Investigating the connections between soil, fire, and water: The characteristics of soil water

repellency following fire in the Pacific Northwest

Jalene Ann Weatherholt

A thesis
submitted in partial fulfillment of the
requirements for the degree of

Master of Science

University of Washington
2021

Committee:
Brittany Johnson
Brian J. Harvey

Daniel Vogt

Program Authorized to Offer Degree:
School of Environmental and Forest Sciences



©Copyright 2021
Jalene Ann Weatherholt



University of Washington
Abstract
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School of Environmental and Forest Sciences

Land area burned annually in the western US has risen in association with shifting climatic conditions as
a result of global climate change. Successional processes greatly rely on soils as a foundational medium
for the establishment of new plant communities following disturbance. During a wildfire, the combustion
of organic materials releases hydrophobic compounds that contribute to the formation of water repellent
soils below the surface. Soil water repellency (SWR) can greatly increase erosion risk and overland flow
events in an already vulnerable, post-fire system. The myriad of environmental and burn conditions that
contribute to the formation, destruction, and perseverance of SWR result in extremely heterogeneous
spatial patterns across a landscape. Managers could benefit from a clearer understanding of SWR
properties to best aid in successional management practices. This document reports not only the findings
of my thesis research work but also explores the journey to my current understanding of SWR in the
Pacific Northwest (PNW). Seed data collected in 2018 throughout post-fire ecosystems 1 year following
disturbance in the PNW was reflective of the heterogeneous nature of soil water relations. Largely
indistinguishable variation of SWR across burn severity classes and naturally occurring hydrophobicity
patterns did not provide any clear differences across the landscape. We hypothesized that the scale used to
assess relationships between burn severity metrics and SWR from this field design, consisting of four
measurement locations per plot across multiple fires was not appropriate to the process itself. Learning

from this work, a new protocol measuring 81 locations within a 44x20m rectangle was adapted to explore



spatial scales and environmental factors that managers can use to predict SWR behavior on their post-fire
forests. This adapted protocol was implemented on the Green Ridge fire that burned in the summer of
2020 in the Deschutes National Forest in Oregon state. Soils within this forest were found in the 2018
data to experience both natural and fire-induced SWR as a process of this mixed-conifer system. We
found that soil burn severity is a significant factor in predicting the variability of SWR conditions
compared to unburned areas but does not identify a clear pattern across management-relevant distinctions
of burn severity. While SWR density significantly diminishes with depth into the soil horizon, little
evidence of management-relevant scalable spatial patterns of SWR horizontally throughout a stand were
identified. The influence of environmental factors on SWR density will be a key component in the ability
to predict post-fire conditions through satellite inputs for landscape level modelling. The future of SWR
research will rely on advancements made in remote sensing products of soil qualities and wildfire severity

in addition to improved SWR sampling standards.
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1 Introduction
1.1 Climate Change and Wildfire Disturbance

Global climate change impacts are observed by both scientists and the greater population
alike through erratic weather conditions, increasing temperature averages, and disturbance events
uncharacteristic of previously anticipated patterns (Eckstein et al., 2019). An average warming of
0.3° C per decade modeled for the Pacific Northwest (PNW) ecoregion links these planetary
changes to alterations in local climate conditions for land managers across private and public
lands. New standards of wildfire severity and frequency may be primarily driven by widespread
drought conditions as a result of climate change (e.g. Westerling et al., 2006; Rogers et al.,
2011). Drought has impacted wildfire regimes throughout history and is specifically linked to
fire occurrence in the PNW since the 1700s (Hessl et al., 2004). Higher projected temperatures
and drought conditions by end of the 21 century are anticipated to be met with an increase in the
total area burned and the burn intensity from current averages by 76-310% and 29-41%
respectively in the PNW (Rogers et al., 2011). Impacts of modern climate stressors can be
observed in real time as increased wildfire frequency since the 1980s is matched with an average
fire season length increase from one week now up to five weeks (Westerling et al., 2006).
Limited seasonal moisture inputs in the Northern Rockies and regions west of the Cascade
Mountains have also resulted in high vulnerability to increases in wildfire activity (Westerling et
al., 2006). Land area affected by changes in climate-induced drought and exacerbated
disturbance from wildfire events is expanding in the PNW. With fire on the rise, it is critical to
understand the role of wildfire in essential ecosystem processes and how altered relationships

between climate and fire will impact forest health.
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1.2 The Role of Wildfire

Dramatic shifts in climate and the encroachment of communities into the wildland-urban
interface have led to mass tragedy in the human sector, shaping the public view of fire; however,
wildfire remains an essential process in the fruition of healthy forests and ecosystem function
(Moritz et al., 2014). Patchwork matrices of fire regimes ranging across high, moderate, and low
severity responses to fire are found across the western US, reflecting the variety of coevolved
strategies ecosystems have developed to respond to wildfire disturbance (Agee, 1998). High-
severity fire regimes are associated with ecosystems that will experience stand replacement from
fire while low-severity regimes will usually not see a turnover of vegetative structure (Agee,
1998). These landscapes are adapted to and some even require fire disturbance to sustain
ecosystem function. Frequent fire ecosystems exhibit a highly optimized tolerance for this
disturbance through vegetation structure and adaptation by the frequent removal of ladder fuel
buildup such as with Pinus ponderosa (Ponderosa pine) stands (Moritz et al., 2005). Some
species even require the influence of fire to release seeds held in cones from an adaptation called
serotiny. Interval times between fire in addition to its severity are significantly linked to the
ability of serotinous species to reestablish and impact their resulting densities (Schoennagel et
al., 2003). With global shifts in fire regimes, the ranges of serotinous species adapted to their
historical fire regime may shift dramatically (Turner et al., 1998).

Ecosystems developed under conditions of more infrequent fire return intervals will still rely
on fire to maintain ecosystem function. Characteristic late-seral species of an area may only
establish and mature after a certain time since wildfire disturbance. A study looking at the
distribution of late-successional vegetation structures found that the density of balsam fir (4bies

Balsamae) increased steadily with time after fire while black spruce (Picea Mariana) density
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only rose for the first 90 years since wildfire followed by a decline in population abundance in
the same ecoregion (Bouchard et al., 2008). The total area characterized as a black spruce
dominated system, with its associated biodiversity, relies heavily on the fire return interval. From
reproductive success to ecosystem resilience, wildfire is a necessary factor in promoting
ecosystem resilience and health across fire return intervals.

Years of misinformed fire management has resulted in changes to vegetation structure of
some forest ecosystems alongside the buildup of available fuels to form a positive feedback loop
between fire risk, suppression, and combustible fuel buildup (Calkin et al., 2015). While not
applicable to all forest ecosystems (Schoennagel et al., 2004), this condition can cause more
severe, stand-replacing wildfire (Van Wagtendonk, 1985). One commonality across ecosystems
facing catastrophic wildfire concern and those well adapted to current conditions is the
importance of soil as the foundation of the ecosystem. Active changes to our climate,
compounded by increased fuel load and vulnerable forest structures, weaken ecosystem recovery
to disturbance; understanding the relationship between wildfire and the soil is essential to the
implementation of effective management practices.

1.3 Soils in a Fire-Affected System

Soils are the base of forest systems as they provide the structural and nutritional conditions
needed for plant and microbial life. An increased understanding of the important roles soil fulfills
in a forest ecosystem has resulted in more intensive research and management efforts focused on
chemical, physical, and biological characteristics supporting overall soil health (Schoenholtz et al.,
2000). Investigating the impact of wildfire disturbance on soil health and function is essential to
managing for effective succession as the area of fire-affected soils increases each wildfire season.

A component of great interest on a post-fire landscape is the interaction between soil and water.
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Organic matter inputs ranging from bark and needles in accumulated forest litter to fungal hyphae
may contain hydrophobic compounds with the potential to form a subsurface water repellent layer
in the mineral horizon (e.g. Garcia et al., 2005; Passialis and Voulgaridis, 1999; DeBano et al.,
1970; Rillig et al., 2010). These layers often fluctuate seasonally in intensity and spatial
distribution with maximum effects following extended periods of dryness and wildfire influence
(Crockford et al., 1991). A mere two percent fraction of organic matter in a soil can result in fire-
induced soil water repellency (SWR) when hydrophobic compounds vaporize, diffuse into soil
capillaries, cool, and condense onto particles to form a subsurface layer of hydrophobic substrate
(Debano and Krammes, 1966; DeBano et al., 1979; DeBano, 1981; Figure 1). Even soils burned
under severe conditions can still act as a strong insulator from heating just five centimeters into
the mineral horizon, allowing for condensation of hydrophobic compounds just under the soil
surface reported typically down to 20 cm depths (Debano et al., 1971; Debano et al., 1976). Once
created, layers can persist for just a few seconds or last for several years in forest soils following
a wildfire (Dyrness, 1976). Undisturbed soils can also contain SWR from organic matter inputs
through the leaching of hydrophobic compounds into the horizon (Garcia et al., 2005). SWR was
found to form in patches ranging from 1 m? to 10 m? with increased density and intensity of
hydrophobic conditions following a fire in Rocky Mountain soils (Woods et al., 2007). Small scale
variation of SWR density is further spatially fragmented by the inherent environmental
heterogeneity found across landscapes.

Ecosystem factors and pre-fire soil qualities play a role in SWR patterns. At the base mineral
level, soils composed of smaller particle sizes have been shown to exhibit increased SWR intensity
than coarser substrates often in volcanic soils as the result of fine particles of hydrophobic organic

matter covering the larger surface area of clay (Doerr et al., 1996; de Jonge et al., 1999), while
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contrasting work has found that coarser textures were associated with SWR because the amount
of hydrophobic compounds present in the system can cover a larger percent of the mineral surface
area (Crockford et al., 1991). Other studies found no relationship between particle size and SWR,
attributing conditions to other environmental factors such as the composition of surface organic
material (Mainwaring et al., 2013). In addition, the distribution of mineral size classes along with
soil moisture levels impact how deeply the volatile compounds can infiltrate before condensing to
form a hydrophobic layer (Huffman et al., 2001). These inconsistent findings show the dynamic
relationship between soil qualities and highlight that a list of factors are at play when attempting
to predict patterns in SWR.

Bark and needles from pine species have been shown to contain hydrophobic compounds
(Passialis and Voulgaridis., 2005) along with many other species ranging from other evergreen
species to shrubs (Doerr et al., 2000). When accumulated in topsoil and burned, vaporized
hydrophobic components of surface litter can form SWR with varying intensity and persistence in
part due to the type and amount of organic matter present. The variability characterizing SWR
conditions may be a result of soil quality and ecosystem factors but has been most often linked in
the literature to soil heating and burn severity patterns from wildfire (DeBano et al., 1979; Doerr
et al., 2000; Woods et al., 2007). SWR formation and destruction are impacted by highly variable
temperatures and durations of burn across a landscape in a single fire event (e.g. Zavala et al.,
2010; DeBano 1981; DeBano et al., 1976). In a controlled laboratory setting, shorter periods of
soil burning (5-10 minutes) generated a strongly hydrophobic layer at higher temperatures (>600°
C) while longer duration burns (15-20 minutes) created SWR at temperatures up to 600-700° C,
but SWR was then destroyed at temperatures between 800-900° C SWR (DeBano and Krammes

1966). In the field, the ability to accurately predict patterns in SWR enhancement and destruction
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on larger ecosystem scales following a fire remains a challenge in forest areas all over the globe
due to the myriad of burning durations and temperatures in a single event. The full extent of factors
that shape the complex patterns of SWR observed remains a mystery due to the complexity of
post-fire landscapes and soil qualities. Variation in SWR characteristics and their impacts on
ecosystem resilience through soil health must be a primary objective for post-fire management
strategies and continued research.

