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properties along Oklahoma’s grassland-forest ecotone 

Michael L. Wine,1*,† Tyson E. Ochsner,2 Apurba Sutradhar2 and Rachael Pepin3 
1 Department of Natural Resource Ecology and Management, Oklahoma State University, Stillwater, OK 74078, United States 

2 Department of Plant and Soil Sciences, Oklahoma State University, Stillwater, OK 74078, United States 
3 Department of Horticulture and Landscape Architecture, Oklahoma State University, Stillwater OK 74078, United States 
*C
Eco
740
E-m
†Pr
Ne
Un
E-m

Co
Abstract: 

In north-central Oklahoma eastern redcedar (Juniperus virginiana), encroachment into grassland is widespread and is suspected 
of reducing streamflow, but the effects of this encroachment on soil hydraulic properties are unknown. This knowledge gap 
creates uncertainty in understanding the hydrologic effects of eastern redcedar encroachment and obstructs fact-based 
management of encroached systems. The objective of this study was to quantify the effects of eastern redcedar encroachment into 
tallgrass prairie on soil hydraulic properties. Leaf litter depth, soil organic matter, soil water repellency, soil water content, 
sorptivity, and unsaturated hydraulic conductivity were measured near Stillwater, OK, along 12 radial transects from eastern 
redcedar trunks to the center of the grassy intercanopy space. Eastern redcedar encroachment in the second half of the 20th 
century caused the accumulation of 3 cm of hydrophobic leaf litter near the trunks of eastern redcedar trees. This leaf litter was 
associated with increased soil organic matter in the upper 6 cm of soil under eastern redcedar trees (5.96% by mass) relative to 
the grass-dominated intercanopy area (3.99% by mass). Water repellency was more prevalent under eastern redcedar than under 
grass, and sorptivity under eastern redcedar was 0.10 mm s1/2, one seventh the sorptivity under adjacent prairie grasses 
(0.68 mm s1/2). Median unsaturated hydraulic conductivity under grass was 2.52 cm h1, four times greater than under eastern 
redcedar canopies (0.57 cm h1). Lower sorptivity and unsaturated hydraulic conductivity would tend to decrease infiltration and 
increase runoff, but other factors such as rainfall interception by the eastern redcedar canopy and litter layer, and preferential flow 
induced by hydrophobicity must be examined before the effects of encroachment on streamflow can be predicted. Copyright © 
2011 John Wiley & Sons, Ltd. 
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INTRODUCTION 

Eastern redcedar has encroached at an unprecedented rate 
into the Great Plains of the U.S. (Coppedge et al., 2001; 
Briggs et al., 2002; McKinley et al., 2008; Bihmidine 
et al., 2010). In Oklahoma alone, eastern redcedar is 
projected to cover 3.5 million hectares by 2013 (Starks 
et al., 2011). Widespread encroachment concerns many 
landowners who have undertaken to control eastern 
redcedar (Clenton et al., 1973; Engle and Kulbeth, 1992; 
Engle et al., 1996; Morton et al., 2010). Furthermore, 
climate change may favor encroachment of eastern 
redcedar into C4 grassland (Volder et al., 2010). 
Understanding the effects of eastern redcedar encroach-

ment on soil hydraulic properties is critical to managing 
present and future encroachment. The effects of Utah 
juniper (Juniperus osteosperma) on soil hydraulic 
properties have been extensively investigated (Scholl, 
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1971; Blackburn and Skau, 1974; Lebron et al., 2007; 
Madsen et al., 2008; Pierson et al., 2010; Robinson et al., 
2010) as have the effects of Ashe juniper (Juniperus 
ashei) on the Edwards Plateau, Texas (Hester et al., 1997; 
Taucer et al., 2008). However, little is known about 
eastern redcedar effects on soil hydraulic properties. 
Although the effects of eastern redcedar encroachment 

on soil hydraulic properties are key determinants of the 
fate of throughfall, changes to soil hydraulic properties 
are often disregarded when modeling the effects of land-
cover change (Huisman et al., 2004). Yet, soil hydraulic 
properties play a central role in determining how water is 
partitioned between overland flow—the primary streamflow 
generation process—and soil water recharge, most of 
which is ultimately lost to evapotranspiration in this 
water-limited system. The potential impacts on streamflow 
are important because in the Great Plains, streamflow is a 
major source of water for public water supply and 
livestock (Tortorelli, 2009). 
Eastern redcedars’ thick leaf litter layer distinguishes 

