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Abstract

Soil water repellency induced by wildfires can alter hydraulic properties and hydrologic
processes; however, the persistence and vertical position (i.e., depth) of water repellent layers
can vary between systems and fires, with limited understanding of how those variations affect
infiltration processes. This study occurred in two forested locations in the south-central
Appalachian Mountains that experienced wildfires in late 2016: Mount Pleasant Wildfire
Refuge, Virginia, and Chimney Rock State Park, North Carolina. In each location, sites were
selected to represent unburned conditions and low to moderate burn intensities. At each site,
we measured the soil water repellency at the surface (ash layer or O horizon) and ~2 cm below
the surface (A horizon) using the water drop penetration time (WDPT) method (n = 10-14).
Soil water content was also measured over the upper 10 cm of the soil (n = 10), and infiltration
tests were conducted using a tension infiltrometer (n = 6-8). The results showed that soil
repellency was highest in the surface layer at the Mount Pleasant location and was highest in
the subsurface layer at the Chimney Rock location. Soil water content was lower in unburned
soil than in burned soil, especially for measurements taken immediately post-fire, with soil
water content negatively correlated with water repellency. Water repellency in the surface layer
significantly reduced relative infiltration rates (estimated as differences between initial and
steady-state rates), whereas subsurface water repellency did not affect relative infiltration. As
a result, water repellency persisted longer in sites with surface as opposed to subsurface water
repellency. Finally, differences between burned and unburned sites showed that while the
wildfires increased the occurrence of water repellency, they did not alter the underlying

relationship between relative infiltration and water repellency of the surface soil.

Keywords: water repellency, hydrophobicity, water drop penetration time, infiltration,

overland flow, soil water content, humid hardwood forests
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1 Introduction

The frequency and duration of large wildfires have increased in many forest types, including
humid-hardwood forests, due to warmer air temperatures (Fried et al., 2004; Westerling et al.,
2006; Dennison et al., 2014; Jolly et al., 2015), greater incidence and duration of drought
(Siegert et al., 2001), and enhanced fuel aridity (Abatzoglou and Williams, 2016). In the
coming decades, global temperatures are projected to continue rising, with corresponding
increases in drought conditions and wildfire occurrence (Pechony and Shindell, 2010;
Schoennagel et al., 2017). Wildfires can affect various hydrological processes, such as
preventing soil infiltration (Ebel and Moody, 2016), increasing or reducing surface runoff
(Granged et al., 2011; Ebel et al., 2012), and enhancing subsoil moisture storage due to
reductions in transpiration (Helvey, 1980; Rye and Smettem, 2017). Wildfire can likewise
modify soil hydrologic properties such as wettability (Doerr et al., 2006), hydraulic
conductivity (Ebel and Martin, 2017), and pore size distribution (Woods and Balfour, 2008).
Fire-induced alterations in hydrological processes can negatively impact quantity and quality
of water supply, thereby increasing the risk to communities that live in or near forests (Ice et

al., 2004; Certini, 2005; Chapin Il et al., 2008).

One of the most common hydrologic effects of wildfires is an increase in soil water repellency
(Letey, 2001; Moody et al., 2009; Granged et al., 2011; Keesstra et al., 2017). Wildfires often
vaporize hydrophobic organic components, which can then move towards cooler spaces within
the soil and condense on particle surfaces (Doerr et al., 2000). Hotter soil temperatures tend to
increase the depth of water repellent layers below the surface (Adams et al., 1970), though the
deposition process varies with confounding factors such soil water content and organic matter
composition (Certini, 2005). As a result, post-wildfire soil water repellency is often irregular

in terms of its location, extent and severity.
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After wildfires, soils tend to have lower and more variable infiltration rates than non-burned
soils; which may be caused by a water-repellent layer preventing water infiltration into deeper
soil layers (DeBano, 1981; Imeson et al., 1992; Ebel et al., 2012). This effect is most often
noted when water repellency occurs at the soil surface as opposed to the subsurface (Mansell,
1970; Prima et al., 2017; Yi et al., 2017), suggesting that the depth of water-repellent layers
may be an important factor in post-fire hydrological processes. Still, we currently possess
insufficient understanding of how the depth and persistence of water repellent soil layers affect

soil water content and infiltration partitioning.

