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Introduction

Beginning in the early twentieth century, programs to suppress and prevent wildland
fires have altered natural fire regimes. These actions can cause a significant buildup of fuels,
potentially setting the stage for catastrophic fires (Boerner et al. 2008). In order to reduce
fuel loads and limit potential fire danger, prescribed fires are conducted to remove
accumulated vegetation (Fernandes and Botelho 2003). Prescribed fires are also used to
mimic naturally occurring fires to maintain vegetative species and wildlife habitats in fire-
dependent ecosystems (Stephens and Fry 2005). Prescribed fires are becoming more common
among land managers to control invasive vegetative species and maintain prairie ecosystems
(Grace et al. 2005; Knapp, Estes, and Skinner 2009; Teague et al. 2008).

Although personnel pay careful attention to potential adverse effects when planning
and conducting prescribed fires, unanticipated negative outcomes remain possible. For
example, while management may use prescribed fires to increase biodiversity and stimulate
growth of native vegetation, these results are not always achieved as well as anticipated
(Hutchinson et al. 2005). Because exotic species such as Bromus tectorum and Tamarix are
able to thrive following fire, prescribed fires conducted in areas where these species are
abundant may increase their dominance over native vegetation (Melgoza, Nowak, and
Tausch 1990; Smith et al. 2009). Also, while native to the United States, smooth sumac
(Rhus glabra L.) recovers quickly after fire, potentially increasing its abundance in post-fire
vegetative communities; thus, prescribed fire should not be used to control this species
(Ortmann et al. 1997).

Removal of vegetation by fire may lead to increased soil erosion and sediment

transport, potentially causing adverse effects on water quality (Vega, Fernandez, and



Fonturbel 2005). Many prescribed burns are conducted to remove the duff layer and allow
native species to germinate in the blackened soil. However, removing the duff layer can limit
the water holding capacity of surface soil and may increase the risk of soil erosion, especially
following severe fires (Hille and Stephens 2005; Robichaud 2000). In addition, high levels of
particulate matter, carbon monoxide, volatile organic compounds, and other air pollutants
emitted during prescribed fires can pose threats to local communities (Lee et al. 2005). If
prescribed fires do not achieve desired outcomes or negatively impact the landscape, burns
may have unwanted effects on the environment while posing unnecessary threats to
personnel (Bradstock and Auld 1995; Penman and Towerton 2008).

Monitoring changes in soil characteristics during prescribed fires is important because
changes in soil nutrients, temperature, and moisture content control post-fire vegetative
response, in turn affecting species that depend on post-fire vegetative growth for food and
habitat (Certini 2005; Huang and Boerner 2008; Massman, Frank, and Mooney 2010; Savage
and Vermeulen 1983; Thomas et al. 2010). Temperatures reached in soil during fires are
influenced by fire duration (based on weather patterns, fuel characteristics, and firing
techniques), soil depth, and soil moisture content. The greatest temperature changes are
typically achieved at shallow depths (< 5 cm) and low soil moisture content (< 20%) (Busse
et al. 2005). Peak temperatures reached at the soil surface tend to range from 200 - 700°C,
with higher temperatures recorded during burns at higher fuel loads with low soil moisture
content (Preisler, Haase, and Sackett 2000; Ryan and Noste 1985; Stoof et al. 2011a). Soil
temperatures are likely to be greatest during summer burns due to the lack of soil moisture,
causing greater damage to vegetation than burns conducted during winter or early spring

(Britton, Clark, and Sneva 1983; Vermeire et al. 2005). Summer fires are typically used to



remove invasive vegetation because the temperatures achieved in surface soil are able to
exceed the 60°C threshold for root mortality (Busse et al. 2010; Vermeire, Crowder, and
Wester 2011). Volumetric soil moisture content greater than 20% can restrict the increase in
soil temperature below the lethal threshold for vegetative root structures (Busse et al. 2010;
Frandsen and Ryan 1986).

Techniques used to conduct prescribed fires are likely to cause different increases in
soil temperature in certain locations within the burned area. Head fires (fires traveling in the
same direction as the wind) may pass over the surface with high intensity, having limited
time to heat the soil. However, back fires (fires traveling against the wind) may creep slowly
over the surface, enabling them to cause increased temperatures at greater depths in the soil
profile (Raison 1979). Further, this difference in rate of spread can cause temperature
increases in near-surface soil during back fires to last longer than changes in soil temperature
achieved during head fires. Soil temperatures were found to exceed 60°C at depths up to 3 cm
during slow moving fires (Bradstock and Auld 1995), indicating that back fires may allow
temperature increases to persist for longer periods of time.