the soil under an eastern redcedar tree from that under 
grass (Van Els et al., 2010); in other species in the 
Juniperus genus, leaf litter depth has been correlated with 
the hydrologic effects of the tree. For example, Madsen 
et al. (2008) found that under Utah juniper litter, soil 
water content was inversely related to litter depth. Juniper 
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leaf litter may also lead to increased soil organic matter in 
topsoil. When soils with high organic matter content dry 
down, they can become water repellent or hydrophobic 
(Jaramillo et al., 2000). Research at Konza Prairie in 
Kansas uncovered rapid accretion of soil carbon when 
eastern redcedar encroached into grassland (McKinley 
and Blair, 2008), indicating that this species could 
potentially cause soils to become hydrophobic when they 
are dry. At a small scale, dry, hydrophobic soils induce 
higher rates of runoff (Doerr et al., 2000; Doerr et al., 
2003). Soil hydrophobicity also affects infiltration 
patterns. In areas of hydrophobic soils, infiltration of 
rainfall is often non-uniform and is associated with 
unstable wetting fronts (Hendrickx et al., 1993), fingered 
flow (Ritsema and Dekker, 1994; Ritsema et al., 1997), or 
preferential flow (Dekker and Ritsema, 1996). 
In this paper, we assess how eastern redcedar encroach-

ment into grassland modifies soil hydraulic properties. This 
study’s specific objectives are to determine how soil 
surface conditions—leaf litter depth, organic matter, 
wettability, and water content—and soil hydraulic proper-
ties—sorptivity and hydraulic conductivity—vary along 
radial transects from the base of eastern redcedar trees to 
the center of the big bluestem (Andropogon geradii) 
dominated intercanopy spaces. 
Figure 1. Eastern redcedar increased substantially in abundance from 
1964 to 2010. The 1964 aerial photograph was from the USGS, and the 
2010 orthoimagery was photographed by the USDA-FSA-APFO. The 
black dot on the map of Oklahoma indicates the location of the Cross 

Timbers Experimental Range 
MATERIALS AND METHODS 

Experimental site 

The experimental site is located 11 km southwest of 
Stillwater, Oklahoma (3603′N, 9712 W, elev. 331 m). 
The geology underlying the study site is early Permian 
shale and sandstone (Stoeser, 2005). Moderately deep 
soils of the Grainola–Lucien and Stephenville–Darnell 
complexes dominate the study site (Soil Conservation 
Service, 1987). Grainola soils are fine, mixed, active, 
thermic Udertic Haplustalfs; Lucien are loamy, mixed, 
superactive, thermic, shallow Udic Haplustolls; Stephenville 
are fine-loamy, siliceous, active, thermic Ultic Haplustalfs; 
and Darnell are loamy siliceous, active, thermic, shallow 
Udic Haplustepts. 
The site is grazed continuously at a rate of one cow-calf 

pair per 13 ha. The climate is continental, and annual 
precipitation is highly variable (median annual precipita-
tion, 1895–2010 = 831 mm; range = 424–1571). Annual 
potential evapotranspiration averages 1170 mm. The 
vegetation structure at the site consists of eastern redcedar 
trees interspersed among tallgrass prairie species, primarily 
big bluestem. These species colonized the site after cotton 
(Gossypium hirsutum) cultivation was abandoned at least 
five decades ago. 

Experimental design 

The experimental design was based on that of Madsen 
et al. (2008). The intensive field component of the study 
was conducted from 20 to 24 September, 2010. Within a 
two-hectare area, 12 representative eastern redcedar trees 
Copyright © 2011 John Wiley & Sons, Ltd. 
were chosen (Figure 1). Their average canopy radius (CR) 
was 3.4 m (.6 m). Prior to the study, surface soils had 
dried down following 1.6 cm of rainfall on September 12. 
For each tree, we measured soil surface conditions and 
soil hydraulic parameters every 61 cm starting 30 cm from 
the base of each tree and extending into the center of the 
intercanopy area. Trees and transect orientations were 
chosen to equally represent all cardinal directions. The 
transect length beyond the canopy averaged 3.4 m (.4). 
This study design provided 140 individual sampling 
locations. 

