The Effects of Wildfire on Soil Hydraulic Properties in an Appalachian Hardwood Forest

by
Danica Ruud

A THESIS

submitted to
Oregon State University
Honors College

in partial fulfillment of
the requirements for the
degree of

Honors Baccalaureate of Science in Forest Engineering
(Honors Scholar)

Presented May 30, 2019
Commencement June 2019

AN ABSTRACT OF THE THESIS OF
Danica Ruud for the degree of Honors Baccalaureate of Science in Forest Engineering presented
on May 30, 2015. Title: The Effects of Wildfire on Soil Hydraulic Properties in an Appalachian
Hardwood Forest
Abstract approved: ______________________________________________________
Kevin D. Bladon

Wildfires can affect soil physical properties, resulting in changes in infiltration, hillslope runoff,
groundwater recharge, and sediment and dissolved nutrients to streams. In November 2016, the
Chimney Tops 2 Fire burned 4,617 ha of Appalachian hardwood forest in eastern Tennessee. A
portion of the fire burned through a National Ecological Observatory Network site, creating a
unique opportunity to collect 37 core samples of soil ranging in burn severity immediately after
the fire and one-year post-fire. Samples were processed in the lab to quantify saturated hydraulic
conductivity (Ks), soil water retention, and bulk density. We found higher Ks values in the
moderate/high burn severity soils with a decrease of ~65 % in the moderate/high burned sites
over the one-year period. Soil moisture release curves indicated that water was more mobile and
could drain more rapidly through the moderate/high burn severity soils with a decrease in airentry suction of ~46 % in the moderate/high burn severity soils. The soil bulk density was very
low at all sites, which could be due to ash from wildfire and the mature second growth forest
type at the time of fire, with the moderate/high bulk density showing a ~10 % increase across all
sites one-year post fire.

Key Words: wildfire, soil, saturated hydraulic conductivity, soil water retention, bulk density,
burn severity
Corresponding e-mail address: ruudda@oregonstate.edu

©Copyright by Danica Ruud
May 30, 2019
All Rights Reserved

The Effects of Wildfire on Soil Hydraulic Properties in an Appalachian Hardwood Forest

by
Danica Ruud

A THESIS

submitted to
Oregon State University
Honors College

in partial fulfillment of
the requirements for the
degree of

Honors Baccalaureate of Science in Forest Engineering
(Honors Scholar)

Presented May 30, 2019
Commencement June 2019

Honors Baccalaureate of Science in Forest Engineering project of Danica Ruud presented on
May 30, 2019.

APPROVED:

_____________________________________________________________________
Kevin D. Bladon, Mentor, representing Forest Engineering, Resources, and Management

_____________________________________________________________________
Catalina Segura, Committee Member, representing Forest Engineering, Resources, and
Management

_____________________________________________________________________
Ryan Hill, Committee Member, representing Forest Engineering, Resources, and Management

_____________________________________________________________________
Toni Doolen, Dean, Oregon State University Honors College

I understand that my project will become part of the permanent collection of Oregon State
University, Honors College. My signature below authorizes release of my project to any reader
upon request.

_____________________________________________________________________
Danica Ruud, Author

Acknowledgements
First I would like to thank Dr. Kevin Bladon for taking on the arduous task of mentoring
an undergraduate student’s thesis project. Through this project he has fostered my knowledge of
hydrology and soils, improved my writing skills, and taught me management and coding skills.
Kevin taught me more than just technical skills. He has strengthened my communication skills,
research etiquette, critical thinking, collaboration and constructive criticism skills. He has been a
fabulous mentor who has greatly enriched my undergraduate education and helped prepare me
for my future career and graduate studies.
I would also like to thank Karla Jarecke for her time, support, guidance, and knowledge.
Karla has helped facilitate this project from day one. She taught me many valuable skills from
coding, to lab etiquette, to how to be a good scientific researcher. Karla taught me about soil
hydrology and how to design a well-thought out scientific research experiment. I would also like
to thank Kylie Brooks for her enormous amount of time and effort she gave to this project. She
was the backbone of getting samples done on time, making data sheets and recording data.
Without her help in the lab I would not have finished this project on time. I would like to thank
the entire Forest Ecohydrology & Watershed Science Lab for their support and inclusion in the
lab these past two years. Thank you Karla Jarecke, Kylie Brooks, Ryan Cole, Aron Rachels, and
Julian Kirchler. I would also like to thank Ariel Muldoon for her statistical knowledge and
support.
I would like to thank Dr. Jeff Hatten, Dr. Mike San Clements, and Dr. Brian Strahm for
facilitating this research and providing access to the NEON sites. Thanks to Adrian Gallo,
Lauren Matosziuk, and Jessie Egan for sample collection. I would also like to thank the National
Science Foundation for the Grant No. NSF-RAPID 1733885, for the funding of this project.
Lastly I would like to thank Dr. Catalina Segura and Dr. Ryan Hill for serving on my committee.
2

