
Moody, 2017; Robichaud, 2000). In other systems, 60%–70% reductions in infiltration have been reported in
burned areas relative to unburned areas (Ebel, 2019; Ebel & Moody, 2020; Larson‐Nash et al., 2018), with some
cases approaching near‐impermeable conditions (Ebel et al., 2012). Conversely, Kfs has remained unchanged or
even increased following wildfire in environments with relatively high soil organic matter or under prescribed and
laboratory burn conditions (Burgy & Scott, 1952; Chief et al., 2012; Ebel et al., 2019; Wieting et al., 2017).
Although S has been observed to decline linearly with burn severity and Kfs to decline exponentially (Moody
et al., 2016), these relationships often weaken during post‐fire recovery (Ebel et al., 2022).

Wildfire influences soil hydraulic properties through several interacting mechanisms:

• Enhancement or reduction in soil water repellency influences capillary flow and S (Ebel & Moody, 2017;
Moody & Martin, 2009; Shillito et al., 2020) and can limit effective wetting during rainfall events (Nyman
et al., 2014). Repellency may be enhanced (Chen et al., 2020) or reduced (Doerr et al., 2006) following fire and
is highly spatially variable (Nyman et al., 2010; Weatherholt & Johnson, 2024; Woods et al., 2007), often
varying with proximity to pre‐fire canopy (Madsen et al., 2011).

• Combustion of organic matter and vegetation roots, which reduces aggregate stability, a measure of cohe-
siveness of soil particles in forming larger aggregate macrostructure (Mataix‐Solera et al., 2011; Varela
et al., 2015), and alters microporosity. In some soils, heating may fuse clays and increase aggregate stability
(Hrelja et al., 2020), demonstrating soil‐type dependence. Increases in near‐surface soil bulk density, which
reduce pore size and connectivity, can potentially decrease Kfs (Ebel & Moody, 2020).

• Surface sealing and ash‐induced pore clogging from raindrop impact (Larsen et al., 2009; H. Liu et al., 2011;
Robichaud et al., 2016; Woods & Balfour, 2010) have effects dependent on soil texture; coarse sandy loams
may be more prone to infiltration decline than finer silt loams under certain rainfall conditions (Woods &
Balfour, 2010).

Because these mechanisms operate simultaneously and vary with burn severity, soil texture, vegetation type,
antecedent soil moisture, and time since fire, wildfire does not impose a uniform hydraulic response across
landscapes.

In addition to the effects of fire, topography can also influence soil hydraulic properties. Landscape‐scale vari-
ables such as slope (Baiamonte et al., 2017; Casanova et al., 2000), aspect (Guo & Ma, 2023), and elevation
(Baiamonte et al., 2017) have all been shown to explain variations in hydraulic conductivity. For example, in a
Chilean catchment, areas with shallower slopes had lower hydraulic conductivity due to increased pore clogging
(Casanova et al., 2000). Additionally, aspect‐wildfire interactions have been demonstrated to alter soil moisture
dynamics in the Colorado Front range (Ebel, 2013), which may have an influence on temporal changes in
infiltration, as soil moisture is an important factor for water repellency persistence and vegetation recovery
(Huffman et al., 2001; Noske et al., 2016; Perkins et al., 2022; Van der Sant et al., 2018).

Spatial scaling of hydraulic conductivity is challenging, as point scale measurements are often poorly related to
catchment scale estimations of hydraulic conductivity in post‐fire watersheds (Hoch et al., 2021; Langhans
et al., 2016; Liu et al., 2023; McGuire et al., 2018). Poor scaling may often be due to measurements covering only
a small, easily accessible portion of the watershed which they are intended to represent. Quantifying the spatial
variability of soil hydraulic properties across a catchment is important for understanding watershed responses to
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precipitation, and allows for a more nuanced approach to watershed modeling for improved prediction of rainfall‐
runoff responses (Ebel et al., 2016; McGuire et al., 2018; dos Santos et al., 2021). Although previous research has
attempted to use topography to predict soil hydraulic properties (Leij et al., 2004), the interactions between
wildfire, topography (i.e., elevation, slope, aspect, topographic position), and soil hydraulic properties have not
previously been investigated in regions with a Mediterranean climate impacted by infrequent, high severity
wildfires, such as the western Cascade Range of the Pacific Northwest.

Soil hydraulic properties, particularly Kfs, are important parameters for numerical modeling of watersheds
(Borah, 2011). However, there is little information on how soil hydraulic properties vary due to the complex
interactions of wildfire and topography. Additionally, there appears to be no published data on post‐fire soil
hydraulic properties for theWestern Cascades region of Oregon, USA, which is a region that has observed several
large, high severity wildfires in recent years. In our study, we addressed the following questions using spatially
distributed measurements of infiltration.

1. How do soil hydraulic properties differ between unburned and burned watersheds in the western Cascade
Range of Oregon?

2. Across burned and unburned catchments, can soil hydraulic properties be explained by (a) burn severity, (b)
catchment topography (slope, aspect, elevation, Topographic Position Index), (c) soil physical properties
(texture, organic matter (OM) content), and (d) antecedent soil moisture content?

2. Materials and Methods
2.1. Study Area

The Cedar Creek Fire burned more than 51,000 ha in the Middle Fork Willamette River watershed in the central
Cascade Range of Oregon in 2022 (Figure 1). The fire began on August 1st as a result of multiple lightning strikes
in theWillamette National Forest and remained active until November 2022. Within the fire perimeter, 15% of the
area was classified by the Monitoring Trends in Burn Severity (MTBS) program (Eidenshink et al., 2007) as high
burn severity, 21% as moderate severity, 31% as low severity, and 32% as unburned. The burn area was upstream
of two reservoirs, Lookout Point Lake and Dexter Reservoir, which are used to produce electricity and provide
flood control for the region.

