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ABSTRACT
Runoff Characteristics and the Influence of Land Cover in Drylands of Western
Texas. (August 2006)
Yun Huang, B.S., Hefei University of Technology;
M.S., Utah State University
Co-Chairs of Advisory Committee: Dr. Bradford P. Wilcox
Dr. Clyde L. Munster
In dryland regions, where water is a limited resource, land use/land cover

has undergone and continues to undergo significant change mainly due to
human activities. The nature of runoff from dryland regions and the influence of
land use/land cover change are largely not quantified. The objective of this study
is to examine runoff dynamics and the influence of land cover in drylands of
western Texas across multiple spatial and temporal scales. The study consists
of four major components: (1) an experimental study at Honey Creek upland
catchment (19 ha) to assess vegetation treatment effects on runoff by
hydrometric and isotopic methods; (2) a hydrochemical evaluation of hydrologic
linkage between the upland and bottomland at the second-order Honey Creek
watershed; (3) a detailed precipitation-streamflow analysis at North Concho
River basin to assess long-term and large-scale precipitation-streamflow-
vegetation dynamics; and (4) a comparison of streamflow in North, Middle, and
South Concho River basins and a regional streamflow trend analysis for the

entire western Texas. The study indicates runoff production in the drylands of



v

western Texas is dominated by a few large runoff-producing events. The small
catchment experiment indicated that runoff increased about 40 mm per year
when 60% of woody plants were removed. This effect may relate to the
presence of a baseflow component, but was not verified in regional trend
analysis for the Edwards Plateau region where most rivers are spring-fed. The
decrease in streamflow in North Concho River basin after the 1950’s is in large
part related to the enhanced infiltration capacity from reduced grazing pressure
and improved vegetation cover. Regional streamflow trend analysis suggests
some headwater areas outside the Edwards Plateau region experienced
patterns of streamflow change similar to those in North Concho River basin,
although artificial impoundments complicated the analysis. The study has
broader application in ecohydrological research beyond specific geographic
areas and specific vegetation types when evaluating the impact of ecosystem

structure change on hydrology and water resources.
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CHAPTERI

INTRODUCTION

Background

More than 47% of the Earth’s land surface are drylands, which include
hyperarid, arid, semiarid, and dry subhumid areas. Drylands provide habitat and
source of livelihood for about a fifth of the world’s populations (Middleton and
Thomas, 1997). Runoff in dryland regions has been less studied and therefore
poorly understood compared to regions that are more humid. The climate in the
dryland regions is inherently of higher variability, which, in turn, affects timing of
runoff production and subsequently our predictability of water availability. With
the ever-increasing human population in dryland regions, land use/land cover
change from human activities is ranked among one of the greatest influences to
water cycle. Some examples of land use/land cover change include conversion
of natural rangeland to agricultural land or pasture, increased woody plant cover,
increased invasive species, and urban development. Some researchers believe
that the global impact of land use/land cover change on hydrologic cycle may
surpass that of recent climate change (Vorosmarty et al., 2004). In dryland

regions, land use/land cover change has been associated with water availability

This dissertation follows the style of Hydrological Processes.



for societal use and ecosystem functioning (Jobbagy and Jackson, 2004;
Scanlon et al., 2005; Walker et al., 1993). As water availability is increasingly
becoming a concern, a comprehensive study of runoff characteristics and the
influence of land use/land cover change in dryland regions is therefore
imperative.

Land use/land cover in western Texas has changed dramatically since
European settlement about 200 years ago. The vegetation communities have
experienced two major transformations: (1) conversion of original prairie into
agricultural land (mainly for grazing and farming) , and (2) woody plant
encroachment primarily due to heavy grazing and reduced frequency of wild fire
(Archer et al., 2001; Van Auken, 2000). Those changes in vegetation
communities are often associated with significant but not well-understood
disturbances in hydrological and biogeochemical processes (Archer et al.,
2001). As a semiarid to arid region, competition for water between societal use
and ecosystem functioning is intensifying in western Texas. Understanding the
interactions between water cycle and land cover at various scales is needed for
better resources management.

The most observable change in watershed water budget associated with
changes in land use/land cover is change in runoff into the stream. The linkage
between land cover and streamflow has long been a debate (Andreassian,
2004). In humid or Mediterranean climates, studies have shown increases in

streamflow following the removal of woody plants (Bosch and Hewlett, 1982;



Zhang et al., 2001a). Such increase has been attributed to the reduction of
evapotranspiration (ET) with less woody plant cover. In most semiarid and arid
regions, the result is much less certain (Wilcox, 2002). Huxman et al. (2005) has
pointed out that demonstrated increase in streamflow through woody plant
removal tend to be site-specific and influenced strongly by climate pattern.

Although paired watershed studies enabled us to draw a general
conclusion, many uncertainties exist for evaluating the relationship of land cover
and streamflow production. Most experiments are conducted in small-scale
watersheds. Extrapolation into a larger scale is difficult as different processes
dominate at different scales. Few studies have examined watershed runoff
mechanisms, which relate closely to watershed streamflow potential and
response to vegetation management strategies. Studies intended to verify using
long-term streamflow record are difficult and scarce. For example, one difficulty
is how to separate climate variation from anthropogenic effects. In sum, studies
that link small catchment study to large regional assessment are critically

lacking.

Research Questions
In this study, we center on the basic research questions: is there a
detectable change in streamflow following change in woody plant cover in
drylands of western Texas? If so, what is the magnitude and at what scale can it

manifest itself? We approach this question using experimental watershed study,



isotopic characterization of runoff mechanisms, hydrochemical analysis to
identify linkage of water pools in a watershed system, and historical
precipitation-streamflow analysis at various spatial scales. In the watershed
experiment, the presence of a baseflow component is emphasized and a
comparison is done with a previous study in the same region where baseflow
tends to be absent. The hydrochemical investigation further evaluates how an
upland catchment is hydrologically related to the bottomland stream. In order to
extend this study to a larger temporal and spatial scale, historical
Hydroclimatological records are evaluated. The detailed analysis on an
individual basin serves the purpose of a cause-effect investigation while the
regional assessment further validates the cause-effect study and reveals spatial

pattern of runoff dynamics.

Organization of Study
Chapter Il describes the watershed experiment and isotopic investigation
of runoff mechanisms. Chapter lll presents the hydrochemical analysis in order
to explore the hydrologic linkage between the upland and bottomland. Chapter
IV is a detailed analysis of long-term precipitation-streamflow record for an
individual basin. Chapter V extends precipitation-streamflow analysis to the

regional scale. Chapter VI provides summary and conclusions.



CHAPTERIII
EXPERIMENTAL STUDY OF RUNOFF AND VEGETATION INFLUENCE IN A

SPRING-FED CATCHMENT*

Introduction

The linkage between woody plant cover and streamflow has been widely
studied, particularly in humid landscapes (Zhang et al., 2001a). Increases in
streamflow following removal of tree cover in many environments have been
broadly documented (Bosch and Hewlett, 1982; Stednick, 1996). In semiarid
regions, such relationship has also been observed. Examples include chaparral
shrublands in Arizona and California (Hibbert, 1983), eucalyptus shrublands in
Australia (Walker et al., 1993), and grassland in South Africa (Van Lill et al.,
1980). Similarly, Baker (1984) demonstrated a small but significant increase in
streamflow following juniper removal on Arizona rangelands where streamflow is
a function of snowmelt. However, such relationship is not universally applied. In
many dryland regions, little if any relationship has been found between woody
plant cover and streamflow (Wilcox, 2002).

There are compelling reasons to better understand the linkage between

woody plants and streamflow. Many grasslands and savannas have been or are

*Part of the data reported in this chapter is reprinted with permission from
“Springs on rangelands: runoff dynamics and influence of woody plant cover” by
Huang Y, Wilcox BP, Stern L and Perotto H (2006) in Hydrological Processes,
20, in press. Copyrighted by John Wiley & Sons Ltd, 2006.



now being converted to woodlands in a process described as woody plant
encroachment (Archer, 1994; Van Auken, 2000). Some have suggested that
woody plant encroachment is directly contributing to lower streamflow in many of
these landscapes (Wright et al., 1990). Presumably, the major mechanisms for
the decrease in streamflow are increases in transpiration as well as interception
loss.

Woody plants and Ashe juniper in particular in western Texas can modify
the water budget, at least at the scale of an individual tree. What is less certain
is what the effect may be on larger scales. An individual tree or shrub can modify
the movement of water in their immediate vicinity, through a variety of
mechanisms, including (1) changing the infiltration characteristics of the soil; (2)
redistributing incident precipitation by interception and stemflow funneling; (3)
using water in the process of transpiration; and (5) developing root system to
distribute and access soil water. For example, it is well known that the soill
infiltration rates are higher in the woody canopy area than in the adjacent
intercanopy areas (Bergkamp, 1998; Joffre and Rambal, 1993; Pierson et al.,
1994; Schlesinger et al., 1999; Seyfried, 1991). Hester et al. (1997) found
significantly higher infiltration rates under Ashe juniper trees than in the
intercanopy areas. Owens and Lyons (2004) indicates that an Ashe juniper in
the Edwards plateau region can intercept from around 20-100% of incident
precipitation and a dense stand of Ashe juniper could use as much as 400 mm

of water per year through interception and transpiration.



These modifications at individual tree level may not always translate into
larger scales. For example, Dugas et al. (1998) using the Bowen Ratio-energy
balance method found that over the entire five-year study period, Ashe juniper
removal had no statistically significant effect on daily evapotranspiration.
Similarly, results from a 13-year watershed study indicated that Ashe juniper
removal has little or no influence on streamflow from first order streams where
springs are absent (Wilcox et al., 2005). However, the authors put forth a
hypothesis that shrub control effect on streamflow may be observed where
springs are present. Such reasoning concurs with the hierarchical conceptual
model developed by Huxman et al. (2005). The model suggests woody plant
cover will have an influence on streamflow in semiarid landscapes only if
streamflow has a baseflow component. Baseflow is defined here as the portion
of runoff that cannot be attributed to an individual precipitation event while
stormflow is that portion of runoff that can.

Springs are not a common feature on most arid and semiarid landscapes.
Largely due to its unique karst limestone geology where the underlying rocks
exhibit many solution-enlarged openings such as sinkholes, caves, or fissures,
the Edwards Plateau (62,156 km?) of central-west Texas is one of regions that
boasts numerous spring-fed streams as well as productive groundwater
aquifers. Meanwhile, Ashe juniper, which has a large capacity to intercept and
transpire water (Owens and Ansley, 1997; Owens and Lyons, 2004), has

significantly increased in density and coverage in the last century. Those two



interesting interacting factors suggest that there may indeed be a strong linkage
between woody plant cover and streamflow.

One study that has documented an increase in spring flow following
juniper removal was carried out on a 3.2-ha (7.9 acres) catchment in the Seco
Creek watershed: Wright (1996) reported that spring flow increased from 11.8
L/min to 14.3 L/min (equivalent to about 40 mm on an annual basis) following
removal of Ashe juniper. Although this study is commonly cited as proof that
shrub control leads to increases in runoff, a limitation of the report is that the
methodologies, calculations, and assumptions used are not described.

Although anecdotal accounts of increasing or decreasing spring flow
related to changes in woody plant cover are abundant, little data exists
concerning the magnitude or timing of such effects. To explore this issue further,
we use hydrometric and isotopic analysis to quantify runoff dynamics and to
estimate changes in streamflow following removal of about 60% of the Ashe

juniper on the catchment.

Study Area
Our study area is located within the Honey Creek State Natural Area that
is run by the Texas Parks and Wildlife Division. The focus of our study is a small
(19 ha) catchment in the eastern portion of the Edwards Plateau in South
Central Texas of the United States (29°50’ N, 98°29’ W). The catchment drains

into the middle section of Honey Creek, a tributary of the Guadalupe River



(Figure 1). The elevation of the watershed ranges from 369 to 393 m above msl,
with gentle to steep topography. The stream is intermittently fed by a spring flow
as well as episodic runoff from rainfall events. Long-term average precipitation is
909 mm per year, based on an analysis of records from nearby National
Oceanic and Atmospheric Administration weather stations at Boerne, Spring
Branch, and New Braunfels, from year 1956 to 2002. Using the Malmstrom
method (Malmstrom, 1969), we estimate that annual potential evapotranspiration
(PET) is around 1200 mm. Precipitation in this region has bimodal distribution,
with the first peak occurring around May to June and the second peak around
September to October. The soils in this upland watershed belong to Brackett-
Rock outcrop-Comfort complex. The surface layer is gravelly clay loam or
extremely stony clay about 10 to 15 cm deep, intricately mixed with limestone
outcrop. The subsoils extend to a depth of up to 50 cm (U.S. Department of
Agriculture, 1984). As part of the Texas Parks and Wildlife Department’s Honey
Creek State Natural Area, access to this area is strictly restricted, so the
disturbance of vegetation and soil is minimal.

