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Abstract Prescribed ﬁre is an important tool for rangeland management in sage-steppe ecosystems,
yet the long-term effects of this practice on soil hydraulic properties are not well known. We explore
interactions among site geomorphology, soil organic carbon (SOC) soil N, soil water repellency (SWR), and
plant community type on inﬁltration properties before ﬁre and 8 years thereafter in a semiarid research
watershed. The objective was to assess the sustainability of rangeland burning in sage-steppe ecosystems.
Many types of measurements were made in three plant communities to identify how differences in soil
hydraulic properties are related to differences in plant cover and soil texture and to determine
relationships among SOC, SWR, soil water contact angle, and inﬁltration properties. Measurements were
made on transects in burned and unburned catchments. We found that severity and occurrence of surface
SWR were substantially reduced 8 years after a ﬁre within the area originally covered with mountain
big sagebrush, where the ﬁre intensity was greatest. Surface SWR was lowest in the sparsely vegetated low
sagebrush, where SOC was also lowest. Unsaturated hydraulic conductivity (Kh) increased in each
vegetation type over the 8-year period after burning and was not directly related to SWR. Spatial variability
in Kh was primarily controlled by soil texture, whereas differences in sorptivity (S) were controlled by SWR
and aridity. SOC is not well correlated to soil surface SWR. The decadal scale changes in Kh and
associations between S and site characteristics indicate forms of resilience to ﬁre across a
moisture gradient.
Plain Language Summary

Wildﬁre that removes vegetation can alter soil surfaces and result in
erosion. Vegetation succession patterns in grazed lands can accelerate the rangeland ﬁre cycle and alter
soil properties including inﬁltration and organic carbon storage. This study investigated evolving interactions
between soil properties and rangeland plant ecosystems from preﬁre conditions until 8-year postﬁre to clarify
the changes in soil inﬁltration capacity. This information is intended to guide land managers who use
prescribed ﬁres to manage rangelands to limit the incidence of catastrophic ﬁres and erosion. We found that
the severity and presence of surface soil water repellency were greatly reduced 8 years after treatment in the
Aspen stand, where the surface was manually burned. Although postﬁre decreases in soil water repellency
were modest at in the big mountain sagebrush, the postﬁre inﬁltration capacity was at least twice as great as
prior measurements. This indicates a positive long-term effect of prescribed ﬁre control of big mountain
sagebrush at the study site.
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Received 19 JUL 2017
Accepted 5 OCT 2018
Accepted article online 17 OCT 2018
Published online 30 OCT 2018

©2018. American Geophysical Union.
All Rights Reserved.

CHANDLER ET AL.

Fire has been recognized for centuries as a useful tool for managing rangeland plant communities in
sagebrush-steppe ecosystems (Bates & Davies, 2014; Young, 1983). Fire is also a natural component of sagebrush ecosystems, with return intervals historically ranging from 30 to 100+ years (Davies et al., 2011; Miller
et al., 2014). However, ﬁre activity throughout the sagebrush domain of the mountain west region of the
United States has changed over the past century due to ﬁre suppression activities, land management, plant
community transitions, and climate (Davies et al., 2011; Noss et al., 1995). As a result, prescribed ﬁre is often
applied on rangelands to address multiple land management goals, including removal of woody vegetation,
biodiversity maintenance or improvement, and protection of ﬁre-sensitive habitats or culturally signiﬁcant
sites (Davies & Bates, 2017; Pyke et al., 2017; Roundy et al., 2014; Zvirzdin et al., 2017). In particular,
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prescribed ﬁre is often employed to increase herbaceous cover, primarily for livestock, and/or delivery of ecosystem goods and services (Davies et al., 2011).
However, helpful it may be in the agricultural context, ﬁre may inﬂuence soil hydraulic properties (DeBano
et al., 1976; Huffman et al., 2001; Moody et al., 2013; Pierson & Williams, 2016; Robichaud, 2000; Williams
et al., 2014) and can substantially increase runoff and erosion (Benavides-Solorio & MacDonald, 2005;
Larsen et al., 2009; Malmon et al., 2007; Scott, 1993) through removal of surface vegetation and litter
(Johansen et al., 2001; King, 1981; Pannkuk & Robichaud, 2003) and formation or exacerbation of soil water
repellency (SWR; DeBano, 2000; Dekker et al., 2001; Salih et al., 1973). Reduced inﬁltration capacity following
ﬁre has often been attributed to increased SWR (Dekker & Ritsema, 2000; Martin & Moody, 2001; Pierson et al.,
2002). However, the substantial spatial variability in SWR at rangeland sites both before and after ﬁre indicates that ﬁre-associated differences in inﬁltration are neither uniform nor persistent (Pierson et al., 2001,
2008; Woods et al., 2007; Zvirzdin et al., 2017). Studies of postﬁre SWR in pine forests found SWR persisted
from 1 to 6 years (Dyrness, 1976; MacDonald & Huffman, 2004). SWR is more severe in dry periods
(Ritsema & Dekker, 1994). Pierson et al. (2008) observed that interannual variability and intensity of SWR
exerted greater inﬂuence on runoff than the impact of ﬁre at a sagebrush-steppe site.
The complexity of the spatial and temporal factors affecting SWR continues to challenge quantiﬁcation of the
effects of ﬁre on SWR, inﬁltration and runoff (Moody et al., 2013; Williams et al., 2014). SWR occurs in natural
and ﬁre-affected soils throughout the world and may persist over time scales ranging from seconds to
centuries (Dekker et al., 2005; Doerr et al., 2000; Doerr, Shakesby, Blake, et al., 2006). Surface vegetation is generally considered as the primary source of soil organic matter (SOM), which is typically 55 to 60% soil organic
carbon (SOC) by mass (Food and Agriculture Organization of the United Nations, 2017) and the precursor for
SWR (Doerr et al., 1996, 2000; Moore & Blackwell, 1998; Rodríguez-Alleres et al., 2007; Williams et al., 2014).
Determining existing relationships between SOM and SWR is challenging, and the reliability of studies to
detect these relationships can vary considerably by approach (Dekker & Ritsema, 1994; McKissock et al.,
1998; Wallis et al., 1993).
1.1. Soil Inﬂuences
In addition to ﬁre, studies of SWR have focused on soil texture, SOM, land management, and amelioration
strategies (DeBano, 1981; Doerr et al., 2000; Doerr, Shakesby, & MacDonald, 2009) and hydrological modeling
(Bachman et al., 2007; Doerr, Shakesby, Dekker, & Ritsema, 2006). SWR is widespread in unburned soils (Doerr,
Shakesby, & MacDonald, 2009) and appears more frequently in coarse-textured soil than soils with high clay
content (McGhie & Posner, 1981; McKissock et al., 2003; Roberts & Carbon, 1972), due to the smaller surface
area per unit volume (Blackwell, 1993; DeBano, 1981). However, many studies have found that texture may
not be a sufﬁcient predictor of SWR (Doerr et al., 2000; Giovannini & Lucchesi, 1983; McGhie & Posner,
1980; Scott, 2000). Silt loam soils support biodiverse sage-steppe ecosystems, yet the interactions between
the hydrologic and edaphic responses to ﬁre there are not well understood (Williams et al., 2016).
1.2. Fire Effect on Carbon and Nitrogen
Fire has been shown to reduce soil C and N concentrations through the combustion of SOM, with recovery
times on the order of a century (e.g., Nave et al., 2011). Where C and N losses occur after ﬁre, they tend to
be greatest in surface soils. However, some studies have shown that low-intensity ﬁre may not have signiﬁcant effects on soil properties, including C and N concentrations, SWR, and texture (Hatten et al., 2005;
Rodriguez-Alleres et al., 2012).