For our study of the Cedar Creek Fire, we selected Infestation Creek (50 ha; 43.7777602◦N, 122.3006375◦W;
Figure 1) as our burned catchment and False Berry Creek (46 ha; 43.6352781◦N, 122.3187104◦W; Figure 1) as
our unburned reference catchment. The Infestation Creek catchment was 100% burned at mixed severity. Our two
study catchments had similar slopes, aspects, elevations, geology, and vegetation types to facilitate comparisons
and isolate the effects of wildfire (Table 1).

The regional climate is Mediterranean (Köppen: Csb (Peel et al., 2007), with cold, wet winters and warm, dry
summers. Annual average precipitation is 1,800 mm with a mix of rain and snow, with snow and overall pre-
cipitation increasing with elevation. Approximately half of this precipitation falls between the months of
December and February, whereas minor amounts (∼40 mm) fall in the summer. The 30‐year mean daily air
temperatures have been ∼7◦C with mean daily maximum temperatures reaching only 4.5◦C in January but 25◦C
in July (Daly et al., 1997). Pre‐fire overstory vegetation consisted primarily of Douglas‐fir (Pseudotsuga men-
ziesii), western hemlock (Tsuga heterophylla), and western red cedar (Thuja plicata), with bigleaf maple (Acer
macrophyllum) and red alder (Alnus rubra) in riparian areas. Understory vegetation comprised largely of Oregon
grape (Berberis aquifolium), salal (Gaultheria shallon), sword fern (Sp. munitum), vine maple (Acer circinatum),
and Pacific rhododendron (Rhododendron macrophyllum) with manzanita (Arctostaphylos manzanita) and Pa-
cific poison‐oak (Toxicodendron diversilobum) in small areas. The geology is composed largely of basaltic and
andesitic rocks of the Little Butte Volcanics (Mineral Resources Online Spatial Data: Geologic Maps, 2023).
Soils in both the Infestation Creek and False Berry Creek watersheds are mapped as gravelly silt loams with layers
of volcanic ash present in the uppermost layers (Soil Survey Staff, Natural Resources Conservation
Service, 2026).

2.2. Study Design

Soil cores were collected from the burned and unburned watersheds approximately 1‐year post‐fire (July–Sep-
tember 2023) using a 5.1‐cm diameter by 8‐cm long steel sampling ring. Within each watershed, we collected an
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even spatial distribution of soil cores, which were kept intact in storage prior to laboratory analysis. Sample
locations were evenly distributed spatially, using randomly generated points, across the entire area of both
Infestation Creek (burned; 216 soil samples) and False Berry Creek (unburned, reference; 229 soil samples)
watersheds.

Sampling points were predetermined using the Create Random Points tool in ArcGIS Pro (Esri, Redlands, CA,
USA) with an arbitrarily selected minimum 15 m distance between points. If we could not physically reach a
sample point or easily sample the surface mineral soil due to the presence of rocks, we shifted the point to a nearby
alternate location. At each soil sample location, we quantified the litter depth with a ruler. We also recorded the

Figure 1. Maps of the study watersheds. (a) Location of Infestation Creek within the Cedar Creek Fire and False Berry Creek the paired unburned watershed within the
state of Oregon, USA (inset map). (b) Soil sampling locations (black circles) and burn severity map of the Cedar Creek Fire within the Infestation Creek watershed, and
(c) soil sampling locations in the unburned False Berry Creek watershed. Map coordinates are NAD83 UTM Zone 10.

Table 1
Topographic Characteristics of Our Two Study Watersheds, Infestation Creek (Burned) and False Berry Creek (Unburned, Reference)

Watershed Area (ha) Mean dNBR [range] Mean catchment slope (degrees) [SD] Mean aspect (degrees) Mean TPI Mean elevation (m) [range]

Infestation Creek 50 721 [42–1,155] 22.2 [6.3] 80 0.47 959 [729–1,186]

False Berry Creek 46 0 [0‐0] 25.85 [8.3] 111 0.20 865 [721–1,128]

Note. The dNBR (Key & Benson, 2005) is the change in the normalized burn ratio. TPI is Topographic Position Index, and SD is standard deviation.
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Global Positioning System coordinates of each sample location to sub‐meter accuracy using a Trimble DA2
GNSS receiver (Trimble Inc., Westminster, CO, USA).

Where present, the litter and duff layer was removed from the soil surface prior to collecting the soil sample
(Figure 2), as we assumed that coarse organic material would not limit infiltration rates and would interfere with
Mini Disk infiltrometer measurements. A thin layer of petroleum jelly was applied to the inside of each soil
sampling ring prior to collecting the soil sample to reduce preferential flow along the core wall during laboratory
infiltration measurements. The sampling rings were inserted into the ground using a metal driving/hammering
head (Figure 2). When necessary, we used a mallet to tap on the driving head to insert the soil sampling ring due to
dry conditions and fine texture of the soil. After extraction of the sampling ring and soil core, both ends of the
cores were sealed with plastic caps and electrical tape and placed in a cooler with ice packs. Samples were stored
in a freezer (− 10◦C) upon return to the laboratory until they were processed.

