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ABSTRACT
Impacts of Ashe juniper (Juniperus ashei J. Buchholz) and karst

geology on the regional water cycle in the Edwards plateau region of
Texas are complex and not well understood. The objective of our study
was to gain a comprehensive understanding of the subsurface flow
processes occurring at a juniper woodland site on the Edwards Plateau
near Honey Creek State Natural Area. A 2.3-m-deep, 7-m-long trench
was excavated at the downslope end of a 7 by 14 m experimental plot,
and time domain reflectometry (TDR) probes were installed at var-
ious locations within the trench face to measure volumetric water con-
tents. A multi-port telescopic boom type rainfall simulator was used to
provide artificial rainfall on the plot. Six rainfall simulations and two
dye-tracer tests were conducted on the plot during a 7-mo period.
Subsurface flow was visually inspected at various locations on the
trench face during artificial rainfall experiments and water content was
monitored near slow and fast flow regions using TDR probes. The
total volume of subsurface flow was also recorded after each rainfall
simulation event. Results demonstrated that subsurface flow occurred
in a bimodal manner, consisting of preferential/macropore flow around
juniper root channels and planar fractures in the limestone, and pseudo-
matrix flow through the soil matrix (water flowing primarily through
the intermediate layers and lenses of soil between the rock layers).
Preferential/macropore flow at the trench face depended on imposed
boundary conditions and was independent of antecedent moisture
content in the soil matrix. Pseudo-matrix flow response time decreased
with high rainfall. During large rainfall events (.200 mm), water
exchange was observed between the fractures and soil matrix. No
apparent water exchange occurred between fractures and the soil
matrix during small rainfall events. The dye studies indicated that frac-
tures and juniper root channels are primary pathways for preferential/
macropore flow occurring within the plot.

REGIONAL ECOHYDROLOGY of Edwards aquifer and
plateau region in Texas has been affected by his-

torical encroachment of invasive plant species such as
Ashe juniper (Archer, 1994; Wilcox, 2002) and underly-
ing karst geology. To achieve a sustainable water re-
source management, it is imperative to gain a proper
understanding of the hydrogeologic and ecohydrologic
processes occurring in this region. From the ecohydro-
logic perspective, an important issue is to gain a compre-
hensive insight into the role played by plants in the
water cycle. Ashe juniper is by far the most dominant
species of trees found within the Edwards aquifer region.
Studies related to juniper and surface water (overland

flow) present inconsistent results. Based on a compari-

son between treated and untreated juniper plots in the
Edwards region, Dugas et al. (1998) stated that juniper
removal had no consistent effect on overland flow gen-
eration. Richardson et al. (1979) found that root plowing
to remove junipers in the Edwards plateau reduced
overland flow by 20%. Plowing increased water storage
in depressions within the watershed, which either infil-
trated through the rock fractures or evaporated. How-
ever, they also found that killing mesquite trees in the
Blackland Prairie region of Texas by chemical treatment
reduced evapotranspiration (ET) and subsequently in-
creased surface runoff by 10%.Wright et al. (1976) found
that overland flow increased in the period ranging be-
tween 2 and 3 yr after the removal of junipers by burning.
This was probably due to the fact that during the initial
years following tree removal, there was less infiltration
and ET. Wilcox (2002) suggested that in karst regions of
Texas, there is a possibility of juniper removal resulting
in increased streamflow. The presence of juniper trees
causes water to infiltrate the soil surface and move rap-
idly through the root zone (network) as preferential flow.
Newman et al. (1998, 2004) documented that lateral sub-
surface flow occurs mainly from root macropores. Their
hypothesis from preferential flow studies in a semiarid
ponderosa pine hillslope suggested that root structures,
which are active agents of lateral subsurface flow, create
a saturated halo with time, and this eventually forms
a perched water table. It seems evident from the past
studies that more detailed experiments need to be con-
ducted in such areas to facilitate our understanding of
juniper–water interactions.

In addition to ecohydrological controls, the hydro-
geologic characteristics of the underlying aquifer play a
vital role in determining the hydrology of the Edwards
region. Karstic aquifers are unique because, unlike other
aquifers, they are characterized by a threefold porosity–
permeability. Pore spaces formed within the rocks by
constitutive minerals form the primary or matrix poros-
ity (sub-millimeter scale), joints and fractures produced
by orogenic processes form the secondary or fracture
porosity (millimeter scale), and the cavities and inte-
grated conduits produced by chemical dissolution, which
are a characteristic feature of karst regions, form the
tertiary or conduit porosity (centimeter to meter scale)
(White, 1998). Thus, a sound knowledge of the hydrol-
ogy of such triple porosity–permeability media entails
an understanding of the rate of recharge into and through
the various porosity components and the exchange of
water between these components (White, 2002).

