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Jingjing Chen
ABSTRACT

Drought conditions and wildfires can induce soil water repellency. Precipitation shifts are
expected to exacerbate drought and wildfire in regions such as the southeastern United
States, making it critical to understand how repellency affects water exchange processes
in soil. The objectives of this dissertation were to 1) quantify the water vapor sorption
dynamics of two clay minerals in which water repellency was induced; 2) identify if and
for how long wildfires in humid hardwood forests induce water repellency, 3) evaluate if
organic carbon content and hydrophobic functional groups explain actual and potential
soil water repellency; and 4) understand how vertical position (i.e., depth) of water
repellent layers affect infiltration processes. To meet these objectives, a laboratory test
was first conducted examining water vapor sorption processes in water-repellent clay
minerals. Next, a field study occurred in two forests that experienced wildfires in late
2016: Mount Pleasant Wildfire Refuge, Virginia, and Chimney Rock State Park, North
Carolina, United States. Measurements include water drop penetration time, soil water
content, and tension infiltration. Complimentary laboratory tests quantified potential soil
water repellency, soil organic carbon content and hydrophobic functional groups. Results
showed that water repellency inhibited water vapor condensation because of altered
mineral surface potentials and decreased surface areas. Burned hardwood forest soils
presented water repellency for > 1 year, though laboratory measurements presented
different trends than in situ measurements. Total organic carbon content and hydrophobic
functional groups correlated with soil water repellency measured in the laboratory but not
the field. Soil water content was lower in burned than unburned soils, and negatively
correlated with water repellency. Water repellency in the surface layers significantly
reduced relative water infiltration rates, whereas subsurface water repellency did not, and
water repellency persisted longer in sites with surface compared to subsurface water
repellency. Finally, while the wildfires increased the occurrence of water repellency, they
did not alter the underlying relationship between relative infiltration and surface water
repellency. Altogether, this study provided new insight into water repellency effects on
water partitioning at soil-atmosphere interfaces, and presented evidence of soil and
hydrological changes induced by wildfires in humid hardwood forests.
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GENERAL AUDIENCE ABSTRACT

Rising temperatures and shifting precipitation patterns that result from global climate
change have the potential to induce long-term droughts, which may induce soil water
repellency, as can wildfires that become more prevalent and damaging. Water repellency
can alter the physical, chemical, and hydraulic properties of soil. These alterations may
drive soil erosional processes and increase the mobility of surface-bound pollutants with
the potential to reduce water quality and degrade down-gradient aquatic ecosystems.
Thus, it is critical to understand how water repellency affects water movement in and
through soils. Despite several decades of research towards this topic, some critical
questions still remain. For example, how does water repellent soil influence water
characteristics in the vapor phase (which is increasingly important under drought
conditions)? Do wildfires in humid hardwood forests cause soil water repellency? If so,
how long does water repellency persist? Do water repellency measurements using field
and laboratory techniques correspond to one another? How does the depth of water
repellent soil layer(s) affect water movement? In order to solve this questions, several
tests were conducted in both field and laboratory. The field experiments occurred within
forested hillslopes that underwent varying degrees of burning during widespread
wildfires that affected the Southeastern United States in late 2016. Choosing two forested
locations, we measured actual water repellency, soil moisture, and infiltration in burned
and unburned sites after wildfire, and took loose samples for laboratory tests. In the lab,
we tested potential water repellency on air-dried soil samples, soil organic carbon content
and hydrophobic substance percentage. We also conducted water vapor sorption
experiments to quantify water vapor exchange in two types of water repellent minerals:
kaolinite and montmorillonite. The results showed that water repellency can affect water
exchange between the subsurface and the atmosphere, by both limiting water vapor
sorption and reducing liquid water infiltration. Soil organic matter and composition
correlate well with potential water repellency measured in the laboratory, though less so
with actual water repellency measured in the field. Instead, soil water content provided a
high and inverse correlation with actual water repellency. Finally, water infiltration rates
were influenced by the vertical position (depth) of water repellent layers, with water
repellency at the soil surface causing much reduced initial infiltration rates compared to
water-repellent layers in the subsurface.
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Chapter 1
Introduction
Soil water repellency, in which the affinity of soil particle surfaces for liquid water
becomes reduced, is a widespread, dynamic phenomenon that often occurs during
drought or after wildfire (Doerr et al., 2000). Soil water repellency has been shown to
decrease soil infiltration capacity and water holding capacity (Orfanus et al., 2014),
enhance overland flow and flooding (Larsen et al., 2009; Miyata et al., 2007), increase
soil erosion (Larsen et al., 2009), accelerate development of preferential flow (Ritsema et
al., 1993), and in some cases increase agrichemical leaching (Letey, 2001). All of these
effects can restrict plant growth and harms overall ecosystem function (Kidron, 2015).
Soil water repellency is governed by soil particle surface characteristics (Tschapek,
1984), including particle surface area (Tuller and Or, 2005) and energy (Arthur et al.,
2015a; Arthur et al., 2016a; Leão and Tuller, 2014; Woodruff and Revil, 2011). Many
factors have been demonstrated to influence soil water repellency, for example, soil
moisture/wetting-drying process, organic matter and composition, and fire severity.
However, despite several decades of research towards understanding water repellency,
some critical questions with respect to hydrology still remain. For example, how does
hydrophobic soil influence water characteristics in the vapor phase (which is increasingly
important under drought conditions)? Do wildfires in humid hardwood forests cause soil
water repellency? If so, how long does water repellency persist? Do water repellency
measurements using field and laboratory techniques correspond to one another? How
does the depth of water repellent soil layer(s) affect water movement?
Drought conditions and wildfire occurrence are predicted to increase in the Southeastern
United States as well as in many other locations worldwide (Dennison et al., 2014;
Pechony and Shindell, 2010; Schoennagel et al., 2017; Westerling et al., 2006). Because
these factors will likely increase the incidence of soil water repellency, the main focus of
this work was to understand the influence of water repellency in soil and clay minerals on
water exchange in both liquid and vapor phases. First, water repellency influences on
water vapor sorption and exchange processes were quantified using two clay minerals
(Ca2+-saturated kaolinite and montmorillonite) that had been treated with water
repellency-inducing agents (cetyl trimethylammonium bromide or stearic acid). Changes
in water vapor sorption were then quantified as a function of increased water repellent
minerals, while particle size distribution and surface potential measurements helped to
explain the underlying mechanisms. Second, soil organic carbon content and hydrophobic
functional groups were examined to identify their relationships with actual water
repellency measured in situ after wildfires and with potential water repellency measured
in air-dried soil samples. Finally, field hydrologic data, including soil water repellency,
soil water content, and infiltration rate under near-saturated conditions, was collected
from two locations affected by wildfires to quantify the effect of vertical position (depth)
of water repellent layers on infiltration processes and on the persistence of repellency
through time.
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1.1 Influence of Soil water repellency on water vapor characteristics
During periods of drought, many soils become repellent to liquid water. Soil water
repellency has been shown to have a major influence on surface and subsurface
hydrology (Nieber et al., 2000), geomorphology (Urbanek et al., 2015) and geochemistry
(Ward and Oades, 1993), for example by reducing soil infiltration capacity and water
holding capacity, enhancing overland flow, accelerating development of preferential
flow, and in some cases increasing agrichemical leaching, all of which can affect plant
growth and/or accelerate soil erosion (Doerr and Thomas, 2000). Water repellency is
mainly caused by the presence of organic components on soil particle surface, and has
been observed when per-mass concentrations of hydrophobic organic components are as
low as 0.035% (Doerr et al., 2000). Similarly, infiltration may be completely inhibited
when the concentration of hydrophobic components exceeds 5% (Steenhuis et al., 2005a).
However, soil water in arid and/or drought-stricken regions primarily exists in the vapor
phase, in which the effects of soil water repellency are currently unknown. Therefore, it
is important to understand how water repellency affects soil water vapor sorption and
exchange. While adhesion between water molecules and soil surfaces drives water
adsorption in both the liquid and vapor phases, liquid water imbibition is controlled by
the contact angle between the water molecule and particle; vapor sorption, on the other
hand, is controlled by particle surface area (Tuller and Or, 2005) and charge
characteristics (Arthur et al., 2015a; Arthur et al., 2016a; Leão and Tuller, 2014;
Woodruff and Revil, 2011). It is typically assumed that water vapor moves freely in soil
and is not affected by water repellency; however, recent research has indicated that at
very low water activities (aw), hydrophobic substances in soil may affect water vapor
dynamics (Arthur et al., 2014; Dagnelie et al., 2010; Inagaki et al., 1996; Maaz et al.,
2016), which may influence soil water evaporation and contaminant transport in arid
regions (Davis et al., 2009; Inagaki et al., 1996; Ng and Mintova, 2008). Therefore,
Chapter 2 focused on how and why soil hydrophobicity affects water vapor sorption.

1.2 Relationships between organic matter, hydrophobic substances, and soil
water repellency after wildfire in the south-central Appalachian Mountains
The incident, frequency, and duration of large wildfires have increased in recent years.
Large fires disrupt and alter forests (Certini, 2005) and increase risk to rural communities
that live in or near forests (Chapin III et al., 2008). Recent research has attributed
wildfires to warmer air temperatures and greater incidence and duration of drought
(Siegert et al., 2001), which has led to enhanced fuel aridity (Abatzoglou and Williams,
2016). In the coming decades, the global climate is projected to continue warming, with
corresponding increases in drought conditions and wildfires occurrence (Pechony and
Shindell, 2010; Schoennagel et al., 2017). Human populations and natural communities
heavily rely on forested watersheds for water supply (Bixby et al., 2015). Thus,
understanding the changes to soil properties and related hydrologic effects of forest
wildfires has been a major research focus in recent decades. Results from this work have
played an important role in guiding the decisions on fire management practices and
policy, including a critical examination on the wisdom of fire suppression (Boisrame et
al., 2014).
2

Such studies have also examined post-wildfire effects on various environmental
processes and ecosystem structures (Bixby et al., 2015; Maksimova and Abakumov,
2014). Wildfires can consume litter/duff layers and lower the forest floor down to the
mineral surface, thus reducing organic matter content while producing ash (Stoof et al.,
2010; Woods and Balfour, 2010). Beyond surface lowering, fires can change soil
physical and chemical properties (Ebel and Moody, 2013; Moody et al., 2009; Ulery and
Graham, 1993). Fires can liberate soluble metals (Blake et al., 2009; Pereira et al., 2011)
such as Ca, Mg, Na, Mn, Fe, and Zn, and nutrients such as P and N (Smith et al., 2011),
thus having the potential to affect water quality (Cannon et al., 2001; Smith et al., 2011).
Water quantity can also be affected by fires, due to changes in above ground vegetation
and corresponding evapotranspiration, as well as due to differences in infiltration and soil
water recharge. Changes in soil physical properties can alter forest hydrology and water
availability (Moody and Martin, 2001). For example, surface soils often have diminished
capacity to store water after wildfires (Robichaud, 2000), which can reduce soil water
recharge (Moody et al., 2009; Simkovic et al., 2008). One major cause of reduced soil
water recharge is water repellency that often forms after wildfires (Ebel and Moody,
2013; Jiménez-Pinilla et al., 2016; Reeder and Jurgensen, 1979; Woods et al., 2007),
meaning that severe or persistent water repellency may inhibit vegetation recovery
(Obrist et al., 2004). Post-fire repellency can also pose risks to water quality by
increasing surface runoff and soil erosion rates (Ebel and Moody, 2016; Smith et al.,
2011), making it important to understand the underlying factors controlling this
phenomenon in field conditions.
Fire temperature represents one of the most important factors determining the depth,
distribution and degree of soil water repellency (Doerr et al., 1996; Fernández et al.,
1997; Huffman et al., 2001; Simkovic et al., 2008; Stoof et al., 2010). However, other
factors such as forest vegetation can also influence the location and persistence of water
repellency. For example, previous studies have found that coniferous forests often show
greater repellency after wildfire than mixed-species and oak forests because their oil- or
wax rich leaves and roots provide more hydrophobic compounds to soil (García et al.,
2005; Huffman et al., 2001; Robichaud, 2000). Soil pH and mineralogy can also be
important factors in the formation of soil water repellency (Lichner et al., 2006; Ward
and Oades, 1993). Still, within the United States most of these studies have taken place in
western forests (Woods and Balfour, 2010; Woods et al., 2007), where the vegetation,
soils, and climate are distinct from that of the eastern United States. It is thus not well
understood if soil water repellency will be widespread after wildfire in southeastern
forests, where the predominant species are maples, hemlocks, and oaks (Simon et al.,
2005), and the soil pH is typically low (Schmidt, 2008). As the southeastern United
States has been identified as a region that will likely see large-scale increases in wildfire
incidence (Kang and Sridhar, 2017), it is important to study wildfire effects in this region.
Wildfires often cause soil water repellency due to the formation of particular hydrophobic
functional groups, i.e., aliphatic methyl and methylene groups (Schwen et al., 2015).
Fourier transform infrared (FTIR) spectroscopy is a commonly used technique to
determine particular functional groups in soil organic matter (SOM). These functional
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groups are distinguished by their specific vibration of the chemical bond, with the peak
heights in the range from 4000 to 400 cm-1 (Artz et al., 2008; Ellerbrock and Gerke,
2016). The absorption region from 3020 to 2800 cm-1, which is associated with aliphatic
methyl and methylene groups, is often considered to reflect hydrophobicity; in contrast,
the absorption bands from 1720 to 1710 cm-1 and from 1620 to 1600 cm-1 are considered
to refer to carboxylic groups (C=O) that reflect hydrophilic soil organic matter properties
(Simkovic et al., 2008). Jacobson et al. (2009) compared the aliphatic functional groups
of burned and unburned soils and analyzed their selective degradation of burned soils
associated with hydrophobicity using FTIR-ATR; the authors found that wildfires varied
the adsorption peak heights, which may respond to soil hydrophobicity. Simkovic et al.
(2008) demonstrated that 1) wetting and drying process selectively degraded aliphatic
structures in these adsorption regions; 2) sun exposure (UV light) induced the loss of
methyl and methylene groups associated with hydrophobicity; and 3) microbial activity
effects in burned soil were described by the peaks associated with polysaccharides (1030
cm-1) and CO2 (2260 cm-1). On the contrary, Miller et al. (2017) found that there was no
significant correlation between soil water repellency (represented both by a repellency
index and by water drop penetration time) and hydrophobic carbon group (alkyl and
aromatic). Still, those authors concluded that aromatic compounds contributed more to
repellency than alkyl, O-alkyl (77 pm), and carbonyl compounds. Other studies have
suggested that SOM concentrations and hydrophobic functional group characteristics
may be correlated with soil water repellency in air-dried laboratory samples (Zheng et al.,
2016). Still, it is not well understood if these relationships translate to field settings, or if
they are consistent through time.
Given all these uncertainties related to post-wildfire effects on soil water repellency, a
series of field and laboratory experiments were conducted in Chapter 3 to determine if
wildfire induces soil hydrophobicity in hardwood humid forests, and if water repellency
measured in the laboratory and/or field correlates with soil organic matter concentration
and composition.