1. Introduction
Wildfire is a natural disturbance agent, which is prevalent across the majority of land
surfaces influencing global ecosystem patterns and processes (Bowman et al. 2009). As such, fire
is integral to the proper functioning of many biomes across the planet (Bowman et al. 2011).
However, many aspects of wildfire activity, including wildfire season length, number of fires,
area burned, and fire severity, have increased in many forested areas of the world in recent
decades (Abatzoglou and Kolden 2013, Reilly et al. 2017). These increasing trends in wildfire
activity are expected to continue in many regions due to climate change, increasing population,
and human fire suppression activities that have resulted in more fuels in forests (Flannigan et al.
2009; Moritz et al. 2012). These shifts in the fire regime raise concerns about the potential
consequences on a range of economic, social, and environmental factors (Stevens-Rumann et al.
2018; Bladon 2018).
In particular, there have been calls from the research community to improve our
understanding of the magnitude, extent, and longevity of effects from forest fires on water
supplies (Bladon et al. 2014; Hallema et al. 2018; Hallema et al. 2018). Increasing occurrence of
wildfires in forested headwater catchments are particularly concerning because the majority of
water supplies that support healthy aquatic ecosystems for downstream uses, such as community
drinking water, agriculture, industry, and energy, originate in forested headwater catchments
(Brown et al. 2008; Committee on Hydrologic Impacts of Forest Management et al. 2008;
Ellison et al. 2012). It has been estimated that the value associated with the service of water
filtration through forested ecosystems is approximately $4.1-trillion USD per year in the United
States (Costanza et al. 1997).
Increasing fire severity poses substantial threats to water supplies for safe drinking water
and healthy aquatic ecosystems (Emelko et al. 2011, 2016). For example, many studies have
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illustrated that wildfires can lead to increased annual water yields, low flows, and peak flows for
several years after a fire (Kunze and Stednick 2006; Kinoshita and Hogue 2015; Hallema et al.
2018a). Increased water delivery to streams can also lead to increased post-wildfire flooding and
debris flows (Rengers et al. 2016; Brogan et al. 2017; Hallema et al. 2018b). In turn, elevated
runoff can increase both hillslope and in-channel erosion rates and sediment delivery from
burned hillslopes to streams, especially from soils that are water repellent (Larsen et al. 2009;
Silins et al. 2009; Wagenbrenner et al. 2016). Similarly, there is also strong evidence that
increased runoff following high severity wildfires can generate increased nutrient export to
streams, including key water quality parameters such as carbon, nitrogen, and phosphorus
(Bladon et al. 2008; Smith et al. 2011; Silins et al. 2014; Rhoades et al. 2019).
Given that wildfires can alter the hydrologic and water quality response in streams
draining into burned catchments, it is critical to improve our knowledge of the fundamental
causes of increased runoff to facilitate effective post-fire land management strategies (Ebel and
Moody 2017). There is mounting evidence that post-fire runoff processes are altered due to the
effects of fires on the physical properties of soils that govern infiltration, percolation, and runoff
generation (Imeson et al. 1992; Moody et al. 2009; Moody and Ebel 2012). For example, recent
studies have shown that fire can lead to increased development of preferential flow paths,
enhancing deep percolation of rain and rapid groundwater recharge (Ritsema and Dekker 1995;
Stoof et al. 2014). Wildfires have also been observed to alter soil surface organic matter and
degrade soil aggregates leading to an increase in ash and fine materials clogging soil pores, with
demonstrable decreases in infiltration and soil hydraulic conductivity (Robichaud 2000; (Ebel et
al. 2012). Increases in ash in soils can also affect infiltration rates by reducing soil sorptivity and
wetting front potential (capillary forces) in burned soils (Ebel and Moody 2017). However, the
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recent review of the literature by Ebel and Moody (2017) only found 12 studies quantifying the
effects of wildfire on soil hydraulic properties, with the majority of these from the western U.S.
Not surprisingly, there has been contradictory evidence in the literature, with some studies
illustrating decreased soil water holding capacity (Mallik et al. 1984; Fayos 1997; Alauzis et al.
2004; Kitzberger et al. 2005), while others have illustrated increases or no change (Mallik et al.,
1984; Ebel and Moody, 2017).
As such, there are still many uncertainties on the extent to which soil hydraulic properties
are affected under different forest types and fire regimes, which creates challenges for
projections of post-fire shifts in runoff generation and water quality. This is especially true in
areas where wildfires are less frequent and have historically burned at low severities—as such,
they have been studied less frequently than areas, such as western USA, where wildfires are
more frequent and often higher severity.
The Chimney Tops 2 Fire burned through an Appalachian hardwood forest partially in
the Great Smoky Mountain National Park (GSRM) near Gatlinburg, Tennessee in December
2016. This provided a unique opportunity to examine immediate post-fire alteration of soil
hydraulic properties. A portion of the GSRM fire burned through a National Ecological
Observatory Network (NEON) site creating a rare and strong foundation for assessing immediate
post-fire and one-year post-fire thermally altered organic matter and the consequences it has on
soil hydraulic properties. Due to distinctive knowledge gaps and the importance of better
understanding the scope that wildfire has on water systems there is a need for a greater
understanding of soil hydraulic recovery. Therefore, our objectives were to:
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1. Quantify immediate post-fire effects on soil saturated hydraulic conductivity and
soil water retention (relationship between matric potential and volumetric water
content).
2. Quantify one-year post-fire recovery of soil water’s saturated hydraulic
conductivity and soil water retention.
3. Compare how burn severity alters soil waters saturated hydraulic conductivity and
soil water retention.

2. Methods
2.1 Site Description
The Chimney Tops 2 Fire (Figure 1) was the largest fire in the history of the state of
Tennessee, burning 4,617 ha in Great Smoky National Park (35 ° 41’ 20” N, 83 ° 03’ 7” W). The
human-caused fire began on November 23, 2016 and remained as a small, low severity fire until
November 27, 2016 when high winds caused the fire to spread rapidly. The high rate of fire
spread was, in part, due to a combination of drought, seasonally dry leaf litter, and high winds.
Burn severity results concluded that 51.7 % was low burn severity, 34.2 % was moderate burn
severity, 5.9 % was high burn severity, while 7.4 % of the area within the burn perimeter
remained unburned (NEON 2019). A portion of the fire burned an area that included a terrestrial
and aquatic National Ecological Observatory Network (NEON) site, providing an opportunity to
study immediate post-fire effects on vegetation, soil, and water.
The regional climate is typically humid with average rainfall of 1.4 meters per year in the
valleys and 2.2 meters per year in higher elevations. Elevations in the park range from 267
4

meters at the mouth of Abrams Creek to 2,025 m at the summit of Clingmans Dome. There are
16 mountains in the park ranging in elevation, which provide a good setting to better understand
biodiversity. Approximately, 95 % of the 76,000 ha in Great Smoky National Park is forest land,
which supports one of the largest stands of deciduous, temperate, old growth forest in North
America. About 10,000 species of plants and animals are known to live in the park (NEON
2019). It is estimated that an additional 90,000 undocumented species may also be present within
the park. The dominant soil type in the region is a Typic Humudepts, which is a loamy, skeletal,
isotic, and mesic soil type. The primary geology in the area is metamorphosed sedimentary rocks
formed from clay, silt, sand, gravel, and minor amounts of calcium carbonate in flat-lying layers
(NEON 2019).