Soils are crucial for ecosystem recovery. They provide water and nutrients to surviving and
establishing vegetation (Huddlestons and Kling, 1996) as well as a habitat for complex microbial
communities essential to succession (e.g., Booth et al., 2002; Lakshmanan et al., 2014; Huebner
et al., 2012). Soils made vulnerable from fire disturbance can experience increased erosion after
the creation of SWR ultimately leading to nutrient losses and limited water availability for roots
that would have provided crucial structural stability (Helvey, 1980). A study observing the
interaction between SWR and slope on the amount of lost topsoil found that water repellent soils
were more vulnerable to erosion on steeper grades, reporting that 4.85 Mg ha™! were eroded after
just 10 mm of rain (Lowe et al., 2021). It may come with no surprise that seedlings and other plant
species may even struggle to establish or not germinate entirely in these conditions (e.g., Osborn
et al., 1967; Vacchiano et al., 2014). As drought and elevated temperatures continue to drive fire
patterns in the PNW, resources for managing these lands become increasingly strained. Variation
in SWR characteristics and their impacts on ecosystem resilience through soil health are a primary

objective for post-fire management practices.

1.4 Post-Fire Soil Management
The 2020 wildfire season recorded the largest burned area since 1960 with 4.16 million

hectares consumed in the US (Hoover and Hanson, 2021). Between the US Forest service and
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other Department of the Interior agencies, fire suppression costs exceeded $2.27 billion (NIFC,
2020) just in 2020 alone. A portion of fire-related spending is directed toward ecosystem
resilience and erosion management to sustain effective succession following wildfire
disturbance; a case study of the Bobcat Gulch fire burned in the Roosevelt National forest during
the year 2000 found that $823,854 was spent on rehabilitation and erosion control in addition to
the $3,840,319 already spent on suppression efforts during the incident (Lynch, 2004). The
growing sink of wildfire management for government funds has drawn the attention of taxpayers
to the US Forest Service and scientists for an explanation of the current conditions and what
steps need to be taken in response. Managers rely heavily on Burn Area Emergency Response
(BAER) team recommendations for post-fire management prescriptions designed to assuage risk
to human life, property, and ecosystem health as a result of weakened forest soils and vegetative
structures (USFS, 2020). BAER teams are called on scene immediately upon containment of
larger wildfires to map the general patterns of soil burn severity and develop recommendations
for minimizing erosion risk and further damage to natural resources. The input of BAER teams
can ultimately reduce cost to managers and time to action by providing explicit instructions for
effective strategies to implement at the most vulnerable locations. Burn area reflectance
classification (BARC) maps are thus a critical piece of post-fire assessment. Spectral frequencies
of burned vs. unburned areas derived from satellite imagery are used to create the initial map
predicting patterns of soil burn severity. These predictions are then validated and corrected on
the map by the BAER team soil expert. Ground-truthing for conditions of soil burn severity, ash,
soil texture, and SWR in addition to other variables is a key factor in training the BARC map to
conditions within the burn perimeter (O’Brien, 1999). Testing for SWR is done both by the water

drop penetration time test, recording the amount of time it takes for a droplet to infiltrate on a
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soil surface (>5 seconds indicates hydrophobicity), or with a mini-disk infiltrometer, measuring
the infiltration rate on a soil surface, as is the standard protocol used by BAER teams protocols
(DeBano, 1981; Robichaud et al., 2008). The implementation of these methods are necessary to
pinpoint locations of SWR for immediate management of soils at high risk for overland flow
(Doerr et al., 2006). BAER teams deliver a final BARC map of the burn area, identify locations
at highest risk of erosion, and provide a budgeted timeline for management action that must be
carried out immediately upon report completion.

To account for potential erosion risk from SWR, BAER teams can provide an arsenal of
recommendations from the Burn Area Emergency Response Treatments Catalog (Napper, 20006).
Erosion control methods available for forest soil management include the installation of erosion
control mats onto the soil surface for emergency stabilization intended to physically hold
vulnerable soils in place. A similar solution is to spread slash on the soil surface; however, this is
rarely used due to the limited availability of excess material following a burn. Instead, straw or
mulch can be applied by hand or dropped by helicopter to weigh down the soil surface and
provide immediate organic inputs across the landscape. One consideration with this method is
monitoring the proximity of a straw mulch treatment site to watersheds as it may degrade water
quality (Napper, 2006). Log erosion barriers are also prescribed along steeper hillslopes for
burned trees to be felled with the contour of the slope to catch moving sediments. This strategy is
mimicked with straw filled tubes, silt fences, and hay bales all with the intention to slow down
the movement of sediment before vegetation is able to reestablish (Napper, 2006). One method
specifically targeted to SWR is soil scarification which physically breaks up water repellent soils
with hand tools or larger machinery, thus allowing for sufficient water infiltration. The results of

this prescribed treatment have been variable and even detrimental in some highly burned soils.
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Additionally, soil scarification may be difficult to implement over large areas identified with
SWR conditions (Napper, 2006). BAER teams seek to provide the best available science and
management strategies targeted to the most vulnerable locations within the burn, saving overall
cost in labor and minimizing degradation of natural resources (USFS, 2020). BAER teams are
sent all over the country, adapting to new ecosystems and soil types constantly. Variation in
SWR at small ranges is not easily scaled up to a whole fire incident for effective management
prescriptions. A pitfall of BAER SWR sampling methodology is the direct comparison between
burn severity conditions and SWR patterns through the BARC map. As discussed previously,
many more ecosystem attributes are at play. As the importance of SWR is further understood on
a landscape scale, a base inventory of the current state of soils pre-fire and the expected patterns
of hydrophobic conditions post-fire must be cataloged and studied on the forest level for BAER
teams to best apply their time and resources once called to a region.

This thesis manuscript is an initial overhaul step to fill the research gap in the mapping and
understanding of SWR in PNW forest soils. Presented below are two chapters; the first exhibits
the findings from a seed dataset collected across multiple wildfires burned in 2017 followed by a
second chapter of data collected in 2020 from a single wildfire in the Deschutes National Forest.
The zoomed-in approach of whole stand to fine scale methodology used in the second chapter
was guided from the lessons learned through the seed project. A much closer look into SWR
patterns is required before working to scale up predictions across the whole burn acreage of a
wildfire. While core components of SWR sampling are maintained throughout both chapters,
development of the methods used has been tailored in the second study to more closely coincide

with the behavior and potential scale of the process. This is indicative of the need for additional



research across scales to inform managers of the current SWR conditions of their forest and to

advance post-fire protocols in SWR assessment.
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Figure 1: Soil core collected in a post-fire system with soil water repellency (SWR) (A; photo:
Weatherholt). Surface organic litter creates some SWR conditions pre-fire (B; adapted from Fry,
2016) but can ultimately alter soil properties from wildfire disturbance as hydrophobic
compounds deeper into the soil (C; adapted from Fry, 2016). Ineffective infiltration of water can
result in increased overland flow and erosion of saturated surface soils as a result of SWR (D;
adapted from Fry, 2016).
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2 Chapter 1: State of Soil Water Repellency in Pacific Northwest Post-Fire
Ecosystems
2.1 Abstract

The Pacific Northwest (PNW) hosts a wide variety of ecosystem types with a range of
wildfire disturbance regimes. This diverse environment relies on soils as the foundation for
ecosystem health and resilience. As the acreage and intensity of fire increases in some areas due
to changes in climate and fuel buildup from historic fire suppression, there is increasing concern
regarding the effects of nutrient-rich topsoil loss due to post-fire erosion. Post-fire erosion risk is
greatly exacerbated by the influence of vaporized, hydrophobic compounds from burned organic
matter that condense on soil particles below the surface (typically through to 20 cm depths) and
can create subsurface soil water repellency (SWR). While SWR can occur naturally without fire
disturbance, wildfire has been linked to the formation, intensity, and even destruction of SWR in
forest soils. Because SWR has been shown to be a greatly variable and understudied process in the
PNW, this work aims to examine the distribution of SWR across four 2017 PNW fires (Milli,
Norse Peak, Lolo Peak, and Liberty) one year after each incident as well as the dependence of
SWR occurrence on soil and canopy burn severity. Results indicated that two of the four fires
contained soils with naturally occurring SWR in unburned control sites. Across all fires, SWR
occurrence generally increased in more severe fire conditions; however, no significant difference
was found between canopy burn severity crown data and unburned conditions nor high soil burn
severity and unburned conditions. Soil burn severity was only slightly correlated with SWR in the
Norse Peak wildfire while canopy burn severity was not found to correlate with SWR in any
wildfire. The lack of consistency in results between fire burn severity measurements highlights the
need for additional environmental variables in conjunction with intensive mapping of baseline

SWR conditions across forest lands.
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2.2 Introduction

The PNW region of the United States is characterized by some of the most diverse and
productive ecosystems across the globe encompassed within a relatively small geographic area
(Odion and Sarr, 2007). Ecoregions here span old-growth forests and dry grasslands to alpine
tundra and shrub-steppe where the historical frequent-fire regime has dictated many aspects of
regional biodiversity (Agee, 1996). Varied forest structures and dynamic fire regimes make the
PNW an ideal place to examine relationships between fire, soil, and water to support management
strategies. Soil water repellency (SWR) induced by fire has long been described in PNW soils
(Boyer and Dell, 1980; Campbell and Morris, 1988), but while the occurrence of SWR is
documented, baseline patterns and variance of SWR across different degrees of burn severity in
the PNW have not been thoroughly researched.

The study presented in this chapter, conducted as an opportunistic protocol supplement for
a larger study investigating vegetative responses to fire, examined a subset of PNW fires burned
in the 2017 wildfire season: Norse Peak/American Fire, Milli Fire, Liberty Fire, and the Lolo Peak
Fire one year following the burn event (Table 1). Each of these wildfires burned in unique forest
systems of the PNW. With little data available in this region for widescale SWR conditions,
understanding relationships between burn severity, SWR, and post-fire erosion is crucial for
managers to address soil-water relations in their forests and the impact of wildfire. There are three
questions investigated with this study; 1) What is the baseline level of SWR in each of these forests
before wildfire disturbance?; i1) Does the occurrence of SWR in soils across a landscape depend
on the burn severity of both canopy and soil?; and ii1) Which measure of burn severity (canopy or
soil) best reflects the SWR conditions found post-fire and can these variables be used

interchangeably?
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2.3 Methods
2.3.1 Site Descriptions
Liberty Fire, Montana

The Liberty Fire in the Flathead National Forest was the result of a lightning strike and
burned 11,661 hectares in July 2017. The primary forest types in this area consist of mixed Spruce-
fir, Douglas-fir (Pseudosuga menzeisii), lodgepole pine, Engelmann Spruce (Picea engelmannii),
western larch (Larix occidentalis) and whitebark pine (Pinus albicaulis) (O’Brien, 1999). Average
fire return intervals in the Flathead National Forest area range from under 21 years in Ponderosa
Pine ecosystems to over 30 years in Douglas-fir dominated forest areas (Barrett, 1998) with
variable return intervals across the valley. Interspersed Alfisols, Inceptisols, and Andisols are
found in this region with alpine till and volcanic ash as the parent material (Soil Survey Staff,
2021).
Lolo Peak Fire, Montana

The Lolo Peak Fire was also the result of a lightning strike in an area of 40-50% pre-fire
overstory mortality, burning through 21,951 hectares of the Lolo Peak National Forest and the
Selway-Bitterroot Wilderness along with state and private lands in July 2017 (USFS, 2017; Mutch,
2018). Regional vegetation is primarily composed of mixed conifer forests including lodgepole
pine (Pinus contorta), western larch (Larix occidentalis), Douglas-fir (Pseudotsuga menziesii),
subalpine fir (4bies lasiocarpa) and ponderosa pine (Pinus ponderosa). The fire regime for the
majority of the burn perimeter is classified as mixed severity with an average of 25-100 years
between wildfire disturbances (Landfire, 2016). Soils are primarily Inceptisols (limited
horizonation and slow development) within this burn perimeter derived from granite, gneiss, and

mica schist parent materials (Soil Survey Staff, 2021).
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Milli Fire, Oregon

The Milli Fire burned over 9,744 hectares in August 2017 the Deschutes National Forest
just outside of Sisters, Oregon. Dominated by ponderosa pine (Pinus ponderosa) in much of the
burned area, a fire return interval from 3-42 years in this vegetation class characterizes many
aspects of the landscape (Arabas et al., 2006). Mixed conifer vegetation structures in the greater
Deschutes area experience fire return intervals ranging from 9-80 years (Eckert, 2005). Although
soil survey data is not available for the plot locations within the fire perimeter, soils just outside
the border in similar ecosystems (vegetation, slope, aspect) consist of Andisols and Mollisols with

volcanic ash, glacial till, and basalt parent materials (Soil Survey Staff, 2021).