Measurements 

At each sampling location along each transect, leaf litter 
depth, soil water repellency, soil water content, sorptivity, 
and unsaturated hydraulic conductivity were measured. 
Aside from leaf litter depth, all other measurements were 
made after removal of leaf litter and vegetation from the 
soil surface. To determine soil organic matter, two 
samples were collected from the 0–6 cm depth under 
each tree and composited. Similar composite samples 
were collected from each intercanopy area. These samples 
were dried at 45 C, ground, and analyzed for total carbon 
by the Oklahoma State University Soil, Water, and 
Hydrol. Process. (2011) 
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EASTERN REDCEDAR EFFECTS ON SOIL HYDRAULIC PROPERTIES 
Forage Analytical Lab using a TruSpecW (LECO Corp., 
St. Joseph, Michigan). Total carbon was then multiplied 
by a scaling factor (1.724) to convert it to organic matter 
(San Jose et al., 1998). Surface soil hydrophobicity was 
measured by assessing whether a water droplet remained 
on the surface or infiltrated after 5 s (Krammes and 
Debano, 1965). Volumetric water content of the upper 
6 cm of soil was measured using an ML2x Theta Probe 
(Delta-T Devices, Cambridge, England) with the manu-
facturer’s calibration. 
Soil hydraulic properties were measured in the field 

using 15.9 cm2 Mini Disk tension infiltrometers (Decagon 
Devices, Pullman, WA) at 1.0 cm of suction. This suction 
was chosen so that sufficient water (at least 15 mL) would 
infiltrate within the time constraints of the study. 
Infiltration was measured for no more than 30 min in 
part because the measurement process itself—as water 
molecules from the infiltrometer attract the polar 
functional groups of amphiphilic molecules—can render 
the soil hydrophilic. As a result, in other studies, transient 
variations in infiltration rate have been observed during 
long (100 min) measurement periods (Logsdon, 1997). 
Soil texture of the upper 6 cm of soil was determined by 
the hydrometer method, and class average van Genuchten 
parameters (Carsel and Parrish, 1988) were used in 
calculating A1 and A2, dimensionless coefficients related 
to sorptivity and hydraulic conductivity, respectively 
(Zhang, 1997). Parameters related to sorptivity (C1) and 
hydraulic conductivity (C2) were calculated by fitting a 
second-order polynomial equation to the cumulative 
infiltration plotted against the square root of time (Zhang, 
1997). Sorptivity and hydraulic conductivity were then 
calculated as the quotient of the regression-fit parameters 
divided by the dimensionless coefficients. 
Daily maximum 5-min rainfall intensities from 1994 to 

2010 were obtained from the Marena station of the 
Oklahoma Mesonet, located 3 km northwest of the study 
site. From 1998 to 2010, daily mean soil moisture at 5 cm 
depth under ungrazed grasses was also measured at this 
station using heat dissipation sensors. Heat dissipation 
measurements were converted to a fractional water index 
(FWI), which ranges from 0 for very dry soil to 1 for soil 
at field capacity (Illston et al., 2008). 
Figure 2. Whiskers indicate the 10th and 90th percentiles. From bottom to 
top, the three lines in each box represent the first quartile, median, and 
third quartile. The heavy black lines represent the mean, and similar letters 
indicate no statistically significant differences. The four subcanopy 
quadrants are 0.25–1.0, and the four intercanopy quadrants are 1.25–2.0. 
(A) Leaf litter depth. (B) Percent of sites that failed to absorb applied 