Following fire, soil moisture content may increase due to the lack of vegetation;
limited vegetative cover can, in turn, increase the amount of precipitation that reaches the soil
surface and decrease plant uptake, allowing more water to remain in the soil (Cardenas and
Kanarek 2014; Romo et al. 1993). Frequent burns (5-year interval) and fires conducted
during early spring have been shown to preserve soil moisture content by restricting
transpiration (Hatten et al. 2012), potentially providing adequate water resources for willow
(Salix bebbiana) and other vegetative species that depend on high soil moisture content

(Mullen, Springer, and Kolb 2006).



On the other hand, fires can darken the soil surface, thereby increasing heat
absorption and evaporation and decreasing soil moisture content (Iverson and Hutchinson
2002; Redmann et al. 1993). While darkening the soil surface can increase soil temperatures
and thereby extend the duration of the growing season, fires may have detrimental effects on
vegetation during dry periods by further restricting soil moisture content (Redmann 1978).
Low soil moisture content following burns may allow vegetative species that perform well
during low water availability to outcompete other species (Pelaez et al. 2001).

Soil water repellency can greatly limit the amount of water capable of penetrating the
soil surface. This phenomenon occurs when heated organic matter surrounds soil particles
and is typically most pronounced in coarse-grained soils heated to 175 - 200°C (Doerr,
Shakesby, and Walsh 2000; Doerr et al. 2006). By restricting infiltration, soil water
repellency can lead to increased runoff, soil erosion, and sediment transport (Stoof et al.
2011b). While temperatures greater than 200°C can destroy water repellent soil layers, the
low fire intensities achieved during prescribed fires may facilitate the formation of water
repellent layers and restrict infiltration capacity following burns (DeBano and Krammes
1966).

Although previous research has examined fire-induced changes in soil temperature
and moisture content, there are several gaps in the current understanding of how soils
respond to prescribed fires. Most studies conducted during prescribed fires only examine soil
temperature fluctuations and many have concentrated on Mediterranean ecosystems (e.g.,
Rubio, Ubeda, and Ferrer 2012; Uribe et al. 2013). In addition, models constructed to predict
changes in soil temperature and moisture content are often based on laboratory experiments

(Aston and Gill 1976; Ebel 2013; Massman 2012, 2015; Preisler, Haase, and Sackett 2000);



these models lack sufficient comparisons to field measurements of soil moisture content and
water potential during prescribed fires. Moreover, studies that examined changes in soil
moisture content due to prescribed fires present varying results; for example, plant-water
interactions have been shown to both improve and worsen with varying fire severity and
frequency (Neary et al. 1999). In addition, many studies do not include data to characterize
pre-fire soil conditions or monitor changes in water potential during prescribed fires (Doerr,
Shakesby, and Walsh 2000). Because the environmental impacts prescribed fires have on
near-surface soil are site specific, it is important to study the effects of this land management
practice in diverse areas where it is frequently used (Robichaud 2000; Shakesby et al. 2003).
In order to address these gaps in the current understanding of how prescribed fires
impact soil properties, the objectives of this study were to (1) quantify how soil physical
properties — namely, near-surface soil temperature (°C), soil moisture content (%), water
potential (kPa), infiltration capacity (mm hr?), and aggregate stability (%) — respond during
and immediately following prescribed fires, (2) offer a comparison between results from
experimental fires and results obtained during a prescribed burn conducted in the field, and
(3) provide a proof-of-concept for methods that can be used to efficiently conduct longer-
term studies examining fire-induced changes in near-surface soil moisture content, water
potential, and infiltration capacity. The results from this study were also compared to models
that predict changes in soil moisture content during soil heating to test the validity of existing

models against field conditions.



Methods
Experimental design

Field data was collected during a prescribed burn near Azle, Texas (32°55°12” N,
97°32°51” W), conducted on September 12, 2015 (hereafter referred to as the Azle Prairie
Fire) (Figure 1). Subsequently, experimental burns (hereafter referred to as the Box Fire)
were conducted in four wooden 1.2 x 1.2 x 0.12 m boxes on December 16, 2015 (Table 1).
Soil transported from the site of the Azle Prairie Fire (Table 2) was sieved using a 2.46 mm
stainless steel wire mesh (Figure 2) (McNichols Co., Tampa, FL) and packed into the boxes
(bulk density: 1.23 + 0.04 g cm™; all measurements are given with the corresponding
standard error of the mean). After packing soil into the boxes, the soil was wetted prior to
burning to raise the soil moisture content to approximately 15%; this allowed for the
observation of changes in soil moisture while not exceeding 20% soil moisture content,

which may reduce the peak temperatures achieved during fire (Busse et al. 2010).
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Figure 1. The Azle Prairie Fire was conducted near the eastern border of Parker County,
Texas. Soil from this site was used for all prescribed fires conducted in this study.