Norse Peak Fire, Washington

The Norse Peak Fire and American Fire (hereby referred to as the Norse Peak Fire) ignited
from a series of lightning strikes on steep topography and was fueled by organic matter buildup in
this conifer-dominated system ultimately consuming 24,112 hectares (USFS, 2017). This fire was
unique as it spanned both the east and west sides of the Cascade Mountains, burning in areas of
the Mt. Baker-Snoqualmie National Forest, Okanogan-Wenatchee National Forest, Norse Peak
Wilderness, and William O. Douglas National Forest. The historic fire return interval is an average
434 years in the western cascades (Hemstrom and Franklin, 1982) and can range from under a
decade to over 300 years on the eastern side of the cascades (Agee, 1994). The forest structure of
this region results in a climax species of western hemlock (7suga heterophylla) below 900 m
elevation and Pacific silver fir (4bies amabilis) as the dominant climax species above 900 m to the

tree line (Hemstrom and Franklin, 1982). A mosaic of Spodosols and Inceptisols are found within
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this burn perimeter developed from volcanic ash, basalt, and glacial till parent materials (Soil

Survey Staff, 2021).

2.3.2 Field Methods

Fires were sampled one year following the burn incidents. Each of these wildfires exhibited
a mosaic pattern of burn intensities reported with BARC map products produced immediately post-
fire. These maps were used to locate potential areas of varying burn severity within the fire for the
establishment of 30-m diameter plots. Once on site, the Composite Burn Index (Key and Benson,
2006) was used to categorize canopy burn severity categories (crown, severe surface, light surface,
and unburned control; Table 2) and select plot locations with consistent canopy burn severity over
the plot area (Table 3). All plots were located >400 m from the road and other plots to avoid
pseudo-replication and effects from the forest road system (Harvey et al., 2013).

In each plot, soil burn severity was categorized (high, moderate, low, unburned) at eight
locations (4, 8, 22, and 26m along E-W and N-S transects) using methodology in the Field Guide
for Mapping Post-Fire Soil Burn Severity (Parson et al., 2010; Table 2) which includes the
assessment of surface soil color, mineral soil burn severity, mineral soil color, depth of ash layer
(mm), condition of soil structure, condition of roots. The vertical distribution of SWR within the
top 10 cm was measured at four locations per plot (8 and 22m along the N-S and E-W transects;
Appendix: Figure A1) with the Water Drop Penetration Time (WDPT) method (Woudt, 1959). In
this method, the infiltration time of a water droplet is observed and those that remain intact on the
surface for more than five seconds are recorded as hydrophobic (Figure 1A, Bisdom et al., 1993).

SWR presence and absence was tested at 1-cm increments down the 10 cm column.
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2.3.3 Statistical Methods

Data entry, clean-up, and organization were carried out in Excel with all analysis completed
using R Studio (RStudio Team, 2020). Burn classes were given an ordinal identifier for statistical
analysis where the most intense classes of canopy and soil burn severity (crown and high
respectively) were recorded as 3, mid-level severities (severe surface and moderate) a 2, lowest
severity (light surface and low) a 1, and unburned as 0. A correlation between the numeric
identifier of canopy/soil burn severity class with counts of SWR presence (value of 1) and absence
(0) at each fire was used to assess the strength of their impact on soil-water relations. An
assessment of the differences of SWR levels across burn severity categories required a Fisher test
to compare the counts of presence and absence for subsites at each fire. The percent values of SWR
presence was compared graphically across burn classes and the unburned controls for all fires to
investigate the role of burn severity and fire behavior on proportions of SWR. Finally, the
distribution of soil burn severity found within each canopy burn severity class were averaged
across all four fires and distributions compared by pairwise correlations. The corrplot package
(Wei et al., 2017) was used to produce a graphical representation of the correlation between soil
and canopy burn classes. To differentiate between the composition of soil burn variation within a
single canopy burn severity class, each unique pair of canopy classes were compared with a Fisher

test across count values of subsites from all fires.

2.4 Results
2.4.1 Baseline SWR levels
An equivalent baseline standard of SWR in undisturbed soils was not seen across all four

PNW wildfires. Two general conditions were found, those with SWR in unburned soils in
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Oregon and Washington, Milli and Norse Peak, as well as two fires without in Montana, Liberty
and Lolo (Figure 2; Table 4). These groups would be maintained if compared by shortest
distance between fires; similar conditions linked by close range and ties of ecosystem
characteristics add to their association. Milli and Norse Peak both exhibited naturally high
background levels of SWR in undisturbed soils with 69% and 92% presence respectively while
no evidence of pre-fire SWR was found at the Lolo nor Liberty fires (Table 4). Soils throughout
the study points of these fires do not exhibit the same responses of baseline SWR pre-fire.
2.4.2 Relationships between SWR occurrence and burn severity

Burned subsites were found to differ in SWR presence by >5% from the unburned control
levels for the majority of the canopy and soil burn severity classes. In the case of all four fires,
the highest severity classes of both canopy and soil (crown and high, respectively) were
characterized by larger percentages of SWR than unburned subsites (Table 4); though the Fisher
tests revealed no significant differences (Table 5). In the Milli and Norse Peak fires, where
natural SWR was present in pre-fire soils, SWR generally increased with increasing burn
severity, though SWR occurrence generally exceeded unburned levels only at the highest soil
burn severity while the less severe soil burn severity resulted in a decline in SWR (Figure 2E-H).
However, only the relationship between soil burn severity and SWR at Norse Peak produced
even moderately significant results (p=0.09; Table 4). SWR was not significantly correlated to
canopy burn severity at any of the wildfires (Table 4) . No statistical differences were detected
between SWR levels of canopy burn severity classes in the Milli, Norse Peak, or Liberty fires
(Table 5).

SWR was created by the fire event in the naturally hydrophilic soils from Lolo and

Liberty fires (Figure 2A-D). Within the highest and lowest canopy burn severities, SWR
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occurred in 8-25% of subsites following fire with no change in severe surface plots or in
moderately burned soils in the Lolo Fire (Figure 2A and C). From the Lolo Fire, SWR levels in
subsites underneath crown fire conditions were significantly different than unburned plots but
not from severe surface and light surface (Table 5). The Liberty fire saw the largest significant
increase in SWR from unburned levels (33%) at the moderate soil burn severity but had no
evidence of SWR in severe surface plots. Liberty was missing low soil severity data (Figure 2B
and D, Table 5). The significant rise in SWR under a crown fire from severe surface and light
surface at Lolo and with moderate soil burn severity at Liberty supports a general pattern of
increasing SWR as burn severity increases.
4.2.3 Relationships between soil and canopy burn severity

When comparing the overall distribution of soil burn severity levels within each canopy
burn severity across all plots and all fires, there was a significant difference among the fraction
of plots of a given soil burn severity within each canopy burn severity (p<0.01). As expected,
soil burn intensity decreases as canopy burn severity decreases (Figure 3A). Positive correlations
are found between the most intense canopy, crown, and most intense soil, high, burn severity
while a strong negative correlation was found between the most and least intense of each
variable (Figure 3B; Table 6). Although the relationship between canopy and soil burn severity is
not 1:1 (i.e., patterns in soil burn severity occurs on a finer scale than canopy), the distribution of

soil burn across a landscape seems to be fairly well associated with canopy burn severity.

2.4 Discussion
Although previous laboratory studies have shown that SWR layers are commonly destroyed in

high severity fires as long burn durations and high temperatures vaporize and remove volatile
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compounds that often cause hydrophobic layer formation (e.g., DeBano and Krammes, 1966;
Doerr et al., 2004; Wieting et al., 2017; King, 1981), our results show high levels of SWR under
even the most intensely burned conditions. High severity crown fires may not cause substantial
heating at the soil surface because they sweep so rapidly over the landscape that the majority of
the heat is concentrated in the canopy rather than being generated and left to smolder at the soil
surface (Neary et al., 2005). Large proportions of high soil burn severity were found in crown
severity stands sampled, opposing this trend of limited soil burn severity underneath crown fire
behavior. SWR in these locations seems to be driven both by temperature changes during fire and
other ecosystem factors. In the case of Milli and Norse Peak, two fires with naturally occurring
SWR, moderate and low soil burn severity classes may have lower levels of SWR than unburned
if the conditions allowed for the loss of vaporized hydrophobic compounds from the soil system
rather than layer formation. These two fires may illustrate a common fire management goal which
indicates that an effective way to decrease or remove SWR is through frequent prescribed burning
with low and moderate soil burn intensities (e.g., Doerr et al., 2006; Fernandes, 2015; Tolhurst and
McCarthy, 2016).

However, this guidance may only be appropriate for sites with naturally occurring SWR. In
the Lolo and Liberty fires, which had no pre-fire SWR, fire generally created hydrophobicity
regardless of the burn severity. This was less evident in the moderately burned plots of these two
wildfires potentially because the critical heating threshold for SWR destruction was met under this
burn condition (Simkovic et al., 2008) or due to sample size issues. Although the threat of SWR-
driven erosion may be lessened at moderately burned sites without natural SWR, the structure of

these soils is likely still impacted by fire and thus are still vulnerable (Mataix-Solera et al., 2002).
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The apparent lack of significant differences found between burned classes and unburned SWR
conditions may be a result of two potential factors: 1) the extent of SWR variation made
comparisons across burn conditions difficult at this scale, and 2) unburned control sample sizes
were limited in this study, especially in the Lolo and Liberty fires. These results act as a call for
further study of PNW characteristics at a variety of scales to isolate SWR responses to wildfire
and examine other environmental factors which could contribute soil-water relations (Doerr et al.,
2000).

Currently, SWR levels over large wildfire scars following containment are translated to
mangers through stand and landscape scale metrics of canopy and soil burn severity. Although
these metrics are not completely interchangeable, results from this study have illustrated that there
1s a strong relationship between soil and canopy burn severity with local fire behavior driving these
patterns as a result of heterogeneous fuel availability which impacts fire activity and burn severity
differently at soil and canopy scales (Kane et al., 2015). This logical relationship of increasing
proportions of higher soil burn severity with more intense canopy burn may be useful for general
patterns but will not give a clear distinction as to the persistence of SWR in a system from the
limited significant differences between burn severity categories of both the canopy and soil.
Ultimately, the reports provided by BAER teams translate pivotal information of ecosystem
vulnerability and SWR conditions essential to post-fire management. In addition to post-fire
reports, a baseline understanding of SWR conditions must be obtained in areas at risk of wildfire.
PNW managers should be amply informed that in forest areas with pre-disturbance SWR an
increasing pattern of presence with increasing soil and canopy burn severity following a wildfire
event can be expected; likewise, managers of forests without hydrophobic soils should anticipate

an increase in SWR across all soil burn classes. Management objectives as a result of this research
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should aim to gain knowledge of forest conditions under their jurisdiction in addition to allowing
frequent, controlled burns to decrease levels of SWR over time. Isolating SWR responses is critical
as populations inhabiting the wildland urban interface grow and decreasing fire intensity,
especially in forests with pre-fire SWR, must be an essential objective in wildfire management

strategies to mitigate high-risk erosion.