water drops within 5 s. (C) Volumetric soil water content 
Data analysis 

In 36 cases, cumulative infiltration into the soil over a 
period of 30 min was less than 15 mL, the minimum 
necessary to accurately calculate hydraulic conductivity 
(Decagon Devices, 2011). In these cases, the hydraulic 
conductivity and sorptivity were considered below the 
detection limit, and these values were approximated by 
dividing the lowest measured hydraulic conductivity at 
that tree by two. The lowest measured sorptivity and 
hydraulic conductivity were 0.0024 mm s1/2 and 
0.1259 cm h1, respectively. This approach seems rea-
sonable because hydraulic conductivity and sorptivity in 
the hydrophobic soils of the study site approached zero in 
certain cases. 
Copyright © 2011 John Wiley & Sons, Ltd. 
Since the 12 trees examined in this study varied in CR, 
we analyzed the data by dividing the distance of the 
observation from the tree trunk by the CR and grouping 
these normalized distances into quartiles (Madsen et al., 
2008). The number of measurements included in each 
quartile ranged from 15 to 17. A significance level of 
a = .10 was used throughout the study. Mann–Whitney 
tests were used to test for significant differences in soil 
organic matter because of small samples sizes. Analysis 
of Variance (ANOVA) was used to determine if 
statistically significant differences in soil water content 
were present as a function of normalized distance from 
the tree trunk. Sorptivity and unsaturated hydraulic 
conductivity data were positively skewed, and ANOVAs 
were performed on these data after square and third root 
transformations, respectively (Helsel and Hirsch, 2002). 
Fisher’s multiple comparisons test was used with an 
individual error rate of 5%. All statistical tests were 
performed in Minitab 16. 
RESULTS 

The topsoil was covered primarily by eastern redcedar 
leaf litter under and near the eastern redcedar canopy and 
by grass beyond the tree canopy (Figure 2A). Grass leaf 
litter was minimal and is not reported. Median leaf litter 
depth decreased monotonically from 3 cm at the eastern 
redcedar trunk to less than 0.5 cm at one quadrant beyond 
the canopy edge. Median soil organic matter was 49% 
Hydrol. Process. (2011) 
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higher under eastern redcedar trees (5.96 % by mass) than 
in the intercanopy area (3.99 % by mass), a significant 
difference (p = 0.0043, Figure 3). Soil water repellency 
was prevalent both under the canopy and in the 
intercanopy area (Figure 2B). Of sites under eastern 
redcedar, 94% exhibited water repellency; in contrast, 
65% of intercanopy sites exhibited some degree of water 
repellency. Whereas soil water content was consistently 
low near the tree trunk, variability in soil water content 
was considerably greater in the intercanopy area. Median 
soil volumetric water content was lowest near the tree 
trunk (0.12 cm3 cm3) and highest just beyond the canopy 
edge (0.17 cm3 cm3, Figure 2C, Table I). Median soil 
water content was 0.054 cm3 cm3 greater at CR 1.5 than 
at CR 0.25. Differences in mean soil water content along 
the transect were significant (p = 0.005), though the 
effects of distance from the tree trunk only explained 
14% of the total variability in soil water content. 
Median sorptivity and unsaturated hydraulic conductivity 

were lowest from the tree trunk to CR 0.75 and thereafter 
increased monotonically until CR 1.5 (Figure 4A,B). 
Median sorptivity ranged from 0.05 mm s1/2 at CR 0.25 
to 0.71 mm s1/2 at CR 2.0. Median unsaturated hydraulic 
conductivity ranged from 0.236 cm h1 at CR 0.25 to 
3.182 cm h1 at CR 2.0. Significant differences in mean 
unsaturated hydraulic conductivity along the transects 
(p < 0.001) explained 57% of the variability in unsaturated 
hydraulic conductivity. Significant differences in mean 
sorptivity along the transects (p < 0.001) explained 60% of 
the variability in sorptivity. 
On September 20, 2010—the first day of the intensive 

field campaign—the FWI at the Marena Mesonet station 
was 0.73. From 1998 to 2010, the FWI was lower than or 
Figure 3. Soil organic matter under tallgrass prairie species (intercanopy) 
versus under eastern redcedar canopies 

Table I. Median, first quartile, and third quartile of water content, 
canopy and in the grass-dom