1.3 The effects of hydrophobic layer position on infiltration processes
Wildfires can induce a number of changes to hydrological processes. For example, Ebel
et al. (2012) demonstrated that saturated hydraulic conductivity in burned soils was larger
in magnitude and variability than unburned soils, whereas unsaturated hydraulic
conductivity was significantly lower in burned soils than unburned soils. This effect was
hypothesized to be due to a hydrophobic layer preventing water infiltration into deeper
soil layers. Perhaps as a result, the water content in the burned soils was persistently
lower yet more variable than unburned soils, and the burned soils showed delayed
response to rain storms compared to unburned soils. Overland flow was observed in
burned soils but not in unburned soils. The effects of wildfires on soil sorptivity were
analyzed by Moody et al. (2009) in laboratory measurements, which showed that heated
soils have higher sorptivity than natural soils; however, unsaturated hydraulic
conductivity in those heated soils were negative, which may be attributed to measurement
error or to failings in the mathematical theory used in interpretation. Stoof et al. (2010)
conducted a series of laboratory burning and heating experiments to study the effects of
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fire on water retention; they found that water retention was reduced by fires at 300 ℃,
which is most obvious between saturation (0 kPa) and field capacity (10 kPa). Fire at 200
℃ reduced the amount of plant available water, though fires at 300 ℃ and above
increased plant available water due to more ash, which often has a large surface area. Ash
formation can also affect infiltration and runoff processes. In particular, soils with large
pores (> 0.6 mm diameter), may be more prone to ash clogging than finer pores (Stoof et
al., 2010; Woods and Balfour, 2010). Thus, based on these studies it appears that thin ash
layers (<1 cm) can reduce infiltration, while thicker ash layers may increase infiltration
and water storage, thus delaying and reducing overland flow generation.
Water movement in post-fire soils may also depend on the position of any hydrophobic
layer within the vertical soil profile. For example, wildfires in a montane woodland of
Utah (Jacobson et al., 2009) and in a ponderosa and lodgepole pine forest in Colorado
(Huffman et al., 2001) were found to cause severely hydrophobic layers a few
centimeters below the surface. However, other studies in Montana and Colorado (Woods
et al., 2007); Colorado and California (Moody et al., 2009); and Spain (Jiménez-Pinilla et
al., 2016) showed that the greatest soil hydrophobicity occurred at the soil surface.
Huffman et al. (2001) found a thick layer (6 cm) of hydrophobic surface in burned soil
that persisted for at least 22 months. Woods et al. (2007) found that water repellency was
strongest at the surface and declined rapidly with depth in mixed pine and fir forests, and
that water primarily infiltrated through the gaps between hydrophobic patches. Ebel et al.
(2012) found hydrophobicity occurred in the sub-soil, below the surface-burned ash
layer, and that most of the rainfall was stored in the surface ash layer but was not able to
infiltrate into the subsurface hydrophobic layer below.
The position and thickness of this hydrophobic layer may affect hydrologic partitioning
of rainfall, especially when considering the influences of slope and topography. For
example, hydrophobic surfaces on steep hillslopes may lead to direct surface runoff
generation and high runoff ratios (i.e., the ratio between precipitation and overland flow),
while the subsurface hydrophobic layers may not cause a similar response, especially
under low-intensity rainfall. Thus, the purpose of Chapter 4 was to identify the effect of
strength and position of hydrophobic layer on infiltration processes, along with its
contribution to the persistence of soil water repellency after wildfire.

1.3 Overall objectives
Given the considerable uncertainty regarding the influence of soil water repellency on
water movement and exchange, the overall objectives of this dissertation were to:
1) Quantify the water vapor sorption dynamics of two clay minerals, Ca2+-saturated
kaolinite and montmorillonite, in which water repellency was induced by
saturating with cetyl trimethylammonium bromide versus treating with stearic
acid in five concentrations: 0.5%, 5%, 10%, 20%, and 35% by mass.
2) Identify if and for how long wildfires in humid hardwood forests induce water
repellency.
3) Evaluate the ability of organic carbon content and hydrophobic functional groups
to explain in situ and potential (i.e., in air-dry conditions) soil water repellency.
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4) Quantify fire severity influence on soil water repellency and identify the effect of
vertical position (depth) of water-repellent layer on near-saturated infiltration
processes.

6

Chapter 2
Water Repellency Decreases Vapor Sorption of Clay Minerals
(Published in Water Resources Research, https://doi.org/10.1029/2018WR023352)
Jingjing Chen1, Chao Shang1, Matthew J. Eick1, Ryan D. Stewart1
1
Department of Crop and Soil Environmental Science, Virginia Tech, Blacksburg, VA
24061

Abstract:
As soils become dry, water primarily exists as vapor that adsorbs to and desorbs from
particle surfaces. The drying process also often enhances soil water repellency, yet the
effects of repellency on soil water vapor sorption and soil water exchange are not well
understood. The objective of this study was to quantify the water vapor sorption
dynamics of two minerals (Ca2+ saturated kaolinite and montmorillonite), in which water
repellency was induced using two organic agents: cetyl trimethylammonium bromide
(~2% by mass) and stearic acid (0.5%, 5%, 10%, 20%, and 35% by mass). Samples were
then analyzed for: water vapor sorption isotherms; solid-water contact angles; organic
carbon content; mineral surface morphology; hydrophobic functional groups (using
Fourier transform infrared spectroscopy); zeta potential; and particle size distributions.
The results showed that the water repellent treatments altered particle surface potentials
and decreased surface areas relative to the controls. As a result, those samples adsorbed
significantly less water and had less hysteresis between adsorption and desorption
isotherms than the non-treated controls (p < 0.05). Differences in water adsorption were
most pronounced for water activities > 0.6, where hydrophobic compounds may have
inhibited water vapor condensation, even at low concentrations. In contrast, solid-water
contact angles were small in montmorillonite treatments with < 10% stearic acid,
suggesting that low levels of hydrophobic compounds may have greater effect on vapor
sorption compared to liquid water imbibition. Altogether, these results imply that
repellency may reduce water retention in dry soils and enhance water vapor losses.
Keywords: hydrophobicity; isotherm; clays; zeta potential; particle size distribution;
amphiphilic molecular structure

2.1 Introduction
By altering the overall physical, chemical, and hydraulic properties of soil, water
repellency can decrease soil infiltration capacity (Steenhuis et al., 2005b) and water
holding capacity (Orfanus et al., 2014), enhance overland flow and flooding (Larsen et
al., 2009; Miyata et al., 2007), accelerate development of preferential flow (Ritsema et
7

al., 1993), and in some cases increase agrichemical leaching (Letey, 2001). These
alterations may drive soil erosional processes and increase the mobility of surface-bound
pollutants, with the potential to reduce water quality and degrade aquatic ecosystems
(Doerr et al., 2000; Kidron, 2015). Soil water repellency has become more prevalent in
recent years due to drought conditions and wildfires (Abatzoglou and Williams, 2016;
Dai, 2011; Dennison et al., 2014; Granged et al., 2011), as well as changes in agriculture
management practices, such as long-term applications of feedlot manure (Miller et al.,
2017; Valolahti et al., 2015). Global climate change effects such as rising temperatures
and shifting precipitation patterns may also result in more widespread development of
soil water repellency (Goebel et al., 2011). Thus, it is critical to understand how soil
water repellency influences hydrological processes.
Previous research has focused on interactions between soils and liquid water, for
example, by quantifying how water repellency can increase solid-water contact angles
and thereby reduce soil capillarity (Leelamanie et al., 2008) and water infiltration
(Granged et al., 2011). In contrast, it is not yet well understood if and how changes in
particle surface properties induced by water repellency affect soil water vapor sorption
and exchange. Water vapor sorption/desorption dynamics – where vapor molecules bind
to/release from mineral surfaces– form a primary control on near-surface moisture
distributions in soils as they dry (Schneider and Goss, 2012). The drying process can also
enhance repellency (Doerr and Thomas, 2000), meaning that the potential exists for
feedbacks between soil water repellency formation and vapor exchange. Such
mechanisms may be particularly relevant in arid and semi-arid regions, where water
primarily exists in the vapor phase (Tuller and Or, 2005).
Water vapor sorption onto particle surface is regulated by adhesion forces (i.e. van der
Waals attraction, electrostatic and acid-base interactions) (Derjaguin et al., 1987), which
are controlled by particle surface characteristics such as surface area (Arthur et al.,
2015b; Tuller and Or, 2005), surface charge (Arthur et al., 2016b; Leão and Tuller, 2014;
Woodruff and Revil, 2011), and surface free energy (Leão and Tuller, 2014; Parks,
1984). Each of these properties may be altered by the introduction of hydrophobic surface
functional groups. Water vapor sorption on mineral surfaces generally occurs in three
stages: 1) water vapor monolayer adsorption/desorption on external surfaces; 2) water
vapor interlayer and multiple layer adsorption/desorption; and 3) capillary condensation,
which refers to the growth and coalescence of water into liquid-like overlayers (Yeşilbaş
and Boily, 2016). The monolayer regime occurs when water activity (aw) ranges from
near 0 to between 0.19 and 0.53, depending on the clay mineral type and properties
(Newman, 1983; Puri and Murari, 1964; Quirk and Murray, 1999). In both kaolinite and
montmorillonite, a monolayer forms on external surfaces until aw reaches ~0.2 (Hatch et
al., 2012). Swelling 2:1 minerals (e.g. montmorillonite) also have internal monolayer
adsorption, which occurs in the range of water activities 0.2 < aw <0.6 (Arthur et al.,
2018; Quirk and Murray, 1999). Mineral surface properties such as specific surface area
dominate the monolayer water sorption process. However, several studies have
demonstrated that water molecules do not form uniform monolayer on particle surfaces,
as polar molecules tend to cluster around cation sites. This effect is particularly notable in
minerals with high surface area (e.g. smectite), where the monolayer formation partially
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overlaps with cation hydration (Lu and Khorshidi, 2015; Quirk, 1955). Water vapor
multi-/inter-layer adsorption develops when aw ranges from 0.2 to 0.6, and is dominated
by both mineral structural properties and water-water and water-cation interactions on
mineral surfaces (Branson and Newman, 1983; Ormerod and Newman, 1983). Water
films begin to demonstrate liquid-like behavior when aw > 0.55 (Arthur et al., 2016b),
while capillary condensation is the primary form of soil hydration for aw > 0.6 (Hatch et
al., 2012).
Because it includes information about all three hydration stages, the soil water vapor
sorption isotherm (SWVSI) is a useful tool for characterizing water vapor dynamics in
soil. Isotherm curves express soil water vapor sorption in terms of soil water content (i.e.,
mass of water adsorbed per mass of soil) as a function of aw at a constant temperature. In
general, water vapor sorption isotherms follow unique paths in response to variation in
soil-water energy level, and form hysteresis loops that are contained between two master
adsorption and desorption curves. Hysteresis in a water vapor sorption isotherm indicates
that vapor adsorption onto the particle surface requires less energy than vapor release
(Laird et al., 1995). This result may be attributed to both particle surface and cation
hydration, which are dominated by particle surface charge, energy, and area (Lu and
Khorshidi, 2015). Hysteresis in dry-end water retention (aw < 0.95) therefore can
characterize the interactions between water vapor and solid surfaces (Prunty and Bell,
2007).
In the past, it has been assumed that water vapor moves freely in soil regardless of its
water repellency (Imeson et al., 1992; Miyamoto et al., 1972). More recent research has
indicated that hydrophobic substances in soil may reduce the water vapor movement at
very low water activities (Arthur et al., 2014; Dagnelie et al., 2010; Inagaki et al., 1996;
Maaz et al., 2016), but the underlying interactions and mechanisms have not yet been
critically examined. The overall objective of this study was to quantify the effects of
particle surface hydrophobicity on water vapor sorption characteristics. By comparing
water vapor sorption characteristics with variations in particle surface properties, we
intend to improve the general understanding of the effects of soil water repellency on
water vapor sorption and exchange.