2.5 Conclusion

The land area and number of homes comprising the wildland urban interface in the
United States has expanded expeditiously and is currently the fastest-growing land use type in
the contiguous United States (Radeloff et al., 2018). These communities are exposed to greater
levels of post-fire erosion and landslide risk due, in part, to the exacerbation of SWR associated
with wildfire (Chas-Amil et al., 2013; Radeloff et al., 2018). While the general trend of
increasing SWR with increasing burn severity is evident, additional publicly available variables
must be explored to identify ecosystem factors that could contribute to this process. Vegetation
classification, soil qualities, and seasonal climate must be examined in continued research efforts
to account for the many environmental and climatic facets of SWR patterns. Data should be
drawn from publicly-available sources to ensure the widescale applicability of this project’s
findings: USGS Landfire, U.S. Landsat Analysis Ready Data (Landsat-8 images courtesy of the
U.S Geological Survey), Soil Web (UC Davis), and PRISM (Prism Climate Group). Fine-scale
variation observed within individual plots may not be captured through the pixel grain from these
sources; however, the data products available still offer applicable information to SWR patterns.
The ambiguity found in this study may reflect that the methods of sampling were carried out at

too large of a scale to isolate the various local SWR conditions. Assessment of SWR patterns
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must begin at an initial small range that can then be scaled up for the landscape needs of
managers. To fill the research gap still remaining following this project, patterns and baseline
SWR conditions of forest land throughout the PNW must be documented. Conditions found from
these four fires provide useful insight to the state of forest soils post-fire and offer an initial step

in describing this process throughout the region.
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Table 1: Fire information. Data courtesy of Monitoring Trends in Burn Severity (EcoWest,

2021).
Fire National Forest(s) (State)  Size Ignition Date Control Date
(Hectares)
Liberty Flathead (MT) 11,661 7/22/2017 09/18/2017
Lolo Peak  Lolo 21,951 7/17/2017 09/17/2017
Bitterroot
Nez Pierce-Clearwater (MT)
Milli Deschutes (OR) 9,744 8/11/2017 09/24/2017
Norse Peak Mt. Baker-Snoqualmie 24,112 8/12/2017 11/1/2017

Okanogan-Wenatchee (WA)
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Table 2: Evaluation criteria for assessing canopy (CBS) and soil (SBS) burn severity following a
wildfire disturbance (modified from Hudak et al., 2004; Key and Benson, 2006).

CBS Trees Needles

Crown Dead, blackened to top, fine branches Dead, completely consumed
consumed
Dead, trunk partially blackened Dead, orange
Live, some scorching of tree bowl Live, some browning on lower

branches

Unburned Live Live, green

SBS Soil Characteristics

High All organic matter consumed, soil aggregation and structure destroyed,
Charred or consumed fine roots in surface soil, surface color orange/
black/gray
Most of the organic matter consumed, fine roots scorched in surface soil, soil
structure minimally degraded, black/brown/gray surface color
Organic matter is not completely consumed, no change to structure, surface
color black/brown

Unburned No appearance of recent fire disturbance




Table 3. Total plot and subsite counts (n~8 per plot) from each fire broken down by plot level
canopy burn severity class and subsite soil burn severity.

Milli Norse Peak
Plot High | Moderate | Low | Unburned | Plot High | Moderate | Low | Unburned
Count Count
Crown 7 56 0 0 0 6 29 11 1 0
Severe 12 7
Surface 75 20 1 0 9 24 23 0
Light 12 6
Surface 10 54 31 0 1 32 14 0
Unburned | 9 0 0 0 72 3 0 0 0 24
Lolo Liberty
Plot High | Moderate | Low | Unburned | Plot High | Moderate | Low | Unburned
Count Count
Crown 2 12 4 0 0 3 18 6 ND |0
Severe 4 2 ND
Surface 18 8 0 1 8 6 0
Light 3 1 ND
Surface 0 5 18 1 3 5 0
Unburned | 1 0 0 0 8 3 0 0 ND |23
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Table 4: Correlation results and percent change from unburned for each fire and class of canopy
and soil burn severity. The correlation value ranges between -1 and 1 where 0 is no distinguishable
difference. Marginally significant p-values (<0.1) are indicated with an *.

Milli Norse Peak Lolo Liberty

n 160 90 38 34

UB SWR (%) 69.4 91.7 0.0 0.0

CBS correlation (p) -0.6 (0.61) | -0.1(0.94) 0.0 (1.00) -0.7 (0.55)
Crown — UB (%) 2.0 0.6 25.0 25.0
Severe Surface — UB (%) 5.6 -8.9 0.0 0.0

Light Surface — UB (%) -2.8 -0.4 8.3 25.0

SBS correlation (p) -0.9 (0.30) | -1.0 (-0.09*) -0.5(0.67) | -0.4(0.76)
High 7.8 4.2 20.0 12.5
Moderate -5.3 -4.8 0.0 333

Low -6.3 -10.4 10.0 ND
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Table 5: Pairwise Fisher test results comparing the SWR levels of burn severity categories.
Marginally significant p-values (<0.1) are indicated with an * while significant p-values (<0.05) a

kK

Canopy Burn Severity Milli | Norse Peak | Lolo Liberty
Crown/ Severe Surface 0.79 10.43 0.04*** | 0.52
Crown/Light Surface 0.80 | 1.00 0.04* 0.51
Crown/Unburned 1.00 | 1.00 0.49 0.22
Severe Surface/Light Surface | 0.50 | 0.22 0.46 0.40
Severe Surface/Unburned 0.80 | 0.65 1.00 1.00
Light Surface/ Unburned 0.81 |1.00 1.00 0.25
Soil Burn Severity

High/ Moderate 0.18 | 0.64 0.53 0.29
High/Low 0.24 | 0.02** 0.63 ND
High/Unburned 0.63 | 1.00 0.54 0.49
Moderate/Low 1.00 | 0.42 1.00 ND
Moderate/Unburned 0.62 | 1.00 1.00 0.10*
Low/ Unburned 0.55 |0.55 1.00 ND
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Table 6: Correlations in proportions of degrees of soil burn severity (high, moderate, and low)
present as canopy burn severity (CBS) increases in the Milli, Norse Peak, Lolo, and Liberty fires.
Correlation values ranges between -1 and 1 where 0 is no distinguishable difference. P-values
followed with * are marginally significant (<0.1) while those with ** are significant (<0.05).

SBS Milli Norse Peak | Lolo Liberty
Corr | p Corr | p Corr |p Corr | p
High 0.69 [ 0.52 {097 |0.15 |0.66 0551 0.01%**

Moderate | -0.99 | 0.10* | -0.99 | 0.08* | -0.24 | 0.24 | -1 0.02%**
Low -0.88 10.32 |-0.51]0.70 |-0.87|033 | ND | ND
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3 Chapter 2: Investigation of the Connections Between Soil, Fire, and Water in the
Deschutes National Forest

3.1 Abstract

Increasing annual land area affected by wildfires is attributed to current climate change
conditions in conjunction with years of fuel build up from fire suppression efforts. Following
containment of these growing fires, local managers and Burn Area Emergency Response teams
are especially concerned with the increased risk of topsoil erosion as a result of weakened soil
structures and impeded water infiltration. Soil water repellency (SWR), a subsurface layer of
substrate coated with hydrophobic compounds from organic material, prevents water infiltration
and greatly increases surface soil erosion risk. SWR can occur naturally in a soil and may also be
formed by or increase in spatial density after wildfire. This study examines four 44x20 m plots in
the Deschutes National Forest across varying degrees of burn severity to 1) examine the
relationship between SWR and management relevant burn severity classes, 2) quantify an
appropriate spatial scale over which to evaluate SWR properties, and 3) determine which
environmental factors drive patterns in SWR. We found that both canopy and soil burn severity
metrics did significantly explain some variation in SWR following fire; however, there were few
patterns in SWR within burned soils aside from an increase in the heterogeneity of hydrophobic
conditions after fire. SWR significantly dissipated with depth while the range of spatial
dependence of SWR only extended to, on average, ~5 m. Due to fine-scale variation, soils
measured at just a few point locations within a post-fire ecosystem may misrepresent the true
levels of SWR, or even fail to record any SWR presence. Future work should focus on
determining a post-fire protocol with adequate density and scale of sampling over which to
evaluate SWR while also incorporating the influence of environmental factors (e.g., soil texture,

conductance, organic matter, soil moisture, and pH) to inform management decisions.
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3.2 Introduction

SWR is a soil condition that limits the ability for water to infiltrate, most notably
following wildfire, as a result of a coating of organic material on subsurface particles. In addition
to the creation of SWR immediately following wildfire, approximately 92% of soils from
temperate ecosystems in the US display some degree of hydrophobicity (Seaton et al., 2019).
Even this value, which was derived from 1300 diverse sites, does not address the drastic
variation observed at fine scales with naturally occurring, pre-fire SWR. For example, Bodi et al.
(2013) found comparable degrees of SWR spatial heterogeneity at both the 1 ha and 10x10 cm
scales in forests of eastern Spain. The persistence, intensity, and spatial variation of hydrophobic
conditions in soil is an extremely variable process (Bodi et al., 2013). Specifically, the spatial
variation of SWR has been shown to be impacted by climate, soil characteristics, and geologic
conditions (Lemmnitz et al., 2008). During and immediately following a fire, Burn Area
Emergency Response (BAER) teams, made up of resource specialists and professionals often
working in collaboration with other stakeholders from federal agencies to local governments,
assess the landscape and prescribe treatments which promote human safety and minimize
impacts on cultural and natural resources. While previous studies have acknowledged this high
level of spatial heterogeneity (e.g. Woods et al., 2007), the amount of time and resources
available for BAER teams does not allow for extensive sampling across scales within a burn
perimeter. With 404,6856 hectares burned in the 2020 fire season in Oregon state alone (Urness,
2020), understanding the influence of wildfire on soil-water relations in these forests is essential
for managers as more arid conditions of limited moisture availability encroach deeper into the

western US (Higuera and Abatzoglou, 2021).
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Areas with high naturally-occurring SWR, like the Deschutes National Forest in Oregon
State, must have coordinated management efforts to work through the impacts of an intensifying
fire regime on erosion risk. The Deschutes National Forest can experience fire return intervals
from under 10 years up to 80 years, fairly typical of the mixed conifer, ponderosa pine ecosystem
found there (Arabas et al., 2006; Eckert, 2005). A shift in vegetation structure has yielded a
higher density of younger grand fir (4bies grandis) and lodgepole pine (Pinus contorta)
individuals while the area of true ponderosa pine forest decreases. This makes the landscape
more vulnerable to stand replacing fire (Perry et al., 2004). Changes observed in plant
community composition and ultimately the relationship between ecosystems and fire must be
examined holistically, from the trees to the soil. However, a fundamental question remains
unanswered: How can a BAER team anticipate the SWR conditions in an area with naturally-
occurring SWR following a wildfire? This study seeks to answer this question in the Deschutes
National Forest by addressing three main objectives: 1) examine the relationship between SWR
and burn severity classes; i1) quantify an appropriate spatial scale over which to evaluate

properties of SWR; and iii) determine which environmental factors drive patterns in SWR.