2. Research Goals
The purpose of this study was to assess the long-term sustainability of prescribed burning in sagebrushsteppe ecosystems. To do this, we quantify decadal scale effects of prescribed burning on soil hydraulic
properties in three plant communities to understand how different plant cover types and soil textures have
different responses to ﬁre. We measure a broad set of soil properties that are known to be affected by ﬁre, in
order to gain a holistic view of both short and long term ﬁre effects. Finally, we determine if useful relationships exist among the suite of soil physical and biological properties to facilitate intercomparison of ﬁre
studies made by different methods.
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3. Site Descriptions
The research was conducted within the U.S. Department of Agriculture-Agricultural Research Service
(USDA-ARS) Reynolds Creek Experimental Watershed and Critical Zone Observatory, a semiarid rangeland
watershed located in southwest Idaho, USA. Within the Reynolds Creek Watershed, study sites were established in the Upper Sheep Creek (USC) and Wood Road Gulch (WRG) catchments, which are located adjacent
to each other at approximately 1,835 to 2,049 m (Marks, 2001; Figure 1). WRG and USC have analogous
patterns in topography, precipitation, soils, and vegetation (Figure 1). Average annual precipitation, as
measured at USC, is approximately 426 mm. Most of the precipitation occurs during winter as snow
(Chauvin et al., 2011), which drifts below leeward ridges and scours off windward slopes (Flerchinger et al.,
1998; Flerchinger & Cooley, 2000; Winstral & Marks, 2002). The combined inﬂuence of wind, snow, and
topography result in large gradients of annual moisture input, soil depth and texture, soil water storage
capacity, and vegetation (Chandler et al., 2017). There are two differences in historic management between
USC and WRG catchments. USC is a fenced exclosure to cattle, with occasional breaches, since 1970. WRG is
seasonally grazed by cattle.
The dominant vegetation types in the study area are aspen (Populus tremuloides), mountain big sagebrush
(big sage) (Artemisia tridentata), and low sagebrush (low sage) (Artemisia arbuscula; Figure 1). Aspen groves
are near watershed divides, where snowdrifts develop on leeward slopes and accumulated silt loam soil
can reach depths of >2 m. Downslope, snow accumulation and soil depth decline and big sage is typically
the dominant vegetation. Grass (Poaceae), forbs, and snowberry (Symphoricarpos) shrubs are associated with
the aspen ecotones and are also found within the big sage areas. Low sage dominates the windward slopes,
where the soil (~30-cm depth) consists of a thin loamy surface layer over a high clay content argillic horizon
and basalt stone fragment matrix. Vegetation is sparse and is accompanied by mosses, lichens, cryptogamic
soil crusts, and Sandberg bluegrasses (Poa secunda). Detailed descriptions of USC are provided by Flerchinger
et al. (1998) and Flerchinger and Cooley (2000).