Several studies have been conducted to investigate
preferential flow processes in the vadose zone using
fluorescent dyes (Flury et al., 1994; McKay et al., 1993;

S. Dasgupta, B.P. Mohanty, and J.M. Köhne, Dep. of Biological and
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Jardine et al., 1999). These organic dyes are primarily
used because they are cheap, easy to handle, and
nontoxic (Käss, 1998). Flury et al. (1994) suggested that
the initial moisture content has no effect on the
penetrating depth of macropore flow in their experi-
ments conducted on structured and nonstructured soils
in Switzerland. In field experiments, McKay et al. (1993)
compared the flow rates between nonreactive tracers
and bacteriophage tracers in highly fractured, clay-rich
glacial till plains in Canada and found that the latter
were several orders of magnitudes higher than the for-
mer. Experimental analysis and modeling results con-
ducted by Jardine et al. (1999) by injecting tracers in
fractured shale bedrock in Tennessee showed that flow
occurred as a combination of fracture and matrix flow.
The above-mentioned studies mainly focus on the physi-
cal properties of dyes and tracers (advection–diffusion,
sorption and/or dispersion) and investigate breakthrough
curves of such dyes and tracers after they were applied
either in laboratory conditions, field sites, and/or models.
The breakthrough curves provide answers to the pro-
cesses and mechanisms of macropore/preferential flow
occurring in the study domains. Mortensen et al. (2004)
pointed out that while most such studies have been con-
ducted in saturated conditions (McKay et al., 1999; Sidle
et al., 1998), very few (Forrer et al., 1999) have been con-
ducted in unsaturated conditions.
We report results of an experiment on a field plot in

the Edwards plateau of Texas dominated by juniper
vegetation and karst geology. Subsurface flow processes
and patterns were monitored and investigated by arti-
ficially simulating a series of rainfall events of different

intensities on the plot. Since the primary focus of our
study was to determine the impact of juniper vegetation
and karst geology on the local hydrology, we decided to
limit the scope of the tracer studies as a supplemental
tool to assist in our understanding of the flow processes
in the study region. Thus, we present the arrival times
and peak flow times of dyes that were used during the
experiment without delving into detailed analysis of dye
tracer breakthrough curves. Thus, the primary objec-
tives of this study were to: (i) obtain an improved un-
derstanding of the nature and origin of subsurface flow
processes occurring in a juniper dominated plot with
underlying karst geology and (ii) analyze the effects of
initial and surface boundary conditions on the onset, rate,
and spatiotemporal patterns of subsurface flow.

MATERIALS AND METHODS

Site Description

The study area is located within the 9-km2 Honey Creek
State Natural Area (298449 N, 988269 W), which is part of the
Guadalupe River State Park, located in the western part of
Comal County, Texas (Fig. 1). The climate is classified as
subhumid, subtropical, with mean annual rainfall of approxi-
mately 800 mm (Kuniansky et al., 2001). Our experimental
plot (Fig. 2) is 14 by 7 m in size, with a land surface slope of
about 1%. The ground surface was characterized by a black-
colored litter and organic soil layer. Ash juniper and live oak
were the most dominant species around the plot along with
occasional patches of cacti. The surface topography of the plot
was characterized by several mild depressions 10 to 20 cm deep
and a few meters in diameter. The plot contained nine juniper
trees with variable basal diameters ranging from 0.05 to 0.56 m.

Fig. 1. The study area was the Honey Creek State Natural Area located in Comal County TX. Also shown are the various hydrologic zones of the
Edwards aquifer.
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A trench (9.2 m long, 2.3 m deep) was excavated using a
backhoe at the downslope end of the plot for monitoring the
subsurface flow processes occurring below the plot in the
karstic vadose zone. At the trench face (Fig. 3), the soil–rock
profile consists of parallel geologic layers (reflecting flow re-
gions) that were assumed to be representative of the whole
plot. A schematic diagram of the trench cross section is shown
in Fig. 4. The spatial locations of 12 TDR probes that were
used to determine the volumetric water contents are also
shown in Fig. 4. Note that a representative fraction of 4.5 m of
the total length of 9.2 m of the trench face has been illustrated.