2.2 Materials and methods
2.2.1 Sample preparation and treatments
We conducted a set of experiments in soil model systems in which soil water vapor
sorption isotherms were measured for two mineral types – kaolinite (Georgian kaolinite,
KGA) and montmorillonite (Wyoming Na-rich montmorillonite, SWY) – that had been
mixed with varying types and amounts of organic compounds to induce hydrophobicity.
The minerals came from the Clay Mineral Society Source Clays Repository, and were
prepared by sequentially washing the samples with sodium acetate (NaOAc), hydrogen
peroxide (H2O2), and sodium dithionite (Na2S2O4) to remove soluble salts, carbonate,
organic matter, and free iron oxides. The clay fraction (<2 µm) was obtained by
centrifuging the water suspension of each mineral at 60 g for 6 minutes. The purified
clays were then washed with a calcium chloride (Ca2Cl) solution and rinsed with DI
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water to prepare Ca2+-saturated samples. Note that the SWY montmorillonite was
selected because it had relatively small particle sizes and high surface areas, and therefore
provided a contrast with the kaolinite soil.
To establish the hydrophobicity in the model systems, the mono-ionic clay samples were
mixed with one of two hydrophobicity-inducing agents: stearic acid (SA) or cetyl
trimethylammonium bromide (CTAB). Stearic acid is a fatty acid commonly found in
soils consisting of an 18-carbon chain with a carboxylic acid group [CH3(CH2)16COOH].
Cetyl trimethylammonium bromide is a cation surfactant commonly used in industrial
processes that contains a 16-carbon chain and a quaternary ammonium functional groups
on the other end ([(C16H33)N(CH3)3]+Br-). The following hydrophobic treatments were
used, with the relative mass of adsorbed compound indicated: 0% (control), 0.5% SA, 5%
SA, 10% SA, 20% SA, 35% SA, and CTAB (saturated). Diethyl ether was used to
dissolve the SA before application to the minerals (Leelamanie and Karube, 2007;
Lichner et al., 2006), while distilled water was used as a medium to apply CTAB
following the procedure of Zhu et al. (1998). Three replicates were used for each
combination of mineral type and hydrophobic treatment (n = 3).

2.2.2 Sample characterization and analysis
All treated samples were divided into subsamples to analyze physicochemical properties.
Particle zeta potential was measured using a Zetasizer 3000HS (Malvern Instruments,
Worcestershire, UK) with the following parameters: temperature = 25 ℃, dielectric
constant = 79.0, and viscosity = 0.890. Particle size distribution was measured using a
CILAS 1190 Particle Size Analyzer (CILAS, Inc., Orleans, France), following the sample
preparation procedure of Gee and Bauder (1986). Total organic carbon of samples was
detected by a C/N analyzer (VarioMax CNS macro-element analyzer, Elementary
Analytical Systems GmbH, Hanau, Germany). The occurrence of functional groups of
SA and CTAB contributing to hydrophobicity was examined by a Nicolet 8700 Fourier
transform infrared (FTIR) spectrometer (ThermoFisher Scientific, Inc., Waltham, USA),
following the sample preparation procedure of Schwen et al. (2015). An environmental
scanning electron microscope (ESEM; FEI Quanta 600 FEG, Hillsboro, USA) was used
to examine the morphology and organization of the particles under the different
hydrophobic treatments. Sample pH was measured in 1:5 soil to water suspensions using
a 3100M pH meter (OHAUS, Inc., Parsippany, USA).
Solid-water contact angles were measured for all samples following the method of
Whelan et al. (2015) and Bachmann et al. (2000). Briefly, a layer of mineral grains was
fixed on a glass microscope slide with double-sided adhesive tape by sprinkling, gentle
pressing, and removing loose material. Deionized water droplets with a volume of 20 μL
were placed on the sample and photographed within three seconds under constant
temperature (25 ℃). The contact angle was calculated using ImageJ software (version
1.50i). Note that a contact angle of ~0° indicates a hydrophilic surface, a contact angle
between ~0 and 90° indicates subcritical water repellency, and a contact angle larger than
90° indicates critical water repellency, also known as hydrophobicity (Bachmann et al.,
2000).

10

Water vapor sorption isotherms were measured using a vapor sorption analyzer (METER
Group, Inc., Pullman, USA) with the following settings: adsorption followed by
desorption over the water activity range of 0.05-0.95; resolution of 0.02; Dynamic
Dewpoint Isotherm mode; temperature = 25 ℃. Approximately 2.0 g air-dried sample
was used in each measurement. In order to provide all samples with the same initial
condition, and thereby avoid the effects of historical wetting and drying states on water
vapor sorption isotherms, all of the prepared samples were conditioned with P2O5 in a
glass desiccator for three days prior to the tests. Water content was determined at the
conclusion of the isotherm measurements by oven drying the samples for 48 hours at 105
℃.
For analysis, the isotherms were divided into three regions that represent distinct modes
of solid-water interaction: external monolayer sorption for aw ≤ 0.2, multi-/inter-layer
sorption for the range 0.2 < aw < 0.6, and capillary condensation for aw ≥ 0.6. Differences
in adsorbed and desorbed water were calculated for each region (e.g., adsorbed water
between 0.2 and 0.6 was determined as water content at aw = 0.6 minus water content at
aw = 0.2).
Isotherms were also analyzed for the total area associated with hysteresis:
aw , f

Hysteretic Area 

 

des

  ads daw

(2.1)

aw ,i

where aw,i and aw,f represent the initial and final water activities, and θdes and θads are the
respective water contents of the desorbed and adsorbed water (both as functions of aw).

2.1.3 Statistical analysis
Statistical analysis was performed using R software (version 3.5.0) and Python (version
3.6). All data were tested for normality and homogeneity of variances prior to analysis
using a one‐way ANOVA with Tukey HSD. Diﬀerences were considered significant for
α ≤ 0.05.

2.3. Results
2.3.1 Mineral pH and organic carbon contents of treated samples
Mineral pH ranged from 5.4 to 4.8 in the KGA treatments and from 6.9 to 5.9 in the
SWY treatments (Table 2.1). ANOVA showed that the pH did not significantly vary for
either mineral as a result of the addition of the hydrophobicity-inducing chemicals (p >
0.05).
Next, we used three different methods to examine the interactions of stearic acid (SA)
and cetyl trimethylammonium bromide (CTAB) with kaolinite and montmorillonite. In
the first approach, we measured the total amount of carbon associated with each
treatment. These results showed that the amount of SA present for a given treatment was
generally consistent between minerals (e.g., the 20% SA treatment had an actual carbon
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content of 13.5% for kaolinite and 13.7% for montmorillonite; Table 2.1). The CTAB
was more variable, with 1.2% (w/w) carbon content (= 1.9% CTAB) adsorbed onto the
kaolinite at saturation versus 3.4% carbon content (= 5.4% CTAB) adsorbed onto the
montmorillonite at saturation. The retention of CTAB on kaolinite may be attributed in
part to the presence of smectite impurities.
In the second approach, we used FTIR spectroscopy to identify hydrophobic functional
groups on the mineral surfaces (note that full FTIR results and analyses are presented in
the supplemental material). In brief, minerals treated with CTAB showed evidence of
hydrophobic aliphatic methyl and methylene functional groups, with the CTAB
molecules becoming fixed within the montmorillonite interlayer spaces via electrostatic
interaction. At low concentrations (i.e., SA ≤ 10% for kaolinite and SA ≤ 5% for
montmorillonite), the SA treatments showed evidence of hydrophobic methyl and
methylene groups; at higher SA concentrations hydrophilic (carboxyl) groups were also
detected. This latter observation suggests the formation of free phase SA.
In the third approach, we used an environmental scanning electron microscope (ESEM)
to characterize SA- and CTAB-treated clays (full details and results are again presented
in the supplemental material). In summary, these images showed that at low
concentrations, CTAB and SA formed compact and smooth coatings on the minerals
(Figure S2). However, higher SA concentrations (i.e., ≥ 10% in kaolinite and ≥20% in
montmorillonite) caused the surfaces to become rough and irregular, likely due to the
formation of SA in free phase (as seen in the small white particles formed on the mineral
surfaces in Figure S2 a4-5, b4-5). Kaolinite had more free-phase SA than
montmorillonite due to its lower surface charge and smaller surface area.

2.3.2 Particle size distribution
Particle size distributions of all treatments are shown in Figure 2.1. There were no
significant differences between the controls and minerals treated with low SA
concentrations (i.e., SA ≤ 10% for montmorillonite, and SA ≤ 5% for kaolinite).
Increased SA concentrations caused the particle size distributions to shift to the right
compared to the control, indicating that the particle sizes became larger due to particle
aggregation. In addition, free phase SA may have formed agglomerates in the treatments
with high SA concentrations (as seen in Figure S2). For montmorillonite, the CTAB
treatment showed a significant shift towards larger particle sizes, which may suggest
aggregation as well as a possible interlayer expansion in the montmorillonite sheets due
to CTAB molecules entering the clay structure. For kaolinite, the aggregation was
relatively minor for CTAB treatment, which may relate to the small amount of CTAB
adsorbed by kaolinite.

2.3.3 Surface potential (zeta potential)
The mineral zeta potentials were altered by the treatments with SA and CTAB (Figure
2.2). The average zeta potential of the untreated minerals was -18.90 mV (kaolinite) and 20.51 mV (montmorillonite), which were similar to the values reported by Leroy et al.
(2015) and Yukselen and Kaya (2003). Cetyl trimethylammonium bromide caused a
significant change in mineral zeta potentials, with average values of -2.43 mV (kaolinite)
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and -8.52 mV (montmorillonite). The net negative charge of the clay particles was
therefore reduced by the addition of CTAB. The SA treatments showed a similar trend
for the montmorillonite (i.e., the zeta potentials of treated montmorillonite were
significantly different from the untreated mineral) and for the kaolinite samples mixed
with low concentrations of SA (0.5% and 5%). However, the net negative charge of the
clay particles significantly increased (i.e., a significant decrease in zeta potential) when
kaolinite had higher SA concentrations (> 5%). This result may relate to the amount of
free phase SA in the samples.

2.3.4 Water repellency

2.3.4.1 Solid-water contact angles
The solid-water contact angle increased with the percentage of SA applied to the
minerals, thus indicating increasing soil water repellency (Figure 2.3). The
montmorillonite samples only showed hydrophobicity (i.e., contact angle ≥ 90°) for SA
concentrations of 35%, while the kaolinite samples became hydrophobic for SA
concentrations ≥ 5%.The CTAB-treated minerals were hydrophobic, even though
relatively little CTAB was adsorbed onto the mineral surfaces compared to the SA
treatments (Table 2.1). The montmorillonite had a larger contact angle than the
montmorillonite for any given level of SA, which may be attributed to montmorillonite
having larger surface charge and surface area. Still, the montmorillonite had greater solidwater contact angle for the CTAB treatment, possibly reflecting the greater concentration
of absorbed material (Table 2.1).

2.3.1.2 Water vapor sorption characteristics
For both minerals, water vapor sorption isotherms showed non-linear relationships
between water content and water activity, though the isotherms differed in shape and
magnitude due to distinct mineral structure and surface properties (Figure 2.4).
Montmorillonite had higher water contents than kaolinite for all treatments and water
activities. The addition of either hydrophobicity-inducing agent (CTAB or SA) reduced
the amount of water vapor sorbed onto the minerals for given water activity, with
increasing SA concentrations associated with lower water vapor sorption (Figure 2.4).
The adsorption and desorption isotherms were both affected, meaning that the addition of
hydrophobicity-inducing chemicals increased the amount of energy required to adsorb
and desorb water. The montmorillonite samples showed hysteresis between adsorption
and desorption curves, whereas in the kaolinite samples the adsorption and desorption
curves were indistinguishable. The addition of CTAB and SA significantly decreased the
hysteretic area of the montmorillonite samples, with increasing SA concentrations
associated with lower hysteretic area (Figure 2.5).
The isotherms were divided into three stages that represented distinct modes of water
vapor sorption: 1) external monolayer adsorption (aw < 0.2); 2) multi-/inter-layer
adsorption (0.2 < aw < 0.6); and 3) capillary condensation (aw ≥ 0.6). The differences in
water contents over each of those activity ranges were then calculated (Figure 2.6). For
the kaolinite treatments, significant differences in adsorption were seen for the multi/inter-layer adsorption and capillary condensation regions, but not in the monolayer
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region (Figure 2.6a). During desorption, significant differences only occurred in the
capillary condensation region (Figure 2.6b). Montmorillonite samples, in contrast,
showed significant differences in both absorbed (Figure 6c) and desorbed (Figure 6d)
water for all three regions of water activity. The control samples had significantly higher
water contents than all of the treated samples, except for the monolayer regime in the
0.5% SA montmorillonite treatment.