Parameter Azle Prairie Fire Box Fire
Date 9/12/2015 12/16/2015
Time of day 12:05-2:00 PM 12:54 -1:10 PM
Fuel moisture 36.8 +2.4% 8.2%
Fuel load 1.7 T acre 0,0.5,2,and 5T acre*
Fire type Head fire Head fire
Rate of fire spread 05ms? 102, 164, 243 s
Maximum flame height 1.3m 0.3,0.8,1.2m
Air temperature 28.6 £0.4°C 14.9°C
Relative humidity 43.3+£2.2% 45.9%
Average wind speed 0.8 +0.2ms? 0.7ms?
Maximum wind speed 21+0.3ms? 25mst

Table 1. Weather and fuel conditions during fires. Data for the Azle Prairie Fire are average
values (n = 4). Rate of spread during the Box Fire was measured by timing the flame duration

while burning each box. Fuel load at the Azle Prairie Fire was estimated using the Country
Fire Authority Grassland Curing Field Card (2014).

Soil type Taxonomic class name Order Suborder
Duffau and Weatherford Fine-loamy, siliceous, Alfisols Ustalfs
thermic Udic Paleustalfs
Geomorphic description Slopes Albedo Hydrologic
value group
Ridges on hills 2-8% 0.185 B

Table 2. Soil type at the site of the Azle Prairie Fire (used for all burns).

Box Fire. The wire mesh was stapled between two wooden frames built from 5 x 10 x 65 cm

lumber, and 7.6 cm long screws were used to secure the frames together.




One box was left unburned and clipped vegetation was used to prepare the following
three fuel loads in the remaining boxes: 0.5 T acre™ (163.8 + 0.2 g), 2 T acre™ (648.0 + 0.3
g), and 5 T acre™! (1616.5 + 0.6 g). The clipped vegetation used in the Box Fire consisted of
native grass species, including Indiangrass (Sorghastrum nutans), switchgrass (Panicum
virgatum), and little bluestem (Schizachyrium scoparium), which was comparable to the fuel
burned during the Azle Prairie Fire (Figure 3). To mimic prairie vegetation, larger pieces of
hay were planted several centimeters into the soil and smaller pieces of hay were placed on
top of the soil surface (Figure 4). All burns during the Box Fire were ignited using a propane
torch. Unburned vegetation was only reignited during the 0.5 T acre! burn because there was

not sufficient fuel load to carry the fire (Figure 5).

Figure 3. Beginning of head fire during the Azle Prairie Fire.



Figure 5. Post-burn images from the (a) unburned box, (b) 0.5 T acre box, (c) 2 T acre™
box, and (d) 5 T acre™* box.



Rainfall was negligible during the first week following the Azle Prairie Fire. To block
precipitation from entering the boxes after the Box Fire, covers were constructed from
plywood and plastic sheets (Figure 6). These covers were only used during the fourth day

following the Box Fire.

Figure 6. Plywood covers (1.5 m?) were used to prevent precipitation from entering the
boxes during the fourth day following the Box Fire. Covers were lined with plastic sheets and
were nailed to 10 cm tall boards on the corners of all boxes.
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Data collection: Soils

SM200 soil moisture sensors (accuracy: + 3%), SM300 soil moisture and temperature
sensors (accuracy: * 2.5%; 0.5°C), ST1 soil temperature sensors (accuracy: £ 0.2°C), and
EQ2 equitensiometers (accuracy: + 10 kPa) (Dynamax Inc., Houston, TX) were deployed
several hours prior to the Azle Prairie Fire and several days prior to the Box Fire. Sensors
were buried along a transect during each fire to cover the greatest area (Figures 7 and 8).
Because temperature fluctuations during fire have been shown to be of lower magnitude at
greater depths (Choczynska and Johnson 2009; Valette et al. 1994), ST1 soil temperature
sensors (maximum temperature: 150°C) were buried at a depth of 3 cm in the field and 2 cm
in the boxes, and all other sensors (maximum temperature: 60°C) were buried at a depth of 5

cm in the field and 4 cm in the boxes.
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Figure 7. Sensor location map for the Box Fire. Samples of similar color were taken at the
same time interval.