Unit 
Normalized 

Distance n 

Volumetric Water Content 

Median Q1 Q3 

% 

Subcanopy 0.25–1 69 13.3 11.7 15.6 
Intercanopy 1.25–2.5 65 15.4 12.7 19.1 

Copyright © 2011 John Wiley & Sons, Ltd. 
equal to this value (indicating drier soil) on 1648 days or 
35% of the time. The greatest probability that the soil 
would be as dry as or drier than this value occurred 
between May and October, but most notably in August 
when over 75% of days exhibited dry, potentially 
hydrophobic soil (Figure 5A). 
Among the months when soil water repellency is most 

probable, all had maximum 5-min rainfall intensities well 
in excess of the measured unsaturated hydraulic conduc-
tivity (Figure 5B). The data suggest that at a small scale, 
considerably greater infiltration excess overland flow 
occurs under eastern redcedars relative to in tallgrass 
prairie. From 1994 to 2010, 1583 precipitation events 
were recorded. Of these, the maximum 5-min rainfall 
intensity exceeded median unsaturated hydraulic conduc-
tivity under tallgrass prairie 380 times (in 24% of storms), 
but under eastern redcedar 920 times (in 58% of storms). 
DISCUSSION 

Leaf litter and soil organic matter 

Eastern redcedar encroached into the study area in the 
second half of the 20th century (Figure 1) bringing with it 
hydraulic conductivity, and sorptivity below the eastern redcedar 
inated intercanopy space 

Unsaturated Hydraulic Conductivity Sorptivity 

Median Q1 Q3 Median Q1 Q3 

(cm h1) (mm s1/2) 

0.566 0.212 1.097 0.098 0.045 0.254 
2.517 1.951 3.902 0.682 0.471 0.893 

Figure 4. Variation in (A) sorptivity and (B) unsaturated hydraulic 
conductivity versus distance from eastern redcedar trunk normalized by 

canopy radius 

Hydrol. Process. (2011) 
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Figure 5. (A) Boxplots of mean daily Fractional Water Index (FWI) from 
1998 to 2010, by month. When soils dry down below the horizontal line 
(representing the FWI on the first day of the intensive field campaign), 
they may become hydrophobic. (B) Maximum 5-min daily rainfall 
intensities for days when storms occurred from 1994 to 2010. Overlaid on 
the boxplots are median values of unsaturated hydraulic conductivity 
under tallgrass prairie and under eastern redcedar canopies. Black dots 

indicate 5th and 95th percentiles 

EASTERN REDCEDAR EFFECTS ON SOIL HYDRAULIC PROPERTIES 
life history traits distinct from perennial grasses. Leaf 
litter of evergreens has more lignin, making it more 
difficult for microbes to decompose, relative to leaf litter 
of grasses (Murphy et al., 1998). Consequently, litter 
accumulates under eastern redcedar as we observed. 
Juniper leaf litter intercepts throughfall (Owens et al., 

2006), prevents soil splash (Van Hooff, 1983; Pierson et al., 
2010), and ensures that macropores are not plugged by 
debris (Beven and Germann, 1982). Juniper leaf litter has 
also been reported to channel throughfall to preferential flow 
pathways in the soil (Madsen et al., 2008). Once rainfall has 
reached the soil surface, leaf litter cover exerts a frictional 
force on water, slowing its flow and maximizing infiltration 
(Abrahams et al., 1994; Pan and Shangguan, 2006), even 
into highly water-repellent soils (Pierson et al., 2010). 
In addition to its direct hydrologic effects, juniper leaf 

litter serves as a source of soil organic matter (Smith and 
Johnson, 2003) and hydrophobic molecules (Doerr et al., 
2000; Gawde et al., 2009). Whereas Smith and Johnson 
(2003) found that eastern redcedar encroachment into 
grassland caused no net increase in soil carbon storage in 
the upper 25 cm of soil, the present study notes a 
significant increase in soil organic matter concentration in 
the top 6 cm of soil that may be hydrologically important 
in improving macropore stability and longevity (Beven 
and Germann, 1982) and in affecting topsoil wettability. 
More research is needed to determine the effects of 
eastern redcedar encroachment on soil organic carbon 
storage and distribution within the soil profile. 