Common woody species in this catchment include Ashe juniper, live oak
(Quercus virginiana), vasey shin oak (Q. pungens var. vaseyana), and redberry
juniper (J. pinchotti). The herbaceous vegetation includes a variety of forbs and
a mixture of short and mid-height grasses with indiangrass (Sorghastrum
nutans), little bluestem (Schizachyrium and Andropogon spp.), and switchgrass

(Panicum virgatum) dominating.



10

iEmEEERy
1

Aerial
photography

2004

140 70 0 140 280 Meters
BN

Figure 1. Location of the Honey Creek catchment study area within the Honey
Creek State Natural Area. The green lines on the two images indicate the
location of the main stream channel (the flume is located at the west end). The
1995 image (Texas Natural Resources Information System) shows the
catchment before treatment and the 2004 image (P-2 Energy Solutions) shows it
after treatment. Both are at a 1-m resolution.
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Methods

Instrumentation and vegetation treatment

In May 1999, the Honey Creek catchment was instrumented with a 0.6-m
(2-ft) H-flume (Plasti-Fab, Tualatin, Oregon) and a Campbell automated weather
station, to record hourly streamflow and climate data. A Druck PDCR1830
pressure transducer was installed in the stilling well for the stage readings. The
upstream drainage area of the catchment is about 19 ha, and its outlet is at an
elevation of about 369 m above msl. Data collection began in late August of
1999 and continued for the next four years.

Before treatment, this catchment was about 90% woodland, dominated by
Ashe juniper interspersed with live oak. In the summer of 2001, following two
years of data collection, 60% of the catchment was cleared of Ashe juniper.
Woody plants were left intact along the ridge top, on steep slopes, and along
banks immediately adjacent to the stream channel. Selective cutting was done
on the north and southwest hillslopes. The trees were removed by hydraulic
shears attached to a small front-end loader, then piled in strips parallel to the
slope. After treatment, the catchment was about 30% woodland, 20% mixed

oak savanna, and 45% grasslands (Figure 1).

Data collection and datasets
A careful evaluation of discharge records indicated occasional abrupt

increases in discharge in the absence of precipitation. We attributed these
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increases to instrument “drift” in the pressure transducer that recorded depth of
water in the flume. On the assumption that the calibration slope of the pressure
transducer did not change, we corrected the discharge records by deducting the
additional amount from the recorded stream-depth data set. When our corrected
data set was compared with a set of manual measurements taken in the later

part of the study, the match was good (Figure 2).

350

300 o

Creek Depth (mm)
O Manual Measurements

250 -

200 A

150

100 ~

Averge Daily Stage (mm)

50

9/1999  3/2000 9/2000 3/2001 9/2001  3/2002 9/2002  3/2003

Date

Figure 2. Daily mean stream depths, as corrected, compared with depths of
manual measurements.

In the entire four years data set, information for two days is missing: 30-
31 August 2002. The daily runoff values of those two days were fitted using

average values of 29 August and 1 September 2002. Daily precipitation values
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were fitted using precipitation record of two nearby stations, Spring Branch and
Boerne, both of which are maintained by NOAA. Part of the rainfall record, from
16 December 2002 to 7 February 2004, was checked against independent
measurements by another research party (Keith Owens, Personal
communication, 2004) in an adjacent location. The correlation of those two
measurements has slope 0.99, and the coefficient of determination is 0.92 on
hourly-based data. Correspondence was also checked by visual inspection of

two time series plots. All checks indicate strong agreement of two data sets.

Event-based regression

In this study, we assess the influence of woody plant cover using a single-
watershed approach, which has been used in many studies (Chang and Sayok,
1990; Potts, 1984; Trimble et al., 1987). A paired or multiple watershed
approach is preferable but was not feasible in this study, primarily because there
were no other comparable catchments within the Honey Creek State Natural
Area with springs supplemented streamflow. Reviews of paired basin
experiments can be found in Bosch and Hewlett (1982) and Robinson (2003).

Common analysis methods for single watershed study include double-
mass analysis (Potts, 1984), presentation of runoff/precipitation ratio (Pitt et al.,
1978), developing hydroclimatic calibration equation (Chang and Sayok, 1990),
and regression analysis (Trimble et al., 1987). In this study, we develop an

event-based regression model to detect any change in streamflow following the
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treatment. Such event-based regression model is especially suited for situation
when short time observation data are available.

In using an event-based regression model, we identified 80 storm events
in the entire study period, with 43 in pre-treatment period and 37 in post-
treatment period. On and off daily rain are considered continuous and grouped
as one storm event unless they are five days apart. For example, daily rainfall
amount series (in mm) 16, 0, 22, 41, 0, 0, 0, 10 are grouped as one event since
“no-rain-days” were three in that series, while the series 19, 27,0, 0, 0, 0, 0, O,
5, 37 is grouped as two separated events since “no-rain-days” were six in the
series. Runoff for the storm event is the sum of daily value from the first day of
the storm until the first day of the next storm. The choice of five-day interval
represents a balance of the storm characteristics and limited residual effects
from this event to next event.

Both rainfall and runoff data were transformed using natural logarithmic
model. Test statistics indicated that transformed data met the regression
assumptions including homoscedasticity and gave the best distribution of data
points along the entire range of the regression. Analysis of covariance
(ANCOVA) model with simple linear regressions for pre-treatment period and
post-treatment period is shown in formula (1).

logeYi= boi + bilogeXi + € (1)
where Y; and X; represent the runoff and rainfall on the per-event basis in

the i treatment period. All statistical tests were performed at significance level
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of 0.1. Bias correction in retransformation to the original scale was carried out
using Duan’s smearing estimate (Duan, 1983). Data from the first nine month of
the first observation year (late August 1999 to late August 2000) were not
included in the regression analysis because the first six month was extremely
dry; and data from an enormous rainfall event in late June to early July 2002
were excluded as well, to avoid the high leveraging effect such a large runoff-

producing event would have.

Baseflow analysis

Baseflow provides a more consistent supply for aquatic productivity and
human consumption. Increases in baseflow also reflect direct influence of
evapotranspiration reduction following the removal of woody plants, if such
reduction is significant. In other words, the reduced evapotranspiration following
woody plant removal should be reflected in higher baseflow rather than
stormflow. Changes in stormflow, either increases or decreases are likely a
reflection in infiltration characteristics of the catchment that have resulted from
the treatment itself. For this reason, it is useful and important to separate
baseflow from stormflow. Baseflow separation was accomplished using an
automated baseflow filter (Arnold and Allen, 1999; Arnold et al., 1995).
Isotope analysis

Natural stable isotope tracers have been widely used to clarify runoff

generation in various environments (Kendall and McDonnell, 1998). One method
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that has proved very useful—particularly in humid landscapes—is hydrograph
separation. This method is based on the fact that individual precipitation events
(event water) often exhibit a ratio of naturally occurring isotopes, such as
oxygen-18 and deuterium, different from that of groundwater and soil water—the
sources of pre-event water (Buttle, 1994).

Monitoring of naturally occurring isotopes in precipitation and streamflow
did not begin until after the vegetation treatment. In 2003 and 2004, baseflow
was sampled for 80 analysis at intervals ranging from weekly to monthly, to
characterize its temporal variation—including differences in isotopic composition
at different flow rates. Concurrently, aggregate samples of precipitation for the
same time period were sampled from a bucket collector (similar to that used by
Newman et al. (1998) to prevent evaporation). An ISCO® automatic sampler
coupled with a flow meter was used for more detailed sampling during four
distinct storm events. Samples were taken at intervals of 20, 30, and 40 minutes,
and more frequently during the rising limb of the hydrograph and during peak
flows. All samples were refrigerated in sealed, full bottles until analyzed.

Hydrograph separations were done for two of the four events: one on 20
February 2003 (22 samples) and one on 27 June 2004 (26 samples). For both of
these, the separations yielded clearly distinguishable 5'20 signatures for the
event vs the pre-event water. The 5'0 isotope values were measured by the
standard COy-water equilibrator, interfaced with a Prism Il isotope ratio mass

spectrometer, at the University of Texas (Austin) and are expressed in terms of
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V-SMOW (Vienna Standard Mean Ocean Water) (Coplen, 1988). The analytical
precision of the 8'%0 measurements is 0.14%. at a 95% confidence level, based
on analyses of laboratory standards and duplicate samples.

Hydrograph separation into event and pre-event components is based on

the following mass balance and mixing equations (Buttle, 1994):

Qi =Q + Qe (2)
CtQt = Cpr + CeQe (3)
f=(Ci-Co)/ (Cp - Co) (4)

where Qq is the total streamflow during an event; Q, and Q. are contributions
from pre-event and event water; C;, C,, and C. are the isotopic compositions of
streamflow, pre-event water, and event water, respectively; and f is the

contribution of pre-event water to total streamflow.

Runoff Dynamics
The comparison of annual precipitation and runoff shown in Table 1 is
based on the monitoring year (late August—late August) instead of the calendar
year. The average annual precipitation was 832 mm, the minimum recorded
being 433 mm and the maximum 1,270 mm. The average annual runoff was 180
mm (minimum of 16 mm and maximum of 431 mm), or about 22% of
precipitation on average (varying from 4% to 34%, depending on the year).

Baseflow made up about 50% of total runoff.
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Table 1. Summary of annual hydrologic data for Honey Creek upland catchment.

Treatment Duration Precipitation Runoff Baseflow Maximum Runoff T

period (mm) (mm) (mm) daily runoff  ratio ("C)
(mm)

Pre 9/99 to 433 16 12 0.1 0.04 205
8/00
9/00 to 852 121 67 11.3 0.14 19.0
8/01

Post 9/01 to 1270 431 177 53.1 0.34 19.2
8/02°
9/02 to 774 150 85 14.3 0.19 18.8
8/03

@ When the largest event was excluded, total runoff and baseflow for this record
year were 171 and 83 mm, respectively.

Higher amounts of stormflow resulted in proportionally higher runoff. In
1999, the first year of the study, maximum daily runoff was only 0.1 mm (Table
1). In contrast, on 1 July 2002, 53 mm of runoff was measured—the largest
amount recorded for a single day. It was produced by an extreme flood event
that began on 29 June 2002 and continued on and off for about 20 days, ending
on 15 July 2002. Total precipitation during this period was 546 mm, of which 482
mm fell in the first week (Figure 3). The flume was overtopped during the flood
peak, causing runoff to be underestimated. Over the 20 days, storm runoff was
at least 260 mm, which accounted for 60% of the runoff in that year and 47% of
the precipitation measured during this flood event. The elevated baseflow lasted

more than 16 days after the storm had ended.
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Figure 3. Hourly hydrograph of the largest precipitation event (June—July 2002)
recorded during the 4-year study.

As shown in Figure 4, large runoff events accounted for most of the
runoff. Top 5% of runoff events contributed to half of total runoff. Top 20% of
runoff events accounted for 80% of total runoff. Small precipitation events
generate only a small amount of runoff. Even if we exclude the largest event of
June 2002, similar analysis indicates that half of runoff comes from top 10% of

runoff events.
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Figure 4. Runoff events distribution during the study period (August 1999—
August 2003). The events are ranked by magnitude.

Components of runoff

Figure 5 illustrates the isotopic composition of the runoff, as measured from
baseflow (pre-event water) and precipitation (event water) samples collected
over an 18-month period. The isotopic composition of the rainfall was highly
variable and exhibited little seasonal trend. Precipitation 20 values ranged
from —1.41 to —7.14%o, with a mean of —4.05%0 and a coefficient of variation of
40%. This little seasonal trend is consistent with findings from isotope analysis of
precipitation samples collected weekly at the National Atmospheric Deposition

Program (NADP) sites (Welker, 2000).
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Figure 5. Time series of the 0 isotopic compositions of baseflow and
precipitation at the study area. Most samples were collected roughly at monthly
intervals.