2.3. Soil Hydraulic Properties

In the laboratory, we quantified soil hydraulic properties from each soil core using a Mini Disk Tension Infil-
trometer (METER group, Pullman, WA, USA) with a suction value of − 1.0 cm, which represented near‐saturated
conditions at our site. We used a single, constant tension to ensure that all cores were evaluated under identical

Figure 2. Examples of (a) collecting a soil core in the burned area, (b) a high severity burned hillslope (∼1,000 dNBR),
(c) organic duff layer removal in preparation for collecting a soil sample in an unburned area, and (d) vegetation in the
unburned area including Douglas‐fir (Pseudotsuga menziesii), Pacific rhododendron (Rhododendron macrophyllum), and
vine maple (Acer circinatum).
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hydraulic conditions, to enable cross‐sample comparability. A cover of cheesecloth and a paper towel were placed
under the base of the core, which was then placed in a milled stand with a hole in the bottom. An angled mirror
underneath the stand provided a view of the base of the core to enable us to stop our measurements when we
observed water breakthrough from the bottom of the sample. Prior to placing the infiltrometer on the sample, any
rocks or large pieces of organic material were removed from the surface, which was then leveled with a scoopula
to ensure full, even contact with the porous metal plate. The Mini Disk was held to the core with a clamp stand to
ensure that it remained in place throughout the duration of the measurements. Water level measurements were
read at 1 s intervals with an Arduino Uno R3 (Arduino Core Team) microcontroller connected to a TI FDC1004
Capacitance to Digital converter chip (Texas Instruments, Inc, Dallas, TX, USA). The chip was connected to two
strips of parallel copper tape, which ran the length of the reservoir chamber in the Mini Disk. The chip measured
the capacitance of the tapes and therefore functioned as an electrode. In this case, the change in capacitance was
linearly proportional to the change in water level, so we converted the change in capacitance to infiltrated volume
using the coefficient derived from calibration runs on practice cores. The method was not sensitive to bubble
formation within the Mini Disk tube, unlike previously used differential pressure transducer methods (Moody
et al., 2019). However, it was prone to external interference from nearby foreign objects such as cell phones and
human hands. Because of occasional drift in output capacitance, if there was significant variability or errors in the
measurements, we returned the core to the refrigerator and allowed it to air dry until it reached the initial mass
prior to re‐running the sample. When the soil surface was too irregular or coarse to interface properly with the
infiltrometer's porous plate, we applied a fine layer of coarse contact sand (∼1 mm) to the soil surface. In these
cases, we weighed the sand applied to enable us to correct for it in measurements of water content and bulk
density.

Because our soil sample cores had a similar diameter to the porous plate of the Mini Disk, infiltration into the
sample was assumed to be one‐dimensional. The total infiltrated volume with time for each sample was fitted with
the three curve‐fitting methods (Vandervaere et al., 2000a). These included the cumulative infiltration method
(Equation 1), cumulative linearization method (Equation 2), and the differentiated linearization method
(Equation 3):

I = S
̅̅
t

√
+ C2t, (1)

I
̅̅
t

√ = S + C2
̅̅
t

√
, (2)

dI
d

̅̅
t

√ = S + 2C2
̅̅
t

√
(3)

where I is the cumulative infiltration depth in mm, S in mm hr− 1/2, t is time in seconds, and C2 is the coefficient
proportional to the Kfs in mm hr− 1. The coefficients for all three methods were averaged (excluding negative
values) similar to (McGuire et al., 2018). Kfs was obtained from C2 with the following equation outlined in
(Vandervaere et al., 2000a):

Kfs =
3C2

2 − β
. (4)

The shape constant coefficient, β, ranges from 0 to 1, but as it is unknown, it was set to 0.6, which assumed
lognormally distributed error (Vandervaere et al., 2000b). Once S and Kfs were estimated, we calculated the soil
wetting front potential (Ψf) with Equation 5 (White & Sully, 1987):

Ψ f =
S2

2(θs − θi)Kfs
(5)

where θs is the saturated water content and θi is the initial water content. We assumed θs to be equivalent to
porosity, which can be approximated from bulk density with the equation:
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θs = 1 −
Db
ρs

(6)

ρs is the density of solids, which we estimated by measuring saturated water content for 10 burned and 10 un-
burned samples rather than using the typical 2.65 g cm− 3 for quartz due to the high organic matter content and
volcanic origin of our soil samples. To saturate our soil samples, the sample cores were placed in water with
cheesecloth over the ends and allowed to saturate. Samples were considered saturated when contiguous weight
measurements, separated by 24 hr, were the same. We then emptied the samples into aluminum tins and oven
dried these samples at 105◦C for 24 hr to measure the bulk density (Db). We fit a linear regression to Equation 6
between θs and Db with ρs as the unknown coefficient that was assumed to be constant for all samples.

Although recent studies have indicated that the standard experimental measurement methods can produce bias in
absolute values of soil hydraulic properties (Gerke et al., 2026; Khirevich et al., 2022), our measurements of both
the unburned (reference) and burned samples followed the same protocols. Hence, the bias introduced from the
experimental methods does not preclude assessment of the relative difference between the unburned and burned
soils, which was the primary focus of our study.

2.4. Supporting Soils Data

To quantify the antecedent water content, we weighed our soil samples prior to quantifying the soil hydraulic
properties. We weighed the samples again after they were oven dried at 105◦C for 12–24 hr. Following the
infiltration tests, the gravimetric water content (ω) was calculated by subtracting the oven dried mass from the
initial mass of the wet soil and then dividing that difference by the wet mass. We also estimated dry bulk density
by dividing the oven dried mass by the core volume (163.4 cm3). The initial volumetric water content (θi) was then
estimated by multiplying the gravimetric water content by bulk density, with an assumed density of 1 g cm− 3 for
water.

θi = ωDb (7)

From each soil core, we quantified organic matter content using the loss on ignition method (Hoogsteen
et al., 2015). We placed two subsamples of soil (1–3 g) from the top 0–2 cm of each soil core in ceramic crucibles.
The samples were then weighed and transferred to a muffle furnace where they were heated at 550◦C for 3 hr.
Samples were then cooled in a desiccator and weighed again. Samples with applied contact sand were excluded in
the analysis of surface organic matter content.