When water repellency occurs at the soil surface, infiltration measurements can help to assess
the strength and persistence of the repellency (Lichner et al., 2013; Alagna et al., 2018). As an
example, the ratio of soil-ethanol to soil-water sorptivities determined through two infiltration
tests can be converted into an index of soil water repellency (Tillman et al., 1989). Similarly,
Alagna et al. (2018) developed a water repellency index estimated by a tension infiltration. The
index was shown to correlate well with water repellency measures such as the water drop
penetration time and ethanol to water sorptivity ratios, but the method requires linearizing the
infiltration data (a process filled with ambiguity, particularly when water repellency is

dynamically changing) and includes several unknown or uncertain parameters.

The effects of soil water repellency on infiltration can also be assessed using archetypal
infiltration curves (Figure 1). Imeson et al. (1992) identified four curves: Type 1) exponential
decrease, also known as the standard curve, where the infiltration rate decreases exponentially
as a function of time; Type 2) linear decrease, where the infiltration rate linearly decreases
over some period of time; Type 3) initial increase to decrease, where the infiltration rate first
increases as a function of time before subsequently decreasing; and Type 4) initial increase to

steady state, which is similar to Type 3, but the infiltration rate eventually reaches a steady
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state that is typically greater than the initial infiltration rate. Pierson et al. (2008) and Pierson
et al. (2001) presented another pattern: Type 5) exponential decrease to linear increase, where
the infiltration rate exponentially decreases to a minimum and then linearly increases for a
period of time. Types 1 and 2 are associated with hydrophilic soils and Types 3-5 indicate soil
water repellency. Further, Types 1 and 4 include both transient (i.e., short-time) and steady-
state (i.e., long-time) infiltration, whereas the other three types only include transient data.
Pierson et al. (2008) also developed an infiltrability index (called INI) that is calculated as the
difference of the final and minimum infiltration rates divided by final infiltration rate. This
particular index was designed for Type 4 (i.e., initial increase to steady state) and Type 5 (i.e.,
exponential decrease to linear increase) curves, but may not differentiate between the other
three curve types. Specifically, any infiltration test in which the lowest infiltration rate occurs
at the end (i.e., the final infiltration rate is the minimum rate) will have an INI value of 0,
regardless of the initial infiltration patterns. The INI index also does not distinguish between
transient-and steady-state data, meaning that the calculated value may vary depending on the

duration of each infiltration test.

In this present study, we aimed to better quantify and describe water repellency effects on water
infiltration, focusing on forested soils in the south-central Appalachian Mountains that were
affected by wildfires in late 2016. We had two specific objectives: 1) compare the depth and
severity of water repellent layers in burned soils that had experienced different fire severities
versus unburned soils; and 2) quantify the effect of surface versus subsurface water repellency
on near-saturated infiltration processes. As part of this analysis, we also a proposed new
diagnostic index for identifying surface water repellency based on the relative rates of early-
time and steady state infiltration, and another metric based on the time to maximum infiltration
rate. Altogether, this study seeks to generate new understanding regarding the role of water

repellent soil layers on hydrological response to wildfire.
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2 Methods

2.1 Sampling Sites

We selected two locations in the Blue Ridge physiographic province of the south-central
Appalachian Mountains (Figure 2): Mount Pleasant Wildlife Refuge, Virginia (37.73, -79.21),
and Chimney Rock State Park, North Carolina (35.47, -82.24). Elevations are approximately
730 m-in- Mount Pleasant and 1040 m in Chimney Rock. The climate in these two locations is
temperate, with distinct summer and winter seasons. The vegetation at Mount Pleasant is
mostly hardwood, comprised of chestnut oak (Quercus prinus), red oak (Quercus rubra), and
white oak (Quercus alba), with some white pine (Pinus strobus) and sugar maple (Acer
saccharum). The Chimney Rock location is characterized by Montane Oak-Hickory (Quercus
alba - Quercus (rubra, montana) / Rhododendron calendulaceum - (Gaylussacia ursina);
NCDENR, 2011) and Pine-Oak/Heath forests (Pinus pungens - Pinus rigida - (Quercus
montana) / Kalmia latifolia - Vaccinium pallidum). Mountain laurel (Kalmia latifolia) is the
primary understory species at both locations. The dominant bedrock at the Mount Pleasant is
granitic and the soils are fine-loamy Ultisols. The dominant bedrock at Chimney Rock is gneiss

and the soils are coarse-loamy Inceptisols (NRCS, 2017).