Soil water repellency 

As eastern redcedar encroaches into tallgrass prairie, in 
addition to increasing soil organic matter in the topsoil, 
Copyright © 2011 John Wiley & Sons, Ltd. 
eastern redcedar may also change the composition of soil 
organic matter. Water repellency tends to occur under 
deep leaf litter and has been associated with fungal 
mycelia formation (Scott and Van Wyk, 1990; Crockford 
et al., 1991). As microbes degrade lignin from the leaf 
litter layer, they produce waxes that coat soil particles, 
inducing water repellency (Franco et al., 2000). This is 
consistent with our data in which water repellency was 
most common at positions with at least 1 cm of eastern 
redcedar leaf litter. As little as 2% soil organic matter by 
weight can induce severe soil water repellency (McGhie 
and Posner, 1981). Since the amount of soil organic 
matter under grass exceeded this threshold, the absence of 
strong soil water repellency under grasses might be 
explained in part by a low proportion of hydrophobic 
molecules within their soil organic matter. 
Though in the present study, greater soil water 

repellency corresponded to higher levels of soil organic 
matter, this relationship may not be entirely causal. The 
correspondence between organic matter and hydropho-
bicity observed in the present study has been widely 
observed (Wallis et al., 1990; Rodríguez-Alleres et al., 
2007; Verheijen and Cammeraat, 2007). However, 
Jungerius and de Jong (1989) observed no correlation 
between soil organic matter and hydrophobicity, and 
Wallis et al. (1993) observed the greatest water repellency 
at low levels of soil carbon. Similarly, Teramura (1980) 
observed soil water repellency at low levels of soil 
organic matter and no soil water repellency in a treatment 
with greater soil organic matter. The composition of soil 
organic matter may explain the complex relationship 
between soil organic matter and water repellency because 
soil organic matter is composed of a mixture of 
components with hydrophilic and hydrophobic functional 
groups (Ellerbrock et al., 2005), and the proportion of 
hydrophobic molecules—methyl, methylene, and methane 
groups in aliphatic and aromatic compounds—differs 
among soils (Capriel et al., 1995). 
In the present study, soil water repellency tended to 

decrease as soil water content increased. Similarly, 
Czachor et al. (2010) found that slight reductions in soil 
water content can cause substantial reductions in soil 
wettability. However, soil water content in our study was 
not statistically different between CR 0.25–CR 1.0 and 
CR 1.75, yet hydrophobicity was 38 percentage points 
lower at CR 1.75, indicating that the presence or absence 
of soil water repellency is controlled by interactions 
between soil water content, soil organic matter, and 
perhaps by leaching of hydrophobic compounds in 
eastern redcedar’s foliage (Hemmerly, 1970; Gawde 
et al., 2009) into the soil. In the present study, 100% of 
sites were nonwettable at CR 0.25 and CR 0.75 
notwithstanding volumetric water contents of up to 
0.18 cm3 cm3. Thus, the present study likely describes 
an upper bound for the occurrence of water repellency. 
Though subcanopy water repellency in the present study 
was similar to that reported by Madsen et al. (2008), 
median subcanopy water content in the present study was 
0.07 cm3 cm3 higher. 
Hydrol. Process. (2011) 
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Although the present study from 20 to 24 September 
2010 describes days when water repellency is apparent, 
water repellency is not always present under eastern 
redcedar. On September 16 four days prior to beginning 
the study, no trace of water repellency was measurable 
when preliminary measurements were conducted. Soils’ 
affinity for water can vary because water repellent 
substances in soils are amphiphilic—they interact with 
water when soils wet and repel water when soils dry 
down (Hurra and Schaumann, 2006). Furthermore, soil 
organic matter and its constituents may vary seasonally, 
causing seasonal variation in soil water repellency 
(Buczko et al., 2005). 
Soil water repellency is most important in systems in 