4. Experimental Design and Measurements
The experiment consisted of one preﬁre and two postﬁre surveys and a supporting information of end of
study comparative measurements. First, we established three 30.5-m-long transects in USC and WRG
watersheds to compare measurements of various soil properties across aspen, big sage, and low sage. The
transects were constructed of a steel tape afﬁxed to steel end posts and aligned with the prevailing wind
direction to capture the greatest range of soil water input across each catchment (Figure 1). In August
2007 we made measurements at USC at 30-cm increments along the transect, including soil temperature
(Ts, °C), volumetric water content (Θ, m3/m3), before and after inﬁltration, unsaturated hydraulic conductivity
(Kh), sorptivity (S), and water drop penetration time (WDPT). In September 2007, a prescribed ﬁre was
conducted at USC but not at WRG. The ﬁre burned differently throughout USC watershed: The aspen burned
only in the understory, leaving the mature trees alive. These trees were felled and chopped in autumn, 2008.
The big sage burned hot and intensively. The low sage burned slowly in patches, mostly at lower elevation.
We repeated the measurements at 30-cm increments in October 2009. In 2015, we repeated the measurements at 60-cm increments and made complementary measurements at WRG in analogous transects of
the same vegetation classes. Also in 2015, 10 soil samples (15-cm depth) were extracted in polythene tubes
with a soil core sampler (AMS Inc., American Falls, ID, USA) along each transect in USC and WRG. The soil cores
were stored at 5 °C, divided into three parts (0–5 cm, 5–10 cm, and 10–15 cm) for a total of 180 samples and
oven-dried in open containers at 40 °C for 7 days prior to contact angle and combustion analyses.
To determine Kh and S, we made cumulative inﬁltration tests with automated mini disk inﬁltrometers
(Madsen & Chandler, 2007) at a head of 3.5 cm ± 0.5 cm. Pressure transducer output from the inﬁltrometers
was recorded by a micrologger (Adafruit Industries, New York, NY, USA) at 1-s intervals (Valinski & Chandler,
2015). At each transect measurement point, the sensor disk was placed on a sand pad of approximately
2–3 cm to make inﬁltration measurements at near zero head, similar to natural conditions. Following each
test, we measured Ts and Θ (Stevens Hydraprobe, Portland, OR, USA) within the radius of the wetted soil bulb
and in the adjacent dry soil to a depth of 5.7 cm (Table 1). These measurements and texture appropriate soil
water retention parameters (Carsel & Parrish, 1988) are used to solve a pair of simultaneous equations to
estimate Kh and S (Zhang, 1997):
CHANDLER ET AL.
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Figure 1. Soil classes and vegetation distribution on Upper Sheep Creek (USC) and Wood Road Gulch (WRG). Each site
included three 30.5-m transect to represent the soil classes and dominant vegetation cover classes: aspen (A), big sage
(BS) and low sage (LS). For both catchments the stream is located at approximately the soil texture interface between the BS
and LS transects, as indicated by the blue line on the vegetation map. http://criticalzone.org/reynolds/data/dataset/3934/

I ¼ C 1 t þ C 2 t0:5


K ðhÞ ¼ C1 A2 and S ¼ C2 A1

(1)
(2)

where I is cumulative inﬁltration, C1 is ﬁtted to the near steady state inﬁltration, and C2 is ﬁtted to the initial
rate of change in inﬁltration. The constants A1 and A2 depend on Θ, soil texture, and disk diameter. Typical
inﬁltration tests into unsaturated, wettable soils result in cumulative inﬁltration-time records that are initially
convex, with a positive value of S, then asymptotically approach steady state inﬁltration. Inﬁltration in waterrepellent soils is initially inhibited and increases with time as the soils are wetted. Thus, as soils become
wetted, the rate of wetting front advance increases and inﬁltration-time records are initially concave. This
results in negative values of S, which we use as a measure of SWR.
WDPT tests were conducted to assess SWR at the mineral soil surface near each transect inﬁltration test.
Vegetation and surface litter were removed, three droplets of water were placed on the soil surface and
Table 1
Summary of Average Values for Unsaturated Hydraulic Conductivity (Κh), Sorptivity (S) Ambient Soil Temperature (Ts), Initial
Soil Water Content (Θi), and Inﬁltration Test Increase in Θ (ΔΘ), for Transects in Aspen, Big Sage, and Low Sage Sites at
Upper Sheep Creek (USC) and Wood Road Gulch (WRG)
Measurement
Kh (cm/s × 10
1/2

S (cm/s

Ts
Θi ()
ΔΘ ()

)

3

)

Transect

USC 2007

aspen
big sage
low sage
aspen
big sage
low sage
aspen
big sage
low sage
aspen
big sage
low sage
aspen
big sage
low sage

0.67 a
0.50 a
0.47 a
0.003 a
0.002 a
0.055 a
24.4 (4.9)
32.0 (7.4)
36.3 (5.2)
0.03 (0.005)
0.02 (0.005)
0.03 (0.005)
0.27 (0.01)
0.26 (0.07)
0.27 (0.04)

