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Soil Water Repellency within a Burned 
Piñon–Juniper Woodland: Spatial Distribution, 

Severity, and Ecohydrologic Implications

Forest, Range & Wildland Soils

Since European settlement of the western United States, piñon (Pinus spp.) 
and juniper (Juniperus spp.) species have expanded their range to more than 

40 million ha (Romme et al., 2009), encroaching on historical grassland and sage-
brush (Artemisia tridentata Nutt.) communities (Miller et al., 2008). Proposed 
primary-causal factors include high-intensity grazing, fi re suppression, increased 
atmospheric CO2 concentrations, and climate change ( Johnson et al., 1993; West, 
1999; Miller and Tausch, 2001; Romme et al., 2009). Th is ecosystem shift  has im-
pacted soil resources, plant community structure and composition, forage quality 
and quantity, water and nutrient cycles, wildlife habitat, and biodiversity (Miller 
et al., 2008). As P-J woodlands mature, increased fuel loads and canopy cover can 
lead to large-scale, high-intensity crown fi res (Miller et al., 2000, 2008; Miller and 
Tausch, 2001). Aft er a fi re, the ability of a site to recover depends on the extent that 
physical and biological processes controlling ecosystem function have been altered, 
both pre- and post-fi re (Miller and Tausch, 2001; Briske et al., 2006; Petersen and 
Stringham, 2008). Ecological resilience may be compromised in these communi-
ties when feedback shift s are initiated that carry the site across additional ecological 
thresholds to undesirable alternate stable states (Briske et al., 2006). To develop an 
appropriate restoration strategy, successful post-fi re management requires an under-
standing of the ecological thresholds that limit site recovery.
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Soil water repellency is commonly found in piñon (Pinus spp.)–juniper (Juniperus spp.) (P-J) woodlands 
and may limit site recovery aft er a fi re. Understanding the extent of this problem and the impact it has on 
vegetation recovery will help guide land managers in conducting their restoration eff orts. In this study, we 
(i) examined the spatial distribution and severity of post-fi re soil water repellency in a burned P-J woodland, 
(ii) related ecohydrologic properties to pre-fi re tree canopy cover and post-fi re vegetation establishment, and 
(iii) demonstrated a geographic information system (GIS)-based approach to extrapolate observed patterns 
to the fi re boundary scale. During a 2-yr period, several soil and vegetative measurements were performed 
along radial line transects extending from the trunk of burned Utah juniper [Juniperus osteosperma (Torr.) 
Little] trees to twice the canopy radius. Results indicate that water repellency patterns are highly correlated 
with pre-fi re tree canopy cover. Critical water repellency extended from the base of the tree to just beyond 
the canopy edge, while subcritical water repellency extended half a canopy radius past the edge of the critical 
water repellency zone. At sites where critical water repellency was present, infi ltration rates, soil moisture, 
and vegetation cover and density were signifi cantly less than non-water-repellent sites. Th ese variables were 
also reduced in soils with subcritical water repellency (albeit to a lesser extent). Results were exported into a 
GIS-based model and used in conjunction with remotely sensed imagery to estimate the spatial distribution 
of soil water repellency at the landscape scale.

Abbreviations: CR, canopy radius; GIS, geographic information system; P-J, piñon–juniper; RFE, 
radial feature extraction; SWC, soil water content; WDPT, water drop penetration time.
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Soil water repellency (or hydrophobicity) is well docu-
mented in P-J woodland systems (Krammes and DeBano, 1965; 
Scholl, 1971; Roundy et al., 1978; Jaramillo et al., 2000; Rau 
et al., 2005; Madsen et al., 2008; Pierson et al., 2009; Madsen, 
2009; Robinson et al., 2010). Th is soil condition may be ecologi-
cally advantageous to P-J trees by promoting bypass fl ow from 
precipitation inputs through select wettable patches, thus reduc-
ing evaporative losses near the soil surface (Madsen et al., 2008; 
Robinson et al., 2010). Soil water repellency is caused primarily 
by a range of hydrophobic organic materials that form nonpolar 
coatings on soil particles (Doerr et al., 2000) and can originate 
from several sources including plant litter (DeBano et al., 1970; 
McGhie and Posner, 1980), microbial activity, and fungal hy-
phae (Bond and Harris, 1964).

Th is soil condition can be intensifi ed during fi re as heat 
volatilizes organic substances in the litter and upper antecedent 
water-repellent soil layers (DeBano et al., 1976). Th ese volatil-
ized compounds move downward into the soil, condensing 
around soil particles in the cool, underlying soil layers (Savage, 
1974; DeBano et al., 1976). Th e result is a shallow, wettable layer 
at the soil surface and an intensifi ed water-repellent zone below 
(DeBano et al., 1976).