2.4 Discussion
In this study, we observed that the addition of the hydrophobicity-inducing agents cetyl
trimethylammonium bromide (CTAB) and stearic acid (SA) caused montmorillonite and
kaolinite minerals to become repellent to both liquid water (Figure 2.3) and water vapor
(Figures 2.4 and 2.6). While the effects of soil water repellency on liquid water
imbibition have been well-studied (Leelamanie and Karube, 2007; Miller et al., 2017;
Schwen et al., 2015), the latter finding provides evidence that further refutes the
assumption that repellency does not affect soil vapor dynamics (Doerr et al., 2000). Our
results also suggest that water vapor may be more sensitive than liquid water to low
levels of hydrophobic compounds. For example, SA concentrations ≤ 10% did not
significantly increase the solid-water contact angle in montmorillonite, whereas the
amount of sorbed water vapor decreased even when SA represented only 0.5% of the
sample by mass. Thus, while degree of repellency may cause a threshold-type response
for liquid water imbibition (Bauters et al., 1998; Steenhuis et al., 2005b), vapor sorption
appears to continually decrease with increasing amount of hydrophobic agents in the clay
minerals. One potential reason for this discrepancy is that water drop testing only shows
effects when a sufficient number of pores become water repellent (Bauters et al., 2000;
Steenhuis et al., 2005b), whereas sorption depends on micro-scale variations in
repellency.
We identified three main mechanisms by which the applied chemical treatments
decreased soil vapor sorption: 1) surface coatings that decreased the number and
accessibility of wettable sites, as seen in low SA concentration samples (Figure S2.2); 2)
increased aggregation (Figure 2.1), which likely reduced specific surface area; and 3)
reduced particle surface free energy (zeta potential) of the mineral surfaces, which led to
reduce van der Waals and acid-base interactions with water (Figure 2.2). These three
changes reduced the ability of the mineral surfaces to adsorb water vapor (Figure 2.4).
The relative importance of these mechanisms appears to vary between minerals and
hydrophobicity-inducing agents, depending on the interaction modes between each
mineral and counter-agent (Figure 2.7). While both molecules used to induce soil water
repellency were amphiphilic (i.e., one hydrophobic and one hydrophilic end), the charges
of the polar ends were different for each. The CTAB molecules have a positive (cation)
end that can replace calcium ions. In addition, the CTAB molecules may penetrate into
the interlayer space of montmorillonite (a 2:1 mineral) forming interlayer hydrophobic
complexes with quasi-crystalline structure (Shang et al., 2002). The SA molecule has a
negative (anion) end, but in its acid form likely only coated the external mineral surface
through electrostatic attraction facilitated by bridging calcium cations. The strength and
stability of the mineral surface-calcium-SA linkages were much weaker than the strength
of mineral surface-CTAB bonds. Moreover, diethyl ether, the organic solvent used in the
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SA treatments, likely promoted the montmorillonite 2:1 layers to collapse together (Song
and Sandí, 2001). After the subsequent removal of diethyl ether via evaporation, water
vapor molecules could again diffuse into the interlayer space. As a result, even though the
CTAB-saturated montmorillonite had nearly identical carbon content as the 5% SA
montmorillonite treatment (Table 2.1), the water vapor sorption curves of these minerals
had different shapes, with the CTAB-treated samples having significantly lower water
contents (Figure 2.4) and hysteretic areas (Figure 2.5). These differences were also
reflected by the solid-water contact angles: 130° for the CTAB-treated montmorillonite
versus 0° for the 5% SA montmorillonite treatment. Thus, even though both treatments
had approximately the same mass of adsorbed chemical (~5%), the CTAB samples
showed hydrophobicity (i.e., contact angle ≥ 90°) while the SA samples showed
hydrophilicity (i.e., contact angle ≈ 0°).
By contrast, kaolinite – a 1:1 mineral that lacks interlayer space – did not show
significant differences in adsorbed and desorbed water vapor between the CTAB and 5%
SA treatments (Figures 2.4 and 2.6). The solid-water contact angle for the CTABkaolinite (90°) fell between the contact angles for the 0.5% and 5% SA treatments
(Figure 2.3), meaning that the contact angle roughly scaled with the mass of adsorbed
chemical (Table 2.1). Because kaolinite has relatively few sorption sites (due to its low
specific surface area and surface charge), the stearic acid molecules condensed at high
concentrations into a free phase (Figure S2.2) and joined small clay particles together
into larger aggregates (Figure 2.1) (Piccolo and Mbagwu, 1999). Both of these factors
reduced the specific surface area of the mineral, as well as its ability to sorb vapor.
The distinct modes of chemical-mineral interaction also influenced vapor sorption
dynamics. In our analysis, we conceptually divided the vapor sorption isotherms into
three domains: external monolayer coverage (aw ≤ 0.2), multi-/inter-layer coverage (0.2 <
aw < 0.6), and capillary condensation (aw ≥ 0.6). The montmorillonite showed significant
reductions in sorbed water for all three domains, while the kaolinite only showed
differences for multi-layer adsorption and the capillary condensation region. The effect of
the induced repellency on the monolayer water coverage on kaolinite was not significant,
as the low surface area and negligible charge of that mineral may have caused any effects
to be below the instrument detection limits. Both minerals showed the greatest reduction
in adsorbed and desorbed water vapor in the capillary condensation range, suggesting that
soil water repellency can weaken the adhesion force that drives capillary water
condensation (Philip, 1977). For kaolinite, the significant reduction of adsorbed water
contents in kaolinite samples for aw > 0.6 may imply that addition of hydrophobicityinducing agents prevented cation dissociation and hydration (Hatch et al., 2012). For
montmorillonite, the decrease in hysteretic areas for the treated minerals (Figure 2.5)
may be due to a reduction in cation hydration, where the non-unique energy associated
with the hydration and dehydration of exchangeable cations is a primary cause of water
vapor sorption hysteresis (Lu and Khorshidi, 2015).
Integrated together, these findings imply that water-repellent surfaces can prevent vapor
sorption and condensation, meaning that more water will remain in the vapor phase as
soil water repellency increases. In natural soils, repellency often breaks down at high
water contents (de Jonge et al., 2007), so the reduced ability to condense water vapor may
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represent positive feedback by which hydrophobic conditions are maintained even in
relatively humid conditions. This mechanism may also pertain to previous observations
showing that air humidity and liquid solid-water contact angles were positively correlated
(i.e., greater contact angles were observed at higher air humidity) (Whelan et al., 2015).
Still, the Whelan et al. (2015) study observed this relationship primarily in sand particles
that had been treated with stearic acid, and not in a natural dune sand particles, meaning
that these results could be artifacts arising from using pure minerals and applying
hydrophobicity-inducing chemicals. Similarly, caution may be warranted when extending
the findings from the present study – which used model minerals and hydrophobicityinducing chemicals – to natural soils. Still, kaolinite and montmorillonite minerals
represent two of the most common clay minerals found worldwide (Ito and Wagai, 2017),
while stearic acid is a common organic component within the soil environment (CITE).
The amphiphilic nature of both SA and CTAB also means that these chemicals represent
the dominant molecular structure found in soil organic matter (CITE). While these factors
all imply the study should have some relevance to natural soil systems, future
investigations should examine whether these mechanisms occur within real soils.

2.5 Summary and conclusion
To elucidate the mechanisms and magnitudes of how soil water repellency affects vapor
sorption, we treated kaolinite and montmorillonite minerals with one of two
hydrophobicity-inducing agents (stearic acid and cetyl trimethylammonium bromide) and
then measured their water vapor sorption dynamics. The water repellent treatments
reduced water vapor sorption in proportion to the mass of applied chemicals. The
montmorillonite samples showed differences in sorption throughout the entire range of
water contents, whereas the kaolinite samples only differed in the high range of water
activities (aw > 0.6), where water vapor typically condenses due to capillary attraction.
Water repellent surfaces therefore may act to prevent water vapor sorption and
condensation. Compared to liquid water, vapor had greater sensitivity to low
concentrations of hydrophobicity-inducing agents, as the montmorillonite samples
showed significantly reduced water vapor sorption yet no differences in solid-water
contact angles for stearic acid concentrations ≤ 5% by mass. By extension,
hydrophobicity-inducing chemicals in minerals can affect water retention even if they are
not concentrated enough to inhibit infiltration.
Upscaling these findings, by lowering the surface potential of soil particles and reducing
available sorption sites, soil water repellency may accelerate water vapor flow losses
from mineral soils. These effects may be most notable when water evaporation reaches
the vapor diffusion stage (i.e., stage III evaporation), where the reduced ability to
condense and store water may increase vapor pressure gradients that drive transport.
While more study is needed to examine whether these mechanisms translate to natural
soils, soil water repellency may be a concern in arid or drought-stricken regions not only
for its influence on soil infiltration capacity, but also for its potential to encourage water
vapor losses.
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2.6 Tables
Table 2.1. Average of pH and total organic carbon (TOC) of Ca2+-kaolinite (KGA) and
Ca2+-montmorillonite (SWY) minerals treated with different mass percentages of stearic
acid (SA) and saturated by cetyl trimethylammonium bromide (CTAB). ± values
represent standard errors (n = 3).
pH
Treatments
Control
0.5% SA
5% SA
10% SA
20% SA
35% SA
CTAB

KGA
5.4 ± 0.01
5.3 ± 0.2
5.3 ± 0.5
5.3 ± 0.5
5.0 ± 0.5
4.8 ± 0.3
5.2 ± 0.2

SWY
6.9 ± 0.1
6.6 ± 0.1
5.9 ± 0.04
6.3 ± 0.7
6.0 ± 0.6
5.9 ± 0.01
5.8 ± 0.3
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TOC g 100 g-1
KGA
SWY
0.1 ± 0.01
0.1 ± 0.02
0.5 ± 0.03
0.4 ± 0.1
4.2 ± 0.03
3.5 ± 0.8
6.2 ± 0.6
6.9 ± 0.3
13.5 ± 0.5
13.7 ± 0.3
23.8 ± 0.9
24.4 ± 0.3
1.2 ± 0.2
3.4 ± 0.6