USC 2009
0.81 a
1.27 b
0.03 a
0.02 a
18.3 (7.4)
15.8 (3.2)
0.05 (0.04)
0.07 (0.05)
0.07 (0.06)
0.05 (0.06)

USC 2015

WRG 2015

2.17 b
2.07 b
1.57 b
0.04 b
0.03 b
0.04 a
23.8 (4.1)
30.3 (1.1)
31.5 (2.8)
0.13 (0.05)
0.13 (0.06)
0.04 (0.02)
0.15 (0.07)
0.15 (0.06)
0.17 (0.04)

2.00 b
0.98 a
2.00 c
0.03 b
0.01 b
0.05 a
26.5 (2.8)
23.2 (2.2)
38.0 (1.4)
0.26 (0.07)
0.21 (0.07)
0.05 (0.02)
0.07 (0.08)
0.05 (0.05)
0.09 (0.07)

Note. Standard deviations are shown in parentheses and lower case letters within a column indicate signiﬁcant (P < 0.05)
differences between average values.
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lines indicate the progressive increase in droplet size as water is injected
through the steel needle. The solid lines 1–3 indicate the constant contact
angle as the advancing droplet edge.
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the time for the last droplet to completely inﬁltrate into the soil was
recorded. Various time standards have been suggested to indicate a
threshold SWR, including 1 (Roberts & Carbon, 1971), 5 (Bisdom et al.,
1993), or 60 s (Walsh et al., 1994). We associate WDPT times of <5 s,
5–60s, and greater than 60 s to indicate wettable, slight SWR (SWR
Class I), and severe SWR (SWR Class II) conditions. SWR is a transient
phenomenon at multiple spatial and temporal scales, which complicates
evaluation of both the presence and associated hydrologic effects of
SWR (Doerr, Woods, et al., 2009). The validity of the WDPT test depends
on maintaining a soil water contact angle greater than 90° with the test
surface and can be confounded by atmospheric conditions that promote
evaporation. This reduces drop diameter and contact angle but not soil
contact area. Furthermore, the WDPT value does not have physical meaning and is affected by surface roughness and pore geometry (Wessel,
1988). Nevertheless, the WDPT is a commonly used and simple indicator
of surﬁcial SWR.

Soil-water contact angle is a static measure of wettability (Bauters et al.,
2000; Letey et al., 1962; Young, 1805) and is the fundamental controlling
phenomenon for SWR. Contact angle was measured with a sessile drop goniometer (Bachmann et al.,
2003). We constructed a device consisting of a horizontal polycarbonate plate, input syringe, and microscope
camera. The ground and dried soil samples were placed in the center of a 2.5-cm wide by 1-mm deep recession in the polycarbonate plate and packed with a brass disk to form a smooth, level soil pad (Figure 2). A water
drop was introduced to the test surface though a steel needle inserted through the polycarbonate plate prior
to packing the soil. The needle was adjusted to approximately 1 mm above the soil surface to minimize disturbance of the soil surface by the water drop. A slowly advancing contact angle was maintained for approximately 5 s by expressing water from a syringe connected to the needle. The contact angle was later
determined by overlaying a goniometer scale on continuously captured images of each experiment (Figure 2).
Soil samples were prepared for combustion analysis, ﬁrst by grinding and drying at 78 °C. Subsamples were
weighed and packed into 10.5 × 9 mm tin capsules for SOC and N analysis, which was conducted with a
Costech ECS-410 Combustion System. The wide range in SOC content by depth of sample and transect aspect
required matching soil sample mass from the different transects to the instrument’s detection range. We
used approximately 20 mg of near surface (0–5 cm) soil from aspen and big sage transects and 50 mg of soil
for low sage. The calibration curve and recurring quality control samples used masses of atropine from 1
to 15 mg.
Standard spreadsheet software was used to determine the cumulative distribution of Kh and S and the relationship between contact angle and SOC. The coefﬁcient of determination (R2) was used as a measure of
goodness of ﬁt. Descriptive statistics were used to calculate the mean, standard deviation, and standard
errors of Θi, Ti, SOC, and N for each transect. A one-way ANOVA (SPSS software) was used to determine
any signiﬁcant differences between mean values of Kh, S, and SOC among transects. The data for Kh and
SOC passed the Kolmogorov-Smirnov test for normality. In 2015, signiﬁcantly different transect mean values
were identiﬁed as groups a, b, c, or d.
Various technological challenges, ﬁeld conditions, and time constraints resulted in different numbers of Kh, S,
Θ, and WDPT observations along each USC transect over the period of study. These ranged from 80 to 90
valid observations per transect in 2007and about 40 valid measurements per transect in 2009 and 2015. In
2009, the USC aspen transect presented the dual challenge of a burned surface with remaining standing
vegetation and slight snow cover. Measurements at WRG in 2015 were limited to 40 points per transect
and returned 30 to 37 valid observations per transect.