We quantified soil texture on all 445 soil samples with a Bettersizer 2600 laser diffraction particle analyzer
(Bettersize Instruments Ltd.) using a 1 g sample from the middle 2–5 cm of the core. Organic matter was removed
prior to insertion into the machine using 6% sodium hypochlorite adjusted to a pH of 9.5 (Heckman et al., 2009;
Mikutta et al., 2005). Sample solutions were placed in a hot water bath (95◦C–100◦C) for 15 min and then
centrifuged for 5 min at 3,500 rotations per minute. The supernatant was poured off after centrifuging, leaving
behind mineral soil. We repeated this process until the supernatant turned pink, indicating organic matter removal
(typically 2–3 rounds).

2.5. Topographic Data

We analyzed the spatial data layers of our study catchments from a 1 m resolution, LiDAR‐derived Digital
Elevation Model (DEM) using tools in ArcGIS Pro. Slope and aspect were derived directly from the DEM using
Esri's respective tools. Topographic Position Index (TPI) is a unitless geospatial parameter describing slope
position and landform type (Weiss, 2001) and may also be an important predictor of soil properties. Neighbor-
hood distance is an important metric when calculating TPI, with larger neighborhood distances (>1,000 m) suited
for classifying landforms at the basin scale, and small neighborhood distances (<100 m) more appropriate for the
hillslope scale. Given the scale and spatial resolution of the samples and measurements we made in our study, we
used a 100 m neighborhood distance. TPI was calculated by subtracting the mean neighborhood elevation from
the original DEM. Finally, the values were normalized by calculating the standard deviation of each cell relative
to a mean of 0. Negative TPI values represent lower slope and valley bottom positions, whereas positive values
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are associated with upper slope and ridgetop areas. We also calculated the “northness” of aspect, how close the
aspect of each cell was to being north‐facing, from the traditional 360◦ aspect using the formula:

northness =
abs(Aspect − 180)

180
(8)

Northness values range from 0 to one, where 0 indicates the most south‐facing slopes and 1 indicates the most
north‐facing slopes, which creates a continuous variable that is useful for model inputs. In addition to DEM‐based
layers, a layer of thematic burn severity obtained fromMTBS provided a categorical metric of immediate post‐fire
burn severity.

2.6. Statistical Analysis

Kfs values typically follow a log‐normal distribution (Feng & Vardanega, 2019; Talsma & Hallam, 1980; Wilson
et al., 1989) while S values are usually normally distributed. We used the nonparametric Mann‐Whitney signed‐
rank test to examine statistical differences in the soil hydraulic properties between the burned and unburned soils.
P‐values from post hoc tests for differences between burn severity groups were adjusted using Bonferroni
correction. To evaluate controls on soil hydraulic properties, we first conducted principal component analysis
(PCA) on all of the soil hydraulic, physical, and topographic variables. Prior to performing the PCA, the data were
scaled using z‐score standardization. Following the PCA, we applied k‐means clustering to the two most
important principal components derived from the PCA. We used the average silhouette (Kaufman & Rous-
seeuw, 2009) and gap statistic (Tibshirani et al., 2001) methods to determine the optimal number of clusters. The
stabilities of the clusters were determined using the Jaccard similarity coefficient (J) (Hennig, 2007); clusters with
J ≥ 0.75 are considered stable. We assessed differences in soil hydraulic properties and supporting variables
between the groups using the non‐parametric Kruskal‐Wallis test, and when the Kruskal‐Wallis test indicated
statistically significant differences between unburned and burned (including low, moderate, and high severity)
groups (p < 0.05), we used the post hoc Dunn's test to compare pairwise differences between the subgroups. The
Ansari‐Bradley test was used to compare the scale parameters (variance of the distributions) for soil hydraulic
properties in the burned and unburned sites. Semivariogram results suggested no spatial covariance in soil hy-
draulic properties, so all samples were treated as independent (Figure S1 in Supporting Information S1).

3. Results
3.1. Hydraulic Properties of Burned and Unburned Soils

Overall, we found a strong effect of wildfire on infiltration‐related soil hydraulic properties. Field‐saturated
hydraulic conductivity (Kfs) had a median value of 21.7 mm hr− 1 (95% CI: 15.1–31.8 mm hr− 1) in unburned
soils and 123.2 mm hr− 1 (95% CI: 86.9–158.8 mm hr− 1) in burned soils (Mann‐Whitney (M‐W) U test,
W = 17,317, p < 0.001). Post hoc Dunn's tests indicated that the low, moderate, and high severity burn sites were
statistically indistinct, while the unburned sites were statistically lower than each of the burn severity groups
(Figure 3). Estimates of Kfs were highly variable and spanned multiple orders of magnitude in both burned and
unburned soils (Figures 3a and 4; Tables S1 and S2 in Supporting Information S1). However, despite the dif-
ferences in medians and geometric means, there was limited statistical evidence for differences in the variability
in Kfs (estimated by scale parameters corresponding to the shape of the distributions) between burned and un-
burned sites (Ansari‐Bradley (A‐B) test, AB = 25,127, p = 0.045).

S had a median value of 1.9 mm hr− 1/2 (95% CI: 1.4–2.4 mm hr− 1/2) in unburned soils and 8.4 mm hr− 1/2 (95% CI:
6.4–12.8 mm hr− 1/2) in burned soils. S was statistically greater in burned soils (M‐W, W = 14,161, p < 0.001),
where the ratio of geometric means for S (burned/unburned) was 3.77 (Figure 3). The post hoc Dunn's test
indicated that S was similar between the low‐, moderate‐, and high severity burned sites, whereas the unburned
sites were statistically lower than each of the burned severity groups (Figure 3b). Unlike Kfs, the scale parameter
for S was significantly greater in soil samples from the burned sites compared to unburned sites (A‐B,
AB = 23,382, p < 0.001), indicating a wider distribution of values in the burned soil samples.