11



|| Legend

] a Fire perimeter

|| O Study area

* Transported soil

Soil types

@ Brackett and Maloterre soils
() Duffau and Weatherford soils
() Windthorst loamy fine sand

N
0 25 50 100
Meters

m A
o
O
© N
O
o o
o N
A
¢}
O Legend
. Data loggers
|
@ A @ Temperature
@® Moisture
N ) Temperature/moisture
A [ Infiltration
1 L A Fuel moisture
o 1 2 4 i ’
: Meters Cleared vegetation

Figure 8. Fire perimeter and sensor location map for the Azle Prairie Fire. Red sensors (ST1
soil temperature sensors) were buried at 3 cm depth, and yellow sensors (SM 300 soil
temperature and moisture sensors) were buried at 5 cm depth.
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Data was collected from all buried sensors at 2-second intervals during fires and 30-
minute intervals following fires, and data was stored on GP1 and GP2 data loggers
(Dynamax Inc., Houston, TX). During fires, data loggers were placed in reflective boxes
(constructed of punched angle beams and reflective insulation) to protect the instruments
from radiant heat (Figure 9). To further protect the equipment during the Azle Prairie Fire,
data loggers and their protective boxes were buried in the center of an area cleared to mineral
soil with radius equal to the height of the surrounding vegetation. Mattocks, pruning saws,
and hand weeders were used to dig narrow trenches (< 10 cm wide) to bury wires for all
sensors. Sensors were placed at the end of these trenches to keep the sensors as close as

possible to vegetation within the burned area.

Figure 9. Box constructed of punched angle beams and reflective insulation (32 x 32 x 16
cm) to protect data loggers from radiant heat during fires.
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Surface soil moisture content was measured every two days following the Box Fire
via grab samples (91.54 £ 1.27 g) at the following depths: 0-0.5,0.5-1,and 1 - 2 cm. Soil
was taken from two locations within each box and combined into a representative sample
from each depth (see Figure 7). Samples were transported to the lab in 100 ml beakers
wrapped in foil and oven dried for 24 hours at 105°C. Surface soil moisture content at each
time interval was calculated by averaging samples taken from each box.

Infiltration capacity was measured immediately pre- and post-fire at all burns using
Turf-Tec Infiltrometers. In order to keep water from reaching the buried sensors, infiltration
was measured 2 m away from the senor transect at the Azle Prairie Fire (see Figure 8) and in
the corners of each box at the Box Fire (see Figure 7).

Aggregate stability was also measured following the Box Fire using methods adapted
from those developed by Le Bissonnais (1996). Samples (21.7 £ 1.8 g) collected from the
soil surface before and after each burn were gently sieved to obtain aggregates between 1 - 2
mm, air dried for 12 hours, and weighed prior to analysis. Samples on 1 mm sieves were
fully submerged in water for 5 minutes, moving 10 cm vertically through the water column at

10-second intervals. Wet samples were then oven dried for 3 hours at 105°C and reweighed.

Data collection: Fires

Fuel moisture was calculated by collecting five representative samples prior to the
Azle Prairie Fire (35.4 £ 1.7 g) and one representative sample of clipped hay used for the
Box Fire (31.9 g). Samples were weighed in the field and subsequent weights were recorded
in the lab after repeated drying at 10 - 20 second intervals using a microwave oven. Samples

were dried and reweighed until three consecutive measurements were within 0.5 g. The

14



average fuel load was determined for the Azle Prairie Fire (approximately 1.7 T acre™) by
visually estimating the amount of fuel in 1 m? plots over each buried sensor using the
Country Fire Authority Grassland Curing Field Card (2014).

Two 1.5 m tall metal posts placed 25 m apart and approximately 10 m from the
buried sensors were used to estimate flame height and rate of spread during the Azle Prairie
Fire. The fire type (back fire, flank fire, or head fire) was recorded as the fire progressed over
the buried sensors. Air temperature, relative humidity, and wind speed were recorded at 30-
minute intervals during the Azle Prairie Fire and at the start of the Box Fire using a Kestrel

3000 Pocket Weather Meter.

Data analysis

DeltaLINK 3.1.1 software (Dynamax Inc., Houston, TX) was used to program and
download data from the data loggers. Stored data and field measurements of surface soil
moisture content were used to create time series to illustrate how volumetric soil moisture
content (%), water potential (kPa), and near-surface soil temperature (°C) responded to each
burn. Standard curves were created using results from the Box Fire to predict changes in
near-surface soil during fires at similar fuel loads. A scatter plot and bar graph were created
to demonstrate fire-induced changes in infiltration capacity (mm hr) and aggregate stability

(%), respectively.

Maps

Maps were created for the Azle Prairie Fire using ArcMap 10.1 (see Figure 8) (ESRI,

Redlands, CA). A Trimble GPS unit was used to collect soil sensor locations, fuel moisture
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and infiltration capacity sampling locations, and the fire perimeter (averaging 50 points for
each location). Soils data was downloaded from the Soil Survey Geographic Database Data
Downloader (SSURGO 2014), and air photos were downloaded from the Texas Natural
Resources Information System (2015). All maps are projected in NAD 1983 State Plane

Texas N Central FIPS 4202 (Meters).