5. Results
Kh increased for all USC transects between 2007 and 2015, with a twofold increase for aspen and low sage
and a threefold increase for big sage (Table 1). In addition, the intermediate 2009 data show positive
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Figure 3. Site topography inﬂuences Kh and S for 2015 measurements. Both Upper Sheep Creek (USC) and Wood Road
Gulch (WRG)catchments show increased range of Kh with distance upslope for low sage (LS) and big sagebrush (big
sage) transects and substantial differences in S between LS and other sites.

change from preﬁre conditions for low sage and big sage (not signiﬁcant). Nearly 80% of the measured Kh
values were less than 1 × 103 cm/s before the ﬁre and in 2009, whereas only about 20% of Kh values
were less than this value 8 years after ﬁre. Ordination of Kh values by transect location (see Figure 1) shows
little structure in the aspen data (Figure 3c), but a decrease in Kh toward the stream for both big sage
(Figure 3b) and low sage (Figure 3a). WRG data show similar spatial trends. When Kh data were restricted
to sites with S > 0, there were no differences in the mean value.
S was predominantly positive for low sage and was consistently greater than aspen and big sage at both USC
and WRG (Table 1). S decreased slightly for USC aspen and big sage between 2007 and 2015, but USC low
sage showed no difference in S over the period of study (Table 1). However, the frequency distribution of S
is nearly normal with the mode near 0 for both aspen and big sage transects (Figures 4a and 4b). S is mostly
positive for low sage in all years (Figure 3d). There were no signiﬁcant differences in S between USC and WRG
in 2015.
Transect average soil temperature at USC was greatest in 2007 (24 to 36 °C) across the catchment, and
transect average Θi for the surface soils (0.02 to 0.05) was correspondingly low (Table 1). The much greater
mean Θi in 2015 for aspen and big sage (0.13) is a result of the greater winter snow cover and cooler
summer, whereas Θi in low sage did not differ among years. Inﬁltration experiments increased mean Θ
to 0.28–0.30 in 2007 and similar values at aspen and big sage in 2015, but mean Θ at low sage was less
CHANDLER ET AL.
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Figure 4. Normalized S frequency curves for all inﬁltration tests conducted 2007, 2009 and 2015 at Upper Sheep Creek
(USC) and Wood Road Gulch (WRG).

(0.21), as a result of the greater gravel content there. Final Θ values are not presented in Table 1 and are
the sum of Θi and ΔΘ.
The incidence of severely water repellent soil surfaces decreased for all cover types between 2007 and 2015,
but changes in wettable and slightly water repellent soils varied among sites (Figure 5). Hydrophobic II sites
decreased from 72 to 22% in aspen, 51 to 38% in big sage, and 12 to 6% in low sage (Figure 5). Hydrophobic I
sites increased from 16 to 45% in aspen, decreased from 44 to 20% in big sage, and increased slightly from 34
to 39% in low sage. Comparison of the fraction of values of S < 0 and S > 0 at USC from inﬁltration tests in
aspen, big sage, and low sage for 2007 and 2015 (Figure 5) to the WDPT test results shows general agreement
between surface and subsurface methods of assessing SWR.
We further explored the relationship between inﬁltration rate, curvature of inﬁltration time series, and WDPT.
Figure 6 shows example 2015 inﬁltration time series at different transect locations, in order of decreasing
total time of inﬁltration from left to right. Each inﬁltration time series is associated with WDPT measurements,
both made nearly simultaneously in 2015. The presented big sage time series are concave and are typical of
soils with negative S. The low sage inﬁltration time series are either convex or nearly linear. Whereas the low
sage WDPT values decrease with increasing total time of inﬁltration, there
is no similar observed relationship for big sage.
Contact angle was greater than 90° for 43 soil samples collected in 2015.
These water-repellent samples were primarily from aspen and big sage
transects, and most were collected from 0 to 5 cm (Figure 7a). The range
of contact angle for near-surface soil samples differed for WRG (125 to
144 degrees) and USC (118 to 138 degrees). Although the range in SOC
was greater for the aspen soils (7 to 27%) than for big sage (7 to 16%),
the upper range of contact angle values for big sage was greater.
Therefore, each transect presents a somewhat different relationship
between SOC and contact angle. The other 120 soil samples from 2015
sorbed the applied water immediately (WDPT of less than 1 s), indicating
a contact angle of <90°.

Figure 5. Normalized frequency of three classes of WDPT surface SWR measurements at Upper Sheep Creek low sage (LS), big sage (BS), and aspen
(aspen). The fraction of S < 0 and S > 0 from inﬁltration experiments is
indicated for each transect by the S = 0 line.

CHANDLER ET AL.

SOC from 2015 samples varied substantially with cover type and depth but
less between sites (Figure 7). All samples showed decreased SOC with
depth over the 15-cm-deep cores. On the low sage transects, the mean
values of SOC ranged from 1.4 to 3.2% at USC and 1.3 to 2.5% at WRG.
On the big sage transects the SOC ranged from 3.1 to 10.1% and 4.2 to
12.0% for USC and WRG, respectively. On the aspen transects the ranges
were the greatest: 4.2 to 11.7% and 3.8 to 13.3% for USC and WRG, respectively. SOC increased toward the midpoint of both aspen transects, despite
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Figure 6. Example inﬁltration time series for sites with various surface covers and surface water drop penetration time
values at Upper Sheep Creek big sage and Upper Sheep Creek low sage showing increasing inﬁltration rate at big sage
and decreasing inﬁltration rate at low sage.