Baseflow isotopic composition was very consistent throughout the
sampling period, especially considering that the samples were taken under
different flow rates. The 5'°0 values ranged from —3.82 to —4.17%o, with a mean
of —4.00%. and a coefficient of variation of 2.7%. As shown in Figure 5, this
composition approximates the mean value for precipitation. For hydrograph
separation, this consistency allows us to assume that the isotopic composition of

a baseflow sample taken before a storm event will be representative of the

isotopic composition of pre-event water throughout the event.
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As mentioned above, hydrograph separations were done for two storm
events. The findings were as follows:

Winter storm (20 February 2003): The baseflow sample used was
collected one day before this storm. Precipitation during the two months
preceding the storm event had totaled 55 mm — 42 mm between 20 December
2002 and 20 January 2003; and 13 mm between 20 January and 20 February.
The total rainfall for the storm was 48 mm over 15 hours, and the highest
intensity was 19 mm/hr. The runoff response was rapid, and the peak rate
measured was 133 L/s (Figure 6a). Pre-event water contributed only about 41%
of peak flow, but accounted for about 46% of hydrograph volume. In this region,
storms of this magnitude occur with a frequency of just under once per year.

Summer storm (27 June 2004): Precipitation during the two months
preceding this storm event had totaled 271 mm — 228 mm between 27 April and
27 May 2004; and 43 mm between 27 May and 27 June. The total rainfall for the
storm was 45 mm, the bulk of which fell within 4 hours. The highest intensity was
27 mm/hr, and the peak runoff rate was 118 L/s. Only 20% of total flow at the
runoff peak consisted of pre-event water. Volumetrically, pre-event water formed

about 16% of the event hydrograph (Figure 6b).
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Figure 6. O-18 isotope hydrograph separation. (a) a winter event (20 February
2003) and (b) a summer event (27 June 2004).

Influence of Woody Plants

Regression and baseflow analysis

The event-based regression analysis (Figure 7) indicates that the slope in
pre-treatment period was not significantly different from that in post-treatment
period (p=0.64). The subsequent Tukey-Kramer (Kramer, 1956) test indicates
significant difference in covariate adjusted streamflow between those two
periods (p=0.04). On the per event basis, the adjusted treatment means for pre-
treatment period and post-treatment period are 5.5 mm and 8.8 mm,

respectively, indicating a 60% increase in streamflow after treatment.



24

To evaluate potential seasonal differences, we did event-based
regression analysis separately for summer events and non-summer events—
the rationale being that high-intensity, short-duration rainfall is more common in
the summer. The Tukey-Kramer test did not detect significant difference for the
summer events (p=0.61), but were significant (p=0.02) for non-summer events.
On the basis of these regression relationships, we anticipate that removal of
juniper will increase streamflow at this site by around 46 mm annually,
representing about 5% of precipitation.

In the baseflow analysis, the values were reported using the fractions
from the second backward pass of the filter. Forty-seven percent of total runoff in
the study period is classified as baseflow (Table 1). In the year with above
average precipitation, direct runoff is proportionally higher. When using the same
period as in treatment effect analysis above and excluding the largest event,
baseflow accounted for 55% of total runoff in the pre-treatment period, while
53% in the post-treatment period. In another word, baseflow increased
proportionally following treatment, the direct runoff increase is slightly higher

though.
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The plots are in natural log scale. (a) 3 1/4 years of data (the largest event of the

post-treatment period was not included); (b) non-summer events (events

occurring between October and April); and (c) summer events (events occurring

between May and September).

Discussion

We found that at our study site, runoff contributed significantly to the

water budget — ranging from as little as 4% to as much as 34% and averaging

about 22% over four years of observation. The baseflow to stormflow ratio was

about 50/50.
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The hydrograph separation analyses provided important clues concerning
the relative importance of soil water/groundwater during stormflow events. The
analysis of the winter storm described above indicates that for storms of longer
duration and lower intensity, pre-event water makes up at least 50% of the
runoff. Although Buttle (1994) emphasized that one must exercise caution in
using hydrograph separation for determining source areas, it is likely that at our
site the pre-event water and the spring flow have the same source area. This
being the case, estimates of pre-event water provide at least a lower limit for
contributions from the spring during storm runoff. For the summer (higher
intensity) storm, pre-event water was lower, but still accounted for 25% of the
runoff.

A few other hydrograph separation studies have been conducted in water
limited environments — the majority in locations having Mediterranean or
otherwise winter-dominated moisture regimes. Most of these studies found that
pre-event waters dominate storm runoff. Nolan and Hill (1990), working on a
10.6-km? chaparral watershed in California where annual precipitation varied
from 400 to 800 mm (depending on elevation), reported that pre-event water
accounted for more than 57% of storm runoff. Neal et al. (1992), working in two
oak-forest locations in Catalonia, Spain (with annual precipitation of 870 and 658
mm), reported that storm runoff was mostly pre-event water. Similarly, Taha et
al. (1997) reported that storm hydrographs for an oak-forest catchment in the

south of France consisted of up to 80% pre-event subsurface water. Sandstrom
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(1996), in a study of forested and degraded catchments in semiarid tropical
Tanzania, found that contributions from a soil’s saturated zone made up only
25% of the total discharge (the main mechanisms of runoff generation at this site
were overland flow and throughflow; rainfall occurs primarily during winter and
averages 807 mm/yr).

Our results here show both similarities to and differences from those of an
earlier study by Wilcox et al. (2005), on the Annandale Ranch in the western part
of the Edwards Plateau. They examined streamflow—woody plant cover
relationships by monitoring first-order catchments without springs. One similarity
is that for both types of systems — first-order catchments with springs and those
without — the bulk of the runoff is generated by a few large, flood-producing
precipitation events. A difference is that runoff/precipitation ratios from spring-fed
catchments are higher than those from catchments without springs. For
example, runoff at the Annandale Ranch accounted for less than 5% of the
precipitation. Another difference is that Wilcox et al. (2005) observed that in the
absence of spring flow and major surface disturbance, changes in woody plant
cover had a minimal effect on streamflow. In contrast, the Honey Creek
catchment study suggests that where springs are present, streamflow in first-
order catchments can be augmented through woody plant removal. Following
the removal of approximately 60% of the Ashe juniper in the catchment,

streamflow increased — though most significantly only for non-summer events.
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Our results, augmented by the hydrograph separation analyses, are
consistent with the hypothesis that the decrease in evaporative demand brought
about by woody plant removal increases the contribution from groundwater or
spring flow. An alternative hypothesis is that surface disturbances created during
wood plant removal facilitate greater surface runoff/overland flow, and thus
higher streamflow. But if this were a contributing mechanism, we would expect
to see higher streamflow during summer events, which we did not.

These findings are important because they corroborate as well as
constrain the numerous but poorly documented accounts of enhanced spring or
seep flow following reduction of Ashe juniper. The only other work reporting an
increase in spring flow following partial removal of Ashe juniper is an
unpublished study by Wright (1996), who reported increases in flow of about 40
mm/yr, or 5% of annual precipitation. However, the work of Dugas et al. (1998)
on evapotranspiration yielded some relevant data: their finding that
evapotranspiration rates were about 40 mm/yr less for sites cleared of Ashe
juniper is consistent with our observation that streamflow increased by
approximately 46 mm/yr.

From overall water budget in our study, about half runoff came from
baseflow. Such dichotomy suggested equal importance of surface runoff and
shallow subsurface runoff in this region. Changes in baseflow following forest
treatment have been reported in some literature. Some studies have shown that

runoff peaks from major storms in a clear-cut watershed are not significantly
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increased (Harr et al., 1982; Wright et al., 1990). Keppler and Ziemer (1990)
found that relative increase in runoff following logging were greater for the
summer low-flow period than for annual flows through the experiment at Caspar
Creek in northwestern California, the United States. In our study, the relative
increase in baseflow was also high, indicating possible fundamental changes in

soil water storage.

Conclusions

Runoff from this spring-fed catchment contributed about 22% of water
budget on average over four years of observation. The baseflow to stormflow
ratio was about 50/50. Half of total runoff was contributed by 5% of runoff
events. The isotope analysis indicates about 40% of pre-event water in winter
runoff production and 16% in summer storm. The vegetation treatment effect
were significant for the non-summer events, but not detectable for the summer
events. On the annual basis, the increase in runoff due to vegetation treatment
is about 46 mm.

On the basis of our study results and those of related work, we estimate
that in the Edwards Plateau region, reduction of woody plant cover can increase
streamflow and/or groundwater recharge at the first order catchment scale by
about 5% of annual precipitation for average or above average years. Many
questions remain however. For example, how long will these increases persist

following treatment? How variable are results with climate and location? And



finally, to what extent do these results scale up? These questions can only be

answered from larger scale and longer duration studies.
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CHAPTERIII
HYDROCHEMICAL EVIDENCES OF STORAGE AND FLUX BETWEEN

UPLAND AND BOTTOMLAND

Introduction

Subsurface flow is often assumed to be unimportant as a runoff-
generation mechanism in semiarid landscapes, and for this reason has been
relatively little investigated. But not only has subsurface flow been documented
in these regions, it may occur more often than previously thought (Beven 2001).
For example, shallow subsurface flow is important in semiarid ponderosa pine
forests of New Mexico (Newman et al., 1998; Wilcox et al., 1997). Its most
obvious indicator is the presence of seeps, springs, and/or flowing streams.
When springs are found in a semiarid setting, they typically are associated with
a relatively permeable underlying rock (either fractured or weathered by
dissolution).

The extensive karst highland in Central Texas known as the Edwards
Plateau is a prominent example of a semiarid-climate region that supports
perennial rivers, extensive groundwater aquifers, and numerous springs—
primarily because the soils are very shallow (and thus have little water-storage
capacity), while at the same time much of the limestone and dolomite parent
material is relatively permeable. As is typical of karst landscapes, the coupling

between surface water and groundwater on the Edwards Plateau is extremely
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close: the regionally important Edwards Aquifer is recharged primarily by
streamflow originating from the Plateau (Maclay, 1995). However, little is known
about the hydrologic connection between upland and bottomland in this
environment other than surface runoff connection. Seeking such information is
important in many ways. For example, in estimating recharge to the Edwards
Aquifer, how much is due to stream transmission losses and how much comes
directly from the upland surfaces are essentially unknown. For another example,
in evaluating how change in vegetation could alter local and regional hydrology,
which one should we target, riparian vegetation or upland vegetation, if
vegetation treatment could enhance streamflow.

Tracer or hydrochemical studies are preferred choice to study the
hydrologic connection between upland and bottomland where physical
measurements are often hard to obtain. One tool that is increasingly being
adopted in hydrological research is long-term monitoring of isotope behavior in
hydrological pools (Dewalle et al., 1997; Soulsby et al., 2000; Unnikrishna et al.,
2002; Vitvar et al., 2002). Such long-term monitoring data can be used to
examine intra- and inter-annual variability in hydrological processes, to analyze
water mixing behavior or flow patterns in complicated hydrological systems, and
to estimate water residence times in major hydrological stores (Maloszewski et
al., 1992; McGuire et al., 2002; Winston and Criss, 2004). The temperature and
chemical parameters of water can be also used to elucidate sources or

pathways of the flow. Shuster and White (1971) classified springs into conduit



33

type and diffuse type based on seasonal temperature variation; Newman et al.
(1997) used stable isotope and other chemical tracers to estimate near-surface
water fluxes in northern New Mexico.

The objective of this study is to evaluate the hydrologic connection
between upland and bottomland, and the storage behavior in the Edwards
Plateau region by monitoring streamwater chemistry for an upland catchment

and a bottomland creek to which the upland catchment contributes runoff.

Study Site

Honey Creek, a tributary of the Guadalupe River, is located in western
Comal County in the eastern portion of the Edwards Plateau (Figure 8). It is a
perennial stream fed by active springs as well as episodic runoff from rainfall
events. Long-term average precipitation in the Honey Creek watershed is about
900 mm/yr and is bimodally distributed, the first peak occurring around May and
the second around September. Potential evapotranspiration (PET) averages
1200 mm, and the long-term annual average temperature is about 20°C (Larkin
and Bomar, 1983). The predominant geologic unit in this area is Glenn Rose

Limestone. Along with Hensel Sand, this limestone forms the Trinity Aquifer
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To Guadalupe River

Figure 8. Diagram of the sampling locations in Honey Creek watershed system.
B, C, and D are spring locations. B = Bravo, C = Cotton, and D = Delta. BR, CR,
and DR are creek sampling locations, upstream of each spring location. HCDW
= Honey Creek upland catchment, where the seeps are sampled.
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(Ashworth, 1983). Our study area is within the Trinity Aquifer’s recharge zone.
Because part of Trinity Aquifer contributes recharge to the Edwards Aquifer via
inter-formational flow, the area is therefore also considered part of the Edwards
Aquifer contributing zone as well (Mace et al., 2000).