Post-fi re soil water repellency can act as an ecological 
threshold by increasing soil erosion (Krammes and Osborn, 
1969; Letey, 2001; Leighton-Boyce et al., 2007; Pierson et al., 
2009) and impairing the establishment of desired species within 
the fi rst few years aft er a fi re (Adams et al., 1970; Salih et al., 
1973; Madsen, 2009). Understanding the extent, severity, and 
spatial patterns of post-fi re soil water repellency may help guide 
land managers in conducting restoration eff orts aft er a fi re. Rau 
et al. (2005) found that surface heating from a prescribed fi re was 
greater under the canopy of P-J trees than the microsite between 
the trees. Glenn and Finley (2010) found that within a sage-
brush-steppe ecosystem, fi re severity and infi ltration rates were 
inversely related to distance from individual sagebrush plants. 
Madsen et al. (2008) also found that under unburned condi-
tions, soil water repellency was confi ned to the soil directly be-
low P-J tree canopies. Water repellency assessments performed in 
that study used the water drop penetration time (WDPT) test; 
however, this test is only sensitive to contact angles >90° (van’t 
Woudt, 1959; Letey, 1969). In the same study, they found that 
unsaturated hydraulic conductivity continued to increase along 
a gradient, out to two times the canopy radius. Th ese measure-
ments may indicate that beyond the detected water-repellent 
zone, subcritical water repellency (i.e., soil particle surfaces par-
tially coated with hydrophobic coatings at levels that are unde-
tectable through the WDPT test but are suffi  cient to infl uence 
soil infi ltration [Tillman et al., 1989; Hallett et al., 2001, 2004]) 
was suppressing infi ltration.

Assuming there is a correlation between pre-canopy-cover 
and post-fi re soil water-repellency patterns, this relationship 
could be used to estimate the extent of soil water repellency 
at the fi re-boundary scale using a GIS and pre-burn remotely 
sensed imagery. For example, the integration of fi eld-based mea-

surements with feature extracted data acquired from remotely 
sensed imagery can enable the assessment of rangeland condi-
tions across large land areas (Hunt et al., 2003). Feature extrac-
tion techniques for classifying tree cover using high-resolution 
panchromatic and multispectral data have been implemented to 
segment tree cover from the surrounding landscape on the ba-
sis of spatial, textural, and spectral data (i.e., Hunt et al., 2003; 
Weisberg et al., 2007). We propose that the spatial distribution 
of soil water repellency can be extrapolated to the fi re-boundary 
scale by applying plot-scale spatial rules to patterns of preburn 
canopy cover obtained from remotely sensed imagery.

Th e objectives of this study were to: (i) quantify the spa-
tial distribution and severity of post-fi re soil water repellency 
and its correlation to soil moisture, infi ltration capacity, and 
vegetation recovery; (ii) relate ecohydrologic properties to pre-
fi re P-J canopy cover and post-fi re vegetation establishment; and 
(iii) demonstrate a GIS-based approach to scale up observed 
patterns in soil water repellency to the landscape scale, using pre-
burn remotely sensed imagery. Th is research has the potential to 
fi ll important knowledge gaps concerning the characteristics of 
soil water repellency within burned P-J woodlands and provides 
a useful tool for land managers to assess water repellency at the 
landscape scale.

MATERIALS AND METHODS
Research was conducted in two fi eld studies within the boundar-

ies of the Milford Flat fi re. Th is fi re was ignited by lightning on 6 July 
2007, and by its containment on 10 July 2007, the fi re had burned 
145,000 ha. Pre-burn vegetation types within the fi re were derived from 
the Southwest Regional Gap Analysis Project (SWReGAP) (earth.gis.
usu.edu/swgap/; verifi ed 23 Apr. 2011) as follows: 34% sagebrush shru-
bland, 33% salt desert scrub, 21% P-J woodlands, 8% invasive forb and 
grasslands, 3% gambel oak (Quercus gambelii Nutt.), and the remaining 
vegetation (1%) was a mix of aspen (Populus tremula L.) mixed with 
conifer and montane vegetation types. Soils within the fi re boundary 
were predominantly alluvium, derived from igneous and sedimentary 
rock from the Mineral Mountain range, with texture primarily ranging 
from loam to sandy loam (Soil Survey Staff , 2009).

Study 1: Winter Sampling
Th e fi rst study was performed to quantify the spatial distribution 

and severity of water repellency and determine its correlation to soil wa-
ter content throughout the fi re boundaries. Fieldwork was conducted 
on 4 to 9 Jan. 2008. Th is study was timed to immediately follow a pe-
riod of above-average air temperature and light rain that melted most 
of the surface snow and thawed the soil profi le, thereby providing the 
conditions necessary for optimal fi eld sampling when soil moisture dif-
ferences between water-repellent and non-water-repellent soils would 
be greatest. In choosing sampling locations, spatial fi re intensity data 
were acquired from burned area refl ectance classifi cation maps devel-
oped by the Remote Sensing Applications Center (Salt Lake City, UT). 
Th ese maps quantify the change in normalized diff erence vegetation 
index values following fi re and were used as proxy of soil surface fi re 
intensity to determine areas likely to have experienced soil heating suf-
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fi cient to induce water repellency. We also determined the boundaries 
of P-J woodland vegetation from the SWReGAP. From these data, 47 
reference points were randomly generated in Hawth’s Analysis Tools 
for ArcGIS 3.2 extension (www.spatialecology.com/htools; verifi ed 22 
Apr. 2011) for ArcGIS 9.3 (ESRI, Redlands, CA) within moderate-to-
high-intensity burned P-J woodlands.