2.2 Field Analysis
We collected soil samples immediately after the fire and 1-year post-fire within the Great
Smoky National Forest NEON site. The immediate post-fire samples were collected on January
17–30, 2017, which was 10 weeks post-fire. The ~1-year post-fire samples were collected on
November 13, 2017. Specifically, soil samples were collected in 245 cm3 stainless steel sample
rings from the upper 5 cm of the mineral soil surface. Samples were collected by driving the
metal cylinders into the soil until the top of the ring was flush with the soil surface. We then used
a hand trowel to cut a small trench around, and slightly deeper than, the metal cylinder. A putty
knife was slid under the cylinder to facilitate removal of the sample. Then each of the surfaces of
the soil were cleaned so they were flush with the cylinder. Both ends were capped for transport
back to the laboratory. Samples were kept cool during transport and stored in a refrigerator
(4 °C) in the laboratory until analysis.
5

Samples were collected from 12 plot locations across the NEON site, spanning a range of
unburned, low, moderate, and high burn severity plots (Figure 1). In the immediate post-fire time
period, we collected 21 samples, consisting of 1 from an unburned site, 11 from low severity
burn sites, 3 from moderate severity burn sites, and 5 from high severity burn sites. During the
one-year post-fire time period, we collected 17 samples, consisting of 1 from an unburned site, 9
from low severity burn sites, 2 from moderate severity burn sites, and 5 from high severity burn
sites. In total, we collected 37 soil samples over the two sampling periods. Due to the low
number of high burn severity samples we were able to acquire, we chose to group moderate and
high burn severity samples to facilitate analysis.

2.3 Lab Analysis
Saturated Hydraulic Conductivity
In the laboratory, we measured saturated hydraulic conductivity (Ks; m s-1) of each of the
soil cores using the KSAT device (UMS GmbH, Munich, Germany; Table 1). Prior to
measurements, sample rings were placed in the porous plates provided with the KSAT
instrument and placed in deionized water (not completely submerged) for at least 24 hours. This
allowed the samples to become saturated (from below) prior to measurement. Hydraulic
conductivity measurements were then made using the constant head technique (3–5 cm of
constant pressure head difference). This method was selected to ensure enough data points were
collected for an accurate measure of Ks. For additional accuracy, we determined Ks five times
from each soil core.
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Soil Water Holding Capacity
To determine the relationship between matric potential (ψm; -kPa) and volumetric water
content (θ; %) for each soil sample we used the Hydraulic Property Analyzer (HYPROP, UMS
GmbH, Munich, Germany; Table 1). Once prepared, the soil samples were placed on balances,
which measure the combined change in soil and water mass (g) and water tension (hPa) in the
sample over time. Each sample required approximately 5 to 14 days for the soils to dry
sufficiently from saturation to below the turgor loss point. The HYPROP system stopped
collecting data once the sample had dried sufficiently to cause cavitation of the water column
within the tensiometers in the device.
To quantify the relationship between ψm and θ at the dry end of the soil water retention curve,
we ran each soil sample through a WP4C Dew Point Potential Meter (METER Group Inc.,
Pullman Washington, USA; Table 1). Immediately after the sample was done running on
HYPROP, three sub-samples (approximately 7 mL each)—one from the top of the core, one
from the middle, and one from the bottom—were taken from the core and placed in 15 mL steel
cups. We weighed each of the soil samples steel cups prior to sealing them with parafilm and
leaving them to humidify for at least 24 hours to ensure an even distribution of moisture
throughout the soil sample. The samples were then run through the WP4C Dew Point Potential
Meter. Each sample took 5 to 45 minutes to run, due to the variation in θ. After the samples were
run, samples were placed in a drying oven at 105 °C for at least 24 hours. The steel sample cups
were re-weighed (g) to facilitate computation of the volumetric water content of each soil subsample.
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Bulk Density
To quantify bulk density (g cm-3) for each of the soil core samples (245 cm3), we measured
soil mass (g) after being dried in an oven at 105 °C for at least 24 hours. The tin and sample core
were also weighed (g) and subtracted from the total weight to obtain the dry weight (g) of the
soil sample. The three ~7 mL WP4C samples that were dried at 105 °C were weighed (g) and
calculated back into the full weight (g) for bulk density (g cm-3) calculations.

2.4.Statistical Analysis
Saturated Hydraulic Conductivity
Statistically, we analyzed the saturated hydraulic conductivity (Ks; m s-1) data for
differences between burn severity (low severity and moderate/high severity) and across time
(immediate post-fire, one year post-fire). Saturated hydraulic conductivity values were not
normally distributed (Q-Q plots and Shapiro-Wilks test). Moreover, after log transformations the
values remained non-normally distributed, thus violating the assumption of normality for
parametric statistical analysis. Thus, a non-parametric categorical statistical approach was used.
We compared Ks between the burn severities and times using the Kruskal-Wallis test followed by
the Dunn's Test of Multiple Comparisons.