Firesoccurred from 21 November to 25 November 2016 in Mount Pleasant, during which time
4,536 hectares were burned. In Chimney Rock, fires burned 3,210 hectares between 8
November and 28 November 2016 (Tobin et al., 2016). In each location, we selected sites to
represent unburned conditions along with two different burn severities (MTBS, 2018). In
Mount Pleasant, we randomly selected four sites on the midslopes and shoulders of west-facing
slopes that spanned a gradient of fire severity: M1 represented low fire severity, M2 represented
low to moderate severity, and M3 and M4 were unburned sites. M3 was located on the upper

side of M1, and M4 was located adjacent to M2. M3 and M4 were smaller in area than M1 and
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M2. In Chimney Rock, we randomly selected three sites: C1 represented low fire severity, C2
represented moderate severity, and C3 acted as unburned control. C1 was located on an east-
facing mid-slope, C2 was located on an east-facing shoulder slope, and C3 was located on the
mountain ridge; the three sampling sites here had approximately equal areas. Fire intensity was

estimated using MODIS Fire Radiation Power (FRP) data (Giglio et al., 2016).

Soil properties, plants species, and wildfire characteristics in each location are summarized in

Table 1.

2.2 Measurements

Measurements were collected between November 2016 and January 2018. In Mount Pleasant,
measurements were conducted every one to two months (8 times total); in Chimney Rock,
measurements were collected every three months (4 times total). On each sampling date, 10
measurement points were tested per site. Sample points in M1, M2, C1, C2, and C3 were
located in an approximately rectangular grid with sampling points spaced 2-3 m apart. Sample
points in M3 and M4 were also selected in an approximately rectangular grid; however, due to
the relatively small sampling areas in those sites, points were spaced 1-2 m from each other.

Points were randomly selected on each sampling date.

At each sample point, soil water repellency was quantified using the water drop penetration
time (WDPT) test (Dekker et al., 2009) and mini-disk infiltrometer (Robichaud et al., 2008).
Prior to the drop and infiltration tests, the soil surface was cleaned of any loose leaf and duff
materials, thus exposing either the upper ash layer (burned sites) or organic horizon (unburned
sites). Drop tests were first conducted on this top layer, then conducted on the layer where the
soil was excavated down to a depth of ~2 cm, which represented the transition between ash and

mineral layers (burned sites) and A to O horizons (unburned sites). At each measurement point,
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5-7 WDPT tests were performed at the surface and another 5-7 WDPT tests were performed in
the shallow subsurface (~2 cm depth). Test results were classified into one of two categories:
WDPT < 10 s and WDPT > 10 s (Adams et al., 1970). Water repellency, WR, was then
quantified on a given sampling date as the percentage of WDPT tests > 10 s for each
measurement point, with WRs representing water repellency at the land surface and WRsu»
representing water repellency at the ash-mineral soil interface in burned sites and at a similar
depth in-unburned sites. Note that each measurement point could have discrete WR values from
0% to 100%, depending on how many of the 5-7 drops at each depth persisted for longer than

10s.

Infiltration tests (n = 6-8) were conducted on the surface layer using a mini-disk tension
infiltrometer with a disk diameter of 4.5 cm (METER Group, Inc. Pullman, WA, USA). The
infiltrometer was set to -1 cm tension during runs. A thin layer of coarse sand (20/30 mesh)
was applied as needed to level the measured surface. Infiltrated water volumes were recorded
every 0.5 minutes, with measurements continuing until the rates were within + 5% of one
another for three consecutive readings. All of the infiltration tests were conducted immediately
adjacent to the drop tests. In addition, soil water content for each sample point was measured

using a GS3 probe and ProCheck reader (METER Group, Inc. Pullman, WA, USA).