In the fi eld, a GPS 60 navigator (Garmin Ltd., Olathe, KS) was 
used to locate the preselected reference points, and the nearest tree was 
identifi ed as a datum for the survey of soil properties. Soil water con-
tent (SWC) and soil water repellency were measured in situ at 20-cm 
intervals along one radial line transect per tree. Line transects extended 
outward from each tree trunk to a distance of one canopy radius past 
the canopy edge, in a direction selected in the fi eld to avoid obstacles 
such as fallen logs, large rocks, and erosion features (e.g., rills, washes, 
and soil deposition areas). Soil water content was measured between 2.0 
and 5.5 cm below the soil surface with an ML2x Th etaProbe (Delta-T 
Devices, Cambridge, UK). Water repellency was measured with the 
WDPT test (Krammes and DeBano, 1965). Soils were considered water 
repellent if WDPT exceeded 5 s (Krammes and DeBano, 1965; Dekker 
and Ritsema, 2000). To determine the depth of the water-repellent layer, 
WDPT tests were performed at 0.5-cm increments at a point midway 
between the trunk and canopy edge.

Study 2: Summer Sampling
Th e second study was designed to quantify parameters similar to 

those measured during the winter campaign under low soil moisture 
conditions and to test the persistence of water repellency, its infl uence 
on soil infi ltration, and its correlation to vegetation reestablishment. 
Sampling for this study was performed on 3 June 2008 and 13 July 2009. 
To limit the eff ects of landscape-scale heterogeneity in soil moisture 
and texture and to minimize the time costs associated with conducting 
a fi ne spatial scale survey, this study was confi ned to fi ve Utah juniper 
[Juniperus osteosperma (Torr.) Little] trees within a 0.5-ha area, with the 
tree being the experimental unit.

Th e soil within the 0.5-ha study area was a coarse sandy loam, a 
mixed, mesic Aridic Haploxeroll (Soil Survey Staff , 2009). Precipitation 
at the site averages 370 mm annually and follows a bimodal distribution, 
with peaks in the late winter to early spring and fall (PRISM Climate 
Group, 2009). Before the fi re, the vegetation community was a Phase 
III P-J woodland (i.e., “trees are the dominant vegetation and primary 
plant layer infl uencing ecological processes,” Miller et al., 2005). Th e 
site was aerially reseeded by the U.S. Bureau of Land Management and 
Division of Wildlife Resources at 3.6 to 5.4 kg (8–12 pounds) pure live 
seed ha−1, with the mix primarily containing introduced grasses. Th ese 
species are commonly seeded aft er a fi re to stabilize soils, improve forage 
production, and prevent weed invasion (Epanchin-Niell et al., 2009).

To assess the infl uence of water repellency, seven ecohydrologic pa-
rameters were measured every 30 cm along a randomly oriented transect 
extending 5 m from the base of each tree, for a total of 85 sampling points 
per year. Measurements included: extent, depth, and severity of soil wa-
ter repellency, SWC, unsaturated hydraulic conductivity [K(h)], and in 
2009 the understory vegetation cover and density. Th e extent, depth, and 
severity of soil water repellency and SWC were measured as described 
above. Two in situ infi ltration measurements were taken at each sampling 

interval, one using water [K(hw)] and the second using a surfactant (wet-
ting agent) solution [K(hs)] of 2.04% (v/v) of IrrigAid Gold (a mixture 
of 10% alkoxylated polyols, 7% glucoethers, and water, Aquatrols Corp., 
Paulsboro, NJ). Th is approach allowed us to estimate the infl uence of 
soil water repellency on unsaturated infi ltration even where water repel-
lency was not detectable through the WDPT test (i.e., subcritical wa-
ter repellency). Th e method used in this study was modifi ed from that 
of Tillman et al. (1989), who performed sorptivity measurements with 
water and ethanol. Automation methods, measurement procedures, and 
calculations were performed according to Madsen and Chandler (2007). 
Measurements were conducted with a −2.0-cm head to maximize spatial 
replication at the expense of characterizing K(h) at several head values. 
All K(h) measurements were corrected to standard temperature (20°C) 
by the viscosity ratio approach of Constantz (1982). Ocular estimates 
of total vegetation cover were estimated by species, within 25- by 25-cm 
quadrates. Within the same quadrates, plant density was sampled by 
counting the total number of plants by species.