3.3 Methods
3.3.1 Site description

On August 16, 2020, the Green Ridge Fire was ignited by lighting 19 km north of Sisters,
Oregon. The burn perimeter encompasses 1,756 hectares of both private and federally managed
lands in the Deschutes National Forest (InciWeb, 2020). Although not the largest nor most
severe fire in the 2020 PNW wildfire season, the Green Ridge Fire was selected for sampling due

to the variety of aboveground fire behaviors (i.e., severity) noted by the Incident Commander
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during containment operations in addition to the high levels of naturally-occurring SWR
identified within unburned soils of the Deschutes National Forest from seed data collected during
the pilot study in the nearby Milli Fire (Ch 1: Table 1, Table 4).
3.3.2 Field Methods

Plots were selected based on the following sampling requirements: 1) consistency of a
single canopy burn severity class over the entire plot area; 2) similar aspect and slope among all
plots; and 3) location in a forested ecosystem. A total of four 44 x 20 m rectangular plots, one in
each canopy burn severity class (crown, severe surface, light surface, or unburned; see Ch 1,
Table 2 for severity classification descriptions), were established and oriented to traverse the
slope with a longer plot edge situated as the downhill perimeter. Sample points were dispersed in
a spatially explicit, cyclic sampling grid (N=81 points per plot, Figure 4). Plots consisted of nine
rows spaced 2-m apart each of which contained three 14-m cycles of sampling locations spaced
2, 4, and 6 m apart within each cycle (e.g., samples at distance 0, 2, 6, and 14 m in cycle 1).
Cycles were reversed and offset by 6 m in the center three rows to avoid potential anisotropy
(Burrows et al., 2002). The outermost two meters of each plot acted as a buffer to further reduce
soil disturbance of sampling points during plot setup. A constant compass bearing was used to
pull parallel lines from a tape measure of each column of sampling points perpendicular to the
downhill boundary to avoid additional soil disturbance from tracking. Pin flags were placed at
each designated sampling location to ensure limited disturbance before sampling.

Surface soil burn severity was classified at all 81 points using the Field Guide for
Mapping Post-Fire Soil Burn Severity (Parsons et al., 2010; Ch 1 Table 1); measurements of
surface soil color, mineral soil color, depth of ash layer, effect on soil structure, and condition of

roots were assessed and recorded to interpret the overall soil burn severity of each point
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following the Forest Service standards. A 3-cm diameter core was taken with a soil auger to 20
cm and tested with the water drop penetration time test for SWR at each centimeter down the
horizon (Letey, 1969). In addition to SWR presence/absence, the SWR intensity (infiltration
time) was classified as not hydrophobic (infiltrated in <5 seconds), slight (5-15 sec), moderate
(16-30 sec), and extreme (>30 sec). At a subset of plot points (rows at 2 and 8 m, n=18, Figure
4), soils were tested for small-scale horizontal variations in SWR by placing approximately 14
evenly-spaced drops of deionized water sequentially within an 8.5 cm diameter ring placed on a
flat, uniform soil surface at the mineral soil surface, 5 cm, 10 cm, and 15 cm depths. The number
of drops that infiltrated at each SWR intensity was recorded. Soil volumetric water content,
electrical conductivity, and temperature were quantified at 0-5, 5-10, and 10-15 cm depths (TDR
150 Soil Moisture Meter-MSFS-TDR150 Field Scout, Spectrum Technologies Inc., Aurora, IL).
Following these measurements, a 0-15 cm soil sample was collected for textural (hydrometer),
pH (1:1 soil:water, glass electrode), and organic matter (loss on ignition, ~20 g soil at 550° C for
4 hours) analysis. In addition to below ground sampling, overstory vegetation species
identification, diameter at breast height (DBH), location, and status (live or dead) were recorded
for all trees contained within the plot.
3.3.3 Statistical Methods

All analyses were performed in R Studio (RStudio Team, 2020). Infiltration times used to
reflect the intensity of SWR were converted from categorical into average time equivalents; 0
seconds where no hydrophobicity was found, 10 seconds in slight SWR, 23 seconds in moderate,
and 34.5 seconds for extreme (mean seconds interval increase of 10 and 13 from groups 0-1 and
1-2 are averaged to 11.5, 23+11.5=34.5 seconds for group 3). A Permutational multivariate

analysis of variance (PERMANOVA) analysis (vegan: Community Ecology Package; Oksanen
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et al., 2020) was used to address our first objective, examining the relationship between SWR
and burn severity classes of canopy and soil. A distance matrix of all depth infiltration times
across all sampling points at each plot was created using the Euclidean distance metric as the
response in a PERMANOVA. A type I sequential sum of squares was applied to the distribution
of variance explained by the explanatory variables to allow the plot scale of canopy burn severity
to account for the noise surrounding the soil burn variable. The Euclidean distance metric was
chosen because SWR grouping classes are based on a continuous factor of seconds. The
explanatory variables of canopy burn severity, soil burn severity, and their interaction were run
against the distance matrix. To visualize the SWR distribution across plots and soil burns, a test
of homogeneity of dispersions (PERMDISP) was used to compare these grouping variables to
variation observed in their SWR responses. The PERMDISP visual output represents each group
(classes of canopy and soil burn severity) with a centroid and outlining polygon to show if
grouping variables differ in average response (centroid) and range of recorded responses
(polygon). Additionally, an analysis of similarity (ANOSIM) was then applied to further
understand if conditions are independent across grouping variables in this ecological system.

In order to explore the spatial scale on which SWR should be evaluated (Objective 2), a
principal components analysis (PCA) was used to compare the influence of depth on SWR
response across all sampling points (stats; R Core Team, 2020). Principal components were
directly input to a PERMANOVA with a type | sequential sum of squares for further
investigation of the role depth plays in SWR. SWR responses from an aerial perspective across
each plot were analyzed for each depth separately through a Moran’s I correlation coefficient
(sp; Bivand and Pebesma, 2013) to detect any evidence of spatial autocorrelation. The two

matrices input to the correlation (the distance matrix of physical subpoint locations within the
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plot in meters and SWR responses at all depths for each plot) are compared with a series of
random permutations. Resulting correlations of the two matrices are reported as observed and
expected between -1 and 1, with those values depicting the bounds of perfectly opposite and
synonymous results respectively and 0 showing no relationship. A significant p-value with
differing observed and expected results supports that the presence of some degree of
autocorrelation is present. Each plot depth was additionally assessed with semivariogram
analysis (gstat; Gréler et al., 2016) to detect a physical range of SWR response dependence. To
further understand how responses measured at the stand level compare to fine scale SWR
patterns, a Mantel Test (ape; Paradis and Schliep, 2019) was used to correlate the average
responses found in each horizontal plane at 0, 5,10, and 15 cm depths of the 18 additional
sampling points with the corresponding single vertical soil core measurement. The Mantel
statistic ranges between 1 and -1 where 0 represents no correlation.

A final PCA was used to investigate the environmental explanatory factors (Objective 3)
of organic matter content, pH, field moisture, conductance, percent sand, percent silt, and percent
clay. A square root transform was applied to field moisture, conductance, and percent silt
variables to best fit within the qualities of a normal distribution. Principal components explaining
the majority of the reported variation were used in a PERMANOVA to observe the significance
of the environmental parameter weights on SWR with a Type I sequential sum of squares.
Canopy burn severity was listed as the first explanatory factor before the principal components in
this PERMANOVA to account for the noise in variation between plots. This was done to isolate

the sampled environmental factors over the inherent variation of SWR at the whole plot level.
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3.4 Results
3.4.1. Burn severity and Soil Water Repellency
SWR within the Green Ridge Fire perimeter was found to vary widely across depths and plots.
Canopy burn severity significantly accounted for 12.4% of the variation in SWR down the soil
horizon (p=0.003) while soil burn severity accounted for 6.8% with marginal significance in a
PERMANOVA (p=0.046). The interaction effect of canopy:soil accounted for 9.3% of the
variation (p=0.014). The PERMDISP of canopy burn severity groups did not reveal differences
between overall SWR responses from the four classes (p=0.16) while soil burn was found to be a
significant variable for grouping of SWR responses (p= 0.001; Figure 5). The centroids of
classes, both in canopy and soil groups, appear to be very similar in the plotted SWR results.
Unburned soil responses have a more confined distribution of SWR characteristics when
compared to the more spread dispersion of burned soil classes. The ANOSIM analysis highlights
the lack of distinction between groups both for canopy and soil classes by showing that the
responses are well mixed across all groups rather than unique patters of soil-water relationships
within each (canopy grouping: R=0.012 p=0.026; soil grouping: R=0.021 p=0.051; Figure 5).
3.4.2. Spatial distribution of SWR

Results from PCA analysis of SWR response to depth reflect the visual trends of the data
that deeper samples were more negatively associated with intensely water repellent soils (Figure
8). PCA weightings from the second principal component switched to negative at the 14 cm
depth (Table 7); SWR occurs less frequently as depth increases. The first four principal
components were run through a PERMANOVA, all of which explained statistically significant
percentages of overall data variation (Table 7). Probability of SWR for all intensity classes

dissipates down the horizon and concordantly the abundance of hydrophilic soils increases with
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depth (Figure 7). The unique shape of the moderately hydrophobic category of the unburned plot
is attributed to the relatively small sample size of that SWR severity in the plot.

SWR responses did not form in consistent, clear sections of the horizon in all plots with
spatial autocorrelation based with the Moran’s I in any plot (Table 8). Locations with potential
spatial dependence were spaced throughout the soil columns and thus the overall effects of fire
were inconsistent along the profile (Figure 6). The severe surface plot does have a section of the
soil horizon from 4-11 cm with significant and marginally significant Moran’s I p-values (Table
8). Semivariogram analysis used to find ranges of spatial dependence produced variable results at
all plots. When ranges could be identified, distances varied between 1.06-48.42 m with an
average of 5.32 m (Table 8). Comparisons of vertical measurements and fine scale averages from
horizontal measurements of SWR at 0, 5, 10, and 15 cm of the additional sampling points across
plots were found to be moderately but significantly correlated (Mantel statistic r= 0.40, p=0.001).
3.4.3. Environmental controls on SWR
PCA of environmental factors from the additional sampling points returned two significant
principal components when run through a PERMANOVA (Table 9). Visual representation of the
weightings from the first and second principal component was created to show correspondence
of environmental variables to SWR conditions (Figure 10). More basic soils (higher pH) and
those with higher field moistures are least associated with extreme SWR conditions in the first
principal component. In contrast, soils with more organic content (LOI method), higher
conductance, and larger percentages of clay are found more commonly with SWR in the first
principal component. Higher levels of coarse textured sand in a soil is found less often with

SWR while higher percentages of silt are found more often with SWR.
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3.5 Discussion

While monitoring the creation and distribution of SWR layers within post-fire
environments is a priority for BAER teams, the confounding influence of natural hydrophobicity
on these patterns is not yet understood. This study is another step forward in filling the
knowledge gap of soil responses to wildfire when SWR 1is present prior to the disturbance, a
condition characteristic of most temperate ecosystems in the US (Seaton et al., 2019). Observing
the impacts of wildfire within soils prone to inherent SWR layer formation and its spatial
variation is necessary to the application of effective management strategies in a changing climate
and fire regime. Managers of the Deschutes National Forest and other forest land with similar
SWR and landscape characteristics would greatly benefit from understanding how this process
varies across burn severity classes, what spatial distributions and patterns can be relied on when
assessing a landscape, and finally what environmental factors drive hydrophobic conditions.