Unconsolidated soil samples and intact soil cores were also collected on each sampling date.
The unconsolidated samples were analyzed for total organic carbon using a C/N analyzer
(VarioMax CNS macro-element analyzer, Elementary Analytical Systems GmbH, Hanau,
Germany), soil pH using a 3100M meter (OHAUS, Inc., Parsippany, USA), and particle size
distribution following the procedures recommended by Klute and Dinauer (1986) and using a
CILAS 1190 Particle Size Analyzer (CILAS, Inc., Orleans, France). Soil bulk density was

determined from the cores after oven-drying for 24 hours at 105 °C (Blake, 1965).
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2.3 Analysis

Relative infiltration rate (RI) was quantified using the tension infiltrometer readings as

Rl = ks 1)

ljt+iss

where ij 1s the initial infiltration rate (taken here from the first three readings, which occurred
over a 1.5 min period) and iss is the final infiltration rate (taken here as the last three readings
when the infiltration rate reaches steady-state, also over a 1.5 min period; Figure 1f). Rl can
range from -1 to 1, with a value of RI = 0 indicating that the initial and final infiltration rates
were equal, -1 <RI < 0 indicating that the initial infiltration rate was less than final infiltration
rate;.and 0 < Rl < 1 indicating that the initial infiltration rate was greater than final infiltration

rate. The time at which the maximum infiltration rate occurred was also recorded.

The measured soil water repellency (WR) and relative infiltration rate (R1) data did not conform
to the assumptions of normality and homogeneity; thus, nonparametric approaches were used
for comparison. For WR, the median value from the 10 measurement points per site and
sampling data was recorded, while the median value from 3-6 measurements per site and
sampling date is shown for RI. The 95% confidence intervals were estimated for each median
value using the Wilcoxon procedure. A non-parametric Kruskal-Wallis test with Mann-
Whitney U (K-W with MU) post hoc analysis was used to compare WR and RI values between
sites. WR differences between soil positions (surface = WRs; subsurface = WRsub) were analyzed
by using the Mann-Whitney U test (MU) if the K-W test was significant. Water content data
were normal and homogeneous; thus, sites were compared for each location using a one-way
Analysis of Variance (ANOVA) with Tukey honestly significant difference (HSD) post hoc
analysis. Linear relationships between the relative infiltration rates (RI), water contents, and

relative soil water repellency at each depth (WRs and WRsub) were examined using Pearson’s
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correlation and Analysis of Covariance (ANCOVA), because the residual errors were normal
and-homogeneous. Differences and correlations were considered significant for p < 0.05. R

(version 3.5.1) was used for all statistical analyses.

3 Results

3.1 Soil water repellency

In both locations, soils that experienced low and moderate burn severities showed evidence of
water repellency (Figure 3). Burned soils in the M2 (low-moderate severity) and C2 (moderate
severity) sites were generally more water repellent than in the M1 and C1 sites (both low
severity burns). Unburned soils were hydrophilic (WR = 0%), with the exception of the August
and October 2017 measurements in Mount Pleasant, when the unburned soils showed WR

values from 60-100%.

The depth distributions of water repellency differed between the two locations. In Mount
Pleasant, the relative water repellency on the soil surface was significantly greater than in the
subsurface layer (mean WRs = 55.4% + 2.5% standard error; mean WRsyy = 32.5% + 2.7%
standard error; MU, p < 0.05). The M2 site showed significantly higher relative surface water
repellency (WRs) than the M1 site (K-W with MU, p < 0.05). In the subsurface soil layer, WRsup
was generally less than in the surface soil layer, and only showed a significant difference
between fire severities in March 2017. In Chimney Rock, surface soils were rarely water
repellent (mean WRs = 7.47%), while the burned subsurface soils showed water repellency
(mean WRsu» = 41.6%). WRsup Was significantly different between fire severities in the first two
measurements (January and June 2017), as the moderate burned (C2) soil had significantly
greater WRsub than the low severity burned (C1) soil (K-W with MU, p<0.05). The unburned

soil in Chimney Rock was hydrophilic for all measurements (WR = 0.0%).
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3.2 Soil water content