Soil Water Holding Capacity
We fit soil water retention curves (relation between matric potential and volumetric water
content) to the raw data along the drying curve using the HYPROP Data Evaluation Software
(HYPROP, UMS GmbH, Munich, Germany). Unfortunately, three low burned samples from the
immediate post-fire period and one moderate/high severity burned sample from the immediate
8

post-fire period were compromised during their HYPROP run. Thus, we did not include the data
from those samples in our statistical analysis.
The simplified evaporation method was used to evaluate the measurements taken with the
Hydraulic Property Analyzer (HYPROP, UMS GmbH, Munich, Germany). This method was
used for its simplicity and its ability to assess the hydraulic properties of the soil samples through
weight and matric potential changes over time during the drying process. A 245 mL sample size
was assumed for weight and volume calculations. Only data up to the cavitation phase was
assessed in modeling of the soil moisture release curves. Dry soil weight was used to determine
the water content changes of the soil over the drying period of the soil sample. Retention data
points from the WP4C were added to help complete the dry end of the drying matric potential
and volumetric water content relation retention curves.
We then used the constrained unimodal van Genuchten (1980) model to fit the drying
matric potential and volumetric water content relation retention curves to the raw data points
(van Genuchten, 1980).
1

1−
𝑛
1
S𝑒 (h) = [
]
1 + (𝛼|ℎ|)𝑛

where Se(h) = water retention curve, α = inverse of air-entry suction (cm-1), h = suction pressure
(cm), and n = pore-size distribution (-). Average curves (θ, %; ψm, -kPa) for the immediate postfire and one-year post-fire samples based on burn severity were calculated using HYPROP
Software.
Statistically, we compared α values between low and moderate/high burn severities for
each of the two time periods, as the values for air-entry suction are influenced by the soil matrix;
thus, providing information about the soil hydraulic properties. Due to the lack of data points and
non-normally distributed data, we performed a Kruskal-Wallis test followed by the Dunn's Test
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of Multiple Comparisons and approached the analysis cautiously using a statistical threshold of α
= 0.01.

Bulk Density
We also analyzed the bulk density (g cm-3) data to look for differences across burn
severity (low severity, moderate/high burn severity) and time (immediate post-fire, one year
post-fire). Bulk density values were also non-normally distributed (Q-Q plots and Shapiro-Wilks
test). However, after log transformation the data were normally distributed, which facilitated the
use of a two-way ANOVA to statistically analyze the data. All statistical analysis were
performed on R Version 3.5.0 (R Core Team, 2016).

3. Results
3.1 Saturated Hydraulic Conductivity
The mean ± standard deviation of the combined immediate and one-year post-fire
saturated hydraulic conductivity (Ks; m s-1) was 0.00085 ± 0.00098 m s-1 for moderate/high burn
severity and 0.00065 ± 0.00059 m s-1 for low burn severity soils (Figure 2, 3). Statistically, there
was no evidence for differences in Ks (X 2 = 3.031, p = 0.22) between the low and moderate/high
burn severity soils over the entire time period of the study (immediate post-fire and one-year
post-fire combined). However, when isolating the individual years there was strong evidence that
there were differences in Ks during the immediate post-fire period (X 2 = 6.197, p = 0.01).
Specifically, there was strong evidence that Ks was greater in the moderate/high severity soils
(0.00123 ± 0.00119 m s-1) compared to the low burn severity soils (0.00070 ± 0.00064 m s-1)
during the immediate post-fire period (z = -2.489, p = 0.0064). Similarly, there was also strong
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evidence that the Ks values for one-year post-fire were different between the sites (X 2 = 4.12, p
= 0.04). However, there was strong evidence that the relative Ks values between the burn
severities had switched. In other words, the Ks from the moderate/high severity soils (0.00043 ±
0.00037 m s-1) was lower than from the low burn severity soils (0.00058 ± 0.00051 m s-1) during
the one-year post-fire period (z = 2.030, p = 0.021).

3.2 Soil Water Holding Capacity
Comparisons of the p = 0.04 values, which provide an estimate of the inverse of air-entry
suction of the soils provided no evidence for differences between the low and moderate/high
burn severity soils for either of the time periods (X 2 = 0.49255, p = 0.483). During the immediate
post-fire period, the mean alpha was 0.1683 ± 0.1604 cm-1 in the low burn severity soils and
0.1908 ± 0.1555 cm-1 in the moderate/high burn severity soils. One-year after the fire, the mean
alpha was 0.1407 ± 0.1428 cm-1 in the low burn severity soils and 0.1349 ± 0.0586 cm-1 in the
moderate/high burn severity soils (Figures 4, 5).

3.3 Bulk Density
The bulk density (g cm-3) was generally very low in all soil samples. However,
statistically there was no evidence to suggest that the soil bulk density was different between the
low and moderate/high burn severity sites during either of the time periods (F1,31 = 0.969, p =
0.333). During the immediate post-fire period, the mean bulk density was 0.7236 ± 0.2280 g cm-3
in the low severity soils and was 0.6000 ± 0.1630 g cm-3 in the moderate/high burn severity soils.
Comparatively, the mean bulk density one-year post-fire was 0.6433 ± 0.0960 g cm-3 in the low
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burn severity soils and was 0.6571 ± 0.1431 g cm-3 in the moderate/high burn severity soils
(Figures 6, 7).