The soils of the Honey Creek watershed are classified as the Anhalt,
Denton, Doss, Eckrant, and Comfort soil series. They range from shallow (less
than 20 cm deep) to moderately deep (70—130 cm). Limestone beds outcrop on
sideslopes and backslopes of upland areas (U.S. Department of Agriculture,
1984).

Common woody species in the upland area include Ashe juniper, live oak
(Quercus virginiana), vasey shin oak (Q. pungens var. vaseyana), and redberry
juniper (J. pinchotti). Further down into the canyon of the creek itself, there is an
increased presence of cedar elm (Ulmus crassifolia) and old-growth junipers.

Along the creek, Bald Cypress (Taxodium distichum) growth is noteworthy.

Methods
Selected physical and chemical attributes, including 20 isotopic
composition, were determined at a bottomland site and an upland site (Figure 8),
as follows:
(1) Bottomland sampling site includes three major springs that discharge
into Honey Creek along the east bank of the creek and the creek itself. The

three major springs are labeled as the Bravo, Cotton, and Delta springs. The
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largest spring in the upstream of the Bravo spring feeding the creek could not be
sampled because of restricted access of private land. The maximum difference
in elevation among the discharge points of the three springs sampled is about 3
m. For a given spring, the sampling point could vary as much as 1 m in elevation
because of seasonal variations in flow rate. Honey Creek itself was sampled at
three locations, one upstream of each of the sampled spring location.

(2) Upland seeps within the Honey Creek upland catchment were
sampled along the channel of the catchment. The difference in elevation
between these upland seeps and the sampled springs along the bottomland
creek is approximately 50 m.

Sampling at all locations took place at an interval of approximately one
month, by the grab method. A Hanna® portable meter was used to measure
temperature, pH, and electrical conductivity in the field. The probe was
immersed in the running water at the sampling location and the reading was
taken after stabilization. The meter was calibrated in the lab before each field
session. A water sample was taken at the same time at each location. All
samples were then refrigerated in sealed, full bottles until isotopic analysis.

Baseflow residence time is evaluated using Frederickson and Criss
(1999) linear reservoir model. According to this model, the isotopic variation of
baseflow is explained by a simple exponential weighting of the preexisting
rainfall events, with more recent rains having a greater proportional influences

than earlier rainfall events.
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5" 010w = ZOPiexp(-tit) / ZPexp(-tit)  (5)

where &; and P; are the isotopic composition and amount of rainfall for a given
event. tj is the time interval between the storm and the baseflow sample, exp(x)
is the exponential function and t is the residence time. Equation (5) is evaluated
for estimated values of t until the calculated curve from the precipitation

measurements converges on the actual values measured in the baseflow.

Results
The mean temperature, pH, electrical conductivity, and 80 isotopic
composition of water from the three locations sampled are summarized in Figure
9. All the measurements are tabulated in Appendix A (Table A-1 to A-7). Water
from the springs exhibited a very steady temperature year-round, whereas that
from the seeps showed the highest seasonal temperature variation. Water from

the creek and water from the seeps both displayed an annual cold—warm cycle.
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Figure 9. Average pH, electrical conductivity, temperature, and 320 for all the
sampling locations. They are: three springs (S) feeding the creek, three
sampling location of the creek (R), and the seeps from the upland catchment
(W).

The overall mean temperatures of the water samples from the springs,
the creek, and the seeps are summarized in Table 2. The mean temperatures
are not significantly different when one considers the variability observed in the
temperatures of the seep water and the creek water — all are close to the long-

term average annual air temperature. For the spring water, this also indicates

that the circulation depth of the associated groundwater source is limited.

38

5'%0 (%o)



39

Table 2. Group means of pH, electrical conductivity, temperature, and 5'%0 of
water samples from the springs, the creek, and the seeps for the sampling
period at Honey Creek watershed.

T (°C) pH EC (uS/cm) 5'°0 (%o)
The springs 21.1 6.75 586 -4.02
The creek 21.3 7.04 571 -3.99
The seeps 20.7 7.20 549 -4.00

Note: the mean &'®0 of precipitation is -4.05%o

Field observations showed clearly that the spring flows are highly variable
seasonally: much reduced (or even absent at the higher discharge points) during
dry months, and quite abundant during wet months. Steady temperature and
variable discharge of the springs indicate that there is a fast component of
recharge to these springs and the mixing in the groundwater storage is very
efficient. Lag time between the time of significant precipitation until initial
hydrograph response of the springs is generally within 24 hours from our field
observations.

Electrical conductivity and pH show similar temporal trends among three
locations. However, seep waters generally have higher pH than the creek
waters, while the spring flows have the lowest pH values. The electrical
conductivity, on the other hand, is higher for the spring flows than for the creek
waters, while the seep waters are generally the lowest. In contrast, virtually no
difference was observed in the temporal trend of "®0 isotopic composition
among those three groups, and the differences between them are small for any

given sampling event.
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Further comparisons between the water from the springs and the seeps
are illustrated in Figure 10. Both classes have undergone a varied degree of
underground processes. Within-group variation of all the parameters is very
small for the spring samples, indicating the three springs are very likely coming
from the same water source. This water source is chemically different from water

source of the upland seeps.
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Figure 10. Hydrochemical parameters (pH, Electrical conductivity, temperature,
and 5'%0) from springs along the bottomland creek and seeps from upland
catchment. B=Bravo spring, C=Cotton spring, D=Delta spring, and W =seeps.
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We use seven baseflow samples in a period of about eight months to
evaluate residence time of baseflow at Honey Creek upland catchment. A
residence time of 20 days gives the best estimate according to standard
deviation of the error. However, deviations for the first three samples between
the measured and the calculated baseflow 320 values are large (Figure 11),

reflecting the inaccuracy of model assumptions and model representation.
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Figure 11. Measured baseflow 320 values vs time for the Honey Creek upland
catchment compared to the calculated 3'20 values using Frederickson and Criss
(1999) method. Large deviations exist for the first three samples.

Discussion
Stream chemistry

Water temperatures are influenced both by the ambient air temperature

and by the temperature of the media with which the water is in contact (Mazor,
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1991). The temperature of seep water and creek water is highly variable and
exhibit an annual cycle, this can be explained by the fact that the temperature of
near-surface water tends to re-equilibrate with the ambient air temperature and
the temperature of the precipitation inputs.

The creek water can be generally considered as a mixing of seeps (plus
surface runoff during storm events) and springs. Therefore, most of its
measurements fall between those two. The pH of the seep waters is always
higher than that of the spring flows, while the EC is always lower than that of the
spring flows. The downgradient increase in calcium, bicarbonate, and TDS has
been observed by Davis and Brook (1981) in a karst basin in Tennessee and by
Troester and White (1986) in Puerto Rico. However, they observed concurrent
increase in pH values downgradient as CO; being consumed by increased
calcium concentration. The pH of a water body is controlled by carbonate
equilibrium, but it may be influenced by recharge water as well as physiological
processes, such as uptake and release of CO; (Finlay, 2003; Stumm and
Morgan, 1996). The higher pH from upland seep water indicates the water has
been in close contact with calcium material before it exits.

While other water chemistry parameters may exhibit large difference, O-
18 isotopic composition showed only minor difference within measurements of
the three springs or among the mean values of spring flows, seep water, and the
creek water during sampling period (Figure 9&10). This is important in at least

two ways: first, while the creek water can be seen as a mixing of the seeps and
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the springs, it has experienced higher degree of evaporation than any of the end
members due to its surface exposure. Seep water, on the other hand, shows
slightly higher evaporation effect than spring waters. Secondly, the evaporation
and infiltration processes after the storm event have minimal effect on the seep
water isotopic composition. In other words, seep water comes from the water
that has not been exposed to high evaporation or mixing with isotopically

different water pool during infiltration process.

Root zone moisture reservoir

Relatively steady baseflow isotopic composition leads us to the question
of how the soil water connects with the seep water isotopically. Soil water
sampling was not part of this project. However, a concurrent study at Honey
Creek State Natural Area by McCole (2004) indicates the O-18 isotopic
composition of soil water is highly variable temporally and spatially. Such
variation has been observed in many landscapes (for example, Cramer et al.,
1999; Newman et al., 1997; Zencich et al., 2002).

The isotopic connection of the seep water and soil water is complicated
by the dynamic nature of the evaporation front (Figure 12). While a continuum of
the isotopic values is generally observed along a vertical profile, the relative
steady isotopic signature of the seep water from this upland catchment suggests
that the seep water comes from a moisture source loosely connected with the

soil water. The soil is shallow, less than one meter in depth in most cases and
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has very limited water holding capacity (U.S. Department of Agriculture, 1984).
The rooting depth, on the other hand, is far below the soil layer. We speculate
that this moisture reservoir is closely related to the woody plant root
development and term it root zone reservoir. Based on the physiography and
plant community characteristics, it may have regional extent and a storage
capacity at least as important as soil water.

Explicit identification of this moisture reservoir is important. Further
characterization cannot start without realizing its identity. If validated, a series of
questions can be asked: what is the dominant mechanism that regulates this
reservoir? How this layer affects evaporation and recharge processes? What is

the dynamic of root water uptake and reservoir development?
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Figure 12. Change in soil water evaporation front at Honey Creek watershed in
winter and summer time. The solid line indicates the sampling 4 m away from
one Juniper canopy edge in summertime — August 2002. The dashed line
represents sampling at the same location in wintertime — February 2003. Data
from McCole (2004).
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Conclusions

A fast recharge pathway to regional groundwater exists in this landscape.
The recharge water is well mixed with existing groundwater before it exits as
springs. This is suggested by fast discharge response and relative constant
temperature of spring flows. While the temperature of the seep water
equilibrates with the surface condition rapidly, higher pH values of the seep
water indicate it may have been in close contact with calcium material before it
exits. The residence time for the seep water from Honey Creek upland
catchment is estimated to be around 20 days.

The isotopic composition of the seep water is minimally affected by the
subsequent infiltration and evaporation processes following rainfall events. A
root zone moisture reservoir below the soil layer but above the regional
groundwater is suggested based on the site characteristics and isotope data.
This layer of moisture storage is important in supporting the vegetation

community in this landscape but was never explicitly identified.



46

CHAPTER IV
TRENDS AND DRIVERS OF LONG-TERM STREAMFLOW CHANGE IN

NORTH CONCHO RIVER BASIN

Introduction

Land use is increasingly of global importance (Foley et al., 2005). While
many studies have quantified streamflow changes following land use
conversion, careful evaluations of what drives the change have been lacking or
limited by available data. Identifying what drives the change is essential for
better resource management to minimize the negative environmental impacts of
land use while maintain its economic and social benefits.

Common land uses include agricultural and pastoral use, forestry, and
urban development. Conversion of one class to another inevitably brings
changes to soil condition and vegetation composition and structure (cover,
density, and type), depending on which an ecosystem functions. Land
degradation may occur if effective ecosystem functions have been disrupted.
Given time, land can be restored or recovered but probably cannot return to the
state before the degradation (Briske et al., 2003; van de Koppel et al., 2002). In
this sequence of change in states, the watershed system will be involved in
hydrologic modification, adjusting each term in water budget.

The most noticeable change in hydrology following land cover change is

in watershed runoff. Decades of research using mainly paired watershed
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experiments generally indicate that surface runoff would decrease following
afforestation or reforestation (Bosch and Hewlett, 1982; Stednick, 1996; Van Lill
et al., 1980; Zhang et al., 2001a). A more recent analysis (Jackson et al., 2005)
indicates plantations decreased streamflow by 227 millimeters per year globally
(52%), with 13% of streams drying completely for at least 1 year. In drier regions
(mean annual precipitation <1000 mm), afforestation was more likely to
eliminate streamflow completely than in wetter regions. The decreased runoff
has been attributed to increased evapotranspiration from woody plants.

The above analyses of land cover change on streamflow are based on
data mostly from small scale experimental studies (usually area <10 km?) where
an abrupt change was enforced. It is logical to ask whether such strong effect
can be observed in a larger spatial scale and often with much gradual change in
vegetation cover. A large river basin (>1000 km?), for example, often has a
variety of land use classes, diversified vegetation, and a mosaic of development.
The available observational studies of large scale river basins have painted very
informative picture. By studying runoff responses following reforestation due to
land use conversion from row crops to forest and pasture, Trimble (1987)
indicated the annual discharge of 10 large basins decreased about 4 to 21%,
with a larger reduction in dry years than in wet years. Increased ET and possibly
reduced overland flow have been suggested as the mechanisms. Costa (2003)
evaluated the conversion of cerrado covered land (dominantly closed shrubs) to

crops and pastures and found higher discharge following the conversion, more
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evidently in the rainy season (28% increase) than in dry season. Reduced ET in
dry season and reduced infiltration in wet season have been suggested as the
main causes. When there is no change in land use, but with soil conservation
practices, such as gully treatment and conservation tillage, a meso-scale study
(Potter, 1991) indicated reduced flood peak and a shift in the partition of
stormflow and baseflow, while the total runoff being roughly the same. The
above studies are in the climatic region with annual precipitation greater than
1000 mm.