2.7 Figures

Figure 2.1. Particle size distributions of (a) Ca2+-montmorillonite and (b) Ca2+-kaolinite
minerals treated by 0% (control), 0.5%, 5%, 10%, 20%, and 35% stearic acid (SA) and
saturated by cetyl trimethylammonium bromide (CTAB) (n = 3). Error bars represent
standard errors (n = 3).
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Figure 2.2. Zeta potential of (a) Ca2+-montmorillonite and (b) Ca2+-kaolinite treated by
0% (control), 0.5%, 5%, 10%, 20%, and 35% of stearic acid (SA) and saturated by cetyl
trimethylammonium bromide (CTAB) (n = 3). The upper whiskers refer to the values
ranging from the upper quartile to the highest data point which is less than the upper
quartile plus 1.5 times of interquartile (Q3+1.5 IQR); the lower whiskers refer to the
values ranging from the lower quatile down to the lowest data point which is greater than
the lower quartile minus 1.5 times of interquartile (Q1-1.5 IQR). Letters (a, b, c, d)
represent statistically significant differences between treaments (p < 0.05), treatments
with different letters mean their difference is statistically significant, while treatments
with same letter mean their difference is not statistically significant, letter “a” means the
highest groups.
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Figure 2.3. Solid-water contact angle measured for Ca2+-montmorillonite and Ca2+kaolinite minerals treated by 0% (control), 0.5%, 5%, 10%, 20%, and 35% of stearic acid
(SA), and saturated by cetyl trimethylammonium bromide (CTAB) (n = 3). The upper
whiskers refer to the values ranging from the upper quartile to the highest data point
which is less than the upper quartile plus 1.5 times of interquartile (Q3+1.5 IQR); the
lower whiskers refer to the values ranging from the lower quartile down to the lowest
data point which is greater than the lower quartile minus 1.5 times of interquartile (Q11.5 IQR). Lowercase letters (a, b, c, d) represent significant differences for kaolinite
samples and the capital letters (A, B, C, D, E) represent the significant differences for
montmorillonite samples (p < 0.05); treatments with different letters mean their
difference is statistically significant, while treatments with same letter mean their
difference is not statistically significant; letter “a” and “A” means the highest groups.The
red line indicates a contact angle (CA) of 90°, used here to differentiate between
subcritically water-repellent and hydrophobic conditions.
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Figure 2.4. Mean of water vapor sorption isotherms of (a) Ca2+-montmorillonite and (b)
Ca2+-kaolinite treated by 0% (control), 0.5%, 5%, 10%, 20%, and 35% of stearic acid
(SA), and saturated by cetyl trimethylammonium bromide (CTAB) = 3).
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Figure 2.5. Hysteresis area for water activity ranges from 0.05 to 0.95 for Ca2+montmorillonite samples. Experimental treatments were 0% (control), 0.5%, 5%, 10%,
20%, and 35% of stearic acid (SA) and saturated by cetyl trimethylammonium bromide
(CTAB) (n = 3). The upper whiskers refer to the values ranging from the upper quartile to
the highest data point which is less than the upper quartile plus 1.5 times of interquartile
(Q3+1.5 IQR); the lower whiskers refer to the values ranging from the lower quartile
down to the lowest data point which is greater than the lower quartile minus 1.5 times of
interquartile (Q1-1.5 IQR). Letters (a, b, c) represent significant differences between
treatments (p < 0.05). Treatments with different letters mean their difference is
statistically significant, while treatments with (partially) same letter mean their difference
is not statistically significant, letter “a” means the highest groups.
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Figure 2.6. Differences between maximum and minimum water content for three water
activity ranges (0.05-0.2, 0.2-0.6, 0.6-0.95), for Ca2+-kaolinite samples undergoing (a)
adsorption and (b) and desorption, and for Ca2+-montmorillonite samples undergoing (c)
adsorption and (d) desorption. Experimental treatments were 0% (control), 0.5%, 5%,
10%, 20%, and 35% of stearic acid (SA), and saturated by cetyl trimethylammonium
bromide (CTAB) (n = 3). The upper whiskers refer to the values ranging from the upper
quartile to the highest data point which is less than the upper quartile plus 1.5 times of
interquartile (Q3+1.5 IQR); the lower whiskers refer to the values ranging from the lower
quartile down to the lowest data point which is greater than the lower quartile minus 1.5
times of interquartile (Q1-1.5 IQR). Letters represent significant differences for each
water activity range (p < 0.05). Treatments with different letters mean their difference is
statistically significant, while treatments with (partially) same letter mean their difference
is not statistically significant, letter “a” means the highest groups; “ns” means no
statistically differences in the comparison.
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Figure 2.7. Conceptual model of interactions between hydrophobicity-inducing agents
(CTAB and SA) and kaolinite and montmorillonite surfaces, and subsequent effect on
water vapor sorption.
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Supplemental material
S2.1. FTIR detection of organic functional groups on mineral surfaces
Figure S2.1 showed the FTIR spectra of the untreated and treated Ca2+-kaolinite and
Ca2+-montmorillonite minerals and pure stearic acid (SA) and cetyl trimethylammonium
bromide (CTAB) samples. Pure CTAB has a sharp peak at a wavelength of 2920 cm -1
from the anti-symmetric stretching vibration of CH3-(N+), a peak at 2850 cm-1 due to CH2
symmetric stretching vibration, and a peak at 1490 cm-1 from asymmetric angular
vibration of C-H within a CH3-N+ group. The CTAB-saturated samples presented two
new weak and broad peaks at 2920 cm-1 and 2850 cm-1 that were not present in the
untreated minerals. The disappearance of a peak at 1490 cm-1 in CTAB-treated
montmorillonite indicated that the CTAB molecules were fixed into the clay mineral
structure through the electrostatic adsorption between the positive end of CH3-N+ of
CTAB and negative surface charge of minerals, which blocked the anti-symmetric
angular vibration of C-H (Lin et al., 2016; Youssef et al., 2013).
For pure SA samples, two sharp adsorption peaks occurred at 2920 cm-1 and 2850 cm-1,
and were attributed to asymmetric and symmetric stretching of C-H bond of aliphatic in
the alkyl groups. A strong band between 1700 cm-1 and 1750 cm-1, with a sharp peak at
1710 cm-1, was attributed to the stretching of carbonyl group (C=O). Finally, a band
observed at 1440 cm-1 was assigned to CH2 angular vibration (Nobrega et al., 2012;
Santos et al., 2014). In the minerals treated with low SA concentrations (i.e., 0.4% and
4%), new peaks at 2920 cm-1 and 2850 cm-1 appeared that were not in the untreated
minerals, though those peaks were still relatively broad and weakly expressed. Increasing
the SA loading strengthened these two peaks (2920 cm-1 and 2850 cm-1), and new peaks
at 1440 cm-1 and 1710 cm-1 appeared. The peaks were most notable in the 14% and 24%
SA treatments, with the formation of free phase SA a possible contributor to the elevated
peaks.
In addition, FTIR spectra showed that CTAB and SA interacted with the mineral surfaces
in different ways. In SA-treated minerals, the peak wavelength associated with the
COOH functional group (1710 cm-1) did not shift relative to pure SA, thus indicating that
SA had become physically coated on the external particle surfaces due to protonation.
The disappearance of anti-symmetric angular vibration of C-H (at 1490 cm-1) in CTABtreated minerals was likely associated with the replacement of calcium cation and fixation
of quaternary ammonium functional group on negative charged mineral surface, which
indicated that CTAB became bonded to the particle surfaces through electronic
interactions.
The absorption region from 3020 to 2800 cm-1, which corresponds to aliphatic methyl
and methylene groups, is considered to reflect hydrophobicity; in contrast, the absorption
bands from 1720 to 1710 cm-1 and from 1620 to 1600 cm-1 represent carboxylic groups
(C=O) in COOH and exhibit hydrophilic properties (Ellerbrock and Gerke, 2016;
Simkovic et al., 2008). For the CTAB and SA treatments, two peaks in the wavelength
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region between 2920 cm-1 and 2850 cm-1 – representing the C-H bond vibration in the
long carbon chain of CTAB molecule – indicated that the treated minerals contained
hydrophobic functional groups. Additionally, an adsorbent peak at 1490 cm-1 from CH3N+ groups in CTAB represented a hydrophilic functional group. In the SA treatment, the
peak at 1710 cm-1 corresponds to hydrophilicity. In the low concentrations of SA loading
minerals (i.e., SA ≤ 10% in Ca2+-kaolinite, and SA ≤ 5% in Ca2+-montmorillonite), C=O
functional groups were not detected by FTIR, which may be due to the low sample
concentrations. With the increased concentration of SA loading, two peaks (2920 cm -1
and 2850 cm-1) in the spectrum of treated Ca2+-kaolinite and Ca2+-montmorillonite
became sharper and the peaks at 1490 cm-1 and 1710 cm-1 were evident. This implied that
SA might display in free phase in treated clay minerals with high loading.
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Figure S2.1. FTIR spectra of (a, b) Ca2+-kaolinite and (c, d) Ca2+-montmorillonite treated
by 0% (untreated control), 0.5%, 5%, 10%, 20%, and 35% of stearic acid (SA), and cetyl
trimethylammonium bromide (CTAB).

S2.2. Observations of SA and CTAB coatings using ESEM

Polished edge
Free phase

a1) Untreated KGA

Polished edge

a2) CTAB KGA
Free phase

a4) 10% SA KGA

a5) 35% SA KGA
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a3) 5% SA KGA

Polished surface
Polished surface

b1) Untreated SWY

Free phase

b4) 20% SA SWY

b2) CTAB SWY

b3) 5% SA SWY

Free phase

b5) 35% SA SWY

Figure S2.2. ESEM micrographs of the mineral surfaces of kaolinite (a1-a7) and
montmorillonite (b1-b7) treated with SA and CTAB at 10,000x magnification.
Figure S2.2 shows environmental scanning electron microscope (ESEM) images of Ca2+kaolinite and Ca2+-montmorillonite that were untreated (control) versus treated with
CTAB and SA. These pictures revealed clay particle microstructure and surface
morphology on the microscopic scale. Kaolinite crystals presented as pseudo-hexagonal
plates that were stacked through hydrogen bonds (Figure S2.2a), with more regular
morphology than montmorillonite (Figure S2.2b). Montmorillonite showed very thin
flakes-like plates (~0.1 μm to 2 μm thick) that were stacked together. The morphology of
montmorillonite was more irregular and the particle sizes were finer than kaolinite, thus
creating much higher surface area.
The surfaces of kaolinite and montmorillonite became polished in CTAB treatment,
which indicated the minerals coated by CTAB were smooth. The kaolinite samples
treated with high SA concentrations (10%, 20%, and 35%; Figure S2.2a4-5), showed
irregular small white particles on their surfaces that may be the hydrophobicity-inducing
agents in free phase. Increasing SA concentrations caused the montmorillonite surfaces to
become polished and condensed (when SA increased from 0% to 20% loading; Figure
S2.2b3-4), but become more irregular in the treatment with the highest SA concentration
(35% loading; Figure S2.2b5). Free phase could be observed in the high SA (20% and
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35% loading), which may cause greater disorder in the arrangement of montmorillonite
tactoids, which implies that the SA treatments increased mineral surface roughness.
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Chapter 3
Relationships between organic matter, hydrophobic substances, and
soil water repellency after wildfire in the south-central Appalachian
Mountains
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Abstract
Wildfires can induce soil water repellency, which influences biophysical processes such
as infiltration, overland flow, soil erosion and nutrient losses. Previous studies examining
causes and effects of post-wildfire soil water repellency have been conducted primarily in
oak (e.g., Gambel) and conifer forests. By contrast, the occurrence and origin of soil
water repellency in humid hardwood forests are still not well understood. Our study
objectives were therefore to identify 1) if and for how long wildfires in humid hardwood
forests induce water repellency, and 2) how organic carbon content and hydrophobic
functional groups explain actual and potential (i.e., at air-dry conditions) soil water
repellency. Working in two forests, one located in Mount Pleasant Wildlife Refuge,
Virginia, and the other in Chimney Rock State Park, North Carolina, United States, we
selected sites that burned during wildfires in late 2016, along with unburned controls. We
then repeatedly measured actual soil water repellency in the field using the water drop
penetration time (WDPT) method, and collected unconsolidated samples to measure
potential water repellency, total organic carbon content, and organic hydrophobic
functional groups. We also produced a water repellent index that quantifies the influence
of total organic carbon content and hydrophobic functional groups on soil water
repellency. The field results showed that soil water repellency persisted one year in
Mount Pleasant and decreased in Chimney Rock; the location of observed water
repellency changed through time after wildfire, moving deeper in the profile and possibly
affecting the surrounding unburned soils. Total organic carbon content and hydrophobic
functional groups together explained > 50% of variance in potential soil water repellency
(except the subsoil), but were not correlated with soil water repellency in the field, likely
due to the influence of soil water content. This study provides new insight into the
influence of soil organic matter content and characteristics on soil water repellency.
Keywords: southeastern forest; soil water repellency; total organic carbon content;
hydrophobic functional groups

3.1 Introduction
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Water repellency caused by wildfire has been hypothesized to alter hydrological
processes and therefore influence the quantity and quality of water supplies in affected
areas (Robichaud, 2000; Smith et al., 2011). Wildfires become more prevalent and
damaging in recent decades (Hurteau et al., 2011; Hutchinson et al., 2018), which has
been attributed to rising temperature and shifting precipitation patterns associated with
global climate change (Knicker, 2007). Future projections expect additional increases in
wildfire activity (Dennison et al., 2014; Pechony and Shindell, 2010; Schoennagel et al.,
2017; Westerling et al., 2006), with the southeastern United States identified as a region
that will likely see large-scale increases in wildfire incidence (Kang and Sridhar, 2017).
Therefore, it is thus important to study wildfire effects in this region. In 2016, intense
wildfires occurred throughout the southern Appalachian Mountains region due to severe
drought conditions and high fuel loads, providing the opportunity to study the occurrence
and causes of post-fire water repellency in this region.
In previous studies, the persistence of water repellency has varied from less than one
month to more than five years (Dyrness, 1976; Huffman et al., 2001; Jiménez-Pinilla et
al., 2016). Variability in persistence is influenced by numerous factors, including
vegetation type (Mao et al., 2015; Zavala et al., 2009), soil texture and pH, topography,
and burn severity (Ebel and Martin, 2017). High pH soils tend to decrease water
repellency, but the influence is not always consistent (Diehl, 2013). Soil water content is
a primary control on water repellency, with an inverse relationship between water content
and repellency (Liu et al., 2017; Vogelmann et al., 2013). Soil organic carbon (OC) and
organic hydrophobic functional groups represent other important contributors to water
repellency (Ellerbrock et al., 2005). Zheng et al. (2016) found a significant positive
correlation between OC and potential water repellency in air-dried soil from 119
experiments in 27 publications. With sufficient temperature, wildfires can also induce the
formation of hydrophobic aliphatic methyl and methylene functional groups (Schwen et
al., 2015), which may correspond to increased soil water repellency (Jacobson et al.,
2009). However, other field-based experiments have shown that OC and hydrophobic
carbon groups do not correlate with water repellency (Chandler et al., 2018; Miller et al.,
2017). The differences may reflect the important role of soil water content on water
repellency, but the relationships between field and laboratory soil water repellency
measurements still require further exploration.
Altogether, there remains a number of uncertainties related to interpreting post-fire
effects on soil water repellency, including the extent to which these phenomena occurs in
humid hardwood forests, as well as how variability in content and characteristics of soil
organic matter may relate to actual and potential repellency. In this study we conducted a
set of field and laboratory experiments on Blue Ridge soils developed from granitic and
gneiss bedrocks in Appalachian region affected by the 2016 wildfires. Our specific
research questions were: 1) do wildfires in hardwood forests of the southeastern United
States, where the predominant species are maples, hemlocks, and oaks (Simon et al.,
2005), induce water repellency? 2) how does this condition vary with time? and 3) can
soil characteristics such as total organic carbon content and hydrophobic functional
groups explain variations in observed and potential water repellency?
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3.2 Methods
3.2.1 Sampling Sites
We selected two locations in the south-central region of the Appalachian Mountains that
experienced wildfires in 2016 (Figure 3.1): Mount Pleasant Wildlife Refuge, located in
Virginia (37.73, -79.21), and Chimney Rock State Park in North Carolina, United States
(35.47, -82.24). The Mount Pleasant site had 11,208 acres that burned between 21
November and 25 November 2016, while the Chimney Rock site had 8,573 acres that
burned from 8 November to 28 November 2016 (Tobin et al., 2016). In each burned
forest, we identified burned (B) and unburned (UB) sites, with two burned and two
unburned sites in Mount Pleasant versus two burned sites and one unburned site in
Chimney Rock. At each location, measurements from the burned sites were aggregated
together, while the unburned sites were also aggregated at Mount Pleasant. The soil
properties and dominant vegetation at each location are described in Table 3.1.