4. Discussion
4.1 Saturated Hydraulic Conductivity
As expected, the Chimney Tops 2 Fire, the largest fire in the history of the state of
Tennessee, had relatively small effects on the soil hydraulic properties in Great Smoky National
Park. Specifically, we observed greater saturated hydraulic conductivity (Ks) in soils burned at
moderate to high severity compared to soils burned at low severity in the year of the fire (Figure
2). The Ks was ~1.8-times greater in the moderate/high burn severity soils compared to the low
burn severity soils in the immediate post-fire period. This is consistent with other studies that
have observed two- to five-times greater hydraulic conductivity in burned soils compared to
unburned soil due to altered soil structure during the combustion process (Moody et al. 2009).
However, this finding was counter to the majority of studies, which have observed decreases in
Ks after fire due to soil water repellency or clogging of soil pores due to the breakdown of soil
aggregates (Nyman et al. 2010, 2011; Ebel and Moody 2017). In general, these decreases in Ks
have been attributed to increased probability of infiltration excess overland flow, erosion,
sedimentation, and debris flows after wildfire (Stoof et al. 2016; Langhans et al. 2017; LarsonNash et al. 2018).
Interestingly, the overall Ks at our sites was very high—the immediate post-fire year
mean was ~4,428 mm hr-1 in the moderate/high burn severity sites and 2,520 mm hr-1 in the low
burn severity sites. However, the variation in Ks between samples was very high with a standard
error for the moderate\high burned samples being ± 3,528 mm hr-1 and the low burned samples
12

being ± 2,340 mm hr-1 (Figure 3). Comparatively, in a meta-analysis of previous studies in
Mediterranean and semi-arid temperate climates spanning 37 to > 100 months post-fire, Ebel and
Martin (2017) reported a range of post-fire Ks values from 0.9 to 384.5 mm hr-1. Similarly, Ebel
and Moody (2017) reported Ks of 10.0 to 276 mm hr-1 following several fires in California and
Colorado. Our observed rates of Ks were more similar to those observed in wet eucalyptus forests
in Australia, where values ranged from 100 to 2000 mm hr-1 (Davis et al. 1999; Nyman et al.
2010) or undisturbed mixed conifer-hardwood stands in southern Ontario, which had Ks values
of 1,008 to 4,104 mm hr-1 (Greenwood and Buttle 2014). The high Ks values in our study may be
partly attributable to the mature second growth forests (~70–100 years old) in Great Smoky
National Park, which were last harvested between 1900 to 1930 (Pyle 1985). It has previously
been shown that Ks, and associated infiltration rates, tend to increase over time due to greater soil
macroporosity from root development and macrofaunal activity, which also decreases soil bulk
density (Harden and Mathews 2000; Greenwood and Buttle 2014). Moreover, our qualitative
observations indicated that burn severity of the sample sites were comparatively low relative to
previous studies.
Generally, wildfires consume all or part of this organic‐rich layer, replacing it with a
layer of ash (Moody et al. 2013; Bodí et al. 2014). Ash properties have been determined to be
very site specific, based on factors such as climate and soil type (Bodí et al. 2011; León et al.
2013). In general ash has been observed to be very wettable (Bodí et al. 2014), although there
have been occasional observations of water‐repellent ash (Bodí et al. 2011). Ash typically can
hold large amounts of water up to 0.90 g of water per 1 g of ash (±2 % (SD)), which can
contribute substantially to infiltration by capillary processes, thus heightening Ks (Doerr et al.
2000; Ebel and Moody 2017). An increase in an ash layer after the Chimney Tops 2 Fire
13

observed in the immediate post-fire samples may be partly contributing to this seen increase in
Ks.
Effects of the fire on soil hydraulic properties appeared to be short-lived—one year after
the fire Ks had declined by ~65 % in the moderate/high burn severity sites. The one-year post-fire
group showed the low burn severity soils Ks average being ~1.4-times higher than moderate/high
burned soils (Figure 3). This switch indicates that the moderate/high burned soils fire-induced
properties may have repaired somewhat over the year period. There is other supporting evidence
of the reduction of the fire-induced soil property altercations. The average Ks of the immediate
post-fire moderate/high burn severity group was ~2.9-times higher than the moderate/high oneyear post-fire burn severity group. This recovery was also observed in the low burn severity
group with the average Ks of the immediate post-fire group being ~1.2-times higher than the oneyear post-fire group. Studies have shown that hydrologic recovery of soils after wildfire is
dependent on many different landscape characteristics, such as vegetation (Cerdà and Lasanta
2005; Sheridan et al. 2007; Kinoshita and Hogue 2011), ground cover (Benavides‐Solorio and
MacDonald 2001; Wagenbrenner et al. 2016), soil water-repellency (Robichaud 2000), and soil
organic matter (Giovannini and Lucchesi 1983). Many factors could have attributed to the
recovery of these soils over the specified one-year period. Rapid recovery of vegetation, for
example, can increase infiltration rates and help soil recover at a quicker pace (Nyman et al.
2011). Overall the landscape factors contributed to the observed quick recovery of these soils.
Particularly supporting the observed quick recovery is that fact that; the fires did not burn the soil
at a supreme severity, and that a mature second growth forest was dominating the landscape at
the time of the fire.
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Unfortunately, we were only able to collect two unburned samples taken (one for
immediate post-fire and one for one-year post-fire) from sites adjacent to the wildfire. As such,
this data was not included in the statistical analysis. However, if you do include the unburned,
the low and moderate/high burned soils, on average, have larger Ks values than the unburned
sites. In the immediate post-fire group, the moderate/high burn severity soils had a Ks that is
~1.6-times higher than the average unburned Ks. Similarly, the low burn severity soils in the
immediate post-fire group had an average Ks that is ~2.7-times higher than the average unburned
Ks. There were similar differences observed in the one-year post-fire group. However, the
difference between burned and unburned, particularly in the moderate/high burned group, was
less than the observed difference in the immediate post-fire group. This is further supporting
evidence towards recovery of fire-induced soil hydraulic property changes over the year period.
In the one-year post-fire group, the moderate/high burn severity soils had a Ks that is ~1.1-times
higher than the unburned sample. Similarly, the low burn severity soils in the immediate post-fire
group have an average Ks that was ~1.5-times higher than the unburned sample. This evidence
supports that burn severity indeed alters saturated hydraulic conductivity, that changes in Ks are
very site specific and that there was indeed an observed recovery between immediate and oneyear post-fire Ks. If further analysis was done to quantify the components of each sample core,
stronger evidence of how fire effects Ks and site-specific altercations could be known. This could
further solidify what the data has shown thus far.