Data Analysis
To provide consistency among trees with variable pre-burn canopy 

widths, sampling locations were normalized spatially by dividing the 
distance of the measurement location from the tree trunk by the esti-
mated pre-burn canopy radius of the tree from which it was measured. 
Following normalization, data were grouped into 0.25 canopy radius 
(CR) intervals for statistical analyses. For example, with 0.0 as the base 
of the tree, 0.50 CR is the point midway between the tree’s trunk and 
the canopy edge and would include all normalized measurement inter-
vals between 0.25 and 0.50 CR. Statistical analyses were performed with 
SigmaStat 3.1 (Systat Soft ware, Richmond, CA). A signifi cance level of 
P < 0.05 was used for all comparisons. Because the data did not meet 
assumptions of normality (tested using the Kolmogorov–Smirnov test), 
Mann–Whitney rank sum tests were used for all pairwise comparisons 
between quartiles. Correlations among the ecohydrologic parameters 
measured in this study were analyzed separately within each fi eld cam-
paign using a Spearman rank correlation test, with results presented as 
correlation coeffi  cients r and signifi cant P values.

Th e fi ne-scale critical and subcritical water repellency data ob-
tained in the 2008 summer campaign were used to demonstrate how 
spatial fi eld data, in conjunction with remote sensing and GIS technol-
ogy, can be used to model ecohydrologic patterns at the landscape scale. 
In this study, critical and subcritical water repellency were modeled 
across a 50-ha area containing similar soil and vegetation properties as 
observed at the locations of the fi eld plots. Modeling was accomplished 
using a technique developed in this research and designated as the radial 
feature extraction (RFE) technique. In woodlands where individual trees 
are relatively circular and isolated from each other, modeling the extent 
of water repellency with the RFE technique was relatively straightfor-
ward. First, pre-burn P-J cover was extracted from near-infrared 1-m2 
aerial photography obtained from the USDA National Agricultural 
Imagery Program. In ERDAS Imagine (ERDAS Inc., Norcross, GA), a 
three-by-three low-pass convolution fi lter was applied to reduce image 
variability. A supervised classifi cation procedure was performed using a 
maximum likelihood parametric rule to produce a Boolean image of P-J 
and treeless areas. Th e Boolean image was converted into vector format, 
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in which areas classifi ed as P-J were represented by polygons. Within the 
attribute table of the Boolean image, the radius of each tree was derived 
from the area, Ap, and multiplied by the normalized canopy radius dis-
tance of the water-repellency parameter of interest, z, to obtain a unique 
buff er distance, B, for each polygon:

pAB z
π

=

Th is buff er distance was then applied to the original polygon or tree 
shapefi le in ArcGIS to determine the area of eff ect for the water-repel-
lency parameter of interest.

Th e 50-ha area selected in this study for modeling contained many 
tree clusters in which trees were oft en tightly grouped, and on convert-
ing the Boolean output fi le to vector format it was observed that single 
polygons oft en represented several trees. When tree clusters were pres-
ent, use of the basic RFE technique outlined above led to overestima-
tion of water repellency because polygons representing several trees were 
treated as one large tree, thereby greatly infl ating the actual area of the 
water-repellency parameter of interest. To address this problem, for each 
cluster polygon, the number of trees were visually estimated directly 
from an aerial photograph. Th is estimate was then divided into the area 
of the clustered polygon to obtain an average area for each tree within 
the polygon. Buff er distances were then derived from this average area 
using the formula outlined above.

RESULTS
Study 1: Winter Sampling

In the winter campaign, soils were found to be water repel-
lent below the burned canopy of 87.5% of the trees sampled. For 
trees with hydrophobic soils, water repellency was generally not 
found near the base of the tree but was detected just out from 
the base at 0.08 ± 0.01 CR. Water repellency extended from this 
point out to 0.74 ± 0.04 CR (Fig. 1), or in other words roughly 
66% of the canopy region was found to be water repellent. At the 
center of the canopy, water-repellent soil averaged 4.8 ± 0.5 cm 
thick, with an average minimum depth of 1.4 ± 0.1 cm (Fig. 1).

Signifi cant diff erences in SWC were found across our mea-
sured line transects when soil water repellency was present, with 
SWC ranging from 11 ± 1% at 0.50 CR to 25 ± 1% at CR 2.00 
(Fig. 1). For water-repellent trees, the 0.25 to 0.50 CR SWC val-
ues were similar. Beyond 0.50 CR, SWC increased out to 1.25 
CR. From 1.25 to 2.00 CR, there were only slight increases in 
SWC values; SWC values between 1.00 and 1.25 CR were sig-
nifi cantly less than those between 1.5 and 2.00 CR, but no diff er-
ences were observed between 1.25 and 2.00 CR. Conversely, for 
trees that did not exhibit soil water repellency, we found SWC 
to be similar regardless of distance from the tree trunk, with an 
average SWC of 27 ± 1%.