Results
Temperature

The increase in soil temperature during all burns was greatest in sensors buried at
shallow depths (2 and 3 cm) (Figure 10). During the Box Fire, the maximum soil
temperatures achieved at 2 cm depth were 15.9, 26.9, and 73.2°C at fuel loads of 0.5, 2, and 5
T acre™, respectively. The peak soil temperature during the Azle Prairie Fire at 3 cm depth
was 32.3°C. The 5 T acre™® fire was the only burn to achieve soil temperatures greater than
60°C; soil temperature at 2 cm depth remained above 60°C for 7.2 minutes during this fire.

Increases in soil temperatures at greater depths (i.e., 4 and 5 cm) were significantly
restricted compared to shallower depths. During the Box Fire, the maximum soil
temperatures achieved at 4 cm depth were 15.6, 19.6, and 28.4°C at fuel loads of 0.5, 2, and 5
T acre™®, respectively. The peak soil temperature during the Azle Prairie Fire at 5 cm depth
was 28.2°C. While soil temperatures at 4 and 5 cm depths did not reach temperatures
recorded at shallower depths, temperature increases at greater depths were maintained for a
much longer time, especially in the 2 and 5 T acre™* boxes.

The increase in soil temperature at the 4 and 5 cm depths was achieved after the

increase in soil temperature at the 2 and 3 cm depths during each burn. During the 0.5 T acre™

16



fire, the peak soil temperature at 4 cm depth was achieved 6.9 minutes after the peak soil
temperature at 2 cm depth. This lag time was greater during the 2 T acre, 5 T acre’?, and
Azle Prairie Fire, as the peak soil temperatures at 4 and 5 cm depths were achieved 14.4,

14.0, and 14.5 minutes, respectively, after the peak soil temperatures at 2 and 3 cm depths.
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Figure 10. Soil temperature during fires. Measurements taken from ST1 sensors (2 and 3 cm
depths) and SM300 sensors (4 and 5 cm depths) at 2-second intervals.

Standard curves constructed from soil temperature data suggest that the change in soil
temperature during fire is related to the fuel load burned and depth beneath the soil surface
(Figure 11). Soil temperature at 2 cm depth increased 12.8°C with each additional T acre™® of
fuel load burned, while soil temperature at 4 cm depth only increased 2.5°C with each

additional T acre™! of fuel load burned.
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Figure 11. Change in soil temperature during fire. Standard curves relate fuel load to change
in soil temperature reached within 25 minutes after ignition of the Box Fire. Changes in soil
temperature achieved during the Azle Prairie Fire are also plotted.

Following fire, the 5 T acre™! box was the only burn to cause a prolonged increase in
soil temperature at 2 cm depth when compared to the ambient air temperature (Figures 12
and 13). Soil temperature at 2 cm depth was fairly consistent with ambient air temperatures

following all other burns during the first week post-fire.
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Figure 12. Soil temperature at 2 cm depth (30-minute intervals) and ambient air temperature
(1-hour intervals) during the first week following the Box Fire. Air temperature data was
downloaded from the weather station at the Naval Air Station Fort Worth Joint Reserve Base,
approximately 7.4 km from the Box Fire. Gaps are due to incomplete data (data loggers lost

battery power during the second day post-fire). Boxes were covered during fourth day post-
fire.
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Figure 13. Soil temperature at 3 cm depth (30-minute intervals) and ambient air temperature
(1-hour intervals) during the first week following the Azle Prairie Fire. Air temperature data
was downloaded from the weather station at the Naval Air Station Fort Worth Joint Reserve
Base, approximately 19.3 km from the Azle Prairie Fire.

Moisture content

Changes in soil moisture content at 4 cm depth were relatively small during fires,
with the greatest change being just 0.7% (Figure 14). The 0.5 T acre™ burn caused a small
decrease in soil moisture content during fire. The 2 and 5 T acre™ burns caused a short-term
increase in soil moisture content during fire, followed by subsequent drying. This increase in

soil moisture content was related to the fuel load burned, with the pulse in soil moisture
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content during fire increasing by 0.16% with each additional T acre™ of fuel load burned
(Figure 15). This temporary increase in soil moisture was not achieved during the Azle

Prairie Fire, as soil moisture content remained stable.
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Figure 14. Soil moisture content during fires. Measurements taken at 2-minute intervals from
SM300 sensors during burns and SM200 sensors in the unburned box. Sensors were buried at
4 cm depth during the Box Fire and 5 cm depth during the Azle Prairie Fire. The secondary
vertical axis represents soil moisture content values for the Azle Prairie Fire.
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Figure 15. Change in soil moisture content during fire. Standard curve relates fuel load to
change in soil moisture content at 4 cm depth reached within 25 minutes after ignition of the
Box Fire. Change in soil moisture content during the Azle Prairie Fire (5 cm depth) is also
plotted.