Soil burn severity and slope aspect are the two main factors used in the landscape scale
assessment of SWR induced erosion risk by BAER teams (Parson et al., 2010); yet burn severity
variables have been shown in this study to only marginally explain the heterogeneous nature of
the process. It was surprising that so little variation in SWR was explained by canopy and soil
burn severity in this system, 12.4% and 6.8% respectively, as wildfire severity has been shown to
be a largely significant indicator of post-fire SWR patterns (Lewis et al., 2006); the results could
reflect the complex of pre-fire SWR which is present in this environment. In other words, simply
relating canopy and soil burn severity to SWR in ecosystems with naturally hydrophobic soils
may not be reliable. Soil burn severity classes, which did exhibit statistically significant
differences in SWR, may more accurately reflect the fire temperature and smoldering duration

experienced at a specific point (as compared to canopy burn severity) that drives the formation
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and destruction of SWR layers (DeBano and Krammes 1966). As canopy burn severity in this
study may capture both the class of canopy burn and also the differences between stand
characteristics of the plots themselves (as reflected by the PERMANOVA analysis), results
support the incorporation of additional environmental factors (e.g., texture, pH, moisture, organic
matter) in predicting SWR. This also emphasizes the importance of increasing the accuracy of
soil burn severity assessment in conjunction with the collection of aboveground vegetation data
when predicting SWR. However, before additional environmental variables can be explored, it is
essential to first understand the scale of soil-water responses; although we were anticipating a
stronger dependence of SWR on soil burn severity, results highlight the impact of fine-scale
variation in SWR even within a given soil burn severity.

When examining this fine-scale spatial variability, it appears that the burned locations
were actually more heterogeneous than the unburned locations, making accurate predictions of
landscape-scale SWR even more challenging. When examining vertical changes in SWR,
hydrophobic conditions are much more common in surface soils, dwindling deeper (especially
below 14 cm) in the soil column. This is crucial for post-fire soil loss as hydrophobicity in
surface soils have been associated with increased erosion and overland flow events because it
takes less water to saturate the topsoil and saturated soils easily lose structural stability, allowing
them to shift and erode easily in a disturbed system (Shakesby et al., 2000). In areas like the
Green Ridge Fire which have both natural and fire-driven shallow SWR layers, the effect of fire
on aboveground mortality and loss of structure from organic matter content could further
increase the risk of soil degradation in already vulnerable soils over the impacts in changes to

SWR.
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SWR density dependence on depth is much more easily identified than horizontal
patterns across the landscape. Wildfire has been shown to homogenize the relationships between
soil and water in other systems (Ebel, 2012); our initial interpretation of homogenization in the
context of SWR was the redistribution of hydrophobic conditions in clearer sections of the soil
horizon over a large range. While little evidence of these patterns were found in the crown and
light surface plots, the horizontal plot patterns across the severe surface stand at each depth from
4-11 cm showed evidence of spatial dependence. This range of soil depths with spatially
dependent SWR responses over the whole plot area may be an example of SWR homogenization
from fire. Wildfire behavior in a severe surface fire may provide the appropriate scenario for this
assimilation of soil water relations compared to crown and light surface stands. With a mean
range for similar SWR conditions of approximately 5 m across all plots, the ability to scale up
conditions from the stand level to the entire fire perimeter remains a challenge. This variation
over a short distance is most dramatically observed between responses of our two sampling
methods 1) WDPT test on the vertical soil core and 2) WDPT of 14 points on a small horizontal
plane (8.5 cm diameter) at 0, 5, 10 and 15 cm. Locations identified as hydrophilic at 5,10 and 15
cm of the soil core were often found to have highly variable amounts of infiltration (up to 40% of
points) and intensities (up to 25% of points measuring extremely hydrophobic) of SWR in the
immediately adjacent horizontal plane (Figure 8). This presents the true challenge of assessing
and up-scaling SWR in these environments. A deeper look into the applicability and
improvement of BARC maps as a tool for SWR predictions is necessary for accurate information
of variability to be accessible to managers . From these results, the homogenization of SWR
observed in areas with naturally occurring soil water repellency may actually materialize as the

consistent degree of variability itself observed across all burned plots.
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BARC maps of large wildfire events have a resolution of 30x30m pixels; however, the
spatial heterogeneity found in this study does not appear to allow for the assumption of similar
SWR responses even pixel to pixel for soils with pre-existing SWR. To improve SWR
interpretation from BARC maps, BAER teams should consider including data from increase
ground truthing across scales of burned soils and include additional assessment of the variation
in unburned soils for SWR to be written into BAER reports. This will allow managers to further
understand the relationship between BARC maps and SWR conditions on the ground. The
current methods for assessing SWR on a landscape for these maps rely on dispersed, and
generally limited, measurements of the water drop penetration time with a soil auger or
infiltration rates with a mini-disk infiltrometer (Robichaud et al., 2008). Soil infiltration
assessment methods have been structured around a general assumption of increased SWR with
increased burn severity formed from prior evidence in the field (Varela et al., 2005). Through the
results from the Green Ridge Fire, we know that patterns of SWR cannot simply be inferred by
categories of burn severity (canopy or soil) due to the dissimilarity of soil-water relations over
short distances. This would support the expansion of BAER protocol to include both large-scale
interspersed measurements in addition to fine scale observations to gain a clearer understanding
of the variance within the mapped classes. Improved protocols will allow managers to identify
the extent of fine scale SWR variation within burn classes and perhaps alter the prescribed
treatments to reflect a more heterogeneous system. Areas of high burn severity are proportionally
more often selected for treatment efforts compared to moderate and low burn severity classes
(Robichaud, 2000). The degree and variation in SWR may be similar throughout the different
soil severity classes in forests with naturally-occurring hydrophobicity; management

prescriptions applied to reduce or prevent SWR related erosion may be biased toward highly
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burned soils while moderate and low soil burn severity classes may receive less preventative
action. Federal funds may be best applied for erosion management based on general loss of soil
structure from organic matter loss and other environmental factors.

Soil burn severity is the management applicable variable used by BAER teams to
translate hydrophobic soil patterns to local management (Parson et al., 2010). Still an essential
piece to the puzzle, soil burn severity is just a single factor in the tangled web of environmental
conditions driving SWR (Doerr et al., 2009). We found a number of environmental factors in the
Green Ridge Fire that significantly associate both positively and negatively with SWR in the
Deschutes National Forest. In this system, finer soil textures were associated with the presence of
SWR which, though it exists in stark contrast to the post-fire assessment protocols which connect
coarser soils to post-fire hydrophobicity, often occurs under soil conditions with volcanic
influences like in the Deschutes National Forest (Parson et al., 2010). Our study sites also had a
positive association between high levels of organic matter content and SWR. Higher levels of
organic material in a soil, which is the primary source of hydrophobic compounds, contributes to
the ability for the larger surface area of finer soil textures to become water repellent (Doerr et al.,
1996; de Jonge et al., 1999). Organic matter has even been suggested as a vital piece in an
updated calculation for critical water content, the amount of water needed to remove a SWR
layer, further supporting the importance of this variable in future research efforts (Tdumer et al.,
2005). In addition to these relationships, more basic soils and those with higher moisture
contents were negatively associated with SWR at our sampling locations. The responses from
these two variables were anticipated as they are synonymous with prior field observations
(Zheng et al., 2016; Jordan et al., 2013; Dekker et al., 2001). In some cases, soils with a higher

water content (0.08 g g!) did not exhibit SWR regardless of the temperature applied in a lab
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while dry soils from the same region did exhibit hydrophobicity (de Jonge et al., 1999). The
influence of water content adds to the list of physical soil qualities that impact SWR. These
results indicate that there may be significant spatial and temporal variability in SWR
development in area with naturally occurring SWR as relatively constant soil characteristics, like
texture, interact with fluctuating conditions (e.g., climate). Assessment of SWR with the
available mapping pixel size of soil burn severity can be improved through the production of
additional raster maps of other environmental conditions to compare with or overlay onto the
BARC, providing the additional context necessary for informed predictions. We hope that
remote sensing specialists and ecosystem modelers take this study as a call to action to create
fine-scale (raster) mapping products which incorporate diverse datasets for both pre- and post-

fire environments to best identify areas at risk for increased erosion from SWR impacts.

3.6 Conclusions

As the importance of soil health in post-fire research is increasingly highlighted, a more fine-
scale observation of SWR patterns across burn severity classes must be conducted to give insight
to below-ground fire effects. The dynamic interactions between soil and fire are closely tied with
viable succession and ecosystem recovery. Increased erosion risk will affect not only
reestablishing plant communities but also the communities living within the wildland urban
interface. It is essential to develop a framework of SWR prediction for wide-scale erosion
management to maximize safety in land use decisions and promote ecosystem resilience to fire.

The capacity of this dataset to effectively inform managers is limited due to the inherent
variation found in field conditions. While rising above the scope of this paper, the future of
research in this field will heavily rely on satellite-derived products to identify fine-scale variation

in soil properties and relevant ecosystem conditions which should include a field-based
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assessment of existing SWR conditions in PNW forests. An effective method in SWR prediction
in forests with natural SWR is still far from reach, yet the understanding of soils as an essential

natural resource is taking hold in forest management decisions and post-fire strategies.
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Figure 4. The 44x20 m plot encompassing a cyclic design of sampling points (N=81). A small subset of points
(n=18), identified with a dark border, were sampled for additional water repellency and general soil information.
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Figure 5. The dispersion of SWR responses when grouped by canopy burn severity class (A) and soil
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Tables

Table 7. Permanova outputs of the first four principal components comparing SWR
response and depth across all four plots are given above the specific weightings and
Principal component results from the principal components analysis). Principal
component significance of <0.05 is marked with **.

Permanova Results PC1 PC2 PC3 PC4
Sum of Squares 271029 89958 87178 42617
R? 0.38 0.13 0.12 0.060
F 301.99 100.23 97.14 47.49
p 0.001** | 0.001** | 0.001** 0.001**
PCA Results and Weightings

Standard Deviation 2.66 1.87 1.49 1.20
Proportion of Variance 0.35 0.17 0.11 0.072
Cumulative Proportion 0.35 0.53 0.64 0.71
lcm 0.12 0.13 0.37 0.13
2cm 0.13 0.22 0.37 0.27
3cm 0.16 0.21 0.34 0.24
4cm 0.20 0.22 0.27 -
5cm 0.24 0.234 0.13 -

6 cm 0.29 0.17 - -0.16
7 cm 0.28 0.19 - -0.20
8cm 0.28 0.16 -0.10 -0.27
9cm 0.29 0.12 -0.17 -0.25
10 cm 0.27 0.14 -0.25 -

11 cm 0.28 - -0.25 -
12cm 0.25 - -0.28 -

13 cm 0.25 - -0.21 0.17
14 cm 0.23 -0.19 -0.17 0.37
15cm 0.21 -0.23 -0.14 0.39
16 cm 0.19 -0.23 - 0.34
17 cm 0.19 -0.35 0.18 -

18 cm 0.18 -0.35 0.22 -0.18
19 cm 0.16 -0.38 0.24 -0.27
20 cm 0.16 -0.36 0.21 -0.29
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Table 8. Outputs from Moran’s I analysis of observed vs expected spatial responses and the associated p values are given .
The rage of spatial dependence found from semivariogram analysis is shown in meters; ranges with a dash only produced a
pure nugget semivariogram without a definitive range. Significant Moran’s I tests <0.05 are marked with ** while
significant <0.1 are marked with *.