In drylands, even fewer cases are available. However, a recent large
scale observational study tells the same story. Huang and Zhang (2004),
working in the Loess Plateau of north China where annual precipitation is about
420 mm, suggested that soil conservation practices have reduced both surface
runoff and baseflow. Those soil conservation practices include tree and grass
plantation, terrace construction, and construction of gully erosion control dams.
The authors attributed most of reduction to increased ET from plantation.

A few cases mentioned above, either in wetter regions or drier regions,
and their explanations seem to conform to Zhang’s model (Zhang et al., 2001a)
and agree with Jackson (2005) study. The observable effect in such a large
scale and the causation of the effect renders much more implications: not only
related to catchment water balance, but also to soil conservation practices, or
even towards policy level decision-making about carbon sequestration (Jackson

et al., 2005). The strong implications call for the necessity to conduct further
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studies and to look carefully at the inconsistent pictures. Bruijnzeel (2004)
reviewed a few cases that evaluate the hydrologic effect of medium or large
scale tropical deforestation. Not only did he conclude that a consistent
relationship could not be arrived because of mixed effects (positive or negative
among cases), but also pointed out in a few cases possibly different
interpretation of the causations where a positive effect was observed. In dryland
regions, lack of large scale observational studies renders generalization hardly
possible. Nevertheless, Huxman et al. (2005) has pointed out site-dependence
of hydrological effects of increased woody plants in arid and semiarid landscape.

Not only is the hydrologic effect of land cover change in large scale
basins inconsistent, but also the interpretation of what drives the change. In
most studies, groundwater pumping has been ignored. Increased groundwater
pumping, concomitant with increasing demand from agricultural and municipal
water uses, has long been linked to decreased streamflow. Well known cases
include the Edwards aquifer in south-central Texas where San Macros Springs
and Comal Springs have been affected (U.S. Department of Agriculture, 1996);
the groundwater pumping in the City of Albuquerque, New Mexico that has
affected streamflow of Rio Grande River (DuMars and Minier, 2004); and
numerous other accounts (Brune, 2002). Another commonly overlooked factor is
grazing. In arid to semiarid regions, grazing is the single most extensive form of
land use (Asner et al., 2004). Overgrazing is believed to be one of major

contributors to woody encroachment (Archer et al., 2001; Van Auken, 2000) and



50

soil erosion (Donkor et al., 2002; Evans, 1998; Trimble and Mendel, 1995). The
impact of grazing on ecosystems has been long studied. Most studies
concentrate on the impact on soil and vegetation (for example, Hibbard et al.,
2003; Hill et al., 1998; Neff et al., 2005; Pietola et al., 2005; Schlesinger et al.,
1990); runoff increase due to overgrazing has been observed in many
landscapes as well (Blackburn et al., 1982; Castillo et al., 1997), including more
than doubled runoff due to overgrazing while much lower runoff after a recovery
(Heathwaite et al., 1990; Pereira, 1979; Sartz and Tolsted, 1974). It has been
generally recognized that heavy grazing causes reduced infiltration and
increased sediment production in most grazing systems, while moderate and
light grazing may have much less adverse hydrologic impacts and depend on
site conditions (Gifford, 1978; Merzougui and Gifford, 1987; Warren et al., 1986).
While grazing land use in the United States has been declining slowly since
1980’s (U.S. Department of Agriculture, 2004), the consequences of overgrazing
in some areas are still reverberating.

In this study, we evaluate hydrologic responses to large scale land
degradation and recovery in a semiarid river basin that has experienced
intensive grazing. We analyzed long-term (77 years) precipitation and
streamflow records. The objective is to understand runoff dynamics from this
watershed, to assess the magnitude of change, and to explore the driving forces

if the change is persistent.



51

Study Site

North Concho River basin is located in the west central Texas near San
Angelo (Figure 13). The basin above Carlsbad is our focus in this study and it
has a drainage area of about 3,279 km? based on U. S. Geological Survey
(USGS) information system. The River heads out in northeastern Glasscock
County southeastward and discharges into O. C. Fisher Reservoir. The basin is
situated at the margins of the Edwards Plateau and the Llano Estacado or High
Plains. Topographically, the area generally consists of broad valleys near the
river and tributaries flanked by hills, buttes, and plateaus of Edwards Limestone
(Upper Colorado River Authority, 1998). Annual mean precipitation in the nearby
city of San Angelo is about 500 mm/yr, with the rainfall peaks in May and in
September. The monthly mean temperature is 28°C in August and 6°C in

January.
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Figure 13. Site map of North, Middle and South Concho River basins in the
west-central Texas. The location of USGS streamflow gauging stations at
Carlsbad, Tankersley and Christoval in each basin is shown on map. The
background is the map of county boundary.

Most of the land in the Concho River basin area, which includes North,
Middle and South Concho River sub-basins, is used for ranching. Homesteading
started around 1900. Total cropland in the basin was estimated to be not more
than 3% of the total land area (Sauer, 1972) and has been relatively stable since
then. Early accounts indicate the valley as open rangeland prior to the time of

the settlement in 1860’s (Maxwell, 1979; Sauer, 1972). Cattle and sheep grazing

grew rapidly since the settlement. Figure 14 provides a general picture of
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relative grazing pressure in the basin (Smeins et al., 1997). Possibly due to
increased grazing and reduced frequency of wild fire (Archer, 1994; Van Auken,
2000), increased density of woody plants such as mesquite and juniper trees
can be seen as early as 1880’s. A classification of Landsat images of 1992
indicates about 40% of land in the North Concho River basin above Carlsbad
was covered by heavy cedar, heavy brush (mainly mesquite), and moderate
brush (Upper Colorado River Authority, 1998). Quantitative estimates for
different periods for the basin are not available. However, another quantitative
study (Asner et al., 2003) of the nearby region indicates a net 30% woody plant
cover increase from 1937 to 1999, including the areas that have been repeatedly
undergone brush management. This study also points out topo-edaphic control
in spatial pattern of woody plant increase: greatest in riparian corridors and
shallow clay uplands and least on upland clay loams. Overgrazing since 1900’s
and the drought in 1950’s seriously depleted herbaceous cover. However,
reduced grazing pressure thereafter as well as soil and water conservation
practices have improved land cover condition since 1970’s (Sauer, 1972; Taylor

and Kothmann, 1993).
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Figure 14. Change in stocking rate on the Sonora Research Station, about 150
km south of San Angelo, Texas. One hundred animal units per section translate
into about 40 cows (200-250 sheep or goats) per km?. Numbers are visual
estimates from Figure 3 of Smeins (1997).

North Concho basin has been a focus in several studies. Sauer (1972)
investigated the reasons for the unusually low runoff in the Concho River basin
during the period 1962-68 and concluded it is mainly due to climate variation. In
retrospective, his analysis was limited by the data available at that time. A
modeling report (Upper Colorado River Authority, 1998) suggested that the
increasing woody plant coverage depleted the alluvium aquifer and caused
decreasing flow. By simulating woody plant removal, they were able to calculate
how much streamflow could be restored. This report is often cited as a

justification for a large restoration project that is going on in Concho River basin.

Wilcox (2002), though, argues that limited chance of a successful streamflow
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restoration exists based on his observations and reasoning of high soil water
deficit, Horton overland flow dominated runoff generation, and flashy runoff
nature in the basin.

In summary, some observed evidences exist for the reduced streamflow
and some explanations have been proposed. The questions remain: is there a
persistent change in streamflow beyond climate variation? If so, what could be

the driving forces?

Data and Methodology
Data

Daily discharge record from USGS gauging station along North Concho
River at Carlsbad (08134000) is selected for analysis. Its completeness of the
record and no regulation or diversion upstream make it a good candidate for
analysis. The streamflow record from Carlsbad station goes back to 1924. In
order to be compatible with the precipitation record, daily streamflow data from
1926 to 2002 are selected for analysis in this project.

Relatively complete record of daily precipitation in North Concho River
basin goes back to 1926. Stations selected within and near the basin include
Cope Ranch, Forsan, Funk Ranch, Garden City, Sterling City and Water Valley
(Table 3). Precipitation data from each station were obtained from the National
Oceanic and Atmospheric Administration (NOAA) database. Records from two

or more nearby stations were combined to develop a continuous record when
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necessary. Thiessen polygon method was used to obtain spatial average

precipitation series from the selected stations. Monthly and annual streamflow

and precipitation data were synthesized from daily series.

Table 3. Rainfall stations used in North Concho River basin streamflow analysis.

Cope ranch 1-Mar-1948 to 31- Dec- Combined record of three
2002 Cope Ranch stations
Forsan 1-Apr-1949 to 31-Dec-2002
Funk Ranch 1-Mar-1948 to 31- Dec-
2002

Garden City 1-Jan-1926 to 31-Dec-2002  Garden City 1 E and Garden
City 16 E Combined

Sterling City 1-Apr-1926 to 31-Dec-2002  Combined record of three
stations in the vicinity of
Sterling City

Water Valley 1-Apr-1949 to 31-Dec-2002  Water Valley 10 NNE and
Water Valley 8 NE combined

Methodology

Directional change is evaluated by applying trend test on daily, monthly
and annual streamflow and precipitation series using nonparametric Mann-
Kendall test. For the daily series, incremental percentiles on annual basis will be
used. Streamflow and precipitation of each month as well as annual mean (or
total) are also subjected to trend test.

Mann-Kendall test was originally used by Mann (1945) and the test
statistic distribution was derived subsequently by Kendall (1975). This test has
been used widely in climatic and hydrologic research fields (Douglas et al.,
2000; Gan, 1998; Kahya and Kalayci, 2004; Lettenmaier et al., 1994; Zhang et

al., 2001b). The magnitude of trend is estimated using a Sen slope estimation
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(Sen, 1968). A two-tailed test at a significance level of 0.1 was used to evaluate
whether the trend is significant.

While Mann-Kendall test does not require normality of distribution,
presentation of autocorrelation in the data set violates independence
assumption. In this case, the effective degree of freedom will be less than the
number of observations. Consequently, spurious trend would appear if
autocorrelation were not accounted for. In our data set, first order
autocorrelation, if present, was removed by using the following Cochrane-Orcutt
procedure (Cochrane and Orcutt, 1949):

Yi = Ye—rYeq (6)
where Y{ is the transformed time series values, Y is the original time series
values, and r is the estimated serial correlation. The significance of first order
autocorrelation was judged using Durbin-Watson statistics at 0.05 significance
level (Bowerman and O'Connell, 1979). Trend analysis is performed on a
transformed series if autocorrelation presents.

Baseflow is closely related to groundwater and soil water discharge.
While percentiles provide an image of change in flow conditions, low flow
percentiles do not necessarily illustrate the profiles of baseflow condition,
especially in this arid watershed where daily flow variation is large. Baseflow
separation techniques (Arnold and Allen, 1999; Arnold et al., 1995), instead, is

used to assess the change in baseflow. It is important to realize the baseflow
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definition has always been fuzzy and subsequently the separation would not be
unique.

Most rainfall-runoff studies aggregate rainfall or runoff data into annual,
monthly, weekly or daily time step for convenience. However, observations with
predefined intervals are bound to cause information loss because natural events
occur independently of the human unit for time. This is especially a problem in
dryland environments, where precipitation and streamflow tend to be episodic.
While annual aggregation is commonly used, it obscures many details of rainfall-
runoff relationship. In addition to annual, monthly and daily data, we aggregate
rainfall and runoff into natural events in this study. Daily rainfall is considered to
belong to one event unless there are two no-rain days between. Such
aggregation shows non-significant serial correlation between rainfall events
(a=0.1). Runoff is aggregated from the beginning of the current rainfall event

until the beginning of next rainfall event.

Results
Trend test in streamflow and precipitation parameters
The trend analysis (Table 4) indicates daily flow percentiles, from 50"
percentile up to the maximum, all showed significant downward trend. The
higher the percentile goes, the larger the degree of reduction. Percentiles less
than 50™ represent primarily dry streambed conditions and trend tests were not

applicable. Monthly flows, except for January, also showed significant downward
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trend. May and April are the two months that exhibit most significant down trend.
Annual mean flows display significant downward trend too. Over the course of
77 years, annual mean streamflow has reduced up to 7 mm based on Sen-slope
estimation, an approximate 70% reduction off the starting amount.