Additionally, a small and shallow (1 m long, 1 m deep) side
trench (Fig. 2) was dug for examining the presence of any
shallow subsurface flow, perpendicular to the direction of the
land surface slope.

The topmost horizon (Fig. 4) of the trench at the study site
was divided into two layers. The upper (litter) layer (0.04–
0.1 m) was composed of humus and undecomposed and live
roots. The lower layer was characterized by an organic rich
black clay. The upper limestone unit (0.38–0.56 m thick) was
characterized by a large layer of limestone intersected by
horizontal and vertical fractures. A thin (0.01–0.04 m thick)
loam fracture fill (33% sand, 47% silt, and 20% clay) cut
across the upper limestone unit. The first clay fracture fill
(13% sand, 36% silt, and 51% clay) extended across the trench
face in between the two (upper and lower) limestone units and
had variable thickness (0.03 and 0.07 m) and contained some
amount of live roots. The lower limestone unit (0.4–0.46 m)
was less fractured than the upper limestone unit. The second
clay fracture fill (8% sand, 34% silt, and 58% clay) with live
roots, located below the lower limestone unit, was a thin strip
(0.05 m) with a maximum thickness of 0.50 m at the center of
the trench. The silty-clay (11% sand, 44% silt, and 45% clay)
wedge existed as a vertical strip of fracture fill soil that ran
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Fig. 2. Honey creek experimental plot with spatial locations of juniper
trees, rainfall simulator masts, and the trench. Application bands of
three dyes (Uranine, Phloxin-B, and Eosin) during dye-tracer stud-
ies are also illustrated in the layout.

Fig. 3. Photograph showing cross section of trench face beside the plot.

Fig. 4. Schematic sketch of trench cross-section illustrating the strati-
fication of the trench face. (a) The older TDR probe locations
(October to mid December 2003, Simulation Runs 1–5); (b) newer
locations (mid December 2003 to May 2004, Simulation Runs 6 and
dye tests). The older TDR probes are represented by circles, while
the newer ones are represented by rectangles.
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from the upper litter layer to the second clay layer. The soil
samples from the trench face were analyzed by the (ASTM,
1961) texture analysis method in the Texas A&M University
soil hydrology laboratory. The “marl” layer that was found as
the lowermost horizon of the trench was a clay-rich limestone
zone whose thickness varied from 1.02 m at the extreme left to
0.63 m at the extreme right portion of the trench.

Rainfall Simulation and Data Collection

A rainfall simulator system was installed to provide artificial
rainfall on the plot. It consisted of six telescopic masts of 15-m
height. Three masts were set up on either side along the length
of the plot (Fig. 2). Each mast had four sprinkler heads indi-
vidually controlled by manually operated valves. The masts
were connected via a pump (HondaWP20X, American Honda
Power Equipment Division, Alpharetta, GA), flow meter, and
pressure gauge to a 18 927-L (5000 gallon) collapsible water
tank. The simulator was capable of delivering rainfall inten-
sities varying from 25.4 to 152.4 mm h21. Eight different rain-
fall simulations were performed at the site between October
2003 and May 2004. The surface components of the water
budget were monitored as follows. First, rainfall was measured
using spatially distributed rain gauges placed inside and out-
side the plot. Second throughfall (rainfall minus interception)
was measured using throughfall funnels placed beneath the
juniper canopy inside the plot. Third, stemflow was measured
using a stemflow collar around two (replicates) juniper trees
that measured the amount of water that was funneled by the
stems to the base of the tree trunk. Next, runoff was measured
by a 150-mm H-flume placed at the downslope end of the plot.
Finally, a sump was created within the trench to measure the
total volume of subsurface flow using a sump pump and flow
meter. Any direct rainfall input to the trench was prevented
by constructing a plastic roof over the trenchwhile thewater loss
to deep percolation through the trench floor was minimized by
installing a concrete floor.