3.2 Study 2: Summer sampling
All trees measured in the summer campaign were water 

repellent in 2008 and 2009 (Fig. 2). In 2008, the depth to the 
water-repellent layer was similar between 0.25 and 0.75 CR, 

with the average depth at these locations equal to 1.7 ± 0.2 cm. 
At 1.00 CR, the minimum depth to the water-repellent layer de-
creased to 0.92 ± 0.22 cm and further decreased to 0.37 ± 0.14 
cm at 1.25 CR.

Th e thickness of the water-repellent layer was similar under 
the burned canopy region, averaging 4.5 ± 0.2 cm (Fig. 2). Th is 
value was similar to the water-repellency thickness obtained in 
the 2008 winter measurements. Beyond the canopy edge, the 
thickness of the water-repellent layer decreased to 1.7 ± 0.6 cm 
at 1.25 CR; beyond this distance water repellency was not de-
tected. Depth to the water-repellent layer and water-repellency 
thickness in 2009 was similar to 2008, with the exception of 
measurements at 1.00 and 1.50 CR. At 1.00 CR, water-repel-
lency thickness decreased by 2 ± 0.6 cm, and at 1.50 CR a thin, 
sporadic water-repellent layer was detected.

As expected, K(hw) was lowest where water repellency was 
most pronounced, whereas K(hs) was accentuated by water-re-
pellent soil (Fig. 2; Table 1)Table 1). In 2008, K(hw) was near zero from 
0 to 0.75 CR; beyond this point, K(hw) steadily increased out to 
1.50 CR. Measurements of K(hs) were signifi cantly higher than 
K(hw) at all CR except for 2.00 CR. Because water repellency 
was only detected out to 1.25 CR with water drop tests, these re-
sults probably indicate that in 2008 there is a zone of subcritical 
water repellency that extended beyond 1.25 CR out to 1.75 CR.

Fig. 1. Winter sampling measurements showing the (A) average extent 
and standard error of the water-repellent soil layer (WR) measured 
along radial line transects from the trees trunk to one canopy radius 
past the canopy edge (along the y axis, average depth to the WR 
layer and maximum depth of the WR soil layer measured in a soil 
pit dug halfway between the trees trunk and the burned canopy 
edge); and (B) mean soil water content and standard error from 
the same transects. Measurements were normalized with respect to 
canopy width by dividing the distance of the measurement location 
from the trunk by the canopy radius. Following normalization, data 
were grouped into 0.25 canopy radius intervals. Points with different 
letters are signifi cantly different (P < 0.05).
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For both summer measurements, SWC increased with 
distance from the tree trunk, similar to the pattern observed in 
the winter campaign (Fig. 3). Within the 2008 data set, SWC 
was near zero from 0.25 to 0.75 CR. A clear gradient in SWC 
emerged between 0.75 and 1.75 CR, but beyond that point 
SWC remained similar among canopy radii. Within the 2009 
data set a similar relationship was found.

Establishment of seeded species was near zero, composing 
only 1.5% of the total density (0.5 plants m−2 seeded species and 
31.1 plants m−2 of volunteer species). Total plant density in the 
canopy area was similar among quartiles, with an average of 3.1 
± 1.1 plants m−2, and signifi cantly less than in the intercanopy, 
where density averaged 60.9 ± 6.3 plants m−2 (Fig. 4). Within 
the intercanopy, plant density also appeared to increase with dis-
tance from the trunk (Fig. 4).

Th e three most dominant plant species at the site were 
shy gilia [Gilia inconspicua (Sm.) Sweet], cheatgrass (Bromus 
tectorum L.), and coyote tobacco (Nicotiana attenuata Torr. ex 
S. Watson). Within the burned canopy, the density of G. in-
conspicua and B. tectorum was near zero but increased in the 
intercanopy to 3.5 ± 0.4 and 0.09 ± 0.03 plants m−2, respec-
tively. Th e density of N. attenuata was the same between the 
canopy and intercanopy, with 0.02 ± 0.02 plants m−2 (Fig. 5). 

Changes in plant cover with distance from the tree trunk were 
less abrupt and more variable than plant density (Fig. 6). Much 
of the variability in plant cover was attributable to N. attenu-
ata, which is a relatively large plant and infrequent at the site. 
Reanalysis of the cover data without N. attenuata reduced the 
variability among the quartiles. Without N. attenuata, no sig-
nifi cant diff erences were observed between cover values from 
0.25 to 1.25 CR (average 0.3 ± 1.0%); beyond 1.25 CR, cover 
values increased signifi cantly but were similar among quartiles, 
averaging 2.3 ± 0.3%.