4.2 Soil Water Holding Capacity
The metric statistically analyzed, alpha (α), was chosen because of its importance in the
constrained unimodal van Genuchten (1980) equation—controlling the slope of the curve. Alpha
15

is the inverse of the air entry suction which is the driving force that controls a soil’s water
holding capacity, thus defining the shape of the soil water retention curve. Air entry suction is
the minimum matric suction required for the entry of air into the soil voids (Corey 1977). It is
determined by the soils pore size distribution which in turn governs how and when a soil retains
or releases water. Therefore, a higher air-entry suction indicates a smaller overall pore size
(Hendriks 2010). Although there was not a statistically significant difference between alphas for
each fitted constrained unimodal van Genuchten (1980) soil water retention curve there was still
supporting evidence that there was indeed a difference in soil water retention based on burn
severity (Figure 4). The determination that there was not a significant statistical difference was
partly due to the small sample size. There were only 9 to 6 alphas in each of the 4 groups
composed of time period and burn severity. This was not enough data to make a statistically
significant conclusion. However, the average α of each group and the curve shapes are trending
to support possible fire-induced altercations of soil water retention. In the immediate post-fire
group, moderate/high burn severity soils had an air-entry suction (1/α) that was ~1.68-times
higher than the low burned soils (Figure 5). This heightened air-entry suction in higher burned
soils correlates to the statistically significant findings of higher Ks values of the same more
severely burned soil. A heighten value of air-entry suction equates to an increase in slope or
lower volumetric water content (θ) per matric potential (ψm), particularly when the matric
potential, or suction, is high. This higher air entry suction means that air has a harder time
entering the pores determining an overall smaller particle size (Hendriks 2010). These observed
differences in soil water retention based on burn severity could in part be due to the ash layers
observed in the moderate/high burned samples, as ash is known to have a typically overall
smaller pore size (Doerr et al. 2000). As stated before, ash is typically very wettable and
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contributes to reduced water repellency and increased infiltration rates at the soil surface (Doerr
et al. 2004; Bodí et al. 2014). Thus, potentially resulting the observed fire-induced soil water
retention altercations.
Looking at Figure 8, less water was adhering to the soil matrix at a given ψm in the
moderate/high burned samples meaning that there was less available water for plants in higher
burned soils. At field capacity (-33 kPa) low burn severity θ was ~1.07-times higher than the
moderate/high burn severity samples θ at field capacity. At the wilting point (-1500 kPa) there
was an even greater difference with the low burned samples θ being ~1.34-times greater than the
moderate/high burned samples θ at the wilting point (Figure 8). Fire has been observed to alter
the physical properties of the soil matrix creating narrower channel widths for water to flow
through, thus creating more variability in available soil moisture (Stoof et al. 2014). This
increases front velocities and rapidly channels water down more specific pathways, thus
increasing hydraulic conductivity in the wetter paths, in correlation with this studies Ks values
(Liu et al. 1994; Ritsema and Dekker 1995). This leads to water bypassing a larger part of the
soil matrix allowing less water to be retained in the soil and leading to deeper infiltration and
interflow, adding to the observed increase in stream flow after fire (Stoof et al. 2014). Thus,
along with ash increases, potentially resulting in the observed fire-induced soil water retention
altercations (Figure 8-12).
Effects of the Chimney Tops 2 fire on soil water retention air-entry suction seem to
decrease and recover over the one year period as quickly as Ks did. The air-entry suction for the
moderate/high group decreased ~46 % over the year period. The air-entry suction for the low
severity group only decreased by ~52 % over the year period (Figure 5). This indicates that the
overall pore size distribution was increased potentially by a decrease in the ash layer and
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recovery of the soil structure. Ash is easily eroded by water leading to ash overtime mixing with
the soil and the runoff thus being controlled by the underlying mineral soil (Woods and Balfour
2008; Cerdà and Doerr 2008; Ebel et al. 2012; Pérez-Cabello et al. 2012; Bodí et al. 2012). This
could result in the overall pore size being increased as the ash layer has less control over the soil
hydraulic properties. However, little to no change was observed over the one year period at the
wilting point and field capacity. Over the year period for moderate/high burn severity samples at
field capacity there was only a ~5 % decrease in θ and at the wilting point no increase in θ was
observed for the moderate/high burn severity sample (Figure 5). This indicates that there was no
recovery of soil water retention in the moderate/high burn severity samples, which contradicts
the air-entry suction changes observed. Air-entry suction controls the overall shape of the curve,
but not specific points along the curve. There could have been recovery (increase) seen in the
overall pore size (air-entry suction decrease), but not enough to warrant change at specific ψm,
particularly when ψm was very negative. To better understand potentially why this difference was
observed a more in-depth analysis of soil texture and structure should be done which could
elaborate on why an increase in air-entry suction (1/α) does not equate an increase of θ at a given
ψm. Nonetheless, there was a more significant overall observed change from immediate to oneyear post-fire in the low burn severity soils. Over the year period for low burn severity at field
capacity there was a ~26 % increase in θ and at the wilting point ~9 % increase in θ was
observed for the low burn severity samples. This indicates that along with a decrease in air-entry
suction, soil water retention also increased over the one year period.
Since there were only two unburned samples taken (one for immediate post-fire and one
for one-year post-fire) unburned data was not included in the statistical analysis due to the lack
of viable data points. However, if you do include the unburned, the low and moderate/high
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burned soils on average had larger air-entry suction values than the unburned sites. In the
immediate post-fire soils, the moderate/high burn severity soils had an air-entry suction (1/α) that
was ~24-times higher than the unburned air-entry suction. Similarly, the low burn severity soils
in the immediate post-fire soil had an average air-entry suction that was ~28-times higher than
the unburned air-entry suction. This is a significant difference in the pore size distribution of the
soil between burned and unburned soils, further supporting that fire potentially alters soil water
retention. In the one-year post-fire soils this difference between burned soil and unburned was
also observed, but at less of a discrepancy between burned and unburned. Both moderate/high
and low burn severity soils had an air-entry suction that was ~13-times higher than the unburned
air-entry suction. This was further evidence supporting the connection between Ks and soil water
retention (air-entry suction) due to a decrease in the ash layer and soil structure recovery. To
better understand the magnitude and longevity of effects of fire on soil water retention, an indepth analysis of the soil texture of each core should be done. There were also large pieces of
organic matter (i.e., sticks) in some sample cores, which could have altered the soil water
retention results. To better fully understand and quantify potentially discrepancies, further soil
texture and chemical analysis should be done.