differences in treatment for the WRG (unburned, grazed) and USC (burned, exclosure; Figure 7b). There were
no signiﬁcant differences in SOC between USC and WRG at any soil depth (Table 3). However, SOC
concentrations in soils from the low sage transects were signiﬁcantly lower (P < 0.05) than both the big
sage and aspen transects at all depths (Table 3).
Soil N concentrations followed SOC closely, with almost identical patterns of statistical signiﬁcance (Table 3).
The correlation coefﬁcient between SOC and N was +0.99 across all samples. Soil C:N ratio decreased with
increasing soil depth on all transects, in most cases signiﬁcantly (Table 2). In surface soils (0- to 5-cm depth),
C:N ratio was signiﬁcantly greater in WRG than in burned USC (Table 3). In both 0- to 5- and 5- to 10-cm layers,
the C:N ratio was signiﬁcantly greater in aspen transects than in big sage transects and signiﬁcantly greater in
big sage than in low sage transects (Table 3).

6. Discussion
This research was conducted to assess the impacts of prescribed ﬁre as a land management practice for sagesteppe ecosystems. We are most interested in the resilience of the three different plant communities, and in
particular, those on silt loam soils, which are very productive but have not been well studied for ﬁre response.
Two contemporaneous studies focused on resilience of the water balance to ﬁre (Flerchinger et al., 2016) and
soil erodibility under concentrated ﬂow (Williams et al., 2016). They found that the water balance recovered

Figure 7. The relation between SOC and contact angle for thirty-two water-repellent soil samples from 0–5 cm depth collected from aspen, big sage and low sage transects at USC and WRG in 2015 (a). Spatial distribution of soil organic carbon
(SOC) along aspen transects from low to high elevation (b).
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Table 2
Soil C, N, and C:N Ratios in Transects Established at the Reynolds Creek
Experimental Watershed
Transect
USC A

WRG A

USC BS

Soil layer (cm)

Carbon (%)

Nitrogen (%)

C:N ratio

0–5
5–10
10–15
0–5
5–10
10–15
0–5
5–10
10–15
0–5
5–10
10–15
0–5
5–10
10–15
0–5
5–10
10–15

11.7 a
7.0 b
4.2 b
13.3 a
6.9 b
3.8 b
10.1 a
4.7 ab
3.1 b
11.0 a
6.1 b
4.2 b
3.2 a
1.8 a
1.4 a
2.5 a
1.5 b
1.3 b

0.85 a
0.55 b
0.36 b
0.89 a
0.49 b
0.30 b
0.76 a
0.39 b
0.27 b
0.85 a
0.51 b
0.38 b
0.28 a
0.17 a
0.14 a
0.21 a
0.15 b
0.14 b

13.5 a
12.8 ab
11.5 b
14.7 a
13.6 ab
12.4 b
12.4 a
11.9 a
11.5 a
12.8 a
12.0 a
10.9 b
11.0 a
10.3 ab
10.0 b
11.8 a
9.2 b
10.5 ab
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fully within 2 years and that erosion potential from concentrated ﬂow
decreased substantially within a year after the ﬁre, and gradually
thereafter with reestablishment of surface vegetation on the loam soils.
Over the 10-year study, accumulation of sediment at the USC outlet weir
was negligible, despite concerns about postﬁre soil erosion. Thus, the
focus of this discussion is understanding ecosystem resilience at the
site to guide practical management. First we look at climate and
landscape controls, then soil properties, differences in measurements of
SWR including soil carbon, and ﬁnally, we discuss the possible consequences of future climate.

Soil properties in this study vary among the aspen, big sage, and low sage
transects in response to eolian redistribution of soil and snow, and aspect.
Soil moisture measurements before and after inﬁltration indicate regular
differences in plant-soil water relations, in agreement with prior studies
USC LS
at the site (Flerchinger & Cooley, 2000; Seyfried et al., 2011). Initial conditions for tests varied by year, complicating the study. In 2007, mean Θi
for all USC transects are less than the values for plant extraction limit
WRG LS
(0.06 to 0.12) previously determined from long-term measurements at
USC (Chandler et al., 2017), indicating extensive soil drying by vapor ﬂux
Note. For each transect, signiﬁcant differences (P < 0.05) among soil layers
to a depth of the sensor (15 cm). Θi increased in subsequent years, despite
are indicated by different letters. Statistical signiﬁcance of differences
efforts to make measurements during very dry conditions. Following the
between watersheds (Upper Sheep Creek [USC] vs. Wood Road Gulch
inﬁltration tests, differences in Θ for 2007 and 2015 were slight and greater
[WRG]) and between cover types (aspen vs. big sage vs. low sage) are
shown in Table 3.
than Θ for 2009. This difference may indicate the impact of ﬁre on the soil
surface and resilience of the soil structure following vegetation recovery.
We calculated that plant available water, taken as the difference in Θ between ﬁeld capacity and plant extraction limit, differs among aspen (0.30), big sage (0.22), and low sage (0.14) at USC. As a result of these soil properties and the very different dates of snowmelt, aspen is seldom water limited; big sage is seasonally water
limited, depending on slope position; and low sage is typically water limited. These limitations structure
the observed vegetation patterns and cover density (Chauvin et al., 2011; Flerchinger et al., 1998;
Flerchinger & Cooley, 2000; Seyfried et al., 2011).
WRG BS