It was observed that, after each simulated rainfall event,
subsurface seepage flow occurred at various point locations
within the trench face. This was visually inspected during each
rainfall simulation by manually recording the time of arrival
(response time) of the three-dimensional flow at the trench
face. Stop watches were used to determine the exact time of
arrival (from the start of the rainfall event) when water started
dripping from the trench face. At certain locations, we cal-
culated the seepage flux by measuring the time it took to fill a
known volume of a measuring beaker. Besides the manual flux
measurement, the TDR 100 (Campbell Scientific, Logan, UT)
probes were used to measure profile soil water contents within
the trench. The 15-cm-long TDR probes were multiplexed and
connected to a Campbell Scientific CR10-X data logger for
continuous monitoring of soil water content at 10-min intervals
for each rainfall simulation event. Twelve TDR probes were
strategically placed at various locations within the trench face
to record the arrival of the wetting front at each flow region (as
shown in Fig. 4). Two additional probes (S1 at the 12-cm depth
and S2 at the 45-cm depth) were placed within the trench dug
at the side of the plot (Fig. 2). Note that the TDR probes could
be located in the soil or rock matrix and clay-filled fractures
excluding the larger voids and conduits.

Readings from each TDR probe were collected for each
rainfall simulation event for 48 h, starting from the onset of the
first run of a particular simulation event. This 48-h duration
was determined after an initial data analysis revealed that the
probes showed a rise in water contents after 23 to 30 h from the
start of the rainfall event. The apparent dielectric readings ob-
tained from the probes were converted to volumetric water

contents using the Topp et al. (1980) relationship. The vol-
umetric water content values as obtained from the TDR probes
were analyzed to determine characteristic hydraulic response
time, as well as initial and final moisture contents for the var-
ious distinct flow regions (including fractures, fracture fills,
juniper root zones) of the soil–rock system. Linear regressions
were established between these hydraulic response param-
eters and the total rainfall amount for each simulation event.
The initial moisture content was taken as the arithmetic mean
of the values recorded by the probes for a period of 15 to 20 h
before the probes registered a rise. The final moisture content
was calculated by taking the arithmetic mean of the highest val-
ues recorded by the probes until the values started to decrease.

The first phase of data collection lasted from August to mid
December in 2003. During the second phase (mid December
2003 to May 2004), some of the spatial locations of the probes
within the trench face were altered to better monitor the flow
processes (Fig. 4a and 4b). Spatial locations of the old and new
positions of each TDR probe are provided in Table 1. Details
of the rainfall simulation events are provided in Table 2. Each
rainfall simulation consisted of either two or three separate
runs interrupted by periods when no water was added to the
plot. These interim periods were required to manually record
the readings of all devices that measured the surface compo-
nents of the water budget.

Consider any rainfall simulation event s (s 5 1,2,3,…,n)
consisting of j number of separate runs (j 5 1,2,…,m) and g
number of interim periods (g 5 1,2,…,p). The average in-
tensity (Table 2) for s was calculated as

Is 5
Om
j51

ij dj

Om
j51

dj 1 Op
g51

dg

[1]

where, Is (mm) is the average rainfall intensity for simulation s,
ij (mm) is the intensity of the jth run, dj (h) is duration of the jth
run and dg (h) is the duration of the gth no-addition interim
period between the runs. The no-addition interim periods were
assumed to have zero rainfall intensity.

Dye tracer experiments were conducted in addition to the
rainfall simulation experiments to supplement our under-
standing of the subsurface flow processes, with special em-
phasis on their origin and the nature of the flow paths (matrix
flow in soil–rock or preferential flow through root channels
and/or geological fractures). Three different fluorescent dyes

Table 1. Spatial locations of the TDR probes before and after the
adjustments were made. “Unit” indicates the flow region in
which the probes were located; “Depth” indicates the depth of
each probe from the top surface of the trench face.

Old location New location

Probe Unit Depth Unit Depth

m m
1 Litter 0.25 Loam 0.61
2 Litter 0.15 Litter 0.40
3 Litter 0.22 Litter 0.22

Upper limestone 0.48 Upper limestone 0.40
5 Loam 1.12 Upper limestone 0.43
6 Loam 1.14 Clay I 1.14
7 Loam 0.91 Clay I 1.06

Upper limestone 0.68 Upper limestone 0.91
9 Loam 0.99 Loam 0.68
10 Clay I 1.78 Clay I 1.01
11 Clay II 2.17 Clay II 2.17
12 Clay I 1.44 Marl 2.35
S1 – – Litter 0.12
S2 – – Upper limestone 0.45
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(Phloxin B, Eosin, and Uranine) were applied on three dif-
ferent locations (as illustrated in Fig. 2) within the plot to
enable us to differentiate between various subsurface flow
paths, such as network of root channels and interconnected
fractures. Uranine was applied approximately 12 m from the
trench face and Phloxin B was applied about 0.9 m from the
trench face. Eosin was applied around the base of a centrally
located juniper tree within the plot to characterize the origin of
preferential flow (water) near the tree base because of fun-
neling through root channels or fracture enhanced by root
expansion. The dyes were dissolved in approximately 3.8 L
(1 gallon) of deionized water and applied to the litter layer
using a handheld garden sprayer. These dyes were chosen for
their easily detectable fluorescent color and comparable ab-
sorption properties.