For the Green‐Ampt wetting front potential (Ψf), we observed a median value of 0.25 mm (95% CI:
0.13–0.47 mm) in unburned soils and of 1.26 mm (95% CI: 0.77–1.89 mm) in burned soils (M‐W, W = 19,576,
p < 0.001). Post hoc Dunn's tests indicated that Ψf was similar between the unburned, low, and moderate severity
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burned sites, whereas the grouped burned sites and high burn severity sites were statistically greater (Figure 3c).
The variability inΨfwas also greater in the burned soils compared to the unburned soils, indicated by a significant
difference in scale parameters (A‐B, AB = 24,570, p = 0.003).

3.2. Soil Physical Properties

The majority of our soil samples, regardless of burn severity, were classified as having silt loam texture
(Figure 4a). However, the mean clay content was 20.2 ± 5.4% (95% CI: 19.4%–21.0%) in the unburned soils and
14.7 ± 5.1% (95% CI: 14.0%–15.6%) in the burned soils. The clay content was statistically different between the
burned and unburned soils (two‐sample tdf = 352.01 = 9.8, p < 0.001). Burn severity was a significant factor in
explaining variations in clay content (ANOVA, F = 35.96, p < 0.001), with unburned samples having the highest
mean clay content 20.2 ± 5.4% compared to 15.8 ± 5.0%, 16.5 ± 6.3%, and 13.7 ± 4.4% in soils from low‐,
moderate‐, and high burn severity sites, respectively (Figure 4b). The clay content was significantly different
between the unburned soils and both the low and high burn severities (p‐adj < 0.001, difference = 2.1 ± 2.5%,
6.5 ± 1.7%). Clay content was significantly greater in the unburned soils than in the soils from moderate burn
severity sites (p‐adj< 0.001, difference= 3.7± 2.5%), which was greater than soils in the high burn severity sites
(p‐adj= 0.039, difference= 2.8± 2.7%). However, clay content in soils that burned at low and high burn severity
were not statistically different (p‐adj < 0.112, difference = 2.1 ± 2.7%).

Overall, bulk density (Db) was relatively low, which is typical of soils of volcanic origin with high organic matter
content (Nanzyo et al., 1993). However, Db was lower in burned soil than in unburned soil. Mean Db was
0.83 ± 0.17 g cm− 3 (95% CI: 0.80–0.85 g cm− 3) for unburned soils and 0.74 ± 0.13 (SD) g cm− 3 (95% CI:
0.73–0.76 g cm− 3) for burned soils. Db was statistically different between the burned and unburned soils (two‐
sample tdf = 364.52, t = 5.7095, p < 0.001). When comparing thematic burn severity groups (Figure 3d), unburned
soils had the greatest average Db at 0.83 g cm

− 3, while high burn severity samples had the lowest at 0.73 g cm− 3.
Db was significantly different among groups (ANOVA, F= 11.59, p < 0.001). However, there was no significant
difference among burn severity groups, despite higher medians in low‐ and moderate severity groups relative to
high severity (Figure 3d).

Figure 3. Violin plots of (a–c) soil hydraulic properties and (d–f) soil physical properties in the unburned (blue) and burned (gray) catchments. Soil properties in the
burned catchments are further divided into burn severity classes low (yellow), moderate (orange), and high (red). Letters on the top axis of each plot represent
statistically similar groups.
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Mean loss on ignition (LOI) organic matter was significantly different between unburned and burned soils (two‐
sample tdf = 393.21 = 4.3852, p < 0.001), with values of 15.1 ± 6.6% (95% CI: 14.2%–16.0%) and 17.8 ± 5.6%
(95% CI: 17.0%–18.6%) in unburned and burned soils, respectively. The unburned samples had the lowest mean
LOI values at 15.1%, whereas low severity samples had the greatest at 18.7%. Unburned soils were statistically
different from low and high burn severities, whereas moderate severity LOI was not statistically different from
any other group (Figure 3e).

Initial volumetric water content in our soil samples ranged from ∼0–0.64 cm3 cm− 3, with a mean of
0.14± 0.06 cm3 cm− 3 across all samples. The mean volumetric water content was 0.14± 0.05 cm3 cm− 3 (95% CI:
0.13–0.14 cm3 cm− 3) in the unburned soil samples, whereas in the burned samples it was 0.15 ± 0.05 cm3 cm− 3

(95% CI: 0.14–0.16 cm3 cm− 3). Initial water contents were also different between the thematic burn severity
groups (ANOVA, F = 7.344, p < 0.001). However, as evidenced by post hoc comparisons, this difference stems
from differences between unburned and low/moderate severity soils (Figure 3f), whereas unburned and high
severity soils did not differ statistically.

Figure 4. (a) USDA soil texture triangle showing sand, silt, and clay percentages of individual samples (background points)
and group means (large, outlined points) and (b) mean cumulative grain size distribution curves in each burn severity group.
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3.3. Drivers of Soil Hydraulic Properties

Although median values of Kfs and S
2 in the soils from the unburned sites had the lowest infiltration capacity,

burned sites tended to group together regardless of burn severity (Figure 5). The geometric mean of S2/Kfs

indicated an increasing trend with burn severity, from 0.13 mm in the soil samples from the unburned sites to 0.25,
0.33, and 0.93 mm in the low, moderate, and high burn severity soils, respectively. The shaded envelopes indicate
that the burned watersheds occupy a broader and generally higher range of both S and Kfs compared to the
unburned watersheds.