Remote Sensing and Geographic Information 
System Analysis

Within the 50-ha area selected for modeling water repel-
lency, P-J cover was 23% as measured using the supervised clas-
sifi cation techniques outlined above. Figure 7 shows the results 
of the proposed RFE method for extrapolating spatial fi eld mea-
surement data to the landscape scale. A visual assessment of the 
results shows that the modeling technique is accurate insofar as 
it can be determined without conducting in situ accuracy assess-
ments. Using the proposed method and 2008 fi eld data, we esti-
mated that 56.5% or 28 ha of the 50-ha area would be aff ected 
by water repellency, with an estimated 34.4 and 22.1% of the 

Fig. 2. Results of 2008 and 2009 summer sampling periods: (A) Minimum and maximum depths of the water-repellent layer; and (B) water-
repellence severity measured through water drop penetration time (WDPT) tests and unsaturated hydraulic conductivity measured with water 
[K(hw)] and a wetting agent [K(hs)]. Measurements were normalized with respect to the canopy width by dividing the distance of the measurement 
location from the trunk by the canopy radius. Following normalization, data were grouped into 0.25 canopy radius intervals. All results are 
presented as mean and associated standard errors. Points with different letters are signifi cantly different (P < 0.05). *Signifi cant difference 
between K(hw) and K(hs).
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Fig. 4. Total plant density in relation to distance from the tree’s trunk. 
Measurements were normalized with respect to the canopy width 
by dividing the distance of the measurement location from the trunk 
by the canopy radius. Following normalization, data were grouped 
into 0.25 canopy radius intervals. All results are presented as mean 
and associated standard errors. Points with different letters are 
signifi cantly different (P < 0.05).

Fig. 3. Soil water content (SWC) measured in 2008 and 2009 every 
30 cm along radial line transects from the tree trunk to one canopy 
radius past the burned canopy edge. Measurements were normalized 
with respect to the canopy width by dividing the distance of the 
measurement location from the trunk by the canopy radius. Following 
normalization, data were grouped into 0.25 canopy radius intervals. 
All results are presented as mean and associated standard errors. 
Points with different letters are signifi cantly different (P < 0.05).
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landscape aff ected by critical and subcritical water repellency, re-
spectively (i.e., critical water repellency extends to 1.25 CR and 
subcritical water repellency continues to 1.75 CR).

DISCUSSION
Th is study is unique in that it is the fi rst to quantify, within 

a P-J woodland, the spatial distribution of soil water repellency 
with respect to the canopy boundary and its correlation with 
post-fi re revegetation success. Other P-J woodland studies have 
noted the presence of water repellency and its impact on infi ltra-
tion (Roundy et al., 1978; Rau et al., 2005) but none have looked 
at the spatial distribution of water repellency in great detail and 
quantifi ed its correlation to SWC, infi ltration, and vegetation 
recovery. Th e results of this study are consistent with previous 
studies conducted in unburned P-J woodlands with similar sam-
pling designs (Lebron et al., 2007; Madsen et al., 2008), where 
the total area infl uenced by soil water repellency was directly re-
lated to tree canopy cover (Table 1; Fig. 8).

Fig. 5. Average and associated standard error values for canopy and 
intercanopy (A) plant density and (B) cover for Gilia inconspicua, 
Bromus tectorum, and Nicotiana attenuata by species. *Signifi cant 
differences (P < 0.05) between canopy and intercanopy values.

Fig. 6. Vegetation cover data in relation to distance from the tree’s tree 
trunk (A) with and (B) without Nicotiana attenuata. Measurements 
were normalized with respect to the canopy width by dividing the 
distance of the measurement location from the trunk by the canopy 
radius. Following normalization, data were grouped into 0.25 canopy 
radius intervals. All results are presented as mean and associated 
standard errors. Points with different letters are signifi cantly different 
(P < 0.05).

Fig. 7. (A) Example of the aerial photography of a burned piñon –
juniper site used in this study; (B) extraction of tree cover using a 
supervised classifi cation; and (C) estimate of the percentage of the 
landscape infl uenced by critical and subcritical water repellency 
(WR).
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Field Sampling