Daily precipitation percentiles, showed significant increasing trend on 90"
percentile and below. Percentiles from 95" up to maximum showed downward
moving. However, this downward moving is not in a statistically significant
manner, except for 98™ percentile — which is significantly downward moving. On
the other hand, no significant trend was detected on monthly precipitation for
each month of the year. Annual total precipitation shows non-significant
downward moving.

The analysis confirms change in streamflow and indicates that the
change is consistent across low to high percentiles with higher percentile shows
larger degree of reduction. Chang in precipitation is divided: there are
enhancements in precipitation of low percentiles, but decreasing in high
percentiles.

Annual and seasonal precipitation and streamflow

Annual basin-wide precipitation and streamflow for the entire study period
(1926 to 2002) is shown in Figure 15. The annual mean precipitation is 486 mm.
Year to year variation ranges from a minimum of 226 mm to a maximum of 950

mm. The annual mean streamflow is about 8 mm, with year to year variation



ranging from 0 mm to 99 mm. The mean runoff ratio (streamflow/precipitation)

for the entire study period is about 1.5%.

Table 4. Trend test on flow and precipitation variables for the North Concho
River basin. Number of observations for each variable is 77.

Category Variable Trend Sen slope
Daily flow 25% Decreasing 0
percentile 75% Decreasing -1.05E-05
90% Decreasing -8.78E-05
98% Decreasing -1.02E-03
Maximum Decreasing -2.24E-02
Monthly and January Insignificant -6.47E-05
annual flow February Decreasing -1.25E-03
March Decreasing -6.17E-04
April Decreasing -2.19E-03
May Decreasing -6.33E-03
June Decreasing -1.24E-03
July Decreasing -9.90E-05
August Decreasing -7.18E-05
September Decreasing -8.37E-05
October Decreasing -7.29E-05
November Decreasing -2.22E-04
December Decreasing -8.85E-04
Annual mean Decreasing -7.14E-02
Daily 80% Increasing 0.006
precipitation 85% Increasing 0.018
percentile 90% Increasing 0.024
95% Insignificant -0.003
98% Decreasing -0.047
Maximum Insignificant -0.136
Monthly and January Insignificant 0.061
annual February Insignificant 0.058
precipitation March Insignificant -0.011
April Insignificant -0.074
May Insignificant -0.092
June Insignificant 0.215
July Insignificant -0.179
August Insignificant 0.132
September Insignificant 0.170
October Insignificant -0.007
November Insignificant 0.075
December Insignificant -0.120
Annual mean Insignificant -0.139
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Figure 15. Annual total streamflow and precipitation at North Concho River basin
from year 1926 to 2002. Basin-wide precipitation is obtained using Thiessen
polygon method from five stations within and nearby the North Concho River
basin. Annual streamflow data reflects USGS Carlsbad station (08134000)
record.

Mean of the monthly runoff for the entire study period is plotted in Figure
16. May and September see high amount of rainfall and corresponding runoff.
Seasonal runoff dynamics can be seen in Figure 17. As time traverses from
winter to spring (from November to April), monthly runoff profile changes from
sustained low runoff to increasingly higher amount of flow with greater variation.

In the middle summer (July and August), runoff is flash — only responding to

large precipitation events.
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Figure 16. Mean of monthly rainfall and streamflow for the entire study period for
the North Concho River basin (1926-2002).
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Figure 17. Seasonal streamflow at North Concho River basin from year 1926 to

2002. Feb graph represents general watershed flow condition in winter months

(November to March), May graph spring rainy months (April to June), July graph

middle summer months (July and August), and September graph fall rainy

months (September and October). Scales are different. The large flooding event
in September 1936 has been cut off due to the scale (The total is 96 mm). Data
reflects USGS Carlsbad station (08134000) record.



63

Figure 18 illustrates how runoff events (defined in section 3) distribute in
the study period. On average, there are 30 events per year. In the entire study
period, the largest event accounts for 16% and the largest six events accounted
for 38% of the total runoff. Each year, the largest event accounted for 9-100% of
runoff in that year with an average of 65% and the largest six events accounted
for 44-100% of the runoff in that year with an average of 92%. The dominance of

large events in runoff production is quite apparent in this system.
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Figure 18. Event runoff ranks (from high to low) and percentage cumulative
runoff from year 1926 to 2002. The larger graph plots only the largest 100 out of
2,342 rainfall-runoff events. The smaller graph, which is inside the larger one
and bears the same XY titles, plot all the events in the study period.

Total baseflow contributes only 8% of total streamflow in the study period.

Baseflow at the North Concho basin has been strongly affected by the drought in

1950’s (Figure 19) while a decent recovery can be seen starting 1973. Baseflow
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in 80’s and early 90’s are comparable to pre-drought condition. Table 5
demonstrates 24-year mean of precipitation, streamflow and baseflow in periods
A (1926-1949) and B (1974-1997). Those two periods were selected to better
account for climate variability as well as drought effects in comparison. The long-
term mean annual rainfall is very close between two periods. The percentage

reduction in baseflow, which is 35%, is far less than the percentage reduction in

streamflow, which is 73%.
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Figure 19. Annual mean baseflow from 1926 to 2002 at Carlsbad station in North
Concho River basin. The separation was done with daily discharge series and
the annual mean is aggregated from the daily series.
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Table 5. Twenty-four years mean of annual rainfall and runoff in North Concho
River basin in two periods.

Period # of years Rainfall Streamflow Baseflow Runoff Ratio
(mm) (mm) (mm) (%)

A (1926-49) 24 521 14.1 1.4 2.7

B (1974-97) 24 525 3.8 0.9 0.7

Change (%) -- -0.7 73 36 --

Figure 20 shows 24-year mean of monthly rainfall and runoff in period A
and B. The largest absolute reductions are in the months of September, July,
May and April. However, the reduction in July probably can be partially
explained by a reduction in rainfall. Considering one large flooding event in
September 1936 (period A), the large reduction in September would be less

prominent but it is still appreciably higher than in April.
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Figure 20. Twenty-four year mean of monthly rainfall and streamflow in the
period 1926-49 and 1974-97.
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Annual precipitation and streamflow for the two periods exhibit a very
weak relationship (Pearson correlation r=0.34 for A and 0.58 for B). Such weak
correlation at the annual level suggests runoff production is highly sensitive to
watershed conditions and perhaps rainfall distribution, instead of merely annual
amount of precipitation. This fact as well as the fact that majority of runoff was
produced by a few events per year prompt us to explore an analysis at a finer
time scale.

In order to examine what drives the runoff difference in the two
comparison periods A and B, we sampled a group of largest 63 runoff-producing
events (defined in section 3) from each period (Pearson correlation r=0.75 for A
and 0.71 for B). The samples represent 87% and 80% of total runoff in period A
and B, respectively. The total amounts of rainfall for two sampled groups are
roughly equal and the difference in runoff between the samples represents 90%
of runoff difference between two comparison periods. Scatterplot (Figure 21) of
rainfall and streamflow for the sampled events indicates runoff is almost always
higher in period A than in B. A two-way ANOVA is subsequently employed,
considering the factors the amount of rainfall, the number of raining days for a
given event (an indicator for rainfall intensity), and change in watershed
conditions. As the detailed information of watershed conditions is not available,
an average condition in two periods is used and represented as a categorical
variable. The streamflow is transformed using natural logarithmic model (Figure

21). The model indicates change in watershed conditions contribute significantly
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to the variation of streamflow (p<0.0001). The model also points out the
marginal significance of rainfall intensity (p=0.085) to the variation of streamflow.
An analysis without the outlier (the 1936 flooding event) provides us similar

conclusions.
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Figure 21. Largest 63 runoff-producing events in the two periods A (1926-1949)
and B (1974-1997) in North Concho River basin. (a) Scatter plot and (b) Natural
logarithmic transformed streamflow verses rainfall. Separate regression lines
and 95% confidence intervals (dotted line) for A and B are shown.
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No trend in monthly or annual precipitation was detected as mentioned
above. The means of precipitation of the sampled events for those two periods
are roughly the same and the variances are not significantly different (Table 6).
The means and variances of the number of raining days per event, on the other
hand, are significantly different between two periods. Also in Table 6 is the
comparison of maximum daily rainfall during an event and they are significantly
different between two periods. The model, however, indicates some contribution

of rainfall intensity difference to the runoff.

Table 6. Independent two-sample test for null hypotheses of no difference in
means (T-test) or variances (F-test) of two predictor variables between two
periods A (1926-49) and B (1974-97) for North Concho River basin. Each
observation corresponds to one event.

Variable Rainfallamount Number of raining days Maximum daily rainfall
Period A B P-value A B P-value A B P-Value

#of obs. 63 63 -- 63 63 -- 63 63 --
Mean 61 62 0.95 41 7.2 0.0001 38 25 0.0051
Std Dev 55 54  0.83 3.1 44 0.0086 29 21 0.0128

Discussion
As has been demonstrated, change in watershed conditions is the main
driver to the large reduction in runoff. In this watershed, change in watershed
conditions has three major components: woody plant encroachment, improved
land cover condition from reduced grazing (Figure 14) and better land
management, and change in groundwater storage. Since baseflow is a tiny
fraction of water budget and reduction in baseflow is quite small compared to

total streamflow reduction, the increased ET from woody plants, if any, cannot
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account for greatly reduced streamflow — each year, majority of streamflow was
produced by a few large events, further decoupling streamflow production with
ET reduction.

Our observations have been consistent with the hypothesis that increased
infiltration capacity is mainly responsible for decreased runoff. Surface runoff
increased appreciably when the watershed was degraded due to overgrazing
since 1900’s but surface runoff decreased when the vegetation cover condition
is getting better since 1970’s. This hypothesis can explain the drastic changes in
direct surface runoff from large storm events, which contribute majority of annual
runoff.

Part of groundwater potentiometric surface data was analyzed. Data was
obtained from Texas Water Development Board (2005). Lack of middle- to long-
term fine resolution observations of basic groundwater level hinders a reliable
and comprehensive analysis. Most wells have on average less than one
observation per year, but could have many observations in some years. Analysis
of 54 well hydrograph data enable us to hypothesize that the alluvium aquifer
responds to the surface condition directly, while the deeper formations
experience a lag effect and respond to the surface processes (such as recharge)
in a complex way. The alluvium aquifer is likely to be refilled regularly following
good precipitation. Although hydraulically connected, the deeper formations
function independently to some degree. Figure 22 plots water level fluctuation in

a well with relatively complete record. The well is located in Glasscock county
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and penetrates to the Antlers Sand formation (a formation underlying the
Quaternary Alluvium and overlying the Triassic Dockum Group). The general
decreasing trend in deeper aquifer water level suggests the groundwater storage
has been significantly affected by groundwater pumping and 1950’s drought.
Continued pumping when recharge was hardly available drove the water level in
deeper aquifers lower and lower. It is also important to notice that recharge did
occur following good amount of rainfall. This well is far away from the stream
channel so the recharge mechanism needs further exploration. It is likely that
groundwater pumping partially contribute to the low flow as more recharge is
allocated. This mechanism is complimentary to the mechanism of change in
surface condition, as demonstrated by flashy nature of runoff production. The
baseflow component of runoff may have stronger association with alluvium

aquifer than with the deeper aquifers.
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Figure 22. Monthly rainfall input and groundwater level fluctuation in a well
(Lat/Long: 31.6977778/-101.6902778) that penetrating to the Antlers sand
formation in Glasscock County, Texas. The well is within the boundary of Middle
Concho River basin but it is close to the divide between the North and Middle
Concho basin. Only months with rainfall greater than 60 mm are shown. The
rainfall data is spatial averaged data in the North Concho River basin above
Carlsbad streamflow gauging station. Well depth is about 50 m and the depth to
water level is more than 35 m from the land surface during the period of
measurements. An annual cycle, low in the summer (mostly July or August) and
high in the winter (Mostly December), is associated with the general decreasing
trend. The drops in water level are commonly seen in other wells in North
Concho River basin, though each well may behave very differently.