During the first dye-tracer test (30 Jan. 2004), all three
dyes—Phloxin B (160 mg), Eosin (140 mg), and Uranine
(40 mg)—were applied. After the application of the three dyes,

two rainfall simulation runs (15 and 16) were performed
(Table 2). Water samples were then collected from 15 outflow
(seepage) locations (Fig. 5) within the trench face at 10-min
intervals. These samples were analyzed using a Spectrofluo-
rophotometer (PerkinElmer, Wellesley, MA). The analysis of
dye in the effluent water revealed that the applied dye con-
centrations used were too low for any clear spatiotemporal
signature. Subsequently, a second dye-tracer experiment
(13 May 2004) was conducted and the concentrations were
increased for all three dyes—Phloxin B (1665 mg), Eosin
(1500 mg), and Uranine (1000 mg). The dye application,
location, and scheme of rainfall simulation for the second
dye tracer test were kept similar to that of the first test. This
approach also minimized the corruption of data in the second
dye trace study due to any leftover dye from the first run. It is
noteworthy that the sequences of outflow–seepage locations
observed across the trench face (Fig. 5) for both the dye tracer
tests were identical.

Table 2. Details of various rainfall simulation events carried out at the plot. Each simulation event contained a succession of runs with time
gaps in between. The average intensity (Eq. [1]) and total rainfall amount for each simulation event were calculated.

Simulation Date Run Intensity per run Duration Time gaps Average Intensity Total rainfall

mm h21 h h mm h21 mm
Sim 1 3 Oct. 2003 1 59.20 2.00 1.00 43.9 170.2

2 58.90 0.88
Sim 2 17 Oct. 2003 3 8.70 3.50 1.00 7.0 56.4

4 7.40 3.50
Sim 3 31 Oct. 2003 5 12.40 3.50 1.20 9.9 74.2

6 11.00 2.80
Sim 4 5 Dec. 2003 7 59.00 1.00 2.48 24.0 107.6

8 48.60 1.00
Sim 5 11 Dec. 2003 9 67.50 0.75 1.083 21.0 108.9

10 44.80 1.00 1.35
11 13.50 1.00

Sim 6 18 Dec. 2003 12 91.20 0.75 1.45 24.8 134.1
13 52.00 1.00 1.21
14 13.70 1.00

Dye-test 1 30 Jan. 2004 15 25.40 4.00 1.23 40.8 254.0
16 152.40 1.00

Dye-test 2 13 May 2004 17 23.40 4.00 1.13 37.9 232.0
18 138.45 1.00

B4

B2
C3

C2

D5
D3

A2

A3

D2B1

B3 D1

A1

D4C1

Litter / organic clay layer

Upper limestone unit

Lower limestone unit

Marl layer

B4

B2
C3

C2

D5
D3

A2

A3

D2B1

B3 D1

A1

D4C1

Sampling
locations Description 
A1 In a hole in the lower marl layer 
A2 Within the second fracture fill clay layer 
A3 In a fracture within lower limestone unit  
B1 In a fracture within upper limestone unit  
B2 In a fracture within upper limestone unit  
B3 Within the second fracture fill clay layer 
B4 Within clay layer of upper litter/clay layer 

Sampling
locations Description 
C1 Within the second fracture fill clay layer 
C2 Within the first fracture fill clay layer 
C3 Within first fracture fill loamlayer 
D1 In a fracture within lower limestone unit  
D2 Within the first fracture fill clay layer 
D3 In a fracture within upper limestone unit  
D4 In a fracture within lower limestone unit  
D5 In a fracture within upper limestone unit  