The greatest change in surface soil moisture content (0 - 2 cm depth) following the
Box Fire occurred during the first two days post-fire (Figure 16). The 5 T acre™ box lost
3.3% of its surface soil moisture content by the end of the first week post-fire, losing 2.6%
soil moisture content within the first two days post-fire. During the first week post-fire,
surface soil moisture content in the 0.5 and 2 T acre™ boxes followed trends similar to the

unburned box.
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Figure 16. Surface soil moisture content following the Box Fire. Three representative
samples taken from the surface 2 cm in each box were averaged at each sampling point.

Soil moisture content at 4 cm depth noticeably decreased during the first week post-
fire only in the 5 T acre! box, experiencing a loss of 6.6% soil moisture content (Figure 17).
Most of this loss of soil moisture occurred during the second half of the first week post-fire.
While the Azle Prairie Fire did not include an unburned sample of soil moisture, the response

in soil moisture content following this burn followed a similar trend to the unburned box.
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Figure 17. Soil moisture content following the Box Fire (4 cm depth) and Azle Prairie Fire
(5 cm depth). Gaps are due to incomplete data (data loggers lost battery power during the
second day post-fire). The secondary vertical axis represents soil moisture content values for
the Azle Prairie Fire. Boxes were covered during the fourth day post-fire.

Water potential

Changes in soil water potential at 4 cm depth were relatively small during the Box
Fire, following similar trends to changes in soil moisture content (Figure 18). The5and 2 T
acre™ fires caused a short-term increase in soil water potential during fire. This response in
water potential was also related to the fuel load burned; with each additional T acre™* of fuel
burned, the pulse in water potential during fire increased by 0.66 kPa (Figure 19). No change

in water potential was observed in the 0.5 T acre™ or unburned boxes during fire.
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Figure 18. Soil water potential during the Box Fire. Measurements taken at 2-minute
intervals from EQ2 equitensiometers buried at 4 cm depth.
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Figure 19. Change in soil water potential during fire. Standard curve relates fuel load to
change in soil water potential at 4 cm depth reached within 25 minutes after ignition of the
Box Fire.

During the first week following the Box Fire, water potential in the 0.5 T acre™ box
followed a similar trend to the unburned box (Figure 20). However, the 2 and 5 T acre™ fires
caused a decrease in water potential during the first week post-fire. The 5 T acre™ burn
caused a reduction in water potential of 14.6 kPa within the first two days post-fire, and a
reduction of 47.2 kPa after the first week post-fire. The 2 T acre! burn caused a less
prominent change in water potential within the first two days post-fire (8.1 kPa), but water
potential in this box also reduced by 42.4 kPa by the end of the first week post-fire. This
decrease in water potential is consistent with the loss of soil moisture observed inthe 5T

acre! box during the first week post-fire.
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Figure 20. Soil water potential at 4 cm depth following the Box Fire. Gaps are due to
incomplete data (data loggers lost battery power during the second day post-fire). Boxes were
covered during the fourth day post-fire.

Infiltration capacity

There was no change in infiltration capacity in the unburned box following the Box
Fire, and infiltration capacity decreased by 49.2 mm hr? following the 0.5 T acre™ fire
(Figure 21). However, the 2 and 5 T acre™ burns resulted in a post-fire increase in infiltration
capacity of 132.0 and 153.6 mm hr%, respectively. There was also an increase in infiltration
capacity following the Azle Prairie Fire (54 mm hr1), but this change in infiltration capacity

was less pronounced compared to the 2 and 5 T acre™ burns.

27



180

150 - O
o O
<= 120 A
e
S
@ 90 A
©
[
i)
60 -
=
£ 30+
(D)
£
s 0 C]

-30 1 M Box Fire

0O Azle Prairie Fire
-60 T T T T T
0 1 2 3 4 5 6

Fuel load (T acre?)

Figure 21. Change in infiltration capacity measured immediately pre- and post-fire.

Aggregate stability
Aggregate stability was relatively unchanged following the 0.5 T acre™ fire as well as
in the unburned box (Figure 22). However, the 2 and 5 T acre™ burns caused a 16.8 and

13.0% decrease in aggregate stability, respectively.
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Figure 22. Change in aggregate stability measured immediately pre- and post-burn at the
Box Fire.