4.3 Bulk Density
Although bulk density (g cm-3) did not show a significant statistical difference based on
burn severity or time the values trend in a direction that indicated fire-induce bulk density
altercations occurred. The fact that that there was not a significant statistical difference was
partly due to the small sample size. There were only 11 to 7 data points in each of the 4 groups
composed of time period and burn severity. This was not enough data to make a statistically
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significant conclusion. However, the data did show trends that possible fire-induced soil
altercations occurred. Overall the bulk densities were very low for these soil samples ranging
from 1.02 g cm-3 to 0.35 g cm-3 (Figure 6). Lower bulk densities are common in loamy, skeletal,
isotic, mesic soils which was the main soil type in this area. Also, all samples ranging in burn
severity carried a significant amount of organic matter which is known to be low in bulk density.
The low bulk density values may also be partly attributed to the mature second growth forests
(~70–100 years old) in Great Smoky National Park, which was last harvested between 1900 to
1930 (Pyle 1985). It has previously been shown that soil bulk density tends to decrease over time
due to greater soil macroporosity from root development and macrofaunal activity (Harden and
Mathews 2000; Greenwood and Buttle 2014). The overall typical low bulk densities of this study
sites soil type and large amount of organic matter may be attributed to the low bulk densities
observed. In the immediate post-fire time period, the low burn severity soils had a bulk density
that was ~1.21-times higher than the moderate/high burn severity soil bulk density (Figure 7).
Studies have also shown that wildfire heat affects soil structure (Certini 2005) and that ash from
wildfire has very low bulk densities ranging from 0.18 g cm-3 to 0.60 g cm-3 (Goforth et al. 2005;
Cerdà and Doerr 2008). Thus, this decrease in bulk density for the moderate/high burned samples
was likely due to the increase in the ash layer and soil structure change.
The bulk density in the soil samples from the moderate/high burn severity sites one-year
after the fire was approximately the same (~1.1-times greater) relative to the samples from the
immediate post-fire period. The slightly higher bulk density observed may be indicative of
recovery or decrease in ash content of the soil or could simply be due to sample variability.
Comparatively, the bulk density in the soil samples from the low burn severity sites were also
similar between the two time periods, with ~1.1-times greater bulk density in the immediate
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post-fire time period. As such, these results are inconclusive regarding the recovery of bulk
density over the first year of the fire, necessitating a larger sample size across burn severities to
provide more definitive findings. Additionally, soil textural analysis would also help quantify the
amount of ash and organic matter present in the soil samples, which could provide additional
insights into the effects of the fire on soil properties.
Since there were only two unburned samples taken (one for immediate post-fire and one
for one-year post-fire) unburned data was not included in the statistical analysis due to the lack
of viable data points. However, if you do include the unburned data in the analysis there was an
overall neutral change in average bulk density between the burned soils and unburned soils. The
only significant difference in average bulk density wass between the immediate post-fire
moderate/high burn severity soils and the unburned samples. The average unburned soil bulk
density was ~1.17-times greater than the immediate post-fire moderate/high burned soil. This
was supportive of the potential recovery of the soil structure and an overall decrease in the ash
layer over the year period of this study. The increase in bulk density in the moderate/high burned
soils could be correlated with the decrease in Ks and air-entry suction also observed over the year
period. These findings possibly support that fire effects soil water retention, Ks, and bulk density.