Crown Severe Surface Light Surface Unburned

Depth Observed/Expected p Range Observed/expected p Range Observed/expected p Range Observed/expected | p Range (m)
(m) (m) (m)

1em 0.034/-0.013 0.0054** - 0.0020/-0.013 0.38 - -0.00041/-0.011 0.45 - 0.036/-0.013 0.0036** -
2cm -0.0076 /-0.013 0.77 - -0.016/-0.013 0.83 - 0.010/-0.011 0.14 - 0.0099/-0.013 0.18 -
3cm -0.019/-0.013 0.68 - 0.0083/-0.013 0.21 4.22 -0.0047/-0.011 0.65 3.77 0.053/-0.013 <0.001%** -
4cm -0.021/-0.013 0.61 - 0.023/-0.013 0.0367** 4.94 -0.00016/-0.011 0.45 - 0.009/-0.013 0.19 -
5cm -0.012/-0.013 0.98 - 0.028/-0.013 0.015%* 7.67 0.030/-0.011 0.0051%** - -0.00093 /-0.013 0.49 -
6cm -0.019/-0.013 0.71 - 0.040/-0.013 0.0017** 14.96 0.037/-0.011 0.0010** - 0.0045/-0.013 0.31 -
7 cm -0.0058 /-0.013 0.69 3.90 0.046/-0.013 0.00046%* - 0.033/-0.011 0.0021%** 48.42 0.024/-0.013 0.030** -
8cm -0.033/-0.013 0.23 - 0.041/-0.013 0.0014** 5.06 0.018/-0.011 0.049** 10.04 0.031/-0.013 0.0089** -
9cm -0.019/-0.013 0.70 3.09 0.029/-0.013 0.023** 1.06 0.026 /-0.011 0.011%* 3.04 0.034/-0.013 0.0049** 11.79
10 cm 0.017/0.013 0.081* 5.15 0.035/-0.013 0.0038** 5.15 0.0030/-0.011 0.33 - 0.0034/0.016 0.313 -
11 cm 0.014/-0.013 0.11 - 0.019/-0.013 0.059* 8.89 -0.016/-0.011 0.73 - -0.0089 /-0.013 0.82 -
12 cm 0.036/-0.013 0.0033%** - -0.0077/-0.013 0.76 - -0.0032/-0.011 0.58 - -0.0054/-0.013 0.65 -
13 cm 0.0090/-0.013 0.18 - -0.00076/-0.013 0.46 9.92 -0.0066 /-0.011 0.74 - 0.036/-0.013 0.0028** -
14 cm -0.0058 /-0.013 0.67 - 0.012/-0.013 0.13 - -0.0012/-0.011 0.49 - 0.011/-0.013 0.12 -
15 cm 0.014/-0.013 0.085* 2.77 0.011/-0.013 0.15 - 0.0064/-0.011 0.21 4.26 0.028/-0.013 0.011%* -
16 cm 0.035/-0.013 0.0020** 7.08 0.00021/-0.014 0.42 - 0.028 /-0.012 0.0076** - 0.018/-0.013 0.055*
17 cm -0.018/-0.013 0.78 - 0.024/-0.015 0.036** 6.90 -0.013/-0.013 0.99 1.69 0.026/-0.013 0.013** -
18 cm -0.021/-0.015 0.57 - -0.013/-0.017 0.79 - -0.011/-0.014 0.82 - 0.031/-0.014 0.0070 -
19 cm -0.020/-0.016 0.61 - -0.012/-0.018 0.50 - -0.017/-0.015 0.80 1.81 0.078/-0.015 <0.001%** -
20 cm -0.016/-0.016 0.84 - -0.012/-0.018 0.50 - -0.022/-0.015 0.55 2.20 -0.0087/-0.015 0.60 -




Table 9. Permanova results and weightings from the principal components analysis of environmental
factors as they relate to levels of SWR. The first explanatory variable on the permanova, not shown
below, is the canopy burn severity included in this permanova to remove the stand-level noise across plots
(R?=0.12, p=0.003). Principal component significance of <0.05 is marked with ** while significant <0.1
are marked with *.

Permanova Results PC1 PC2 PC3 PC4
Sum of Squares 10141 5671 1262 2094
R? 0.063 0.035 0.0079 | 0.013
F 5.35 2.99 0.67 1.10
p 0.002** | 0.003** | 0.032* | 0.57
PCA Results and Weightings

Standard Deviation 1.44 1.30 1.15 1.02
Proportion of Variance 0.30 0.24 0.19 0.15
Cumulative Proportion 0.30 0.54 0.73 0.87
Organic Matter 0.47 0.24 0.24 0.44
pH -0.45 - -0.50 -0.24
Field Moisture -0.43 -0.25 - 0.48
Conductance 0.37 0.23 -0.26 -0.55
Sand (%) 0.21 -0.69 0.19 -0.20
Silt (%) -0.38 0.58 0.31 -
Clay (%) 0.25 0.12 -0.70 -0.41
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4 Supplemental Work: Predictive Power of BAER Soil Burn Severity Mapping: A
Pacific Northwest Case Study Ground-Truthing BARC Maps

4.1 Abstract

Following larger wildfires, Burn Area Emergency Response (BAER) teams are tasked
with the assessment of landscape impacts and the mapping of post-fire soil burn severity.
Managers rely on soil burn severity maps, referred to as the Burn Area Reflectance Classification
(BARC) maps, for general predictions of areas within the burn perimeter most vulnerable to
degradation. Post-fire mapping data is derived from Landsat satellite spectral signatures that are
validated in the field by members of the BAER team. This case study examines the accuracy of
BARC maps across six Pacific Northwest (PNW) wildfires burned in 2017 through comparisons
of mapped soil burn severity to observations gathered in the field. Severity levels were generally
underreported by BARC maps with the majority of this discrepancy occurring in moderate and
low burn classes. Additional time and resources must be allotted for BAER work to obtain more

robust validation data to train BARC maps effectively.
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4.2 Brief Introduction to Remote Sensing and Wildfire

The primary objective of Burn Area Emergency Response (BAER) teams is to assuage risk
to human life, property, and ecosystem health as a result of weakened forest soils and vegetative
structures from fire (USDA, 2020). The post-fire mapping products developed by BAER teams
are crucial for assessing the extent of ecosystem change and vulnerability to allocate monetary
resources to protect the system from further damage. The USFS Remote Sensing Applications
Center (RSAC) produces Burn Area Reflectance Classification (BARC) maps from the
Normalized Burn Ratio (NBR) spectral signature outputs following wildfire containment. The base
layer NBR is derived from the difference over the sum of the fourth and seventh band of the
Landsat 5 TM satellite (Key and Benson, 2006). Of the spectral manipulations assessed for use in
post-fire mapping, NBR has been identified as the most proficient satellite derived imagery
presenting general patterns of immediate burn severity (Hudak et al., 2007). NBR has been shown
to correlate with vegetative spectral signatures in addition to ground-based factors (Hudak et al.,
2004a) and requires additional training data to represent the true soil conditions. For this reason,
the BAER post-fire analysis team will often include a soil scientist and geologist to assess soil-
water relations and erosion risk. BAER teams collect varying quantities of field data at the fire
incident to train the BARC map outputs so they best reflect soil burn severity conditions for
management purposes (Hudak et al., 2004b; Safford et al., 2008). This is done by isolating ground-
related signatures and removing differences in the vegetative signatures from satellite imagery
(Bobbe et al., 2001).The time and resources available for this map calibration relative to wildfire
area may vary across incidents as map production must be carried out quickly to prescribe

treatments as close to fire containment as possible (USDA, 2020).
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Fire characteristics, and the response of soil burn severity, are a result of environmental
and climatic conditions (e.g., fuel moisture content, humidity, wind speed during fuel
consumption, vegetation density before ignition, and topography), which often vary widely within
a fire perimeter (Birch et al., 2015). This heterogeneity results in a complex mosaic of burn severity
(Dyrness and Norum, 2011; Miyanishi and Johnson, 2002) and, in combination with the varying
quality and resolution of available remotely sensed data, contributes to the challenge of mapping
fine scale variations in soil conditions for management assessment (Clark et al., 2003). For federal
expenses designated for post-fire management to effectively prevent significant damage of natural
resources and local communities from post-fire erosion, it is imperative that land managers are
informed accurately of the influence of wildfire disturbance on soils. BAER teams work tirelessly
onsite to create soil burn severity maps with the ability to provide a visual representation of the
general trends of complex soil burn patterns across the landscape immediately post-fire. However,
as burn acreage increases annually as a result of changes in climate, human activity, and the effects
of past management, BAER team personnel are tasked with evaluating larger swaths of land with
limited resources. The fundamental objective of this case study is to assess how closely calibrated
BARC maps are to the conditions present on the ground in the Pacific Northwest (PNW) through
plot-level measurements from six 2017 PNW fires to compare map evaluations to field data. The
PNW is characterized by some of the most diverse and productive ecosystems across the globe all
encompassed within a relatively small geographic area (Nelson et al., 2006), making this the

perfect ecoregion to investigate the efficacy of mapping products.
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4.3 Methods
4.3.1 Site Descriptions and Data

Six 2017 lightning-ignited fires in the PNW were evaluated one year following
containment: Lolo Peak, Liberty, Milli, Norse Peak, Rice Ridge, and Jolly Mountain (Table 11).
Sampling was conducted within uniform 30x30 m plots (matching standard BARC pixel sizes)
within each canopy burn severity class (crown, severe surface, light surface, and unburned control;
Table 2) using the Composite Burn Index (Key and Benson, 2003). Plots were located at least 400
meters from all roads and other plots to avoid potential pseudo-replication and effects from the
forest road system (Harvey et al., 2013). GPS coordinates at the plot center were documented
(TRIUMPH-2, Javad GNSS Inc., San Jose, CA) and soil burn severity at 4, 8, 22, and 26 m along
the east-west and north-south axes (n=8 per plot) was assessed using the established US Forest
Service field protocol based on measurements of surface soil color, mineral soil color, depth of the
remaining ash layer, effect on soil structure, condition of roots, and mineral soil burn condition
(Table 2; Parson et al., 2010). BARC maps for each incident were obtained through the USFS
Geospatial Technology and Applications Center (USDA, 2019).
4.3.2 Data Analysis

ArcGIS was used to overlay BARC maps with plot center GPS points and a 30x30 m square
buffer. Plots containing more than a single BARC severity class within the plot buffer (89 out of
120 total plots) were removed from the analysis dataset to streamline the comparison and obtain
more clear results. Classes of soil burn severity at each plot point were converted to numeric values
(O=unburned, 1=low, 2=moderate, 3=high, Table 2) and the average soil burn severity calculated
for the plot. These ordinal values were also assigned to the BARC plot severity categories. BARC

plot values were compared with the plot average soil burn severity using a paired sample t-test.
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Additionally, a simple linear regression was used to examine the relationship between field- and
remote-based soil burn severity values. Finally, amassed field measurements of each individual
subsite location were compared to the overall plot BARC map identifier across all sampled fires.
The distributions of BARC burn intensity reported were separated by the class identified in the
field and plotted in a histogram. All statistical analyses were completed in R (R Core Team, 2020).
4.4 Results

According to paired t-test results, field-recorded and BARC predictions of soil burn
severity were not statistically different in the Lolo and Liberty fires and only marginally different
in the Jolly Mountain and Rice Ridge fires (Table 12). However, soil burn severity values
between the field and remote data were significantly different in the Norse Peak and Milli
wildfires (Table 12).