Discussion

The results reported here confirm that increases in soil temperature during fire are
essentially confined to the upper 2 to 3 cm of the soil profile, confirming previous research
on near-surface temperature dynamics during fire (e.g., Busse et al. 2010). These results are
also consistent with studies that have shown increases in soil temperature during fire are
typically not sufficient to damage plant structures at depths greater than 7.6 cm (Beadle
1940). In addition, the maintained increase in soil temperature at greater depths during fire

observed in this study was also documented by Bradstock and Auld (1995). Because

29




increases in soil temperature are limited to the top few centimeters in the soil profile, impacts
on vegetation will likely be greatest in annuals and other vegetative species with shallow root
structures (Hatten et al. 2012). The increase in soil temperature during fire tends to follow a
consistent relationship with the amount of fuel burned, with higher fuel loads causing greater
increases in near-surface soil temperature.

The consistent heightened soil temperature at 2 cm depth compared to the ambient air
temperature following the 5 T acre™ fire and the lower water potential and moisture content
in the 2 and 5 T acre™ boxes one week post-burn may be due to lower albedo at the soil
surface. Because the soil surface was much darker in these two boxes than the 0.5 T acre™
and unburned boxes following the Box Fire, the 2 and 5 T acre™* boxes likely absorbed more
solar radiation, causing the soil to retain more heat and, therefore, lose more moisture. Soil
temperatures 11°C greater than pre-fire ambient soil temperatures have been recorded 5 days
after prescribed fires (Preisler, Haase, and Sackett 2000).

The changes in soil temperature achieved during the Azle Prairie Fire were not as
intense as would be predicted from the results of the Box Fire. This inconsistency is most
likely due to greater fuel moisture, greater overall soil moisture content, burying the sensors
at slightly greater depths during the Azle Prairie Fire (3 and 5 cm) compared to the Box Fire
(2 and 4 cm), and, possibly, greater soil density in the field. Because higher soil moisture
content restricts increases in soil temperature during fire (Frandsen and Ryan 1986), it is
reasonable that field conditions during the Azle Prairie Fire would not achieve changes in
soil temperature of similar magnitude to those observed during the Box Fire.

Increases in soil moisture content similar to those observed during the Box Fire were

modeled in the soil heating experiment conducted by Massman (2015). The increase in soil
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moisture content was most pronounced in the 5 T acre™ box and is likely caused by a change
in water potential during fire, driving moisture downwards temporarily. Because this change
in soil moisture content was not seen during the Azle Prairie Fire and only a minor change
was detected in the 2 T acre™® box, fuel loads less than 2 T acre™ may not cause this change in
soil moisture content during fire. Similar to the model produced by Massman (2015), all
burns resulted in a loss of soil moisture content during the first week post-fire.

The prolonged increase in soil temperature and potential for higher soil moisture
content following burns due to a reduction in transpiration may extend the growing season.
These changes were shown to be limited to the surface 7.5 cm in the soil profile (Hatten et al.
2012). Post-fire increase in soil moisture content may also temporarily contribute to the
recharge of aquifers prior to vegetative succession (Cardenas and Kanarek 2014).

Although the standard curves for changes in soil temperature, moisture content, and
water potential created in this study use only a single soil type, similar changes would be
expected to occur during prescribed fires conducted in other soils. While sandy soils may be
expected to only experience minor changes in soil moisture content and temperature due their
high infiltration capacity (Vermeire et al. 2005), soil texture was found to have little impact
on soil temperatures reached during fire (Busse et al. 2010). Further research should examine
how fires alter soil physical properties differently in various soil types to confirm the validity
of our conclusions in different soils. Studies should also examine changes in soil moisture
content during burns conducted in various soil types because post-fire changes in soil-water
dynamics have been found to be inconsistent with grain size (Busse et al. 2005; Cardenas and

Kanarek 2014).
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Several studies have found a post-fire reduction in infiltration capacity due to water
repellent layers beneath the soil surface (DeBano 2000; Doerr et al. 2006; Nyman et al.
2014). These circumstances are most common following severe fires (Ryan and Noste 1985).
However, similar to this study, infiltration capacity has also been shown to increase
following fire due to the “creation of water-retaining pores” (Shakesby and Doerr 2006, 276).
The decrease in infiltration capacity following the 0.5 T acre™! burn as well as the increase in
infiltration capacity following the 2 T acre, 5 T acre™, and Azle Prairie Fire suggest that low
severity burns capable of producing char on the soil surface may facilitate a post-fire increase
in infiltration capacity. Fire-induced impacts on infiltration capacity are difficult to predict
due to the mosaic produced by prescribed burns and differences specific to field sites
(Penman et al. 2007).