5. Conclusion
The objective of this study was to compare burn severities effects on Eastern Tennessee
Great Smoky National Park NEON site soil’s saturated hydraulic conductivity and soil water
retention for both immediate and one-year post-fire groups and to quantify potential recovery of
these properties over the one-year period. Although only the Ks data showed statistically
significant findings all data sets show a trend towards fire-induced soil hydraulic property
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changes. Overall, recovery over the year period of these fire-induced soil hydraulic property
changes was observed, particularly in the moderate/high burned severity group.
Other research has found similar fire-induced soil hydraulic property changes in severely
burned soil. This study found high Ks values, particularly in the moderate/high burn severity
samples. Ash has been determined to be very wettable (Bodí et al. 2014) which can contribute
substantially to infiltration by capillary processes, thus heightening Ks (Ebel and Moody 2017).
Fire has also been observed to alter the physical properties of the soil matrix creating narrower
channel widths for water to flow through, thus creating more variability in available soil
moisture and potentially heightening Ks (Stoof et al. 2014). Fire-induce soil hydraulic property
changes are site dependent and can react differently based on different climates, soil types, etc.
(Bodí et al. 2013; León et al. 2013). Bulk densities for this site were particularly low which could
have been due to ash from wildfire (Goforth et al. 2005; Cerdà and Doerr 2008) and the mature
second growth forest type (Pyle 1985) at the time of fire as soil bulk density tends to decrease
over time due to greater soil macroporosity from root development and macrofaunal activity
(Harden and Mathews 2000; Greenwood and Buttle 2014). Recovery of fire-induced soil
hydraulic property changes observed are potentially mainly due to the lower overall fire severity
compared to other studies. Another main reason for recovery could be due to ash mixing with the
underlying mineral soil due to erosion, thus allowing the underlying mineral soil to start to
control the soil hydraulic properties (W. Woods and Balfour 2008; Cerdà and Doerr 2008; Ebel
et al. 2012; Pérez-Cabello et al. 2012; Bodí et al. 2012). Overall, this study was indicative of soil
hydraulic properties in eastern Tennessee and shows the potential reaction and recovery for these
soils when burned.
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To better quantify these fire-induced soil hydraulic changes more tests should be run to
diminish discrepancies and give more statistically significant findings. The low sample size of
this data set could have skewed the study’s findings and allowed soil water retention and bulk
density to show no statistically significant difference based on burn severity. The lack of
unburned samples also weakened the study’s findings. More unburned samples would have
shown a more accurate representation of fire-induced soil hydraulic property altercations. Large
chunks of organic matter and improperly filled sample cores could have also tampered with
results of this study. A more in-depth analysis could potentially help clarify these issues. An indepth soil texture analysis could provide insight on each individual core’s makeup, providing
more reasoning for bulk density and soil water retention findings. A carbon analysis could
quantify ash quantities and soil degradation of each burned core. If these findings were paired
with in-field soil hydraulic property experiments, this would add even greater evidence towards
fire-induced soil hydraulic property changes of these soils and their recovery over time.
The findings of this study support implications that fire alters soil hydraulic properties
particularly saturated hydraulic conductivity and soil water retention. It is critical to conduct
studies like this one to better understand regional differences in burn severities effects on soil
hydraulic properties. This study particularly gave insight into eastern Tennessee’s soils and how
soils in that region respond to fire. Shifting fire regimes and increasing trends in wildfire activity
are expected to continue in many regions, which could have serious economic, social, and
environmental factors consequences (Flannigan et al., 2009; Moritz et al., 2012; StevensRumann et al. 2018, Bladon 2018). It has been estimated that the value associated with the
service of water filtration through forested ecosystems in the United States is approximately
$4.1-trillion USD per year (Costanza et al. 1997). Increasing wildfire could greatly affect these
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invaluable resources humans depend on. It is critical that high severity fire’s effects on soil in
different regions and those soils recovery is further studied. This knowledge will make way for
the formation of innovative solutions to protect and mitigate fire-induced soil property changes.
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Table 1: Specification and accuracy of instruments used to quantify saturated hydraulic
conductivity and matric potential to develop soil water retention curves.
Parameter
Saturated Hydraulic
Conductivity (Ks; m s-1)
Soil Water Retention
Curves
(θ, %; ψm, -kPa)

Instrument
KSAT device (UMS GmbH,
Munich, Germany
Hydraulic Property
Analyzer (HYPROP, UMS
GmbH, Munich, Germany
WP4C Dew Point Potential
Meter (METER Group Inc.,
Pullman Washington, USA)

Accuracy Pressure
± 1 Pa (0.01 cm WC)

Accuracy Temperature
± 0.2 °C

± 2.5 hPa / d = 0.05 hPa
(from +10 to -5000 hPa)

± 0.2 (at -10…-30 °C) /
d = 0.01 K

± 0.05 mPa from -5 to 0
mPa and 1% from -5 to -300
mPa
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Figure 1: Map of Chimney Tops 2 Fire burn area in Tennessee, including burn perimeter, burn
severity, and soil sample plot locations.
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Figure 2: Box plots of saturated hydraulic conductivity (m/s) as a function of burn severity over
the entire period of study (immediate and one-year post-fire combined)
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Figure 3: Box plots of saturated hydraulic conductivity (m/s) as a function of burn severity
during the (a) immediate post-fire and (b) one-year post-fire time periods.
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Figure 4: Box plots of alpha (cm-1; inverse of air entry suction) from the constrained unimodal
van Genuchten model as a function of burn severity for the entire period of study (immediate and
one-year post-fire time periods combined).
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(a)

(b)

Figure 5: Box plots of alpha (cm-1; inverse of air entry suction) from the constrained unimodal
van Genuchten model as a function of burn severity for the (a) immediate post-fire and (b) oneyear post-fire time periods.
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Figure 6: Box plots of bulk density (g/cm3) as a function of burn severity for the entire period of
study (immediate and one-year post-fire time periods combined).
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(a)

(b)

Figure 7: Box plots of bulk density (g/cm3) as a function of burn severity for the (a) immediate
post-fire and (b) one-year post-fire time periods.
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Figure 8: Mean soil water retention fitted constrained unimodal van Genuchten (θ, %; ψm, -kPa)
curves as a function of burn severity and time (immediate and one-year post-fire time period).
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Figure 9: The fitted soil water retention constrained unimodal van Genuchten (θ, %; ψm, -kPa)
curve as a function of low burn severity and immediate post-fire time period for both the mean
and collected data points.
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Figure 10: The fitted soil water retention constrained unimodal van Genuchten (θ, %; ψm, -kPa)
curve as a function of moderate/high burn severity and immediate post-fire time period for both
the mean and collected data points.
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Figure 11: The fitted soil water retention constrained unimodal van Genuchten (θ, %; ψm, -kPa)
curve as a function of low burn severity and one-year post-fire time period for both the mean and
collected data points.
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Figure 12: The fitted soil water retention constrained unimodal van Genuchten (θ, %; ψm, -kPa)
curve as a function of moderate/high burn severity and one-year post-fire time period for both
the mean and collected data points.
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