which the production of hydrophobic compounds is large 
relative to the surface area of soil grains that must be 
coated with hydrophobic substances to induce water 
repellency. Thus, the potential for development of 
hydrophobicity is related to climate and edaphic factors. 
In many arid regions, production of hydrophobic 
substances is limited by water availability (Jaramillo et al., 
2000). In contrast, in many humid regions, soil water 
repellency may be expressed less frequently because 
topsoils are usually moister. Thus, Oklahoma’s grassland-
forest ecotone has potential to develop soil water repellency 
(Figure 5A) because precipitation is usually over 80 cm, 
providing plants with the water necessary to generate 
abundant hydrophobic compounds, yet high evaporative 
demand from June through September dries the topsoil 
during these months. Historically, soil water repellency was 
first documented in sandy soils (DeBano, 2000), and when 
different soil textures are compared, sandy soils often 
exhibit the strongest water repellency (Huffman et al., 
2001). Despite the relatively fine-textured soils in the 
present study, including silty loam and clay loam, the 
climate of moderately high precipitation accompanied by 
high evaporative demand along Oklahoma’s grassland-
forest ecotone fosters the accumulation of water-repellent 
substances and expression of water repellency under eastern 
redcedar. 
Soil water content 

The data in Figure 2C reveal interesting spatial patterns in 
soil water content in the vicinity of eastern redcedars. 
Lower water content under eastern redcedar trees may be 
attributed to high rainfall interception by junipers and 
their leaf litter (Skau, 1964; Owens et al., 2006; Lebron 
et al., 2007). Higher water content just beyond the canopy 
edge may result from a combination of lower interception 
by the grass species relative to eastern redcedar and 
reduced solar radiation due to shading from the tree 
canopy. Intermediate levels of soil water content beyond 
CR 1.5 may result from low rainfall interception by the 
grass and higher levels of solar radiation well beyond the 
juniper canopy. Our results differ from those of Madsen 
et al. (2008), in that the latter study in Pinyon-Juniper 
woodland found that soil water content remained constant 
beyond the tree canopy. Uniformly high soil water 
Copyright © 2011 John Wiley & Sons, Ltd. 
content in the intercanopy area in that study may have 
resulted from low evaporative demand since the investi-
gation was conducted in the winter. In contrast, the 
present study was conducted at a time of year with higher 
evaporative demand. 
In Nebraska, Smith and Stubbendieck (1990) found 

lower soil water content under eastern redcedar canopies 
than in the adjacent intercanopy zone, consistent with the 
results in Figure 2C. Similarly, in Kansas, lower soil 
water content was observed during the non-growing 
season under eastern redcedars relative to grassland 
(Smith and Johnson, 2004). Engle et al. (1987) found 
slightly lower soil moisture at the dripline of eastern 
redcedars than 3 m away from the canopy edge. In 
contrast, Pierce and Reich (2010) found increased soil 
water content under eastern redcedar relative to grassland. 
They attributed this to infiltration of runoff from higher 
on the sloped study site. 
Sorptivity and unsaturated hydraulic conductivity 

The trend of low sorptivity and hydraulic conductivity 
near eastern redcedar tree trunks and increasing values 
from CR 0.5 to CR 1.5 in the present study was similar to 
that reported by Madsen et al. (2008) for Pinyon-Juniper 
woodland. The highest sorptivity and conductivity values 
were associated with the absence of leaf litter, relatively 
low water repellency and soil organic matter, and 
relatively high initial soil water contents. Sorptivity is a 
key parameter affecting the early stages of the rainfall 
infiltration process. The lower sorptivity values under 
eastern redcedar would result in earlier runoff production 
if rainfall were reaching the soil surface under redcedar 
and grass at the same rate. However, canopy and litter 
interception may be higher under eastern redcedar than in 
the grass interspaces. Therefore, the initial rate of water 
delivery to the soil surface under redcedar may be lower 
than under grass for the same rainfall event. 
The results of the present study apparently contrast 

with past work using methods that mask the effects of 
soil water repellency on infiltration or hydraulic conduc-
tivity. For example, Wilcox et al. (2003) measured 
unsaturated and saturated hydraulic conductivity in a 
Pinyon-Juniper woodland and found higher hydraulic 
conductivity under these evergreen trees than in the 
intercanopy. Similarly, Pierson et al. (2010) found lower 
runoff under Pinyon-Juniper trees with hydrophobic soils, 
implying greater infiltration under these trees relative to 
hydrophilic intercanopy areas. They attributed this effect to 
leaf litter promoting infiltration into the hydrophobic soils. 
There are concerns that eastern redcedar encroachment 