Water contents in the low-moderate/moderate burned soils (M2, C2) at both locations were
significantly lower than in the unburned soils for the majority of measurements (ANOVA with
Tukey HSD, p < 0.05; Figure 4). In Mount Pleasant, soil water contents ranged from 0.06 to
0.39 em® cm™ (Figure 4a). The M2 site had lowest water contents, with the exception of the
late summer/early fall of 2017 (August 2017 and October 2017), when all soils were dry. The
unburned soils (M3 and M4) had the highest water contents. In Chimney Rock, soil water
contents ranged from 0.05 to 0.35 cm® cm™ (Figure 4b). Here, with the exception of the last
measurement (January 2018), the moderately burned site (C2) had significantly lower water
contents than the C1 and C3 sites. At both locations, soil water contents in the low-severity
burned soils (M1 and C1) had the largest variation, yet these soils generally had water content
values that were between those of the unburned soils (M3, M4, and C3) and low-

moderate/moderate burned soils (M2 and C3).

3.3 Infiltration tests

Tension infiltration measurements, conducted using a source tension of -1 cm, revealed
different patterns of soil water infiltration rates as functions of time in burned and unburned
sites (Figure 1g). In the unburned sites, most infiltration tests showed the standard behavior
(i.e., Type 1 curve), in which infiltration rate exponentially decreased with time before reaching
steady-state (Figure 1a). In the burned sites, by contrast, infiltration rates were typically low
at the beginning of the test before increasing to maximum values and then declining to steady-

state rates, thus resembling the Type 4 curve (Figure 1d).

Relative soil water infiltration rate (RI) changed through time after wildfires and was affected

by fire severity (Figure 5). The infiltration tests conducted in February 2017 at Mount Pleasant
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showed that RI was < 0 for the burned sites (M1 and M2), meaning that final, steady-state
infiltration rates exceeded initial rates. The unburned sites (M3 and M4) had RI values > 0 on
that same date. While the low-severity burn site (M1) shifted to RI > 0 in subsequent months,
the low-moderate burn severity site M2 maintained median Rl values < 0 for all but the final
measurement (conducted in December 2017). Site M2 had significantly lower RI values than
the other sites in March, May and June 2017, though no significant differences were observed
between sites in the measurements taken in August, October and December 2017. Chimney
Rock had median RI values that were all > 0, indicating that the initial infiltration rates were
greater than the final infiltration rates. No significant differences in Rl were detected between

sites.

3.4 Correlations between variables

In all burned sites, soil water repellencies in the surface and subsurface layers were negatively
correlated with soil water content (Pearson rp = -0.85 to -0.79 in Mount Pleasant and rp =-0.77
to -0.74 in Chimney Rock; Figure 6). Soil water content and soil water repellency had
significant individual linear relationships for all sites except the unburned site at Chimney Rock
(ANCOVA,; p < 0.05). However, the slopes between these linear models did not significantly
differ between sites (Psiope = 0.22 and pintercept = 0.42 in Mount Pleasant; psiope = 0.17 and Pintercept
= 0.07 in Chimney Rock). This result suggests that the fires did not significantly alter this
relationship at Mount Pleasant, and that fire severity was not a significant factor in Chimney

Rock.

The time for infiltration tests to reach their maximum rates was affected by surface water
repellency, with higher WRs values associated with longer times to maximum infiltration rate
(Figure 7a). By contrast, the time to maximum infiltration rates did not show any relationship

with WRsu» (Figure 7b). RI also had a significant and negative correlation to WRs (Pearson; rp

This article is protected by copyright. All rights reserved.



= - 0.61, p < 0.05; Figure 8a). This relationship was most evident in the Mount Pleasant
location, where low-moderate severity burn site (M2) had the highest WRs values along with
the lowest RI values. The unburned sites (M3 and M4) also showed relatively high WRs and
relatively low RI values in August and October 2017, due to dry soil conditions. The ANCOVA
analysis-indicated that RI was linearly correlated with WRs in both burned and unburned sites
(p < 0.05); however, the slopes (p = 0.20) and intercepts (p = 0.14) of linear models in burned
and unburned sites were not significantly different. Rl showed no significant relationship to

WRsu» (Figure 8b).