3.2.2 Measurements
At each site, we measured soil water repellency using the water drop penetration time
(WDPT) method (Dekker and Ritsema, 2000) in both field and laboratory settings. In the
field, we collected measurements at 10 points per site, with three depths tested at each
point. In the burned sites, those depths corresponded to (a) surface ash layer, (b) ashmineral interface, and (c) sub layer soil approximately 5 cm below ash-mineral interface
(c); in the unburned sites, two depths, similar to burned sites at a and c layer, were
measured. At each depth, 5 drop tests were conducted per point (n = 5) such that 50 drop
tests were conducted per depth at each site. Water drop penetration time tests were
classified using four groups (Roberts and Carbon, 1971): hydrophilic (WDPT < 1 s),
slightly water repellent (1 ≤ WDPT < 10 s), strongly water repellent (10 ≤ WDPT < 60 s),
and severely water repellent (WDPT ≥ 60 s). The actual water repellency (aWR) was
then quantified as the percentage of total drop tests in which WDPT > 10 s because that
the influence of slight water repellency on soil hydrological process is negligible.
Measurements were collected between November 2016 and January 2018. In Mount
Pleasant, measurements were conducted every one to two months for a total of 8 times; in
Chimney Rock, measurements were collected every three months for a total of 4 times.
Soil water content for each testing point was measured using a Decagon GS3 probe and
ProCheck reader.
Unconsolidated soil samples were also collected and mixed at each drop test of each
sampling time. These disturbed soil samples were air-dried and analyzed in the laboratory
for: soil water repellency by using WDPT method recording penetration time in the lab,
total organic carbon using a C/N analyzer (VarioMax CNS macro-element analyzer,
Elementary Analytical Systems GmbH, Hanau, Germany); organic functional groups
composition using a NicoletTM 8700 Fourier transform infrared (FTIR) spectrometer
(Thermo Fisher Ecientific, Inc., Madison, USA). Note that Fourier transform infrared
(FTIR) spectroscopy is a commonly used technique to determine particular functional
groups in soil organic matter (SOM). These functional groups are distinguished by their
specific vibration of the chemical bond, with the frequencies in the range from 4000 to
400 cm-1 (Artz et al., 2008; Ellerbrock and Gerke, 2016). The absorption region from
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3020 to 2800 cm-1, which is associated with aliphatic methyl and methylene groups, is
considered to reflect water repellency (Jacobson et al., 2009). Because the soil samples
were air-dried in the laboratory before determining WDPT, we consider these
measurements to reflect the potential water repellency (pWR).

3.2.3 Water repellency index
To study the combined effects of hydrophobic organic functional groups and organic
carbon content on soil water repellency, we propose the following water repellent index f
[M-1]:
(3.1)
where AHO is the area below the absorption band of hydrophobic groups in the FTIR
spectrum [-], A is the total area enclosed by the FTIR spectrum [-] against the X-axis, and
Msoil and MOC are the respective masses of soil and organic carbon [M]. OC represents the
organic carbon content [M M-1]. The ratio of AHO to A, HO [-], refers to the relative
absorption area of hydrophobic functional groups, which reflects the influence of soil
organic composition. The ratio of A to MOC, e [M-1], refers to the total adsorption area of
hydrophobic functional groups per mass of organic carbon. e is assumed to be a constant
within a given soil mass. Hence, Equation (1) can be simplified to f = HO ∙ OC.

3.2.4 Analysis
Since the water repellency data did not follow a normal and homogenic distribution data,
even after a series of calculating transformation. Soil water repellency measured in the
laboratory (pWR), total organic carbon content (OC), organic composition (HO), and the
water repellency index (f) were compared for each location through sampling time and
between treatments in each sampling time using a non-parametric Kruskal-Wallis
ANOVA (K-W) with Mann-Whitney U Test (MU) (Keesstra et al., 2017). Diﬀerences
were considered significant for α ≤ 0.05. Laboratory, field-measured water repellency,
and all OC, HO, and f values were correlated each other using Spearman’s correlation. R
(version 3.5.1) was used for all statistical analyses.

3.3 Results
3.3.1 Soil water repellency after wildfires
Soil water repellency was detected in both laboratory and field measurements, though the
two sets of tests showed distinct variations. In field tests, the burned soils in Mount
Pleasant and Chimney Rock all showed evidence of water repellency, with slight (1 ≤
WDPT < 10 s) to severe (WDPT ≥ 60 s) water repellency persisting for at least one year
(Figure 3.2). In Mount Pleasant, water repellency was detected in ash layer and top soil,
and the ash showed the most water repellency in the first seven months. After June 2017,
water repellency was detected in all depths of soil, with the top soil and sub soil showing
the most severe water repellency. Unburned soils exhibited no or slight water repellency
until June 2017, after showing strong to severe repellency for the June, August and
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October sampling times. In Chimney Rock, water repellency was also detected through
one year in the burned sites, but not detected in the unburned site. Water repellency was
shown in all depths of burned soil with the highest water repellency at top soil, and
appeared to decrease with time. In sum, actual water repellency (aWR) in Mount Pleasant
was stronger and more persistent than in Chimney Rock.
Laboratory water drop penetration time (WDPT) tests were also performed on air-dried
unconsolidated samples in the laboratory tests, to assess potential water repellency
(pWR). In Mount Pleasant, samples in ash layer and ash-mineral interface layer exhibited
median WDPT values > 5 minutes for all sampling times except December 2017 (Figure
3.3a). The highest water repellency occurred in ash layer immediately after wildfire,
while the top soil did not show any water repellency for that same time. The ash layer and
top soil had similar potential water repellency for the subsequent measurement (February
2017), and then water repellency in both layers decreased through time. The unburned
sites had very low pWR for the first three measurements before increasing starting in
May 2017. After that time, the burned and unburned soils had similar median WDPT
values in the surface layer (a layer). All “c layer” samples in burned sites and “b layer”
samples in unburned sites had negligible WDPT values, with the exception of the
unburned sites in August and October 2017. In Chimney Rock, the pWR in burned soils
generally showed low values (i.e., WDPT < 5 minutes), except for the first “b layer” soil
samples (ash-mineral interface) from the burned sites (January 2017). The highest water
repellency occurred in the unburned surface soil (a layer) samples in June and September
2017 (Figure 3.3b). pWR in Mount Pleasant was generally higher than in Chimney
Rock, though the two samples with highest WDPT times came from the unburned surface
soil in Chimney Rock. At the same time, the pWR of the ash layer decreased with time
for Mount Pleasant, but not for Chimney Rock.

3.3.2 Soil organic matter, hydrophobic functional groups, and water repellency
index
Soil organic carbon content (OC) was higher in Mount Pleasant than in Chimney Rock (p
< 0.05, Figure 3.4). In Mount Pleasant, the ash layer (a layer) had the highest OC, and
there were no significant differences between treatments except for the first measurement
just after the wildfire (December 2016), when the soil in b layer had significantly lower
OC than the unburned sites (p < 0.05). Note that these results are consistent with other
studies, in which organic matter becomes reduced or removed after heavy wildfire
(Certini, 2005; Fernández et al., 1997; Martín and Vila, 2012). Soil organic carbon in the
ash-mineral interface layer of the burned sites increased in subsequent measurements,
such that there were no significant differences between burned and unburned sites (p >
0.05). In Chimney Rock, the highest soil OC appeared in the top soil of unburned site.
Top soil in the burned sites showed lower OC compared to unburned soils (p < 0.05), but
had increased by the end of the first year after wildfire (i.e., by January 2018).
Hydrophobic functional groups (expressed as relative area HO) were highest in the initial
ash layer samples (p < 0.05) collected from Mount Pleasant in December 2016 (Figure
3.5a). Ash layer HO values significantly decreased in the subsequent measurement
(February 2017, p < 0.05), and then slightly fluctuated with time in volatility. Top soil
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HO was significantly less than ash layer HO in December 2016 (p < 0.05) and March
2017 (p < 0.05), but were not significantly different during other measurements. The top
soil from the unburned sites had similar HO characteristics as the top soil samples from
the burned sites. The sub soil samples had relatively constant HO values, with slight
increases in both burned and unburned sites during the last two measurements (October
and December 2017). In Chimney Rock, there were no significant differences between
depths for the burned soil samples (p ≥ 0.05, Figure 3.5b). In the first measurement
(January 2017) the top soil had highest median value and sub soil the lowest. By the next
sampling time (June 2017), HO had decreased in the top soil and increased in the sub
soil. Unburned soil showed higher HO values compared to burned soil (p < 0.05),
particularly in top soil samples collected in June and September 2017.
Water repellency index (f) showed similar variation as pWR (Figure 3.6). In Mount
Pleasant, ash showed the highest value (p < 0.05) in the first measurement just after
wildfire and then decreased with time. In contrast, the burned top soil showed the lowest
value (p < 0.05) in the first measurement and then gradually increased until August 2017,
at which time it started to decrease again. In Chimney Rock, unburned soil showed
highest value compared to burned samples, and there was no significant difference (p >
0.05) and clear variation tendency through time.

3.3.3 Relationship between actual and potential soil water repellency
We also compared the actual water repellency (aWR) with potential water repellency
(pWR) (Figure 3.7). In Mount Pleasant, aWR had significant correlations with pWR (R
= 0.48 and 0.59) in both unburned and burned soil, but it did not correlate to pWR for any
of the sampled soil depths. In Chimney Rock, there was no significant linear relationship
between aWR and pWR for both treatments (Figure 3.8).

3.3.4 Relationship of soil water repellency with WC, OC, HO, and f
Laboratory-determined WDPT values on samples from the two locations generally had
positive correlations with OC, relative hydrophobic functional group area, HO, and water
repellency index f (Figure 3.7, 3.8). The correlations were significant in both burned and
unburned soil in Mount Pleasant and Chimney Rock. The water repellency index (f) had
the highest coefficient of determination with pWR in Mount Pleasant (rs = 0.97 for
burned sites and 0.96 for unburned sites) and HO had the highest spearman correlation
coefficient (rs) with pWR in Chimney Rock (rs = 0.27 for burned sites and 0.79 for
unburned sites). OC and HO also positively correlated to pWR in Mount Pleasant, and in
unburned site of Chimney Rock. However, OC was not significant correlated to pWR in
burned soil in Chimney Rock. aWR was also significant correlate to OC, HO, and f in
Mount Pleasant, but with lower coefficient of determination compared to pWR. In
Chimney Rock, aWR has no significant relationship with OC, HO, and f excepting one
very low correlation with HO (rs = 0.09) in burned soils. Soil water content was
negatively correlated to a WDPT in both Mt.Pleasant and Chimney Rock.
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3.4 Discussion
In the in situ field measurements at the Mount Pleasant location, actual water repellency
(aWR) was primarily detected in the burned ash layer and in the burned and unburned top
soil layers. By contrast, aWR was primarily detected in the burned sub soil layers at the
Chimney Rock location (Figure 3.2). In Mount Pleasant, aWR persisted with fluctuations
in severity for at least one year. By contrast, aWR gradually yet continually decreased in
the Chimney Rock location. Laboratory WDPT measurements performed on air-dried
samples from Mount Pleasant showed that the potential water repellency (pWR) ash layer
decreased through time after wildfire, while pWR of the unburned top soil samples
increased through time (Figure 3.3). The trends in pWR were also reflected, albeit with
more variability, in the water repellency index, f (Figure 3.6). Together, these findings
suggest that hydrophobic organic compounds in Mount Pleasant laterally migrated from
burned to unburned areas, perhaps via localized overland flow caused by reduced
infiltration capacity in burned areas. No such obvious tendencies were identified in
Chimney Rock.
Water repellency persisted longer in Mount Pleasant soils than in Chimney Rock soils
(Figure 3.2, 3.3). Cyclical wetting and drying is a primary cause of soil water repellency
breakdown, as repeated changes in water content re-orient and degrade hydrophobic
functional groups adsorbed on soil particle surfaces. At the same time, water content
shifts can alter microbial activity that can affect water repellency (Jacobson et al., 2009;
Simkovic et al., 2008). Leaching of hydrophobic organic substances by percolating water
can also contribute to the breakdown of water repellency (Doerr and Thomas, 2000). Soil
texture can affect the leaching process, specifically because leaching depends on drainage
rates and the affinity of the hydrophobic functional groups for mineral surfaces. The
Mount Pleasant sites possessed fine-textured soils, which, combined with surface water
repellency, likely inhibited leaching. As a result, the ash layer in that site showed water
repellency, with non-zero aWR and pWR values, throughout the year.
Based on laboratory measurements of water drop penetration time, pWR was correlated
with organic carbon content (OC), organic functional groups (HO), and water repellent
index (f; Figure 3.7，3.8). Based on coefficient of determination values, soil organic
matter concentration and composition (i.e., surface functional groups) explained more
than half of pWR in ash and top soil samples. However, these three factors (OC, HO, f)
had limited correlation with aWR measured in the field. Similarly, aWR and pWR values
had little correlation with one another (Figure 3.7). One potential cause for these
differences could be soil water content (Doerr and Thomas, 2000), as soil water
repellency originates from long-chained organic compounds that often possess
amphiphilic (i.e., hydrophobic and hydrophilic) characteristics (Doerr et al., 2000). In dry
conditions, such as during the laboratory measurements, the hydrophobic portions of the
molecules become dominant. As the soil becomes wetted beyond some threshold value,
the hydrophobic portions of the molecules become masked and repellency becomes
curtailed (Liu et al., 2017; Vogelmann et al., 2013). Taken together, these results suggest
that higher levels of organic carbon content or organic functional groups induce greater
potential in water repellency, yet this potential water repellency only becomes translated
into actual water repellency when soil moisture conditions allow.
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3.5 Summary
This study examined if and for how long wildfires in humid hardwood forests induce
water repellency, and how organic carbon content and hydrophobic functional groups
explain actual and potential (i.e., at air-dry conditions) soil water repellency. We found
that burned soils showed water repellency for at least one year after the fires, with fireinduced water repellency being detected in ash, top soil and sub soil layers at various
times and sites. Water repellency variations through time varied between measurements
performed in situ versus in samples in the laboratory, likely due to effects of soil water
content on amphiphilic hydrophobic components. The potential soil water repellency
measured in air-dried soils was greater than the actual water repellency measured in the
field, especially in the unburned soils and in summer and fall seasons. Still, actual and
potential water repellencies both tended to decrease with time, which may relate to the
leaching of organic hydrophobic functional groups. Soil organic carbon and organic
hydrophobic functional groups together explained more than half of variation of potential
water repellency in ash and top soil, but did not explain the actual water repellency. Thus,
the influence of soil moisture needs to be considered along with soil organic matter
concentration and composition when predicting water repellency.
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albidum,
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L., Polytrichium moss, Potentilla Canadensis,
Pteridium aquilinum, Monotropa uniflora, Castanea
dentate, Aureolaria laevigata, Cornus alternifolia

Plant Species

3.6 Tables

Table 3.1: Soil basic properties and forest plants species.