In this study, the degree of water repellency was highly cor-
related with reductions in SWC, infi ltration, and understory 
seedling density and cover. Even during the winter campaign 
when precipitation inputs were high, SWC was signifi cantly 
lower where there was an indication of water repellency. Th e ex-
tent to which subcritical water-repellent soil was correlated with 
SWC, infi ltration, and vegetation recovery was also clarifi ed. Th e 
winter soil moisture survey showed that SWC did not increase 
abruptly immediately beyond the boundary of the strongly wa-
ter-repellent zone, as determined by the 5-s WDPT criterion. 
Th ere may be several reasons for this result; for example, snow 
distribution, and snowmelt patterns may be modifi ed by the skel-
etal remains of the burned trees (Lebron et al., 2007). Th e results 
from the summer sampling periods, however, support the view 
that this may also be due to the presence of subcritical water re-
pellency (Fig. 2). In the summer campaigns, infi ltration analysis 
by K(hw) and K(hs) measurements found that the extent of criti-
cal water repellency was just beyond the pre-burn canopy edge 
(1.25 CR), whereas subcritical water repellency extended to 1.75 
CR (Fig. 8), similar to conditions at an unburned site in a previ-
ous study (Madsen et al., 2008). With P-J trees being roughly cir-
cular in shape, this increase in water repellency extent from 1.25 
to 1.75 CR translates into a 96% increase in the extent of the ac-
tual water-repellent area above that estimated by a WDPT crite-
rion of 5 s. Because subcritical water repellency is also correlated 
with low SWC, infi ltration, and understory seedling density and 
cover (albeit to a lesser extent than critical water-repellency lev-
els), these results provide justifi cation for measuring both critical 
water repellency and subcritical water repellency when assessing 
post-fi re soil hydrologic conditions.

Th e eff ect of soil water repellency is rarely considered in 
post-fi re rangeland revegetation eff orts. Furthermore, this is the 
fi rst research study that has investigated the correlation and po-
tential impact of subcritical water repellency on post-fi re hydro-
logic and vegetation responses. Particularly within forested and 
chaparral conditions in the United States, the extent and severity 
of soil water repellency is generally quantifi ed through WDPT 
tests; however, the assessment of soil water repellency through 
standard WDPT tests can be highly subjective, time consuming, 
and limited in both degree and scope (Hallett et al., 2001; Lewis 
et al., 2006). Robichaud et al. (2008) proposed that the mini-
disk infi ltrometer can be used to estimate the severity of soil wa-
ter repellency. Our study supports the fi ndings of Robichaud et 
al. (2008) by showing that there is a signifi cant correlation be-
tween WDPT tests and mini-disk infi ltrometer measurements 
[r = −0.40 for both 2008 and 2009 samplings for correlation 
between K(hw) vs. WDPT] (Table 1); however, the relationship 
between WDPT and K(hw) was weak in this study. Weak cor-
relation between the two measurements may be associated with 
the limitations of the two measurements. In this study, K(hw) 
was near zero within the severely water-repellent soil sections un-
der the tree; however, the WDPT tests showed variability within 
the severely water-repellent portions of the soil, which may indi-
cate that the WDPT test has a greater ability to detect relative 
diff erences in severely water-repellent soil. In contrast, beyond 
the canopy edge, K(hw) appeared to be sensitive to changes in 
subcritical water repellency, where WDPT tests were incapable 
of detecting repellency at this level.

Performing both K(hw) and K(hs) measurements appears to be 
an eff ective method for quantifying relative diff erences in soil wa-
ter repellency from severe to subcritical levels. In contrast to K(hw) 

Fig. 8. Schematic diagram of a burned tree canopy, showing areas of water-repellent soil and subcritical water-repellent soil.
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measurements, infi ltration rates of K(hs) are positively correlated 
with the severity of the water-repellent soil (Table 1) due to the sur-
factant solution being attracted to the hydrophobic material in the 
soil (Feng et al., 2002; Kostka and Bially, 2005). Th erefore, as the dif-
ference between K(hw) and K(hs) increases, the degree of soil water 
repellency also increases. Future laboratory research is merited for 
determining the validity of using K(hw) and K(hs) measurements to 
assess relative changes in soil water repellency. It should also be men-
tioned that the infi ltration response in this study may have also been 
infl uenced by other soil factors, such as post-fi re pore clogging, bulk 
density, aggregate stability, and soil texture.

Th e results of this study complement those of previous stud-
ies that have correlated areas of pre-burn canopy cover with a lack 
of understory vegetation for one or more years following fi re in P-J 
woodlands (Ott et al., 2001), desert scrub communities (Adams et 
al., 1970), and sagebrush communities (Salih et al., 1973). Although 
there was a decrease in subcritical water repellency during our study, 
soil water repellency persisted throughout the 2-yr study period, 
with its presence mirrored by an impairment of vegetation recovery.

Post-fi re soil water repellency can limit revegetation success 
by decreasing soil moisture duration and availability to seeds and 
seedlings. As shown in Fig. 8, aft er a fi re, the soil exhibits a shallow 
wettable layer that overlies a several-centimeter-thick, water-repel-
lent layer. Even if the wettable zone contains suffi  cient moisture for 
seed germination, there may not be adequate moisture for seedling 
survival due to the water-repellent layer disconnecting the seedling 
from deeper soil moisture reserves. Moisture availability may also be 
decreased for seeds and seedlings as a result of the water-repellent 
layer creating preferential fl ow channels, thereby lowering the total 
volume of soil that is available for moisture retention in the upper 
centimeters of the soil profi le (Dekker and Ritsema, 2000).