4 Discussion

The two locations studied here showed considerable differences in the depth and persistence
of water repellency after the fires. In Mount Pleasant, the surface ash layer showed significantly
higher water repellency than the ash-mineral soil interface layer (Figure 3a). During the
summer and early fall of 2017, the unburned soils also became dry and water repellent, due to
natural repellency that, for example, can be induced by active fungi in these warmer period
(Feeney et al., 2006). This finding of soil water repellency in unburned soils is consistent with
observations from coniferous (Woods et al., 2007; Granged et al., 2011) and Eucalyptus forests
(Doerr et al., 2006) and shrublands (Keesstra et al., 2017). However, such observations are rare
in"humid hardwood forests, and in this instance may be due to organic substances that had
leached out of the O horizon to the surface of the A horizon, where our measurements were
collected. At the same time, the water repellency data collected here revealed that even though
the burned soils tended to be drier (Figure 4) and possess more consistent water repellency
(Figure 3), the wildfire did not fundamentally change the relationship between relative water

repellency and water content (Figure 6a).
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In the two burned sites at Chimney Rock (C1 and C2), the subsurface ash-soil interface layer
had greater water repellency than the surface ash layer (Figure 3d). Here the soil water
repellency decreased through time, such that by one year after the fire water repellency was
only observed in a few places within the moderate burn severity (C2) site. The unburned site
(C3) never exhibited water repellency. As a consequence, the wildfires in this forest appear to
have altered the relationship between water content and relative water repellency (Figure 6b),

even though burn severity was determined to not be a significant factor in that response.

The differences in the depth of water repellency layers between Mount Pleasant and Chimney
Rock may relate to variations in fire temperatures and duration, as well as soil texture
differences. In Chimney Rock, the fire had higher radiative power and resulted in greater burn
intensity compared to Mount Pleasant (Table 1), making it possible that the more organic
matter was volatilized during fire (Simkovic et al., 2008; Stoof et al., 2010). Also, the coarser
textured sandy loam soil Chimney Rock likely had greater thermal diffusivity and conductivity,
and less volumetric heat capacity, than the finer textured loam soil in Mount Pleasant (Al
Nakshabandi and Kohnke, 1965; Abu-Hamdeh, 2003; Nikoosokhan et al., 2015), meaning that
the heat from the fire could have reached to deeper depths in the soil. Since vaporized
hydrophobic compounds condense in cool areas of the soil (DeBano et al., 1970; Certini, 2005),
this process could explain the formation of subsurface water repellency seen in Chimney Rock

and surface water repellency in Mount Pleasant.

Wildfires can reduce water infiltration rates, as has been demonstrated in previous studies
(Imesonetal., 1992; Larsen et al., 2009; Moody et al., 2009; Granged et al., 2011). The Mount
Pleasant location showed a similar response, in which the burned sites had relative infiltration
(RI) values < 0 after fire (Figure 5a). Still, the unburned soils at that location also showed RI

< 0 during times when the surface layer became water repellency (i.e. WRs > 0). As a result,
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the significant relationship between WRs and RI did not differ between burned and unburned
soils (Figure 8a). The infiltration tests conducted at Chimney Rock showed no differences in
RI between burned and unburned sites (Figure 5b), even though there was a detectable water-
repellent layer located in the sublayer soil (Figure 3d). Taken together, these results indicate
that water repellency at the soil surface reduced initial infiltration rates (Figure 8a) and delayed
the time to maximum infiltration rates (Figure 7a), whereas subsurface water repellency did

not affect the initial infiltration process (Figures 7b and 8b).

These results suggest that, as long as a hydrophilic surface layer provides sufficient pore space,
water can infiltrate into the soil without initial restriction. If a continuous hydrophilic layer
exists at the surface, water may be able to move down-gradient, thus creating the possibility of
lateral subsurface flow occurring above the hydrophobic layer (Yi et al., 2017). In addition,
fine-size ash particles can increase water retention in the surface layers (Stoof et al., 2010) and
can delay and reduce runoff generation (Neary et al., 1999; Stoof et al., 2010; Woods and
Balfour, 2010). Here we speculate that higher water retention within a hydrophilic surface layer
may increase wetness at the interface with a hydrophobic subsurface layer, which could lead
to more rapid decreases in water repellency. Leaching of organic hydrophobic substances from
water percolation has been considered to be an important factor contributing to the breakdown
of soil water repellency (Doerr and Thomas, 2000); therefore, infiltration into a hydrophilic
surface layer may enhance these leaching and breakdown processes. Together, the high surface
infiltrability in the Chimney Rock soils may have reduced the persistence of fire-induced soil

water repellency in that location compared to Mount Pleasant.