2.7 Figures

Figure 3.1: Two sampling locations (Mt. Pleasant and Chimney Rock) in the
Appalachian Mountain regions (Tobin et al., 2016) were burned by wildfires in
November 2016 for five days and tweenty days.
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NA
NA

NA

Figure 3.2: Field measurements of incidence and persistence of soil water repellency
(WDPT) after wildfires (B) in three depths (a, b, and c) compared to control (UB) in two
depths (a and c) in (a) Mt. Pleasant and (b) Chimney Rock. “Slight”, “Strong”, and
“Severe” refer to the slight water repellency (1 ≤ WDPT < 10 s), strong water repellency
(10 ≤ WDPT < 60 s), and severe water repellency (WDPT ≥ 60 s). “NA” refers the
uncollected measurements.
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Figure 3.3: Laboratory measurements of incidence and persistence of potential soil water
repellency (pWR), as quantified using water drop penetration time (WDPT) tests, in (a)
Mt. Pleasant and (b) Chimney Rock. B represents samples from burned sites, collected at
three depths (a, b, and c); UB refers to samples from unburned sites collected at two
depths (a and c). Note that unburned soils did not have measurements in b layer.
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Figure 3.4: Variations through time of organic carbon content (OC) in a, b, and c layers
in (a) Mount Pleasant and (b) Chimney Rock. B represents samples from burned sites,
collected at three depths (a, b, and c); UB refers to samples from unburned sites collected
at two depths (a and c). Note that unburned soils did not have measurements in b layer.
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Figure 3.5: The variations of hydrophobic functional groups (HO) in a, b, and c layer
through time after wildfire in (a) Mount Pleasant and (b) Chimney Rock. B represents
samples from burned sites, collected at three depths (a, b, and c); UB refers to samples
from unburned sites collected at two depths (a and c). Note that unburned soils did not
have measurements in b layer.
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Figure 3.6: The variations of water repellent index (f) in a, b, and c layer through time
after wildfire in (a) Mount Pleasant and (b) Chimney Rock. B represents samples from
burned sites, collected at three depths (a, b, and c); UB refers to samples from unburned
sites collected at two depths (a and c). Note that unburned soils did not have
measurements in b layer.
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Figure 3.7: Relationship between actual soil water repellency (aWR), potential water
repellency (pWR), organic carbon content (OC), hydrophobic functional groups (HO),
water repellent index (f), and water content (WC) in (a) burned and (b) unburned
treatments in Mount Pleasant. *, **, and *** indicates significance in Spearman
correlation at 0.05 < p ≤ 0.005, 0.005 < p ≤ 0.0005, and 0.0005 < p. Numbers in each
colored box refers to the Spearman correlation coefficient (rs).
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Figure 3.8: Relationship between actual soil water repellency (aWR), potential water
repellency (pWR), organic carbon content (OC), hydrophobic functional groups (HO),
water repellent index (f), and water content (WC) in (a) burned and (b) unburned
treatments in Chimney Rock. *, **, and *** indicates significance in Spearman
correlation at 0.05 < p ≤ 0.005, 0.005 < p ≤ 0.0005, and 0.0005 < p. Numbers in each
colored box refers to the Spearman correlation coefficient (rs).
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hydrological processes
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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 sites 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 and 2
cm below the surface (n = 10) using the water drop penetration time (WDPT) method.
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 = 3-6). The results
showed that soil repellency was highest in the surface layer at the Mount Pleasant site
versus highest in the subsurface layer at the Chimney Rock site. 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 final rates), whereas subsurface water
repellency did not affect relative infiltration. Perhaps as a result, water repellency
persisted longer in sites with surface as opposed to subsurface water repellency. Finally,
comparing 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, WDPT, infiltration, overland flow, soil
water content

4.1 Introduction
The frequency and duration of large wildfires have increased in recent years due to
warmer air temperatures (Dennison et al., 2014; Fried et al., 2004; Jolly et al., 2015;
48

Westerling et al., 2006), 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 (Ebel et al.,
2012; Granged et al., 2011), and enhancing soil moisture storage (Helvey, 1980).
Wildfire can likewise modify soil hydrologic properties such as wettability (Doerr et al.,
2006), hydraulic conductivity (Ebel and Martin, 2017), and pores size distribution
(Woods and Balfour, 2008). Fire-induced alterations in water movement and storage can
negatively impact quantity and quality of water supply, thereby increasing the risk to
communities that live in or near forests (Certini, 2005; Chapin III et al., 2008; Ice et al.,
2004).
The most investigated hydrologic effects of wildfire relate to how changes in hydraulic
conductivity and water repellency affect surface runoff. Hydraulic conductivity has been
shown to increase after fires when estimated using ponded water sources, but decrease
when using tension sources (Ebel et al., 2012). This effect was hypothesized to be due to
a water-repellent layer preventing water infiltration into deeper soil layers and increasing
surface runoff. As a result, the water content in the burned soil was persistently lower yet
more variable than unburned soil, with slower wetting during rain storms also observed in
the burned sites. The depth of a water-repellent layer within a soil profile can also affect
water movement. For example, while surface water repellency often reduces the rates of
infiltration (Prima et al., 2017) and water evaporation (Rye and Smettem, 2017), in some
instances surface repellency can also enhance preferential flow and thereby reduce
infiltration-excess overland flow (Atchley et al., 2018). Subsurface water-repellent layer
may provide even greater reductions in evaporation compared to surface repellency, due
to decreased vapor pressure gradients than can result (Shokri et al., 2008). Near-surface
water-repellent layers can restrict infiltration more than deeper repellent layers (Mansell,
1970; Yi et al., 2017). These results indicate that the depth of water-repellent layer may
play an important role on water infiltration processes. Nevertheless, still there is a lack of
basic understanding and field evidence regarding how the depth and persistence of water
repellent soil layers affect soil water content and infiltration partitioning.
In late 2016, widespread wildfires occurred across the Appalachian Mountains region due
to severe drought condition (Park Williams et al., 2017), including within humid
hardwood forests dominated by oaks and maples. In this region, fires occurred from
widely and frequently during the industrial logging episode in the late 1800s, to the fire
frequency rapidly reduced during the fire exclusion era in the early to mid 1900s, to
became rarely to the present (Lafon et al., 2017). The relatively rarity of intense fires in
this region has limited our ability to study if and how water repellency and infiltration
processes are altered by wildfire in these systems, and in general, little is known about
the effects of fire on hydrology in the humid eastern US (Kolka, 2012). Therefore, the
2016 fires, while being reported to burn most forest area since at least 1984 (Park
Williams et al., 2017), provide an opportunity to understand the post-fire effects on
hydrological process within this region. In this study we had two objectives: 1) quantify
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and compare soil water repellency between burned soils with different fire severities and
unburned soils in two locations that were affected by wildfires in the Appalachians; and
2) quantify the effect of surface versus subsurface water repellency on near-saturated
infiltration processes. By meeting these objectives, this study provides new understanding
regarding the role of vertical position of water repellent soil layers on soil hydrological
response after wildfires and new insight to hydrologic effects of fire in humid
temperature forests.

4.2 Methods
4.2.1 Sampling Sites
We selected two locations in the Blue Ridge Physiographic Province of the south-central
Appalachian Mountains (Figure 4.1): Mount Pleasant Wildlife Refuge, Virginia (37.73, 79.21), and Chimney Rock State Park, North Carolina (35.47, -82.24). The elevation of
sampling sites is approximate 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 and Pine-Oak/Heath forests
(NCDENR, 2011). Mountain laurel is the primary understory species at both locations.
The dominant bedrock at the Mount Pleasant is Grantic, and the soil is a fine-loamy
Ultisols on west-facing slope from top to middle positon; while the dominant bedrock at
Chimney Rock Gneiss, and the soil is coarse-loamy Inceptisols on mountain ridge to eastfacing slope (NRCS, 2017). The soil properties and plants species in each location are
summarized in Table 4.1.
Fires occurred from 21 November to 25 November 2016 in Mount Pleasant, during which
time 11,208 acres were burned. In Chimney Rock, fires burned 7,932 acres 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 depending on
MTBS data (MTBS, 2018). In Mount Pleasant, we selected four sites: M1 represented
low fire severity, M2 represented low to moderate severity, and M3 and M4 were
unburned sites. In Chimney Rock, we selected three sites: C1 represented low fire
severity, C2 represented moderate severity, and C3 acted as unburned control. Fire
Radiation Power (FRP) was estimated using MODIS data (Giglio et al., 2016) to reflect
fire intensity.

4.2.2 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). During
each field visit, soil water repellency was quantified using the water drop penetration
time (WDPT) test (Dekker et al., 2009), with 50 WDPT tests performed at each site. 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
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date as the percentage of WDPT tests ≥ 10 s, with WRs representing water repellency at
the soil surface and WRsub representing water repellency at ash-mineral soil interface in
burned sites and its similar depth in unburned sites. Note that tests with WDPT < 10 s
were considered to represent hydrophilic conditions (Adams et al., 1970). In addition, soil
water content for each testing point was measured using a Decagon GS3 probe and
ProCheck reader. Infiltration tests (n= 6-8) were conducted using a mini-disk tension
infiltrometer set to -1 cm tension (METER Group, Inc. Pullman, WA, USA).
Unconsolidated and intact (core) soil samples 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).

4.2.3 Analysis
Relative infiltration rate (RI) was quantified using the tension infiltrometer readings as
(4.1)
where ii is the initial infiltration rate (taken here from the first three readings, which
occurred over a 1.5 min period) and if is the final infiltration rate (taken here as the last
three readings when infiltrate rate reach to steady-state, also over a 1.5 min period;
Figure 4.2). RI can range from -1 to 1, with a value of RI = 0 indicating that the initial
and final infiltration rates were equal, RI < 0 indicating that the initial infiltration rate was
less than final infiltration rate, and RI > 0 indicating that the initial infiltration rate was
greater than final infiltration rate.
Soil water repellency, water content, and relative infiltration were compared between
sites and sampling times for each location using a non-parametric Kruskal-Wallis
ANOVA (K-W) with Mann-Whitney U Test (MU) (Keesstra et al., 2017). The soil water
repellency differences between soil positions (surface = WRs; subsurface = WRsub) were
analyzed by using non-parametric Mann-Whitney U Test (MU). Diﬀerences were
considered significant for α ≤ 0.05. Soil relative infiltration rates (RI) and water contents
were both correlated to the relative soil water repellency in each depth (WRs and WRsub)
using Pearson’s correlation and Analysis of Covariance (ANCOVA). R (version 3.5.1)
was used for all statistical analyses.

4.3 Results
4.3.1 Soil water repellency variation after the wildfires
In both sites, soils that experienced low and moderate burn severities showed evidence of
water repellency (Figure 4.3). Burned soils in M2 (low-moderate severity) and C2
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(moderate serverity) were generally more water repellent than in M1 and C1 (both low
severity burns). However, the depth distributions of water repellency differed between
the two locations.
In Mount Pleasant, the relative water repellency on the soil surface was significant
greater (MU; p < 0.05) than in the subsurface layer (mean WRs = 55.4% with 2.48
standard error; mean WRsub = 32.5% with 2.72 standard error). The M2 site showed
significantly higher relative surface water repellency (WRs) than the M1 site (K-W
ANOVA with MU, p<0.05). In the subsurface soil layer, WRsub was generally less than in
the surface soil layer, and only showed a significant difference between fire severities in
the March 2017. Unburned soil was generally hydrophilic, with the exceptions of
measurements from August and October 2017, when the unburned soil showed WRs
values from 60-80% and WRsub values of ~100%.
Chimney Rock showed different water repellency characteristics from Mount Pleasant.
Surface soils were rarely water repellent (mean WRs = 7.47%), and the burned subsurface
soil showed more obvious water repellency (mean WRsub = 41.6%), with the exception of
the final measurement in January 2018. WRsub 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
ANOVA with MU, p<0.05). The unburned soils in Chimney Rock were hydrophilic for
all measurements (WR = 0.0%).