Differences in near surface soil C, N, and especially the C:N ratio are consistent with the aforementioned
patterns of plant water availability. The average values of organic C and N were signiﬁcantly lower in the
low sage transects than in other transects in both catchments (Table 3). Lower primary productivity in low
sage results in less above- and below-ground litterfall, explaining the lower C and N concentrations
(Table 2). Interestingly, the C and N concentrations in big sage and aspen transects were not signiﬁcantly
different despite the presence of a closed-canopy in the aspen groves. This may be due to differences in
the biochemistry and decomposability of litter from aspen and sagebrush. Indeed, C/N ratios in aspen soils
were signiﬁcantly greater than in big sage (and low sage) soils in both
the 0- to 5- and 5- to 10-cm layers (Table 4). These results indicate that
Table 3
the dense root mat in aspen is an important reservoir for carbon
Analysis of Variance Results for the Effects of Watershed
sequestration in sage-steppe ecosystems. During decomposition of
2
Soil layer (cm)
Property
Site effect
Cover type effect Adjusted R
organic matter in soil the C/N ratio typically decreases as microbes
use and respire C while incorporating N into their biomass. In all of
0–5
Carbon
None
Aspen = BS > LS
0.33
Nitrogen
None
Aspen = BS > LS
0.34
the study transects, we observed decreasing C/N ratio with depth
C:N Ratio WRG > USC Aspen > BS > LS
0.38
(Table 4), consistent with increasing degree of decomposition of
5–10
Carbon
None
Aspen = BS > LS
0.47
organic matter in deeper soils.
10–15

Nitrogen
C:N Ratio
Carbon
Nitrogen
C:N Ratio

None
None
None
None
None

Aspen = BS > LS
Aspen > BS > LS
Aspen = BS > LS
Aspen = BS > LS
Aspen = BS > LS

0.54
0.54
0.56
0.66
0.51

Note. (Upper Sheep Creek [USC] vs Wood Road Gulch [WRG]) and cover type
(aspen versus mountain big sage: BS versus low sage: LS) on soil C, N, and C:
N ratio. Differences are indicated when P < 0.05.
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At USC aspen, big sage and low sage Kh increased by a factor of 2–3
between 2007 and 2015. There was no signiﬁcant difference in Kh
across those transects in either 2007 or 2015 (Table 1), indicating
a general improvement of Kh following ﬁre. These results may be
affected by interannual differences in Θ, Ts, and local differences
in SWR, despite our attempts to correct for those factors. The
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most apparent difference in Kh between USC and WRG for 2015 are for big sage. However, it is not clear if
the greater Kh at USC is due to ﬁre-inﬂuenced changes to SWR at USC or soil compaction by cattle at WRG
(Table 1). Therefore, we consider Kh difﬁcult to relate to management objectives unless there is obvious
soil compaction. Beyond this uncertainty, it is curious that the mean and range in Kh in 2015 increases
upslope for USC low sage, USC big sage, and WRG low sage transects (Figure 3a) but not for the level
WRG big sage transect.
We attribute physical meaning to early-time curvature in time inﬁltration records based on the historic use of
S as a description of soil diffusivity. This is sensible for wettable soils, but novel as a ﬁeld measurement for
SWR. Although gradients in soil texture or Θ may cause an increase in inﬁltration rate through time, this is
unlikely in the nearly stone free silt loam soils at aspen and low sage sites. Therefore, we consider negative
S a good measure of subsurface SWR. We note that vertical gradients in soil bulk density or SWR may affect
individual measurement results, so here we assess negative S as a frequency distribution. Unlike a previous
study of SWR in pinyon-juniper on sandy soils (Madsen et al., 2008), there was no clear structure to negative
S within transects. We found that S data are most frequently either slightly positive or slightly negative for the
aspen and big sage sites. This results in regression to a mean value near 0 for these sites in 2007, but a much
greater mean value for low sage (Table 1). Therefore, we suggest that S data are more meaningful as frequency distributions (Figure 5) than as mean values and that these distributions can be used in concert with
other measures. The mostly positive values of S for low sage over the course of the study at both USC and
WRG (Figure 5) is consistent with the greater clay content and less SOC than for aspen and high sage.
A positive relationship between SOM and SWR has often been reported. For example, Orzechowski et al.
(2013) qualitatively concluded that the presence of SWR is more frequent in soils with greater organic matter
by testing soils with various organic content. Soil water contact angle was greater than 90° for 42 of 163
samples tested across the WRG and USC transects, indicating soil water repellency at those sites (Bauters
et al., 2000). Contact angle was typically greater in samples from WRG than USC over the range of SOC, indicating greater SWR in SOC unaffected by ﬁre (Figure 7). The contact angle showed a strong logarithmic relationship (R2 = 0.66) with SOC (Figure 7). This differs somewhat from the result of Jiménez-Morillo et al. (2014),
who observed a positive relationship between SOM and log (WDPT), but found that particle size (soil sieve
fraction) variation inﬂuenced SWR values in similar SOM ranges. Other factors such as surface roughness
(Philip, 1971) and soil chemical heterogeneity (Dettre & Johnson, 1964) in the ﬁeld are likely to complicate
the relationship among these parameters.
We observe that ﬁeld SWR is best described by frequency, given the wide range of measured SWR intensity.
Here we compare results from WDPT, S, SOC, and contact angle measurements. The fraction of WDPT tests in
hydrophobic class II and the count of S values less than or equal to or greater than 0 showed good agreement
(Figure 5) for USC low sage and big sage. However, the correspondence of WDPT hydrophobic class with the
S = 0 fraction is not clear for aspen in 2007 or 2015. In this study, the nature of the contact angle measurement
controlled for soil variables such as surface roughness, Θ and Ts. Therefore, we found a relatively strong relationship between SOC and SWR, as determined by contact angle, for a limited set of soil samples from 0 to
5 cm, but we did not ﬁnd a strong relationship between near surface SOC and WDPT of the exposed soil surface. Despite the strong relationship between SOC and contact angle, there were no signiﬁcant relationships
among transect measurements of WDPT, negative S, and contact angle. This is likely a result of the difference
in soil surface and test conditions for the different measurement approaches: WDPT is a surface measurement that can vary at the decimeter scale and across biomes. For both low sage and big sage the soil surface
was typically exposed and very dry during measurement campaigns. In low sage, SWR is sparse and primarily
associated with sage coppices. In USC big sage, strong SWR by the WDPT test was also often associated with
big mountain sage coppices and less frequently associated with bare soil, snowberry, and grasses. At WRG
big sage, the plant canopy was more open and SWR was less common. Unlike the other transects, USC aspen
maintained several centimeters of leaf litter, a moist Oa horizon, and a very thick mat of ﬁne roots. Given the
multiple various controls on SWR measurements, we prefer (negative) S and contact angle to have the least
uncertainty as quantitative methods for SWR assessment.
A meta-analysis of data from many studies suggests that ﬁre has no consistent effect on C/N ratio (Nave et al.,
2011). However, in this study, we observed signiﬁcantly lower C/N ratios in surface soils on burned USC than
on unburned WRG, suggesting that ﬁre resulted in the preferential loss of C over N from the litter layer and
CHANDLER ET AL.
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surface soils. On the big sage transect, where the ﬁre was most severe, there was a decrease in class II (i.e., the
most severe) surface SWR after burning. The dramatic decrease in class II SWR is likely a response to the ﬁreinduced oxidation of the 2- to 4-cm-thick mat of ﬁne roots below the litter layer, which had accumulated prior
to the ﬁre and manual burning.
Although USC aspen was not burned in 2007, the trees were felled in 2008. The presence and severity of SWR
in the aspen transect was signiﬁcantly reduced after ﬁre (and felling) compared to the preﬁre condition. Our
results generally support the hypothesis that the high severity of SWR after ﬁre is alleviated over time in big
sage and aspen environments within the sagebrush ecosystem (e.g., Pierson et al., 2009; Williams et al., 2016).
However, the return period for an increase in SWR as the sagebrush recovers remains unknown.