The infiltration experiments were conducted using a tension infiltrometer; because the water
supply is under a negative pressure in such tests, soil capillarity (i.e., sorptivity) typically

provides a large contribution to total flow. Previous research has suggested that water
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repellency decreases soil sorptivity by increasing the contact angle between water and solid
particles(Tillman et al., 1989), which could explain why the initial infiltration rates were
relatively low in soils with high surface water repellency (Figure 2). The relationships found
here between WRs and both time to maximum infiltration rate (Figure 7) and RI (Figure 8)
also_suggest that tension infiltration tests may be useful to identify dynamics in water
repellency, even when not used in conjunction with ethanol measurements (Tillman et al.,

1989).

Here we note that our proposed Rl metric was designed to work with Type 1 and Type 4
infiltration curves, due to the assumption that infiltration rates have reached steady-state by the
end of the measurement. This condition differentiates Rl from other indices (e.g., the INI
metric; Pierson et al., 2008), and in theory should provide consistent results as the final
infiltration rate will not depend on the sampling duration, unlike infiltration tests that only
include the transient infiltration phase. In theory, steady-state conditions can take hours to
develop and may require homogeneous conditions in the soil profile (Stewart and Abou Najm,
2018), yet in practice the infiltration measurements collected in this study all met the stated
threshold for steady-state (i.e., three consecutive measurements within + 5% of one another)
within the first 90 minutes. This criterion therefore appears to be appropriate for estimating RI,

and does not place an excess burden in terms of measurement time requirements.

We also note that the tension infiltrometer used in this study measured infiltration rates at a
small scale (i.e., point scale), as the disk had a diameter of 4.5 cm. We collected 6-8
measurements per site per sampling time in an attempt to account for possible spatial
variability, yet it is still unclear whether these small-scale measurements provided an accurate
representation of the larger (e.g., hillslope) scale response to the fires. Previous work has shown

notable scale-dependence of soil properties like saturated hydraulic conductivity (Nyman et
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al., 2010; Ebel and Martin, 2017), so it is possible that soil water repellency exhibits similar
scale=dependent effects on water movement. Also, it should be noted that the sampling
densities varied in the Mount Pleasant location: sample points in the burned sites (M1 and M2)
had greater spacing than in the control sites (M3 and M4), which may also influence the ability

to upscale the observations collected in this study.

Over the coming decades, wildfire activity is predicted to increase in the southern Appalachian
Mountains (Kang and Sridhar, 2017). While fires occurred frequently in this region until the
late 1800s, subsequent suppression activities reduced wildfire incidence and extent (Lafon et
al., 2017). The resulting rarity of intense fires across the entire eastern United States has limited
the opportunity to study if and how water repellency and infiltration processes are altered by
wildfires (Kolka, 2012). The results of this study therefore provide important insight into post-
fire hydrologic effects within humid hardwood forests, and suggest that even low-to-moderate

wildfire severities may alter rainfall-runoff relationships in this region.

5 Summary and Conclusion

In this study, we quantified soil water repellency, water content, and relative infiltration in two
south-central Appalachian Mountains locations that experienced wildfires in late 2016. Our
study had two objectives: 1) compare the depth and severity of water repellent layers in burned
soils that had experienced different fire severities and unburned soils; and 2) quantify the effect

of surface versus subsurface water repellency on near-saturated infiltration processes.

We met Objective 1 by repeatedly measuring water drop penetration times (WDPT) at multiple
sites at both locations. Based on those measurements, we found that wildfires induced soil
water repellency in these humid hardwood forests. However, the depth of water repellent layers

differed between the two locations, with the lower burn intensity location (Mount Pleasant,
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VA; FRP = 16.2 MW) showing repellency primarily at the soil surface and the higher burn
intensity-location (Chimney Rock, NC; FRPs = 90.6 MW) showing repellency primarily in the
subsurface (2-5 cm depth). In both locations, soil water repellency was negatively correlated

with water content.