Fig. 5. Dye sampling and seepage points within the trench face.
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RESULTS AND DISCUSSION
Subsurface seepage flow that was manually recorded

at the trench face usually occurred within 3 to 5 h from
the onset of each simulation run. This was assumed to be
the fast component of the subsurface flow. The TDR
probes usually took much longer (23–30 h) to respond.
Thus, we noted that the probes predominantly recorded
the slow component of the subsurface flow.
The subsurface seepage flow response times (during

the two dye tracer studies) measured at various loca-
tions within the trench face are illustrated in Fig. 6.
Rainfall simulation runs 15 and 17 (with intensities of
25.4 and 23.4 mm h21, respectively) resulted in outflow
from only seven locations, whereas runs 16 and 18 (with
intensities of 152.4 and 138.4 mm h21, respectively)
resulted in outflow from 15 locations on the trench face.
This demonstrated that a larger segment of the plot and
its pore network contributed to the outflow at the trench
face when the rainfall intensity was increased. Further-
more, the response times for low intensity runs (15 and
17) are much higher than those of the high intensity runs
(16 and 18), revealing that outflow response times dras-
tically reduced for high rainfall intensity. It also appears
that the wetting front at the trench did not follow any
specific horizontal or vertical progression. For example,
during low intensity runs 15 and 17, seepage points B1
and C1 in the upper and lower limestone units appeared
earlier than the other seepage points located at shal-
lower depths. Similarly for the high intensity runs 16 and
18, seepage points A1 (in Marl layer) and C1 (in lower

limestone unit) appeared much faster than the other
seepage points on the trench face. Also appearance of
the slow reacting seepage points (e.g., D5) vary between
the rainfall simulation runs.

A comparison of the sequence of wetting up of the
seepage points between runs shows a (Pearson’s ranked)
sequence correlation coefficient of 0.78 for low intensity
runs (15 and 17) and a sequence correlation of 0.81 for
the high intensity runs (16 and 18). This signified that,
based on the spatial locations of the seepage points
within the trench face, the sequence of outflow was com-
parable for similar rainfall intensities. That is, there was a
recurrent flow pattern along same flow paths charac-
teristic for a particular rainfall intensity. The response
times of the first appearance of dyes along with peak
arrival times (numbers against bars) are shown in Fig. 7
during the second dye-tracer test. The response times are
defined as the time from the onset of simulated rainfall
until the moment when these dyes were first detected in
the water samples collected during the test. The peak
arrival time is the time passed between the onset of sim-
ulated rain and the maximum dye concentration in the
water samples. For the two dyes, response times and peak
arrival times at several locations were almost identical,
even though Eosin was applied 7 m farther from the
trench than Phloxin B. These findings suggest that dyes
were not transported at constant spatially uniform veloc-
ity immediately after the onset of rain, since in that case
the response and peak arrival times would have been
related to the application distance from the trench. The
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Fig. 6. Seepage response time indicates the initial onset of outflow from various seepage locations at the trench face. Refer to Fig. 5 for spatial
locations for seepage points. Runs 15 and 17 were low intensity, long duration events. Runs 16 and 18 were high intensity, short duration events.
Time of arrival was indistinguishable for low seepage volume at D5 for Run 18.
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results rather suggest that once flow paths became satu-
rated and activated, dye transport must have occurred
rapidly along similar preferential flow pathways, result-
ing in the simultaneous arrival of dyes from different
application distances in the trench. At five seepage lo-
cations, only Phloxin B was observed, which could be
because of the proximity of the application location
of Phloxin B to the trench as compared with that of
Eosin. Overall, these variations of fast flow and dye ap-
pearance, including their peak concentrations on the
trench face, suggest that subsurface flow at the field site
is dominated by various paths of interconnected roots
and fractures–conduits.
On the basis of our findings, we suspect that some

juniper roots preferentially grow along the geological
fractures, while further widening these fractures with
time, to extract water from the deeper layers as well as
from large crevices and fissures within the limestone
units. Past observational studies in the Edwards plateau
region show juniper roots at depths of 10 to 15 m deep
in underground caves hanging through their fractured
roofs. This logic suggests that most of the subsurface flow
seeped through the trench face may have entered the
limestone units at the base of the juniper trees and follow
the root–fracture network to reach the trench face.
Uranine (which was applied at the far end of the plot,

with the largest concentration) did not appear at any of
the 15 sampling locations of the trench face for the dye
test. This suggests that perhaps seepage outflow at the
trench face was dominated by flow processes occurring
within the front half section of the plot, while Uranine
may have been applied beyond the subsurface catch-
ment area of the trench. Further investigation using a
soaker hose study (by water input limited to the far end
of the plot with no seepage appearing on the trench
face) and subsurface fracture characterization using
ground penetrating radar, GPR (results not presented
here), confirmed a geological discontinuity between the
two ends of the plot.
Typical TDR response times for a single rainfall simu-