Conclusions
Streamflow at Concho River basin has decreased about 70% over the
last 80 year, especially after the drought about 50 years ago. We used event-
based analysis to overcome the problem that the relationship between annual

precipitation and runoff is weak. The analysis demonstrates that runoff was
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dominated by large runoff-producing events, either in any given year or in the
entire period. The event-based regression analysis points to the change other
than climate difference for the reduction of streamflow. The change of
precipitation intensity has an effect, but to a much lesser degree. Our analysis
supports the hypothesis that reduction in streamflow is mainly due to enhanced
infiltration from more protective watershed conditions, including both woody and
herbaceous cover. Groundwater pumping may contribute to the low flow, but it is
complementary to the mechanism of change in watershed surface condition.
The influence of increased woody plants is minimal.

Our study suggests the current hydrologic regime is similar to the pre-
disturbance condition; despite there has been a significant increase in woody
plant cover following the disturbances (overgrazing, drought, et al.). An
ecological tradeoff may have occurred: the increase of woody plants is made at
the expense of the loss of topsoil due to heavy grazing. This tradeoff modifies
the partition of how vegetation access available surface and soil/ground water
resources.

What has happened and is happening in Concho River basin provides
excellent opportunities to test ecohydrological theories. This large scale
observational study does not support the generalizations made from mostly
small scale experiments. The conclusion would be stronger if carefully designed

long-term monitoring of groundwater level dataset were available. Some



questions remain. For example, is what happened in North Concho an isolated

phenomena or it has much broader implications?

73
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CHAPTER YV
A REGIONAL ASSESSMENT OF STREAMFLOW CHANGE IN THE WAKE

OF WOODY PLANT ENCROACHMENT

Introduction

Experimental studies of runoff responses to vegetation management
enabled us to make a generalization that removing woody plant coverage would
increase runoff from the watershed and vice versa (Bosch and Hewlett, 1982;
Zhang et al., 2001a). However, problems exist. First, the change of vegetation in
experimental studies is often abrupt. In real world, vegetation change is a natural
process and tends to be gradual — although slash and burn activities will create
an abrupt change. Secondly, the experiments are often conducted in small
catchments. Interpolation to large spatial scales of resolution is difficult.
Observational case studies have supplemented this information. Depending on
the availability of the site information, different approaches have been adopted in
case studies. One approach is to conduct detailed historical precipitation-
streamflow analysis (for example, Bewket and Sterk, 2005; Costa et al., 2001;
Xu, 2005). Another approach is to use rainfall-runoff models, i.e., to calibrate a
rainfall-runoff model to baseline condition as a virtual control for changing
condition (Cornish, 1993; Jakeman and Hornberger, 1993; Schreider et al.,
2002). While most studies using modeling approach reported satisfactory model

performance and subsequent trend assessment, the conclusions are heavily
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dependent on model calibration. In addition, the baseline condition has to be
clearly identifiable. Regardless of which approach being used, individual basin
analysis may often invite the question: is this an isolated phenomena or it has
regional implications?

An analysis of regional streamflow trend often provides clues as to
regional effects of land use/land cover change. Although along a different track,
scientists seeking evidence of climate change have utilized regional scale
streamflow trend analysis (Burn and Hag Elnur, 2002; Kahya and Kalayci, 2004;
Lettenmaier et al., 1994; McCabe and Clark, 2005), as streamflow is often
regarded as an integrated watershed response to climatic forcing. While
important spatial patterns were revealed, the discrepancies are often attributed
to unparallel of changes in streamflow and climatic variables (Lettenmaier et al.,
1994), or to different analytic methods involved (Douglas et al., 2000). Those
studies often choose target stations that experience minimal development or
have stable land use conditions to minimize anthropogenic effects. Limitations of
regional trend analysis exist. One limitation is that most climatic variations are
often associated with land use/land cover changes, or even with watershed
development downstream that affect underground flow processes. Another
limitation is that only sparse stations are often included in the analysis and those
stations may not be representative. For example, in Lettenmaier (1994) study,
less than 20 stations were included for the entire Texas and most of them

appear to be in the southeast Texas. Modeling approach has also been used for
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regional streamflow evaluation. A family of terrestrial ecosystem models (e.g.
general circulation models) has been used to evaluate large scale runoff
response from change in vegetation and climate (Arnell, 1999; Gordon et al.,
2004; Kiely, 1999). For example, Arnell (1999) examined changes in runoff
produced by the general circulation model HadCM2 and HadCM3. He found that
HadCM2 simulations yielded increases in runoff for the year 2050 compared
with the baseline period of 1961-1990 over much of the United States while
HadCM3 projected decreases in runoff, which he attributed to higher rates of
evapotranspiration in the HadCM3 simulations. As another example, Gordon
and Famiglietti (Gordon et al., 2004) examined trends in runoff and actual
evapotranspiration in selected 13 United States watersheds using four terrestrial
ecosystem models. They found positive runoff trend in the majority of the
watersheds examined. Because of the complexity of ecosystem interactions, the
validity of the model outputs will be continuously checked and verified. In sum,
regional streamflow trend analysis that incorporates as many stations as
possible to evaluate spatial pattern of the changes is still desirable.

In this study, we extend North Concho study to the entire Concho River
basin, which include North, Middle, and South Concho River basins. A
comparison is made between those three. A further trend analysis of streamflow
in the entire western Texas is made to further explore the inference drawn from
the comparison of three basins. The objective of this study is to examine

whether the North Concho model is extendable to other area and to identify
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regional spatial pattern of watershed runoff responses in the wake of increased

woody plant coverage.

Study Site

The Concho River basin examined in this study includes North Concho
River basin above Carlsbad, Middle Concho River basin above Tankersley, and
South Concho River basin above Christoval. A USGS streamflow gauging
station at each of the locations defines the watershed boundary. The drainage
areas are 3,279, 5,398, 1,070 km? for the North, Middle, and South Concho
River basins, respectively.

Because of the proximity, there are many similarities among those three
basins. Most notably are increased woody plant coverage in the last century,
similar grazing trend and lack of major urban development. For example, 57% of
land in Middle and South Concho River basin contributing area is covered by
heavy cedar, heavy brush (mainly mesquite), and moderate brush based on a
classification of 1999 Landsat images (Upper Colorado River Authority, 2000).
That percentage for North Concho River basin was 40% based on a
classification of Landsat images of 1992 (Upper Colorado River Authority, 1998).
The valley of North Concho River basin is predominantly covered by mesquite
trees while South Concho River basin is predominantly covered by juniper trees.
Geologically, the Quaternary deposits are present in the stream valley and the

Cretaceous limestones form the hills and sloped terrains. However, transitional
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changes in geological feature exist from the North to South Concho River
basins. One noteworthy difference is that the South Concho River has much
better contact with the Edwards group, which consists of limestone and
dolomite. Soils in floodplain are similar for the three basins, which are
characterized as deep, nearly level, calcareous soil. Adjacent to its floodplain,
both North and Middle Concho have a belt of undivided Quaternary deposit,
which consists of alluvial fan deposits, colluvium, and caliche layers (Barnes,
1976). However, this feature is lacking for South Concho River. Away from the
floodplain, North and Middle Concho River are mainly surrounded by Kimbrogh-
Mereta-Angelo association: very shallow, shallow, and deep, nearly level to
sloping and undulating, calcareous soils on outwash plains. South Concho
River, instead, is surrounded by Tarrant-Ector association: very shallow to
shallow, undulating to hilly calcareous soils on limestone hills (U.S. Department
of Agriculture, 1976).

The western Texas in this study is loosely defined by the drainage basins.
It encompasses eight river basins: Canadian, Red, Brazos (upstream above
Waco), Colorado (upstream above Austin), Guadalupe, San Antonio, and Rio
Grande (Figure 23). The precipitation varies from 900 mm in the east to 200 mm
in the west. Major urban developments include San Antonio, Austin, and El

Paso.
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Figure 23. Map of the western Texas. The name of the major basins along with
the two cities (Waco and Austin) are shown on the map. The slightly shaded
boundary within the Colorado River basin shows the location of the North,
Middle and South Concho River basin.

Data and Methodology
For the Concho River basin comparison, USGS streamflow records such
as Carlsbad gauging station in North Concho, Tankersley station in Middle
Concho, and Christoval station in South Concho are chosen for analysis. The
common records span from 1 Mar 1930 to 30 September 1995. Due to changes
in gauging location and establishment of diversion features along the river,

adjustments were done to obtain complete and consistent streamflow record for
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each basin. The gauging station used to measure flows near Tankersley in the
Middle Concho was moved towards more upstream above Tankersley on 1 April
1961. The near Tankersley record was converted to the upstream location by
multiplying a ratio of the contributing areas. For the South Concho River basin,
diversion from the South Concho Irrigation Company’s irrigation canal was
added to the measured streamflow values. For the precipitation data, relatively
complete measurements within the Middle and South Concho basins did not
start until 1940’s. Mean monthly rainfall difference from 1941 to 2002 between
South Concho and North Concho River basin is less than 2 mm, with standard
deviation of 28 mm. Therefore, spatially averaged data from North Concho Basin
study was used in long-term comparison.

For the regional streamflow analysis, all the USGS streamflow records
across western Texas were examined. Comparisons were done among the
stations with comparable and relatively complete record.

Nonparametric Mann-Kendall test is used to detect trend. A detailed
description about this test can be found in Chapter lll. Since the Sen slope
estimation is dependent on the units of measurements, a normalized Sen slope
estimation is proposed and used to facilitate trend comparison between basins.
A normalized Sen slope is the Sen slope divided by the central tendency of the
original dataset. In our study, median is used to represent the central tendency
because most of the distributions are skewed due to the presence of extreme

events.
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Results

North, Middle and South Concho River Basin comparison

Comparison of annual streamflow and baseflow from three stations in
Concho River basin can be found in Figure 24 and 25. The means of streamflow
for the common period (1931 to 1994) are 8.1, 6.7, and 34.3 mm/year for North,
Middle and South Concho River basins, respectively. The means of baseflow
are 0.8, 1.3, and 20.7 mml/year, respectively. Although they are close to each
other and subject to similar precipitation inputs, streamflow productions from
North and Middle Concho are much less than in South Concho River basin.
However, a positive gradient of baseflow production can be seen from the North

to the South.
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Figure 24. Annual mean baseflow in North (Carlsbad), Middle (Tankersley) and
South (Christoval) Concho River basins. Scales are different for each plot.
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Figure 25. Annual total streamflow and precipitation in North, Middle and South

Concho River basins. Basin-wide precipitation is obtained using Thiessen
polygon method. Annual streamflow data reflects USGS Carlsbad, Tankersley
and Christoval gauging station for North, Middle, and South Concho,
respectively.
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In order to better account for climate variability and drought effect, Table
7 provides a 18-year comparison between period A (1931 to 1949, excluding
1936 in which year an extreme flooding event occurred) and B (1977 to 1994).
The comparison indicates significantly decreasing rate of reduction in streamflow
from North to South Concho River basin. In contrast, baseflow component did
not change parallel to the change of streamflow.
Table 7. Eighteen years mean of annual rainfall and runoff in North, Middle and

South Concho River basins in periods A (1931-1949, excluding 1936) and B
(1997-1994).

North Concho Middle Concho  South Concho

Period A B % A B % A B %
Rainfall (mm) 513 518 - 513 518 - 513 518 --
Streamflow (mm) 106 34 68 71 49 31 352 293 17
Baseflow (mm) 1.2 1.0 17 09 22 -144 21 24 -14
Runoff Ratio (%) 2.1 07 - 14 09 - 6.8 57 -

Comparison between those three basins indicates observations in North
Concho River basin may not be fully extendable to other areas without
considering additional factors. Streamflow in South Concho River basin is at
least four times and baseflow 20 times higher than in North Concho River basin.
While baseflow account for 16% of streamflow in North Concho River basin, it is
70% in South Concho River basin. We attribute this difference mainly to the
South Concho River’s better contact with the Edwards group — permeable
limestone and dolomite. This geologic feature allows the South Concho River to

exchange directly with regional groundwater of Edwards-Trinity aquifer.
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The interaction between surface water and groundwater in South Concho
River basin was investigated by evaluating 17 well hydrographs. Groundwater
storage was affected by 1950’s drought but was quickly recovered (Figure 26).
Compare to the deep well in North Concho River basin study, the groundwater
levels in this well respond very quickly to precipitation inputs and fluctuate in a

smaller range. Annual cycle was lacking.
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Figure 26. Monthly rainfall input and groundwater level fluctuation in a well
(Lat/Long: 31.0075/-100.4963889) that penetrating to the Edwards and
Associated Limestones formation in South Concho River basin. Only months
with rainfall greater than 60 mm are shown. The rainfall data is spatial averaged
data in the South Concho River basin above Christoval streamflow gauging
station. Well depth is about 53 m and the depth to water level is more than 21 m
from the land surface during the period of measurements. The well is located in
Schleicher County, TX.