4.3.2 Soil water content variation after wildfires
Water contents in the low-moderate/moderate burned soils (M2, C2) were generally
lower than in the unburned soils (K-W ANOVA with MU, p<0.05) in both Mount
Pleasant and Chimney Rock (Figure 4.4). In Mount Pleasant, soil water contents ranged
from 0.06 to 0.39 cm3 cm-3 (Figure 4.4a). The M2 site had lowest water contents, with
the exception of the late summer/early fall of 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 cm3 cm-3 (Figure 4.4b), in which the moderately
burned site (C2) had the lowest water contents. At both sites, 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).
In all burned sites, soil water content was significantly (ANCOVA; p < 0.05) and
negatively correlated (Pearson; rp = - 0.85 in Mount Pleasant and R = -0.76 in Chimney
Rock) with mean soil water repellency of surface and subsurface, however, fire severity
has no significant influence on this relationship because the slopes of linear model in
each sites are same (ANCOVA), excepting unburned soil in Chimney Rock (Figure 4.5).
The unburned site at Chimney Rock never showed hydrophobicity, and the lowest
measured water content at that site (0.19 cm3 cm-3) was much higher than the lowest
water contents measured at Mount Pleasant (which were as low as 0.05 cm3 cm-3).
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4.3.3 Water infiltration variations after wildfires
Relative soil water infiltration rate (RI) changed through time after wildfires and was
affected by fire severity (Figure 4.6). In Mount Pleasant, the infiltration tests conducted
in February 2017 showed that RI was < 0 for the burned sites (M1 and M2), meaning that
final infiltration rates exceeded initial rates. In contrast, on that same date the unburned
sites (M3 and M4) had RI values > 0. While the low-severity burn site (M1) shifted to RI
> 0 in subsequent months, the low-moderate burn severity site M2 maintained median RI
values ≤ 0 for all but the final measurement (conducted in December 2017). In March,
May and June 2017, M2 had significantly lower RI values than the other sites, though no
significant differences were observed between sites in the measurements taken in August,
October and December 2017. In Chimney Rock, median RI values were all > 0,
indicating that the initial infiltration rates were greater than the final infiltration rates. No
significant differences in RI were detected between sites.
RI had a significant (ANCOVA; p < 0.05) negative correlation (Pearson; rp = - 0.61) to
the relative water repellency in the surface layer, WRs (Figure 4.7a). In contrast, RI
showed no significant relationship to water repellency in the subsurface soil layer, WRsub
(Figure 4.7b). The correlation between WRs and RI held for both burned soils and
unburned soils, though that relationship was driven primarily by observations from
Mount Pleasant. The low-moderate severity burn site at Mount Pleasant (M2) showed 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.

4.4 Discussion
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). This
deposition process can be highly variable, depending on factors such as the fire
temperature and duration, soil water content, and leaf litter composition (Certini, 2005).
As a result, post-wildfire soil water repellency is often irregular in terms of its location,
extent and severity. The two locations studied here provide examples of this variability,
with 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 at ash- mineral soil interface layer (Figure 4.2a). 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). While this finding of soil water repellency in unburned soils is
consistent with observations from coniferous (Granged et al., 2011; Woods et al., 2007)
and Eucalyptus forests (Doerr et al., 2006) and shrublands (Keesstra et al., 2017), such
observations are rare in humid hardwood forests. At the same time, the water repellency
data collected here revealed that even though the burned soils tended to be drier and
therefore possessed more consistent water repellency, the wildfire did not fundamentally
change the relationship between relative water repellency and water content (Figure
4.5a).
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In Chimney Rock the subsurface soil layer had greater water repellency than the surface
layer (Figure 4.2b). Because the unburned soil never exhibited water repellency, the
wildfire here appears to have altered the relationship between water content and relative
water repellency, particularly in the initial post-fire period (Figure 4.5b). In this site the
soil water repellency decreased through time, such that by one year after fire water
repellency was only observed in a few places within the moderate burn severity site.
The differences between the two sites in the depth of water repellency layer 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 severity
compared to Mount Pleasant (Table 4.1), making it possible that the more organic matter
was volatilized during fire (Simkovic et al., 2008; Stoof et al., 2010). Also, the coarser
sandy loam soil texture in Chimney Rock likely had greater thermal diffusivity than the
finer loam texture in Mount Pleasant (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 (Certini, 2005; DeBano et al.,
1970), this process could explain the formation of subsurface water repellency seen in
Chimney Rock.
Wildfires can reduce water infiltration rates, as has been demonstrated in previous studies
(Granged et al., 2011; Imeson et al., 1992; Larsen et al., 2009; Moody et al., 2009). The
Mount Pleasant site showed a similar response, in which the burned sites had relative
infiltration (RI) values < 0 after fire (Figure 4.6a). In contrast, the infiltration tests
conducted at Chimney Rock showed no differences in RI between burned and unburned
soil (Figure 4.6b), even though there was a detectable water-repellent layer located in the
sublayer soil (Figure 4.2b). These results indicate that water repellency at the soil surface
reduced initial infiltration rates, while subsurface water repellency did not affect the
initial infiltration process. However, the soil text defers in these two location may also
contribute to the differences of infiltration process, which need to identified in the future
studies.
These results suggest that, so 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). 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 that leaching process.
Together, these factors may have reduced the persistence of fire-induced soil water
repellency in Chimney Rock compared to Mount Pleasant.
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The infiltration experiments here were conducted using a tension infiltrometer; because
the water supply is under a negative pressure in such tests, soil capillarity and sorptivity
typically provide large contributions to total flow. Previous research has suggested that
water 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 4.7). The
relationship found here between WRs and RI also suggests 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). Specifically, examining
relative differences in water infiltration rates through time may provide the ability to
quantify both how water repellency affects near-saturated flow processes and how
infiltration processes affect the persistence of water repellency.

4.5 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) quantify and compare how fire severity affected
soil water repellency, and 2) evaluate if and how the relative depth of repellent layers
altered soil water 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, VA; FRPs =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. We found that water infiltration was initially inhibited when the soil surface
was water repellent. Soils whose water repellency was 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 and then move downgradient along the hydrophilic-hydrophobic layer interface.
Because of differences in water-repellent layer depths, hydrological processes appeared
to have been less altered by fire in the more severely burned location (Chimney Rock)
compared to the less severely burned location (Mount Pleasant). Specifically, burned
sites at Chimney Rock had higher water contents and relative infiltration rates compared
to burned sites at Mount Pleasant. Water repellency in Chimney Rock also decreased
relatively rapidly compared to Mount Pleasant, possibly due to relatively wetter
conditions in the former promoting the breakdown of soil repellency. Given these results,
we propose that depth of a water-repellent layer may be an important factor to consider
when assessing potential hydrological effects of wildfires.
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Sassafras albidum,
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pseudoacacia, Menziesia pilosa,
Fraxinus Americana, Juniperus
virginiana L., Carya ovata, Betula
alleghaniensis, Salix nigra Marsh,
Acer rubrum L., Polytrichium moss,
Potentilla Canadensis, Pteridium
aquilinum, Monotropa uniflora,
Castanea dentate, Aureolaria
laevigata, Cornus alternifolia

Plant Species

4.6 Tables

Table 4.1: Soil basic properties and forest plants species.

4.7 Figures

Figure 4.1: The Appalachian Mountain regions, with the two sampling locations (Mt.
Pleasant and Chimney Rock) indicated.
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Figure 4.2: Conceptual infiltration curves for two soils. The blue line shows the typical
decreasing infiltration rate through time (ii > if), whereas the red line shows a soil where
the infiltration rate initially increases (ii < if). The pattern of infiltration rate in “red”
curve makes reference to Ebel and Moody (2013).
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Figure 4.3: The variations of water repellency in surface (a and c) and subsurface layer
(b and d) in each sampling time after wildfires in Mt. Pleasant (a and b) and Chimney
Rock (c and b). “NA” refers the measurements of WR in subsurface layer in 2016.11 Mt.
Pleasant were not recorded. Bars refer to standard deviation. Black *s refer to the
significant difference from other sites compared within one sampling time (K-W
ANOVA with MU, p<0.05), and colored * refer to the significant difference from other
sampling time within one site (K-W ANOVA with MU, p<0.05). K-W ANOVA = nonparametric Kruskal-Wallis analysis of variance test; MU = Mann-Whitney U Test.
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Figure 4.4: The variations of soil water content in each sampling time after wildfires in
Mt. Pleasant (a) and Chimney Rock (b). “NA” refers the measurements of water content
in 2016.11 Mt. Pleasant were not recorded. Bars refer to standard deviation. Black *s
refer to the significant difference from other sites compared within one sampling time (KW ANOVA with MU), and colored * refer to the significant difference from other
sampling time within one site (K-W ANOVA with MU, p<0.05). K-W ANOVA = nonparametric Kruskal-Wallis analysis of variance test; MU = Mann-Whitney U Test.
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Figure 4.5: Relationship between soil water repellency (sum of surface and subsurface;
WRs + WRsub) and water content in (a) Mount Pleasant and (b) Chimney Rock. Line
indicates the linear model in each site using Analysis of Covariance (ANCOVA). All the
linear models are significant (p < 0.05) and constrained to be parallel in simple
ANCOVA, which indicate that burned severity has no significant effects on the
relationship between soil water repellency and water content, rp refers to the coefficient
of determination using pearson’s correlation coefficient in each location.
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Figure 4.6: The variations of soil water relative infiltration rate (RI) in each sampling
time after wildfires in Mt. Pleasant (a) and Chimney Rock (b). “NA” refers the
measurements of RI in 2017.03 Mt. Pleasant and in C1 site in 2017.01 Chimney Rock
were not recorded. Bars refer to standard deviation. Black *s refer to the significant
difference from other sites compared within one sampling time (K-W ANOVA with MU,
p<0.05), and colored * refer to the significant difference from other sampling time within
one site (K-W ANOVA with MU, p<0.05). K-W ANOVA = non-parametric KruskalWallis analysis of variance test; MU = Mann-Whitney U Test.
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Figure 4.7: Relationship between relative infiltration rate (RI) and water repellency in (a)
surface layer (Rs) and (b) subsurface layer (Rsub) in Mt. Pleasant and Chimney Rock. rp
refers to the coefficient of determination using pearson’s correlation coefficient in each
location. Line indicates the linear model in each site using Analysis of Covariance
(ANCOVA).
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Chapter 5
Conclusion and Future Work
Soil water repellency is a widespread, dynamic phenomenon that often occurs during
drought or after wildfire. It plays an important role in hydrological processes, nutrient
availability and transport, and soil erosion, all of which can influence ecosystem states
and structures. Given the projected increase of occurrence of drought and wildfire due to
climate change, it is of critical importance to study the water repellency impacts on water
exchange. In this work, both field and laboratory experiments with respect to
hydrological process and mechanism in vapor and liquid phase were conducted to 1)
quantify water repellency effects on water vapor exchange in soil/minerals, 2) identify if
and for how long low-to-moderate severity wildfires induce water repellency in humid
hardwood forests, and how organic carbon content and hydrophobic functional groups
explain actual and potential (i.e., at air-dry conditions) soil water repellency, and 3)
quantify the effect of vertical position (depth) of water-repellent layers on near-saturated
infiltration processes in post-wildfire landscapes.
For Objective 1, we observed water vapor sorption process in clay minerals (Ca2+
kaolinite and montmorillonite) that had been treated to have a gradient in water
repellency. The particles surface potential and size distribution were measured to explain
the mechanism of water vapor sorption dynamics of water repellent minerals. We found
that the water-repellent surfaces reduced water vapor sorption in proportion to the mass
of applied chemicals, specifically by restraining water vapor condensation. Compared to
liquid water, vapor had greater sensitivity to low concentrations of hydrophobicityinducing agents. These effects may attribute to water-repellent surfaces lowering the
surface potential of soil particles and reducing available sorption sites. Hence, soil water
repellency may accelerate water vapor flow losses from mineral soils.
For Objective 2, we measured actual and potential soil water repellency after wildfire in
two humid hardwood forests located in Appalachian Mountains. Soil organic carbon
content and hydrophobic functional groups were combined together to explain the
occurrence and variation of soil water repellency. The results showed that burned soils in
humid southeastern forests showed water repellency in ash and top soil layers for at least
one year after the fires. However, the degree and variation with time of water repellency
were different in measurements in the field and laboratory due to effects of soil moisture
on amphiphilic hydrophobic components. The potential soil water repellency measured in
air-dried soils was higher than was measured in the field, with the largest discrepancies
observed in unburned soils analyzed during the summer and fall seasons. These
differences may be attributable to variations in soil water content, which in the field were
higher than the lab. Thus, while soil organic carbon and organic hydrophobic functional
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groups together explained more than half of variation of potential water repellency
measured in air-dried conditions, those factors became masked in the field, where soil
water contents were non-negligible. As a result, future efforts to predict the occurrence of
water repellency in field conditions may need to incorporate fundamental understanding
of the relationships between soil water content, soil organic matter content, and the
expression of hydrophobic functional groups.
For Objective 3, we selected two locations where wildfire-induced water-repellent layers
were located on surface and subsurface. The results from near-saturated infiltration tests
showed that water repellency in the surface layer significantly reduced relative
infiltration rates, whereas subsurface water repellency did not affect relative infiltration.
This result provides further evidence that repellency affects soil water movement by
decreasing or eliminating the capillary component. Further, water repellency persisted
longer in sites containing surface water repellency compared to those with subsurface
repellency, suggesting a possible negative feedback mechanism by which surface water
repellency lowers infiltration rates, which reduces soil water content, which allows the
repellency to persist.
Beyond the insights generated by meeting these research objectives, many important
research questions still remain regarding hydrological processes and mechanisms in water
repellent soils. Some of these outstanding knowledge gaps include:
1. While our laboratory experiment showed that water repellency reduces water
vapor sorption in model clay minerals, it is not known if these results will
translate to natural soils under field condition.
2. The field experiments identified effects of soil water repellency on infiltration by
considering changes in relative infiltration rates between the beginning and end of
individual events; however, there does not yet exist a physically based infiltration
model that can account for partial or severe water repellency and that is applicable
to field measurements.
3. Soil water repellency is a dynamic property that often changes rapidly when
hydrophobic surfaces are exposed to liquid and/or vapor phase water. More
research is needed to understand and model feedbacks in which soil water
adsorption processes affect and are affected by water repellency.
4. These studies focused on what can be considered to be negative aspects of soil
water repellency, such as reduced vapor sorption and infiltration rates. Still, soil
water repellency may also offer potential benefits that merit greater exploration.
For example, surface water repellent layers can prevent soil water evaporation and
increase subsoil water retention, which could possibly be exploited during
agricultural production. Also, surfactants can reduce shrinkage and swelling of
expansive clay minerals during wetting and drying cycles, which may have
potential to be used in expansive soil amendments.
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