7. Summary
The purpose of this study was to understand the long-term effect of prescribed burning on soil hydrologic
properties in sagebrush-steppe ecosystems. We found that the soil- vegetation systems have a clear control
on soil properties relevant to this study, as evidenced by the comparison between USC and WRG. At the study
sites, the strong aspect controls on soil depth and moisture distribution drive differences in vegetation density and SOM. This ecohydrological gradient serves as a natural experiment for rangeland vegetation ﬁre
response: Where silt and snow accumulate on the lee slope of the prevailing wind, substantial biomass
accumulates and soil moisture are adequate throughout the dry summer (Chandler et al., 2017). Plant water
availability is abetted by the limitations on direct soil evaporation from leaf litter, and a dense root mat near
the soil surface, which becomes hydrophobic when dry. These conditions protect the aspen from plant water
stress, thereby maintaining sufﬁcient water in the trees to prevent burning. Under current climate, the high
sage and low sage biomes have more restrictive annual water budgets (Table 1), resulting in less above
ground biomass. Because high sage has sufﬁcient biomass to carry ﬁre and is stressed annually, it is the most
susceptible biome for ﬁre occurrence and propagation, whereas low sage often has insufﬁcient vegetation to
carry ﬁre. Yet in the absence of increased precipitation, the projected change in the rain/snow transition elevation and associated reduction in the annual snow reservoir is likely to alter the site water balance. Whether
this projected change would affect ﬁre return interval in the aspen and big sage is not clear.
We infer that persistent decrease in S across aspen, high sage, and low sage transects for both USC and WRG
catchments is a consequence of soil carbon content and texture and is representative of stand density, which
is patchy in low sage and high sage (Seyfried & Wilcox, 1995) but organized within the stand in Aspen. The
distributions of near surface soil carbon are similar for the grazing and exclosure treatments.
These results suggest that over management-relevant time scales, SWR and hydrologic variables are more
inﬂuenced by site vegetation and soil carbon than ﬁre-induced effects. Our ﬁndings are consistent with
another study of the burned big sage area in USC. Williams et al. (2016) found that inﬁltration and runoff
in unburned and burned big sage at USC over the ﬁrst 5 years following ﬁre were affected more by background SWR than ﬁre effects on vegetation and soils.
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