Principal component analysis (Figure 6a) vectors indicated that S and Kfs were strongly and positively correlated
with each other. Catchment‐scale elevation, organic matter content (OM), and sand content were also positively
correlated with S and Kfs. Comparatively, clay content and bulk density were both negatively correlated with the
soil hydraulic properties. We used the average silhouette and gap statistic methods to evaluate the appropriateness
of our cluster analysis, with both methods indicating that a k of 2 was the optimal number of clusters. The average
Jaccard similarity index for both clusters using bootstrapping with replacement, jittering, and random noise was
0.90, indicating highly stable clusters. Additionally, the clusters did not overlap visually (Figure 6b). 29 unburned
and 116 burned samples comprised cluster 1, while cluster 2 was composed of 145 unburned and 54 burned
samples for a total of 199.

Statistical analysis of the two clusters provided strong evidence that the soil hydraulic properties (Kfs and S) were
both different between the two clusters, with greater values for both Kfs (Kruskal‐Wallis (K‐W), H = 51.487,
p < 0.001) and S (K‐W, H = 40.125, p < 0.001) in cluster 1 relative to cluster 2 (Figure 7). Cluster 1 also had
significantly lower clay percentage and bulk density, greater sand and organic matter contents, and sites tended to
have a greater elevation. Although initial water content (θi) was significantly different between burned and un-
burned samples, it was not statistically different between clusters. Cluster analysis indicated that soil hydraulic
properties were related to soil physical properties, and all topographic variables were significantly different
between clusters; however, northness and TPI had interquartile ranges in cluster 2 that were within that of
cluster 1.

Figure 5. Scatterplot of field‐saturated hydraulic conductivity (Kfs) versus sorptivity squared (S
2) by burn severity group. Light boxes are bounded by outer quartiles and

solid shapes represent group medians.
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We also analyzed the soil hydraulic and physical properties within each cluster. Within cluster 1 ((K‐W, H = 8.9,
p= 0.0029) and cluster 2 (K‐W, H= 5.3, p= 0.0216),Kfs was statistically different between burned and unburned
samples. S was statistically greater in the burned samples compared to the unburned samples within both clusters
(Figure 8). Elevation, clay, silt, and organic matter were all different between burned and unburned soils in cluster
1, while slope, sand, bulk density, and initial water content were different in cluster 2. Analysis of between‐cluster
differences, isolating burned and unburned samples (Figure 8), showed they followed a similar pattern to the
analysis of overall cluster differences, with some exceptions. For the unburned samples, bulk density was sta-
tistically similar between clusters (K‐W, H = 0.44, p = 0.5091), while silt was not (K‐W, H = 41, p < 0.005). By
contrast, burned samples did have statistical differences in S (K‐W, H = 20, p < 0.005), which was lower in
cluster 2, and bulk density, which was higher in cluster 2 (K‐W, H = 5.4, p = 0.0504), but not northness or clay.
Neither of the aforementioned differences was present in unburned samples.

4. Discussion
4.1. Wildfire Effects on Soil Hydraulic and Physical Properties

Contrary to previous observations, which found decreasing values of Kfs (Moody et al., 2016), S, and ψf (Ebel &
Moody, 2017) with increasing burn severity, the soil hydraulic properties were all greater in burned soils than in
unburned soils from our sites in the Western Oregon Cascades. The median Kfs was 5.7‐times greater in burned
soils than the median Kfs in unburned soils. Similarly, the ratio of burned to unburned Swas 4.4‐times greater, and
ψf was 4.8‐times greater in the burned soils. The increase in Kfs may have been partially a result of lower bulk
density (Db) in the burned soils. The lower Db, along with a slight increase in the proportion of silt, and a sub-
stantially lower clay content in the burned soils, indicated a potential increase in pore sizes in the burned sites,

Figure 6. Multivariate structure of watershed soil and site characteristics across burn severity gradients. (a) Principal
component analysis (PCA) biplot showing relationships among environmental variables and sampling sites colored by burn
severity. Arrows represent the direction and strength of variable loadings on the first two principal components. (b) k‐means
clustering of samples in PCA space clustered by similarity in soil and topographic attributes.
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which could have contributed to the elevated Kfs (Chief et al., 2012). Post‐fire reduction in Db is uncommon;
however, a post‐fire reduction in bulk density of 0.091 g cm− 3 was also observed in a Western Oregon Cascades
site that was burned during the 2020 Holiday Farm Fire (McCool et al., 2023) and is consistent with our ob-
servations of a 0.10 g cm− 3 difference in Db between the unburned and high burn severity sites. Additionally, a
greater presence of burned‐out or decaying roots in the burned soils could have increased the presence of mes-
opore preferential flow paths that have been shown to increase Kfs (Lei et al., 2022). Much of the ash was
incorporated into the surface soils at the burned sites, which can increase infiltration capacities (Larsen
et al., 2009; Woods & Balfour, 2010) and may also explain the difference in Kfs, S, and Ψf, as the S and Kfs of
wildfire ash are generally higher than mineral soil (Balfour & Woods, 2013).

Our study was not the first to report higher Kfs 1‐year post‐fire; Kfs was two times greater in a high severity burn
than unburned in loam to sandy loam soils in Sichuan Province China (Lei et al., 2022). Similarly, following
wildfire in chaparral, mixed conifer, and oak vegetation with sandy loam soils in central Arizona, Kfs increased
from 19 mm hr− 1 in unburned sites to 36 mm hr− 1 in the burned sites (Raymond et al., 2020). However, other soil
hydraulic properties followed an opposite pattern, with S three‐times greater and Ψf 15 times greater in unburned
soils relative to burned soils (Raymond et al., 2020). The contrasting soil hydraulic properties between our study
and the study from Arizona may indicate a difference in inherent water repellency between study regions or may
be explained by differences in 3‐D infiltration, which may overestimate the contribution of lateral infiltration in
field soils, compared to 1‐D infiltration through soil cores using a tension infiltrometer. Our measurements of Ψf
in both burned and unburned soils were consistent with values previously reported from fire‐affected soils in
California (Ebel & Moody, 2020), and the geometric mean of the S2/Kfs ratio for burned soils lies squarely within
the “burned domain,” while the S2/Kfs ratio for unburned soils is well below previously reported values for
unburned soils (Ebel & Moody, 2017).