Th e total density of N. attenuata was relatively low; how-
ever, it is interesting to note that this species grew equally well 
throughout the burned woodland. Th is species is an early-
successional, annual species that occurs for 1 to 3 yr aft er fi re 
in Artemisia–Juniperus habitats (Baldwin and Morse, 1994). 
Understanding the mechanisms that allow this species to estab-
lish within severely water-repellent soils could potentially help 
land managers and plant breeders select species with similar 
characteristics for post-fi re reseeding projects.

Application of Geographic Information System 
and Remote Sensing Technology

Th is research establishes the utility of using remotely sensed 
pre-burn P-J cover and GIS soft ware in conjunction with spa-
tial fi eld data to model post-fi re water repellency. Th e primary 
benefi ts of the proposed RFE technique are that (i) it allows 
fi ne-scale assessments of soil water repellency to be extrapolated 
to the landscape scale; (ii) with refi nement, it has potential to 
support the prediction of ecohydrologic responses associated 
with water-repellent soils (e.g., SWC and vegetation recovery); 
and (iii) it is highly transferrable to land managers. Th is is re-
alized in the relatively simple nature of the ArcGIS commands 
required and in the ability to make all calculations within the 

attribute table. In addition, while strong relationships between 
water repellency and various post-fi re site characteristics such 
as ash (Lewis et al., 2006) are established, modeling these char-
acteristics requires specifi c remotely sensed images that are not 
always readily available. In contrast, the proposed technique uses 
pre-burn imagery that is publicly available in many states and can 
be acquired immediately aft er a fi re. Accordingly, this technique 
has the potential to produce highly accurate maps of water repel-
lency with minimal time and material costs.

Th e capacity to effi  ciently map water repellency is valuable 
for several reasons. Woods et al. (2007) suggested that the spatial 
contiguity of water repellency across the landscape is an impor-
tant predictor of overland fl ow. Th e results of this study further 
suggest that soil water repellency may also be an important pre-
dictor of vegetation recovery. Th e RFE approach can be applied 
to develop post-fi re burn severity maps that represent the spatial 
contiguity of critical and subcritical soil, thereby providing vital 
information for the development of models that predict fl ood 
generation, water and wind erosion, and revegetation success. 
Such multiuse planning tools aid land managers in their alloca-
tion of limited resources across vast land areas.

In the United States, post-fi re burn severity maps are typical-
ly produced by the U.S. Forest Service Burned Area Emergency 
Rehabilitation (BAER) teams to identify areas where fi re-in-
duced changes to soils have increased the potential for runoff  
and soil erosion (Lewis et al., 2006). Th e RFE method proposed 
in this study produces much fi ner scale maps and ecohydrologic 
predictions compared with those produced by the BAER team.

We recognize that the procedures used in this study are 
limited by not including an accuracy assessment component. 
Future work should be performed to test the accuracy of this 
water-repellency mapping technique. In addition, estimating 
the spatial distribution of soil water repellency using a combi-
nation of ground truth fi eld measurements and remotely sensed 
data may be limited to similar ecological sites proximal to 
where the fi eld data were collected. Future studies may improve 
the prediction of post-fi re water repellency by developing mod-
els that incorporate various ecological site characteristics that 
have been shown to have an infl uence on soil water repellency 
(i.e., soil texture, soil organic matter content and nature, pH, 
soil temperature, seasonal soil moisture, microbial activity, fun-
gal hyphae, and topographic position) (DeBano, 1991; Dekker 
and Ritsema, 2000; Doerr et al., 2000; Lewis et al., 2006).

CONCLUSIONS
Post-fi re patterns of soil water repellency were highly corre-

lated with pre-fi re P-J woodland canopy structure, soil water con-
tent, infi ltration, and revegetation success. Soil water repellency 
was found to extend just beyond the canopy edge, while subcriti-
cal water repellency extended almost a full canopy radius beyond 
the canopy edge. Water repellency in this zone was still strong 2 
yr aft er the fi re. Where soil water repellency was present, SWC, 
K(hw), and vegetation recovery were signifi cantly lower than 
where soil water repellency was not present. Th ese parameters 
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were most reduced where water repellency was detected through 
WDPT tests but were also decreased to a lesser extent on soils 
with subcritical soil water repellency. Consequently, the severity 
and extent of soil water repellency may signifi cantly impair post-
fi re reseeding eff orts by limiting seedling establishment.

Th ere is a need for innovative management tools and prac-
tices that assist in the monitoring and treatment of post-fi re P-J 
woodlands. Based on the strong relationship that we found be-
tween soil water repellency and pre-burn canopy cover, remotely 
sensed imagery appears to be an eff ective method for scaling up 
estimations of water repellency to the fi re-boundary scale. While 
the GIS modeling concept proposed in this study for mapping soil 
water repellency has merit, the approaches proposed require fur-
ther refi nement and testing at diff erent temporal and spatial scales.
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