lation event (Sim 5) are illustrated in Fig. 8. Only five

probes responded during this event, and the responses
started about 25 h after the onset of the artificial rainfall
simulation. The linear relationships of TDR response
times with total rainfall and initial moisture content are
shown in Fig. 9. The TDR response time was the time
as registered by the TDR probe, which responded first
to the arrival of the wetting front during a particular
rainfall simulation event. Using a confidence limit of
95% (a 5 0.05), we observe a negative linear (r25 0.82)
relationship (significant at a 5 0.05) between rainfall
amount (for eight different simulations) and response
time, indicating that water reached the probes faster
when the rainfall amount increased. In addition, a weak
(r2 5 0.22) relationship (significant at a 5 0.05) was
found between response time and initial/antecedent
moisture content. This is because the initial moisture con-
tent determined by TDR probes reflected the pseudo-
matrix water (water that flows primarily through the
intermediate layers and lenses of soil between the rock
layers), while most flow occurred through fractures and
conduits at the field site. This low correlation also
uncovers the fact that in a juniper and karst dominated
region, the fast flow is independent of antecedent con-
ditions. The subsurface flow, however, depends on the
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Fig. 7. Dye response times at various dye sampling locations within
the trench face for the second dye-tracer test. Numbers beside
the bars indicate peak concentration times as registered by the
Spectrofluorophotometer.
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imposed surface boundary conditions. The initial and
average response times registered by the TDR probes
(Table 3) for the first six simulations fell within the 15- to
30-h range. It is noteworthy that, for the two-dye tracer
tests (with high rainfall intensities), the TDR responses
were much lower than the first four simulations. We hy-
pothesize that when rainfall amount is large (.200 mm)
water exchange occurs between the fast (rock and
fracture) and slow (pseudo-matrix) flow domains re-
sulting in faster TDR response time. This water ex-
change is probably driven by a pressure gradient effect
(Köhne and Mohanty, 2005).
The total volume of rainfall that fell on the plot, and

the total volume of subsurface flow measured for each
rainfall simulation event are illustrated in Fig. 10. It is
seen that subsurface flow volume generally tends to
increase with increase in rainfall amount. However, dis-
crepancy was observed during a high intensity rainfall
simulation run (Dye 2), which we attribute to possible
total rainfall loss due to wind drift (falling outside of the
plot) and total seepage flow loss due to vertical and
lateral deep recharge through other possible pathways
that may have been inactive during the previous exper-
iments because of antecedent hydrologic conditions at
the site. Observed differences in the S1 TDR response
(results not shown here) and accumulation of water on
the side trench between the runs may reflect some of
these behaviors at the experimental field site. Results
of Simulation 3 were omitted from Fig. 10 due to lack
of data.
During the rainfall simulation events, we observed

that the rate of subsurface seepage flux varied at dif-
ferent locations of the trench face. At some places, it
occurred as drips from small root tips (average discharge
0.00041 L s21), and at other locations the discharge was
as high as 0.5 L s21. The high flow usually occurred at
large fracture openings (.10-mm aperture) within the
upper limestone layer. Since the seepage flux measure-
ments were not made consistently during all rainfall
simulation events except the two dye tracer studies,
result statistics have not been presented in this study.
Nevertheless, they provide a reasonable estimate of the
nature and variability of the fast subsurface flow
occurring at the trench face. The slow flow component
usually occurred through the smaller fractures or pores
(pseudo-matrix flow) present at the trench face and its
onset usually lagged behind the fast flow component by

20 to 25 h for each rainfall simulation event as reflected
in the TDR signals (Fig. 8). Thus, flow in such regions
occurs not only through network of root channels and
larger conduits but also through smaller fractures that
are open as well as filled with mineral and organic ma-
terials. In other words, flow at the field site can be cat-
egorized into two distinct components including fast
(preferential) flow through root channels and open frac-
tures and slow (pseudo-matrix) flow through the frac-
ture fills (clay layers and soil matrix).

Overall, subsurface flow in such juniper dominated
karstic regions occurs essentially in a bimodal fashion,
fast preferential/macropore flow and slow pseudo-
matrix flow. The juniper roots play a major role in en-
hancing preferential flow in such regions as observed
with our dye tracer studies discussed earlier. The smaller
roots of juniper trees are conveniently located in the clay
layers so that they have adequate water supply. More-
over, the larger roots accentuate the fractures by “wedg-
ing” or enlarging them. Several past studies (Newman
et al., 1998, 2004; Wilcox et al., 1997; Wilcox, 2002)
have clearly documented that roots enhance macropore
flow. The fact that juniper enlarge fractures which in turn
result in large volumes of subsurface flowmakes the eco-
hydrology of such regions very complex from a hydro-
logic perspective and interesting from the water balance,
and thus natural resources economics, perspective.