Inherent surface soil water repellency, which is common in soils of the western US (Doerr et al., 2009), may have
influenced the low values forKfs, S, and ψf in the unburned soils. Although we did not quantify water repellency in

Figure 7. Boxplots of scaled (a–c) soil hydraulic, (d–h) soil physical, and (i–l) topographic properties in each cluster derived from k‐means clustering analysis. Asterisks
over boxplots represent significant differences between clusters at the p < 0.05 level using Dunn's post hoc test.
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our soil samples, we qualitatively noted that unburned soil samples more frequently exhibited evidence of hy-
drophobicity compared to our burned soil samples. Previous research has demonstrated that wildfire can reduce or
eliminate water repellency at the soil surface while potentially increasing subsurface repellency in areas with high
background levels, such as in ash‐capped soils in the Rocky Mountains (Robichaud et al., 2016). Inherent water
repellency and feedback with initial soil water content may also explain a strong seasonal dependency on
infiltration rates in unburned western Oregon Cascade forests (Johnson & Beschta, 1981), where summer
infiltration rates have been observed to be 25%–50% lower than autumnal rates. Similar seasonal variations tied to
soil moisture have been observed following wildfires in Northern California (Perkins et al., 2022) and Arizona
(Martinez et al., 2025). Our soil samples were collected in the summer following an extended period with no
wetting rains, which was reflected in the low moisture content values. Thus, our results likely represent the lower
end of the range of hydraulic properties of these soils.

Regionally, there are few studies on post‐fire soil hydraulic properties in the Western Cascades of Oregon, USA,
to which we can directly compare our results. However, in a study in the Oregon High Cascades, Kfs and S for
burned soils were found to be 23.6 mm hr− 1 and 36.53 mm hr− 1/2, respectively (Wall et al., 2020). AlthoughKfs in
the High Cascades was similar to the value observed in our burned sites (19.39 mm hr− 1), S was significantly
greater than our burned soil measurements (6.07 mm hr− 1/2) and was greater than other post‐fire soils (Wall
et al., 2020). However, the soil (sandy loam) and forest type, composed of mountain hemlock (Tsuga mer-
tensiana) and Pacific silver fir (Abies alba), were different from those in our study area. Another study in the
northwest Oregon Cascades measured Kfs of 72.8 and 61.5 mm hr− 1 in two high burn severity locations
approximately 1.5 years after a fire (Hammer, 2022), which further demonstrates the potential for high post‐fire
Kfs in the Western Cascades forests dominated by Douglas‐fir.

The post‐fire increase in soil hydraulic properties observed in our study area is relatively unique compared to
changes documented in other ecosystems, where decreases in hydraulic properties are more common. Reductions

Figure 8. Kruskal‐Wallis p‐value heatmap for differences in burned and unburned samples between each cluster (left) and the difference between burned and unburned
samples within each cluster (right). Green cells indicate p‐values <0.05.
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reported in the literature range from 20% (Ebel & Moody, 2017) to 90% or more in Kfs (Moody et al., 2016), and
around 90% for S (Ebel & Moody, 2017), with typical Kfs burned/unburned ratios of 0.37 in fire‐prone southern
California (Ebel & Moody, 2020) and 0.4 in the American Rocky Mountains (Ebel, 2019; Larson‐Nash
et al., 2018; Martin & Moody, 2001). Our findings highlight the importance of considering that, under condi-
tions of relatively low bulk density and relatively high organic matter content, soils may respond counterintui-
tively to the effects of wildfire, leading to increases in soil‐hydraulic properties, potentially by altering pore size
distribution and connectivity. Our findings also highlight the complicated interplay between changes in soil
physical properties, which in concert with feedback between soil water repellency and initial soil moisture
(Wondzell & King, 2003), may determine how soil‐hydraulic properties respond to wildfire (Noske et al., 2016,
2022).

4.2. Spatial Distribution of Soil Hydraulic Properties

There was no clear relationship between burn severity and soil hydraulic properties. Although Kfs, S, and ψf were
generally lower in the low severity burn sites compared with the moderate and high severity burned sites, we
found no spatial relation between burn severity and soil hydraulic properties. While previous studies have
identified higher Kfs with increasing topographic slope (Baiamonte et al., 2017; Casanova et al., 2000;
Cerdà, 1996), our principal component and k‐means cluster analysis showed that topographic variables, such as
slope, aspect (northness) and topographic position were not important in explaining variations in Kfs and S in
either burned or unburned soils. In prior studies, the slope dependence was attributed to increased crust (i.e.,
structural seal) development from raindrop splash impact in low slope areas, which likely did not occur at our
unburned sites due to near‐complete canopy closure and ground cover that prevented soil sealing or at the burned
sites because of higher infiltration rates.