The decrease in aggregate stability following the 2 and 5 T acre™ burns is consistent
with other studies that examined changes in aggregate stability following wildfires. Severe
fires were shown to affect aggregate stability in the top 5 cm of the soil profile, potentially
resulting in greater soil erosion during the first four months post-fire (Andreu, Imeson, and
Rubio 2001). Grassland fires were shown to have limited impacts on soil structure, while
greater damage to surface soil may occur if shrubs or timber are burned (Ryan and Noste
1985; Iverson and Hutchinson 2002). Because the native grasses burned in the Box Fire
resulted in a reduction in aggregate stability following the 2 and 5 T acre™® burns, high fuel
loads of fine vegetation may also contribute to increased soil erosion and sediment transport.

When planning and conducting prescribed fires, land management should take into
account the desired outcomes of burns and potential side effects of this land management

technique. Standard curves for soil temperature during fire created in this study indicate that

32



fuel loads greater than 4.2 T acre™! should be burned to achieve soil temperatures greater than
60°C at 2 cm depth. Because soil temperatures must remain above this threshold and reach
root structures to sufficiently kill invasive vegetation, burns aimed to remove vegetative
species should be conducted in fuel loads greater than 4.2 T acre™ (Bradstock and Auld 1995;
Preisler, Haase, and Sackett 2000). Root depth, fuel moisture, and soil moisture content
should also be taken into account prior to these burns to determine the likelihood of
achieving desired temperatures in the soil profile. However, this study also demonstrated that
fuel loads greater than 2 T acre may decrease aggregate stability, thereby increasing the risk
of soil erosion and sediment transport. Therefore, burns conducted at higher fuel loads may
need to plan for post-fire erosion control in sensitive areas.

Because soil moisture content and infiltration capacity have high spatial variability
following fire (Penman et al. 2007; Raison 1979; Robichaud 2000; Shakesby et al. 2003),
further research should be conducted to confirm the results of this study in different soil
types, fuel settings, and several areas within the same burn unit. In order to remove
confounding variables that interact with soil-water dynamics, the soil used for the Box Fire
was sieved and the bulk density was fairly consistent among all boxes. However, because soil
temperature and moisture dynamics during and following fires can have high spatial
variability even on small scales (Carrington 2010), the small sample sizes used in this study
should be extrapolated to other locations with caution and further analysis of site
characteristics.

While this study examined short-term effects of prescribed fire, further research is
also needed to assess the long-term impacts prescribed fires have on soil-water dynamics

following burns conducted at various ignition intervals (Boerner, Brinkman, and Sutherland
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2004; Forgeard and Frenot 1996; Grilz and Romo 1994; Hatten et al. 2012; Uribe et al.
2013). This research should focus on fire-induced impacts on soil-water dynamics at the
watershed and ecosystem scale, as these have been largely unexplored (DeBano 2000).
Because post-fire vegetative recovery may take several years, long-term monitoring of
burned sites is necessary to ensure prescribed fires achieve the intended land management
goals with limited adverse effects on the environment (Blank, Chambers, and Zamudio 2003;
Redmann et al. 1993). The field methods implemented in this study can be used to develop
long-term fire monitoring programs to assist land management in planning for and

monitoring the effects of prescribed fires.

Conclusion

This study monitored changes in soil physical properties (temperature, moisture
content, water potential, infiltration capacity, and aggregate stability) during prescribed fires
conducted at the following fuel loads: 0.5, 1.7, 2, and 5 T acre’t. While burns at fuel loads
less than 2 T acre™ caused small changes in soil moisture content and water potential, burns
conducted at fuel loads greater than 5 T acre™ may reduce soil moisture content and prolong
temperature increases in near-surface soil. Burns aimed to remove invasive vegetation should
be conducted at fuel loads greater than 4.2 T acre™ to achieve the 60°C threshold for root
mortality. However, burns greater than 2 T acre™ were also shown to decrease aggregate
stability; therefore, land management may need to plan for erosion control in these burn

situations.
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Prescribed fires are conducted to reduce accumulated fuel loads and maintain fire-
dependent vegetative species and wildlife habitats. Few studies have examined the impacts
prescribed fires have on near-surface soil-water dynamics. Fire-induced changes in soil
temperature, moisture content, water potential, infiltration capacity, and aggregate stability
were measured during experimental fires (fuel loads: 0.5, 2, and 5 T acre™!) and a prescribed
fire conducted in the field (1.7 T acre™). Burns at fuel loads less than 2 T acre™ caused small
changes in soil moisture content and water potential, while burns conducted at fuel loads
greater than 5 T acre™* may reduce soil moisture content and prolong increased temperature in
near-surface soil. Burns aimed to remove invasive vegetation should be conducted at fuel
loads greater than 4.2 T acre™ to achieve the 60°C threshold for root mortality; however, land

management may need to plan for erosion control in these burn situations.