We met Objective 2 by comparing relative water infiltration rates using a tension infiltrometer.
Using a new infiltration index that compared initial and steady-state infiltration rates, we found
that water infiltration was initially inhibited when the soil surface was water repellent. Soils
with water repellency confined to the subsurface did not show the same reductions in initial
infiltration, suggesting that a thin hydrophobic soil layer at the surface may provide opportunity
for water to infiltrate. This infiltrated water may then enhance the breakdown of water

repellency in the subsurface.

The differences in depths of water-repellent layer may also explain why the more severely
burned location (Chimney Rock) experienced limited and short-lived differences in soil water
contents and relative infiltration rates after the fires, while the less severely burned (Mount
Pleasant) location still showed significant differences between burned and unburned sites more
than one year post-fire. Given these results, we propose that depth of a water-repellent layer is

an important factor to include when assessing hydrological effects of wildfires.
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Figure 1: Conceptual infiltration curves for hydrophilic and water-repellent soils, based on
previous research by Imeson et al. (1992) and Pierson et al. (2001): a) Type 1: exponential
decrease; b) Type 2: linear decrease; ¢) Type 3: initial increase to decrease; d) Type 4: initial
increase -to steady state; and e) Type 5: exponential decrease to linear increase. Panel f)
presents the calculation for relative infiltration (RI) based on initial (ij) and steady-state (iss)
infiltration rates, while Panel g) shows example hydrographs that were collected in the Mount
Pleasant location on May 18, 2017. Note that the blue lines in panels a-f represent infiltration
curves associated with hydrophilic soil conditions, whereas the red lines indicate water-
repellent soil conditions.
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Figure 3: The variations of water repellency in surface (a and ¢) and subsurface layer (b and d)
in each sampling time after wildfires in Mount Pleasant (a and b) and Chimney Rock (c and b).
“NA” refers the measurements of WR in subsurface layer in Nov. 2016 in Mount Pleasant were
not recorded. Points refer to the median, and Bars indicate 95% confidence intervals.
Significant differences between positions (MU, p < 0.05) were analyzed. **’s and *’s refer to
the significant differences between sites for a particular sampling time (K-W with MU, p <
0.05). K-W = Kruskal-Wallis test; MU = Mann-Whitney U test.
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Figure 4: The variations of soil water content in each sampling time after wildfires in Mount
Pleasant (a) and Chimney Rock (b). “NA” indicates times when measurements were not
recorded. Bars show standard deviations, while * indicates significant differences from other
sites within the same sampling time (ANOVA with Tukey’s HSD, p < 0.05). ANOVA =
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Figure 6: Relationship between soil water repellency (average of surface and subsurface, i.e.,
(WRs + WRgub)/2) and water content in (a) Mount Pleasant and (b) Chimney Rock. rp refers to
the Pearson’s correlation coefficient for each site, while * indicates a significant correlation
between soil water and water content (p < 0.05). Dashed line shows the significant overall
linear regression using Analysis of Covariance (ANCOVA); individual linear regression

models were not significantly different between sites (Psiope = 0.22 and pintercept = 0.42 in Mount
Pleasant; psiope = 0.17 and pintercept = 0.07 in Chimney Rock).
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Figure 7: The relationship between the time of maximum infiltration rate (tmir) and water
repellency in the (a) surface and (b) subsurface layers. Data come from both sampling locations:
Mount Pleasant (M) and Chimney Rock (C). Dots/squares refer to the median, and bars indicate

95% confidence intervals.
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Figure 8: Relationship between relative infiltration rates (R1) and water repellency in (a) surface
(WRs) and (b) subsurface layers (WRsu) in Mount Pleasant (M) and Chimney Rock (C).
Dots/squares refer to the median, and bars indicate 95% confidence intervals. rp refers to the
coefficient of determination using Pearson’s correlation coefficient in burned and unburned
sites, while * indicates a significant correlation between R1 and either WRs or WRsub (p < 0.05).
Dashed line shows significant overall linear regression using Analysis of Covariance
(ANCOVA); individual linear regression models were not significantly different between
burned and unburned sites (Psiope = 0.20 and Pintercept = 0.14).
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Table 1: Summary of soil properties, forest plants species, and wildfire characteristics at the

two study locations.
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