Topographic aspect has also been found to exert an influence on soil hydraulic properties, with lower infiltration
rates on equatorial‐facing slopes attributed to aspect‐driven variability in vegetation type and soil thickness
(Casanova et al., 2000; Cerdà, 1996). While aspect can indeed be a driver of vegetation and soil differences in
other regions, we found no dependence of infiltration on aspect in our study. Our field observations indicated that
vegetation composition and structure were relatively homogeneous across slope aspects, likely because the dense
mixed‐conifer overstory and similar site conditions dampened the expression of aspect related gradients. This
observation is consistent with post‐fire studies in Colorado, which also showed limited aspect effects under
comparable forest canopies (Kinner & Moody, 2010). The moderate relief and low aridity in our study areas may
also reduce the influence of aspect on hydrology (Fan et al., 2019).

4.3. Study Limitations

Our study has several key limitations. One is the small measurement footprint of the Mini Disk infiltrometer. The
results of infiltration measurements may be dependent on the measurement scale (Langhans et al., 2016) due to
the heterogeneous nature of soils. Negative pressure head was an important consideration when choosing a
measurement method for our study, as positive pressure heads can overwhelm water repellent factors by
exceeding positive water entry values (Feng et al., 2001; Wang et al., 2008) and will access larger preferential
flow paths (Langhans et al., 2016) rather than infiltration through the soil matrix. Our results are therefore not
directly comparable to other studies that used different measurement methods, such as rainfall simulators, con-
stant positive pressure head permeameters, or falling head permeameters. Because untilled forest soils are highly
heterogeneous, our soils almost certainly violate the homogeneity assumption of the equations for soil hydraulic
properties (Vandervaere et al., 2000b), making our measurements empirical estimates of the soil's effective
hydraulic properties.

Another potential source of error was the contact between the Mini Disk's porous metal plate and the soil.
Although we attempted to ensure that the soil surface was even and free from coarse material and applied contact
sand to enhance hydraulic connection between the Mini Disk and the soil surface, it was not possible for us to
determine the exact percentage of the plate that was in contact with the soil. Additionally, we could not control for
preferential flow paths from gaps in the soil along the core wall except when it was obvious in the infiltration data,
such as a sudden increase in infiltration rate. We also did not capture the effects that the overlying unburned
ground cover would have on infiltration due to the thickness of the organic layer (Franzluebbers, 2002).
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4.4. Implications

The soil hydraulic property measurements taken in our study indicate that hydrological hazards, such as
infiltration‐excess driven erosion, flash floods, and runoff‐triggered debris flows, may be less likely to occur
within the first year post‐fire than in other, more historically studied fire‐prone regions, such as southern Cali-
fornia and the Rocky Mountain region (McGuire et al., 2024; Selander et al., 2025; Wondzell & King, 2003). Our
work suggests that regional calibration of post‐fire soil hydrologic models is needed because our findings contrast
with results from Colorado Front Range, California chaparral, and Australian dry eucalyptus environments on
which models are currently parameterized (e.g., Ebel & Moody, 2020). These environments all have notably
different climates, vegetation, soils, and geology compared to our Douglas‐fir dominated study sites. Hence, our
study illustrates the importance of undertaking additional research on post‐fire soil hydraulic properties across
various contrasting regions to enable the development of region‐specific parameterization of models.

Our findings also provide insight into additional factors that may be essential for understanding and regionalizing
post‐wildfire soil‐hydraulic property changes.We noted the importance of changes in bulk density, organic matter
content, particle size distribution, initial soil water content, and soil water repellency; wildfire effects on these
variables may determine the direction and magnitude of changes in soil‐hydraulic properties at a given site. Our
work showed a divergent response from prevailing expectations of post‐wildfire decreases in soil‐hydraulic
properties; we found post‐wildfire increases in soil‐hydraulic properties under conditions of low bulk density
and high organic matter content. Our findings suggest that bulk density and soil organic matter content, in concert
with feedbacks between soil water repellency and initial soil moisture, may delineate thresholds of increasing
versus decreasing soil hydraulic properties in response to wildfire. Future efforts of post‐wildfire studies
incorporating bulk density, organic matter content, particle size distribution, initial soil water content, ground
cover, and soil water repellency in concert with soil hydraulic property measurements could prove crucial to
unraveling regional differences and advancing prediction of post‐wildfire hazards of flash floods and debris
flows.

5. Conclusions
Our study measured soil hydraulic properties after the 2022 Cedar Creek Fire in the OregonWestern Cascades by
collecting samples the following summer across a small burned and unburned watershed. Samples in the burned
area had significantly greater field‐saturated hydraulic conductivity (Kfs), sorptivity (S), and wetting front po-
tential (Ψf) relative to unburned soil, yet there were no significant trends between burn severity classes, which was
unexpected given trends from prior research. Clay content and bulk density decreased with increased burn
severity, whereas organic matter content was not significantly different among burned soils but was greater than
unburned soils. Higher organic matter, lower bulk density, and lower clay content tended to result in soils with
greater infiltration capacities. These textural and density shifts also suggest an increase in effective pore sizes in
burned soils, consistent with our interpretation that enhanced pore connectivity contributed to higher post‐fire
infiltration capacities. However, we found no relationship between soil physical and hydraulic properties and
topographic variables other than watershed elevation. Additionally, while we did not quantify soil water repel-
lency, qualitative observations in the field and laboratory were indicative of greater water repellency in unburned
soils relative to burned soils. Therefore, future research could link objective measures of hydrophobicity, such as
the molarity of the ethanol droplet test, to soil hydraulic properties in both unburned and burned soils of the
coastal Pacific Northwest region, as well as explore seasonal variations in infiltration due to the strong seasonal
variability in precipitation. Moreover, the results from our study highlight the need for region‐specific post‐
wildfire hydrologic frameworks, especially as wildfires more frequently affect low aridity watersheds. Our results
also underscore the critical importance of future work across different regions to link wildfire effects on soil
hydraulic properties, infiltration and runoff processes, and water quantity and quality responses at the watershed
scale.
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