reduces streamflow (Oklahoma Conservation Commission, 
2006; Starks et al., 2011). We found lower sorptivity and 
hydraulic conductivity under eastern redcedar than in 
adjacent intercanopy spaces, which would result in greater 
runoff and streamflow if there were no other effects of 
redcedar, but clearly there are other effects. 
In addition to the aforementioned rainfall interception 

effects, leaf litter exerts a frictional force slowing the flow 
Hydrol. Process. (2011) 
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of water that may laterally distribute throughfall to locations 
where vertical transport can occur, such as macropores 
(Ritsema et al., 1993; Ritsema and Dekker, 1995). Greater 
porosity has been commonly observed under trees relative 
to grasses (Bachmair et al., 2009; Neary et al., 2009). 
Thus, a plausible hypothesis may be that, when soils 

are dry, infiltration under eastern redcedar occurs largely 
via preferential flow paths that bypass much of the soil 
matrix. Increased preferential flow is common in 
hydrophobic soils and can infiltrate much or all overland 
flow induced by hydrophobic soils (Doerr and Moody, 
2004; Lichner et al., 2007; Madsen et al., 2008; Lichner 
et al., 2010; Nyman et al., 2010; Robinson et al., 2010). 
Though the present study focuses on hydraulic 

properties when soils are unsaturated, the soils in our 
study site do become hydrophilic and probably remain in 
that condition for a considerable proportion of the year 
depending on the amount and seasonal distribution of 
precipitation (Figure 5A). When soils are hydrophilic, 
hydraulic conductivities are likely higher in the presumably 
more porous soil—under eastern redcedar. The net effects of 
eastern redcedar encroachment on streamflow will arise 
from complex interactions between climate, precipitation, 
vegetation, the litter layer, and the soil. The soil hydraulic 
property effects reported in this study are an important and 
previously undocumented part of the overall picture, but 
clearly more research is needed. 

Ecological implications amidst a changing climate 

In hydrophobic soils where preferential flow occurs, deeper 
wetting has been observed than would have occurred via 
piston flow (Robinson et al., 2010). In Pinyon-Juniper 
woodland in southeast Utah, this preferential flow process 
appeared to sequester soil water for plant use by reducing 
soil water evaporation (Robinson et al., 2010). Lab 
experiments also suggest that soil water repellency may 
conserve water for plant use by the aforementioned 
mechanism (Hillel and Berliner, 1974). It seems likely that 
a similar process would occur under eastern redcedar 
canopies. In addition, water-repellent soils under eastern 
redcedar may prevent shallow-rooted grasses from 
establishing (Osborn et al., 1967; Wallis et al., 1990; 
Tilman and Wedin, 1991). In this way, water repellency 
may also serve as a form of allelopathy (Doerr et al., 2000). 
As the climate changes, increasing levels of CO2 may 

increase soil water repellency (Gordon and Hallett, 2009). 
Longer droughts and heat waves are predicted under 
climate change; combined, these could lead to a greater 
duration of and perhaps more severe water repellency 
(Goebel et al., 2011). Thus, if climate change promotes 
the increase of soil water repellency, we can expect the 
observed effects on soil hydraulic properties to be 
accentuated. 
CONCLUSION 

Rapid eastern redcedar encroachment into north-central 
Oklahoma during the second half of the 20th century 
Copyright © 2011 John Wiley & Sons, Ltd. 
transformed the landscape of this region and its 
hydrological processes. As eastern redcedars encroached 
into tallgrass prairie, hydrophobic leaf litter accumulated. 
As a result, organic matter in the topsoil increased under 
eastern redcedars. A corresponding increase in soil water 
repellency and decreases in sorptivity and unsaturated 
hydraulic conductivity were observed under eastern 
redcedar. Water repellency of the topsoil under redcedars 
is most likely to be expressed from May to October when 
soils are often dry. When soils are dry and hydrophobic, 
there may exist a greater potential for rapid preferential 
flow under eastern redcedar. We project that persistent 
eastern redcedar encroachment and global climate change 
will interact to promote greater severity, duration, and 
spatial prevalence of soil water repellency. Further 
research is necessary to determine how the significant 
impacts of eastern redcedar encroachment on soil surface 
conditions and soil hydraulic properties ultimately affect 
streamflow and the catchment water balance. 
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