Despite these results, all fires excluding Lolo Peak demonstrated a significant, positive
linear relationship between the field and BARC classifications though slopes were always less
than 1 (0.42-0.84) (Figure 10; Table 12). Higher soil burn severity measures are recorded across
field values compared to the corresponding area in BARC maps. While soils classified as high
burn severity in the field were largely accurate in BARC map reporting (Figure 11), some soils
reported as unburned were found to have been burned at varying intensities in the Jolly
Mountain, Norse Peak, and Milli fires (Figure 10). Burn severity in map areas categorized as
moderate and low soil burn severity were more often underestimated when compared to field
data with the largest range of difference in the low severity subsites. Intercept values were close
to the plot origin in significant linear regression lines, further offsetting the severity measurement
methods with a small slope; Norse Peak was found to have a negative intercept in concurrence

with a lower slope value (Table 12).
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4.5 Discussion

The use of BAER soil burn severity in BARC maps is a vital component of post-fire
assessment. Landsat satellite use over other aerial and field methods for BARC map creation is
attributed to a $35 million in federal savings over just a five year period (Bernknopf et al., 2019),
making it a pillar in post-fire management. This study has aimed to provide additional context
above the current level of technological advancements and financial benefits of BARC mapping
for why these images must be translated to managers as a general representation of soils rather
than a mirrored image of burn severity conditions. Average soil burn severity values for five of
the 2017 fires deduced from the BARC map, excluding Lolo Peak which did not show a
significant relationship, underestimated the conditions found in the field. Lolo Peak was likely an
outlier due to the small sample size. Satellite technology and BAER field assessments have
resulted in a successful, general representation of ground level measurements; however, none of
the fires exhibited 1:1 linear slope that would be assumed by local management indicating that
sub-pixel variation is substantial and should be considered when devising management plans.
Our comparisons track similarly with another study of 183 plot locations in a Colorado wildfire
that found just 69% accuracy in BARC map reporting (Lewis et al., 2006). We initially
hypothesized that field measurements would reflect a lower soil burn severity than BARC maps
after a year of recovery; however, this was not the case. If sampling was conducted immediately
following containment rather than a year post-fire, the difference between the higher intensity
found in the field over BARC levels may have been even more dramatic.

The complexity of soil burn severity across a landscape creates issues of scale for the
application of management practices. Moderate and low soil burn severities are more prone to

high levels of variation in BARC with poorer correlation to commonly measured field variables
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like vegetation from wildfires across Montana, California, and Alaska (Hudak et al., 2007). The
six PNW wildfires sampled in this study were no exception to this observed pattern. Moderate,
low, and unburned soils were found to be more often misrepresented in the map while highly
burned soils were generally well represented. As wildfire perimeters have grown larger, matched
with a higher average burn intensity due to climate change conditions and historic management
(Rogers et al., 2011), the most vulnerable highly burned soils are also the most reliably mapped
of all soil burn levels. The variable representation of mid-range severity classes may become
increasingly detrimental to management as prescribed burning efforts to reduce burn intensity
gain traction in the wake of recent megafires (Fernandes, 2015). Future research efforts must
focus on improving the quality of mid-range severity mapping as the push for prescribed burning
permeates wildfire management practices.

Although the most highly sampled fires, Norse Peak and Milli, were also those with the
most discrepancy between measurements, data presented here are at least hopeful, as simple
linear models do show a significant relationship between field and BARC derived soil burn
severity values. Our regression model findings for most of these fires support the continued use
of BARC mapping by managers. The significant difference between pairwise comparisons of
field and BARC maps in the majority of sampled fires, excluding Lolo and Liberty, is a cause for
concern as managers rely heavily on these maps for management decisions. Discrepancies
between field and BARC data are not a deterrent for managers to rely on BAER team reports, but
rather should act as a call for continued improvements to satellite data products and for increased

time and resources to be allotted toward on-site sampling and model validation.
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4.6 Conclusions

While managers are informed of the heterogeneity that will be present on the ground
compared to what is reported in a satellite derived map, the true degree of burn severity
underestimation identified in this regional case study must be acknowledged. Further analysis of
the spectral signatures and canopy-soil relations is beyond the scope of this case study, but it
remains an area in need of continued research. An accurate soil burn severity is crucial for the
effective deployment of restoration efforts in high-risk areas. With, lower soil burn intensities
reported following a fire to managers, vulnerable soils may be overlooked and land use actions
and could increase time of ecosystem recovery. The findings of this study do not reduce the
importance and applicability of BAER maps in post-fire land management, but rather are
presented here to advocate for increased funding and resources to allow additional map
calibration of field conditions in BARC model training. Elevated fire activity in the Western US
has concurrently increased the demand for BAER team deployment, severely limiting the
collection of extensive field observations throughout the burn perimeters before creating the final
report and soil burn severity map. Future efforts should focus on increased time and resources for
strategic ground-truthing to train the outputs of satellite data essential to producing these

management tools.
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Figure 10: Relationships between field and remotely sensed measurements of soil burn severity
for the six fires sampled (A: Jolly Mountain, B: Norse Peak, C: Lolo Peak, D: Milli, E: Rice
Ridge, F: Liberty Fire). Plotted values of soil burn severity correspond to the ordinal values
assigned to each severity class (high, 3; moderate, 2; low, 1; unburned, 0). Data point size
indicates the frequency of relationship occurrence and color the canopy burn severity class
represented by that point. Points represented by two canopy burn severity classes are given their
own color identifier. The dashed line indicates a 1:1 relationship between predicted and
measured values while projected linear relationships are shown as solid lines (* = significant
linear regression).
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Figure 11. Variation (expressed as % of plot subsites) between field and remote data soil burn
severity classifications. Here, a value of “0” indicates that the classifications were a match. If a
value is positive, the BARC map underestimated the soil burn severity by x categories and if
negative, the BARC map overestimated severity. For example, if soil classified as “low” in the
remote data but the field assessment yielded “high”, that soil would be given a value of “2”
indicating that the map has underestimated the severity by two categories of burn severity.
BARC map distribution is separated by high soil burn severity = A, moderate= B, low=C, and
unburned= D.
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Table 11. Fire information. Data courtesy of the EcoWest Interactive Wildfire mapping tool

(EcoWest, 2021).
Fire National Forest(s) (State) Size Ignition Date Control Date
(Hectares)

Liberty Flathead (MT) 11,661 7/22/2017 09/18/2017

Lolo Peak Lolo 21,951 7/17/2017 09/17/2017
Bitterroot
Nez Pierce-Clearwater (MT)

Milli Deschutes (OR) 9,744 8/11/2017 09/24/2017

Norse Peak Mt. Baker-Snoqualmie 24,112 8/12/2017 11/1/2017
Okanogan-Wenatchee (WA)

Rice Ridge Flathead 66,695 7/18/2017 9/27/2017
Lolo (MT)

Jolly Mountain Okanogan-Wenatchee (WA) 14,996 8/12/2017 9/16/2017
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Table 12. Results of linear regressions and paired t-test comparisons between field observations
and BARC-derived observations of soil burn severity.

Linear Regression Paired T-Test

Fire

n Intercept  Slope P-Value P-Value
All Plots 87 0.04 0.73 <0.01 ** <0.01**
Norse Peak 18 -0.23 0.69 <0.01 ** <0.01**
Jolly Mountain (10 0.02 0.54 <0.01 ** 0.088*
Milli 21 0.099 0.74 <0.01 ** 0.0043**
Lolo Peak 10 0.76 0.42 0.29 0.15
Liberty 7 0.027 0.84 <0.01 ** 0.14
Rice Ridge 21 0.17 0.74 <0.01 ** 0.07*
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5 Thesis Conclusions

This investigation into SWR both throughout the PNW and within the Green Ridge Fire
of the Deschutes National Forest can be recapitulated through key findings observed in the field
from the relationship of soil-water relations to its post-fire environment. Our initial project
protocol in Chapter 1 highlighted both the need for a finer scale method of data collection as well
as a research gap in the impacts of fire on systems with naturally occurring SWR pre-
disturbance. The second chapter looking closer into the conditions present in the Deschutes
National Forest allowed us to answer three main questions: 1) How does soil water repellency
vary across burn severity classes in soils with pre-existing repellency? We found that the
standard metric of burn severity does not entirely capture the patterns of soil water repellency at
this scale in the Green Ridge Fire. Additional factors may play a larger role in soils with SWR as
an inherent quality of the system. i1) Is there an appropriate spatial scale on which to evaluate
properties of soil water repellent layers? Hydrophobic compounds move deeper into the soil
profile following wildfire, as was anticipated; however, small scale variation over the landscape
in repellency does not easily scale up to the fire-level. Actual field conditions of soil water
repellency may be lost through single point measurements. iii) Variation of SWR found both as a
factor of burn severity and with spatial dependence requires an intent focus on environment
characteristics; do environmental factors drive patterns in soil water repellency? Soil water
repellency was found most often with acidic soils, low moisture content, smaller particle
fractions, high organic matter content, and high soil conductance in the Green Ridge Fire.
Knowledge of these conditions in a forest can guide areas to sample for soil water repellency

post-fire. Key findings from the study may be applicable to forested areas across the US but will
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be particularly significant in Pacific Northwest systems of similar ecotypes and soil
classifications.

We have deduced three major management recommendations from these key takeaways:
1) Update landscape inventory protocols to include baseline soil water repellency characteristic
reporting. A baseline report of SWR conditions does not currently exist in US forest sampling
protocols. This simple addition would save time and resources in post-fire assessment as areas
with pre-existing hydrophobic conditions may be less reliant on burn severity metrics that those
found without. i1) Locate areas most at risk for soil water repellency through environmental
characteristics in addition to burn severity. SWR was found to be more closely linked to
ecosystem variables than solely soil burn severity, providing an increase in predictive power for
managers. i1) Post-fire sampling would benefit from continued research to define the most
effective sampling densities for different baseline repellency levels. Efficient sampling of SWR
would greatly benefit BAER data collection in conjunction with baseline information of SWR
availability prior to their arrival. These action points are the final product of this thesis research
developed over three years of data collection and assessment. Any questions or comments
regarding these key takeaways and managements recommendations can be directed to

jaleneweatherholt@gmail.com.
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Figure Al: Plot design. Sampling points for soil burn severity and soil water repellency (SWR)

are noted (n=8).
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7 Data Files

“GrandDataSheet BurnSeverityData:Analysis.xlsx”- a data file with additional analysis
sheets containing the master dataset of the Pacific Northwest fires burned in 2017 and sampled in
2018 utilized in Chl and in the Supplemental work Sections (Norse Peak, Milli, Lolo Peak, and
Liberty). Fire name, plot name, GPS location, canopy burn severity, soil burn severity, surface
soil color, ash depth, soil structure, root condition, SWR condition from 1-10 cm depths, and
BARC map soil burn severity and other collected location metadata are reported and
manipulated in subsequent sheets.

“total_subpoint_responsematrix.csv”- a data file (333 rows x 24 columns) containing all
information from each of the 81 (Light surface plot has 9 additional sampling points taken at the
18 m column of the plot) sampling points from each plot. They include the soil water repellency
(SWR) responses at each depth, x coordinate of the plot, y coordinate of the plot, canopy burn
severity class, and soil burn severity class.

“Permanova_Format_alldata.csv”- a data file (72 rows x 33 columns) containing information
from the additional sampling subset of plot point. They include the SWR responses at each
depth, x coordinate of the plot, y coordinate of the plot, pH, field moisture, conductance, organic
matter content (loss on ignition/LOI), sand percent, silt percent, clay percent, stand basal area,
percent mortality by basal area, canopy burn severity class, and soil burn severity class.

“horizonvert_compare.csv”- a data file (72 rows x 7 columns) containing information of SWR
response at 5, 10, and 15 centimeters of the average SWR response from measurements on the
horizontal plane and from the point measurements at those depths from the vertical soil core.

“total WHOLECOREpoint_responsematrix.csv” - a data file (254 rows x 24 columns)
containing all information from each of the 81 (Light surface plot has 9 additional sampling
points taken at the 18 m column of the plot) sampling points from each plot where any location
not measured to the whole 20 cm depth was removed. Variables include the soil water repellency
(SWR) responses at each depth, x coordinate of the plot, y coordinate of the plot, canopy burn
severity class, and soil burn severity class.