Another important observation during the rainfall
simulations with high intensities was that the fracture fill
clay layers started to wet up quickly. We observed that
within 2 to 3 h from the start of the high intensity rainfall
a significant portion of the clay lens was saturated. We
believe that this is because of lateral water exchange
process (different from pseudo-matrix flow discussed
earlier) occurring between the matrix and macropore
regions as observed in other controlled laboratory and
numerical experiments (Kohne et al., 2004; Kohne and
Mohanty, 2005). Also, this phenomenon was observed in
the field by Newman et al. (1998, 2004) in their study
of lateral subsurface flow in a ponderosa pine area in
NewMexico. As the fracture fills receive water from the

Table 3. Initial response times and average response times for all
TDR probes for each simulation event.

TDR Probe Responses

Simulation
Total rainfall

amount
Initial response

time
Average response

time

mm h
Sim 1 170.2 25.0 26.6
Sim 2 56.4 27.5 30.7
Sim 3 74.2 29.0 30.7
Sim 4 107.6 25.5 26.7
Sim 5 108.9 24.5 26.0
Sim 6 134.1 15.8 23.3
Dye-test 1 254.0 2.5 4.6
Dye-test 2 232.0 3.5 5.1
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Fig. 10. Relationship between total seepage face flow and total rainfall
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adjacent root macropores due to lateral water transfer
they become saturated and this saturated region grows
with time.

CONCLUSIONS
Based on our experimental study in a juniper-covered

plot underlain by karst geology with limestone bedrock
virtually near the soil surface in Edwards plateau, Texas,
fast subsurface flow was observed at various locations
on the trench (seepage) face. Primarily, the fast (pref-
erential) flow occurred through the fractures of the
limestone units and through the juniper root channels.
The responses at the trench face of the surface-applied
water and dye tracers indicate that the well-developed
channel network caused by juniper roots as well as geo-
logical fractures played a significant role in the pro-
liferation of preferential flow processes. Flow rates were
related to fracture size ranging from 0.00041 L s21 at the
tips of small roots to 0.5 L s21 at the fractures of aperture
.10 mm. The simultaneous arrival of two different dyes
applied at different distances from the trench face and
near a tree base suggested that, after a lag time for initial
wetting up and activation of flow paths, fast preferential
flow dominated the vadose zone hydrology at the field
site. Similar response times characterizing the onset of
preferential flow at various locations in the trench face
demonstrated recurrent flow patterns along similar flow
paths for similar surface boundary conditions (rainfall
intensity and amount).
Our results also indicated that preferential/macropore

flow was primarily controlled by the imposed surface
boundary conditions and was not significantly affected
by initial moisture content of the profile. The flow net-
work expands and contracts to accommodate varying
rates of and amounts of water input. Slow pseudo-matrix
flow that was registered by the TDR probes occurred
through the fracture fills and matrix porosity. In many
cases not all of the TDR sites responded to water inputs
even after 20 to 30 h. On the basis of the sequence of
various TDRs’ responses and the irregular distribution
of seepage locations across the trench face it can be
inferred that flow at the field site is dominated by pref-
erential flow through the channel network. The TDR
responses revealed that during large rainfall events,
there was significant lateral water exchange between the
fractures and matrix porosity due to pressure difference
across the two flow domains.
In summary, subsurface flow at the field site occurred

as a combination of preferential/macropore flow and
pseudo-matrix flow. Macropore flow occurred through
root channels, natural karst fractures, and juniper root–
enlarged fractures. Thus, it would seem justified that the
presence of juniper trees would tend to decrease surface
runoff as more water would infiltrate into the ground.
However, our study is not spatially and temporally ex-
haustive enough to come up with an absolute answer to
the complex and integrated ecohydrologic and hydro-
geologic issues of such regions. Furthermore, such in-
sights can only be validated when the entire water budget
(streamflow, infiltration, interception, and ET) is quanti-

fied over an expansive spatiotemporal scale. Nevertheless,
such a simplified and somewhat controlled ecohydrologic
study provided us with an introductory knowledge about
the nature, origin, and characteristics of hydraulic re-
sponses in the shallow subsurface of the Edwards Aquifer
region with karst geology and juniper cover.
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