The comparison validates our conclusion from North Concho River basin

study — it is the main change in soil infiltration capacity of the soil and/or
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groundwater storage that is mainly responsible for change in streamflow.
Increased ET from increased coverage of woody plants, if any, seems to have
small influence in streamflow. The combination of soil and geological conditions
render streamflow in South Concho River much more resilient to surface
disturbances (such as soil and vegetation changes).

The surface drainage in the Edwards Plateau region often has similar soil
and geological conditions as in South Concho River basin. Do we see difference
in streamflow responses in the Edwards Plateau area, which is dominated by
karst terrain, and other regions? In order to evaluate this hypothesis, streamflow

trend test is extended to the entire western Texas.

Spatial patterns of Western Texas streamflow change

We examined all the available USGS flow records across western Texas,
about 393 stations in eight river basins. We took a detailed look at the stations
with flow record that goes back to 1950 or earlier. We further removed stations
with record length less than 30 years or canal stations (for diversion
measurements). This leaves us a total of 72 stations. Trend test for those 72
stations is shown in Table 8 sorted by normalized Sen slope. In Canadian,
Brazos (watershed upstream of Waco, TX), Colorado (watershed upstream of
Austin, TX) and Rio Grande River basins, we see similar declining patterns in
most headwater catchments. Such effects diminish as we move further

downstream. However, few watersheds show decreasing flow as dramatic as in
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North Concho; for those that do (such as Colorado River at Robert Lee of
Texas, Canadian River near Canadian of Texas, or Colorado River near
Ballinger of Texas), dam constructions confound the effects. In contrast, we
rarely see any footprints in basins in the Edwards Plateau region, such as
Guadalupe, San Antonio, and Nueces River basins. On the contrary, flows in

some basins are increasing.

Table 8. Trend test on western Texas streamflow. The station name is a short
name following the USGS gauging station naming convention. Length is the
number of years of record for particular station. Table is sorted by normalized
Sen Slope (Norm Sen). Area: drainage area in km2. The full station name and

corresponding ID can be found in appendix B Table B-1.

ID Station name Length Trend Period Norm Sen Basin

1 Colorado Rv at Robert Lee 55 Decreasing  1924-2003 -0.11502  Colorado
2  Canadian Rv nr Canadian 63 Decreasing 1939-2003 -0.03568  Canadian
3 N Concho Rv nr Carlsbad 79 Decreasing 1925-2003 -0.03286  Colorado
4  Colorado Rv nr Ballinger 96 Decreasing  1908-2003 -0.03082  Colorado
5  Concho Rv at San Angelo 88 Decreasing 1916-2003 -0.02897  Colorado
6 N Concho Ryv at Sterling City 45 Decreasing 1940-1984 -0.02363  Colorado
7  Colorado Rv at Colorado City 58 Decreasing  1924-2003 -0.02258  Colorado
8  Colorado Rv at Winchell 69 Decreasing  1924-2003 -0.02166  Colorado
9 Pecan Bayou at Brownwood 57 Decreasing 1924-1982 -0.01893  Colorado
10 Concho Rv at Paint Rock 88 Decreasing 1916-2003 -0.01782  Colorado
11 Salt Fk Brazos Rv nr Aspermont 65 Decreasing 1924-2003 -0.01727  Brazos
12 Canadian Rv nr Amarillo 65 Decreasing 1939-2003 -0.01612  Canadian
13 Clear Fk Brazos Rv at Nugent 79 Decreasing 1925-2003 -0.01586 Brazos
14 Pecos Rv nr Orla 66 Decreasing 1938-2003 -0.01554  Rio Grande
15 Devils Rv nr Juno 32 Decreasing 1926-1972 -0.01443  Rio Grande
16 Pecos Rv nr Girvin 64 Decreasing 1940-2003 -0.01296  Rio Grande
17 Nueces Rv nr Mathis 64 Decreasing  1940-2003 -0.01147  Nueces
18 Colorado Rv nr San Saba 84 Decreasing 1916-2003 -0.01044  Colorado
19 Brazos Rv nr Palo Pinto 79 Decreasing  1925-2003 -0.01001 Brazos
20 DMF Brazos Rv nr Aspermont 74 Decreasing 1924-2003 -0.00956  Brazos
21 Mid Concho Rv Tankersley 63 Insignificant 1931-1994 -0.00907  Colorado
22 Brazos Rv at Seymour 80 Decreasing 1924-2003 -0.00851 Brazos
23 Brazos Rv nr Glen Rose 80 Decreasing  1924-2003 -0.00812 Brazos
24 Brazos Rv nr South Bend 65 Decreasing 1939-2003 -0.00806  Brazos
25 Clear Fk Brazos Rv at Ft Griffin 79 Decreasing 1925-2003 -0.00796 Brazos
26 Nueces Rv nr Tilden 61 Insignificant  1943-2003 -0.00692 Nueces
27 Clear Fk Brazos Rv at Eliasville 47 Insignificant 1916-1981 -0.00603  Brazos
28 Brazos Rv nr Aquilla 65 Insignificant 1939-2003 -0.00517  Brazos
29 Colorado Rv at Austin 104 Decreasing  1899-2003 -0.00513  Colorado
30 San Saba Rv at San Saba 83 Decreasing 1916-2003 -0.00434  Colorado
31 Nueces Rv nr Three Rivers 88 Insignificant 1916-2003 -0.00419  Nueces
32 San Saba Rv at Menard 83 Insignificant  1916-2003 -0.00404  Colorado
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ID Station name Length Trend Period Norm Sen Basin

33 Wichita Rv at Wichita Falls 65 Insignificant  1939-2003 -0.00383 Red

34 Nueces Rv at Cotulla 77 Insignificant  1927-2003 -0.00381 Nueces

35 Pinto Ck nr Del Rio 41 Insignificant 1929-1971 -0.00363  Rio Grande

36 Brazos Rv at Waco 104 Insignificant  1899-2003 -0.00351 Brazos

37 Elm Ck at Ballinger 71 Insignificant 1933-2003 -0.00349  Colorado

38 N Llano Rv nr Junction 63 Insignificant  1916-2003 -0.00251 Colorado

39 San Antonio Rv at San Antonio 68 Insignificant  1918-1996 -0.00202  San Antonio

40 Atascosa Rv at Whitsett 71 Insignificant  1933-2003 -0.00168  Nueces

41 S Concho Rv at Christoval 66 Insignificant  1931-2003 -0.00125  Colorado

42 Red River nr Denison 70 Insignificant  1924-2003 -0.00012 Red

43 Comal Spgs at New Braunfels 71 Insignificant 1933-2003 -0.00008  Guadalupe

44 Comal Rv at New Braunfels 71 Insignificant  1933-2003 0.00036 Guadalupe

45 Agquilla Ck nr Aquilla 62 Insignificant  1939-2000 0.00104 Brazos

46 N Tule Draw at Res nr Tulia 30 Insignificant  1941-1972 0.00110 Red

47 USIBW Alamito Ck nr Presidio 39 Insignificant  1932-1971  0.00140 Rio Grande

48 N Bosque Rv nr Clifton 80 Insignificant  1924-2003 0.00145 Brazos

49 Nueces Rv nr Asherton 64 Insignificant  1940-2003 0.00303 Nueces

50 Llano Rv nr Junction 83 Insignificant  1916-2003 0.00445 Colorado

51 Guadalupe Rv at Victoria 69 Insignificant  1935-2003 0.00476 Guadalupe

52 RedRv nr Terral, OK 65 Insignificant  1939-2003 0.00512 Red

53 Cibolo Ck nr Falls City 73 Insignificant  1931-2003 0.00521 San Antonio

54  Plum CK nr Luling 64 Insignificant 1931-2003 0.00579 Guadalupe

55 Llano Rv at Llano 63 Insignificant  1940-2003 0.00620 Colorado

56 Frio Rv nr Derby 88 Increasing 1916-2003 0.00655 Nueces

57 San Marcos Rv at Luling 64 Insignificant  1940-2003 0.00692 Guadalupe

58 Nueces Rv at Laguna 80 Increasing 1924-2003 0.00825 Nueces

59 Pedernales Rv nr Johnson City 64 Increasing 1940-2003 0.00890 Colorado

60 Blanco Rv at Wimberley 75 Increasing 1929-2003 0.00924 Guadalupe

61 Guadalupe Rv at New Braunfels 76 Increasing 1928-2003 0.00979 Guadalupe

62 Frio Rv at Concan 78 Increasing 1924-2003 0.01002 Nueces

63 Guadalupe Rv nr Spring Branch 81 Increasing 1923-2003 0.01069 Guadalupe

64 San Antonio Rv at Goliad 68 Increasing 1925-2003 0.01123 San Antonio

65 Cibolo Ck at Selma 57 Increasing 1947-2003 0.01175 San Antonio

66 San Antonio Rv nr Falls City 78 Increasing 1926-2003 0.01433 San Antonio

67 Guadalupe Rv at Comfort 64 Increasing 1940-2003 0.01535 Guadalupe

68 Sabinal Rv nr Sabinal 61 Increasing 1943-2003 0.01833 Nueces

69 Nueces Rv bl Uvalde 64 Increasing 1940-2003 0.02044 Nueces

70 Medina Rv at San Antonio 63 Increasing 1940-2003 0.02372 San Antonio

71 Medina Rv nr Pipe Creek 41 Increasing 1923-1981 0.02449 San Antonio

72 Johnson Ck nr Ingram 52 Increasing 1942-2003 0.02510 Guadalupe
Conclusions

Grazing trends and increased woody plant coverage have been common

across western Texas and they generally follow a similar pattern as in Concho

area. However, comparison between North, Middle, and South Concho indicates
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what was happening in North Concho River basin may not be fully extendable to
other areas without considering additional factors that affect watershed runoff.
The main difference between North and South Concho basin may have been
different runoff mechanism as imposed by different soil and geological
conditions. Further exploration of the entire western Texas streamflow trend
validates such hypothesis. There is also a possibility that North Concho basin is
closely tied to the headwater area of groundwater so it is sensitive to change.
Although more detailed hydrologic analysis is needed to evaluated the
magnitude of change, similar footprints found in Canadian basin (such as
Colorado River at Robert Lee of Texas, Canadian River near Canadian of
Texas, or Colorado River near Ballinger of Texas) suggest what has happened

in North Concho is not an isolated case.
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CHAPTER VI

SUMMARY

Major Findings

This study uses a variety of approaches across multiple temporal and
spatial scales to investigate the relationship of runoff and land cover in drylands
of western Texas. The methods include field experimental study, tracer
application, historical precipitation-streamflow analysis, and regional streamflow
trend assessment. The spatial scales encompass small headwater catchment
(19 ha), individual river basin, multiple river basins, and the entire western
Texas.

Runoff in dryland regions is generally dominated by a few large runoff-
producing events. In Honey Creek catchment, about half of total runoff comes
from the largest four events during the four monitoring years. In North Concho
River basin, the largest six events account for 38% of total runoff during 77
years monitoring. The noticeable difference is in baseflow component. While
baseflow contributes to half of runoff in Honey Creek catchment, only 8% of
runoff can be attributed to baseflow in North Concho River basin. However, the
percentage is 19% and 60% for the Middle and South Concho River basin,
respectively. This suggests strong control of geological settings on baseflow

production.
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The small scale watershed experiment conducted at Honey Creek upland
catchment shows a signal of increased runoff (about 40 mm per year) following
removal of about 60% of the Juniper trees. Such manifested effect may be
related to the presence of spring flow or baseflow. The 20% runoff ratio in this
catchment compares very favorably to other catchments where baseflow
component is lacking. The isotope hydrograph separation suggests higher
percentage of pre-event water contribution in a winter storm (40%) than in a
summer storm (16%). Subsurface flow is very dynamic in this landscape.

Hydrochemical analysis indicates strong exchange of water fluxes
between the upland catchment and the bottomland creek. The rapid recharge
components could successfully bypass vadose zone and reach the groundwater
table or bottomland stream channel. However, this direct relationship may not
exist if it were not because of its karst geology. The isotope data for the seep
water in the upland catchment points to the possibilities that woody plants have
the abilities to develop a moisture reservoir. This moisture reservoir may provide
sustainable moisture supply for the woody vegetation communities in this
landscape.

Detailed analysis of North Concho River basin streamflow indicates a
significant reduction in streamflow that is beyond climate variation but relates to
the change in watershed conditions. The evidence is more consistent with the

hypothesis that the reduced streamflow is a result of enhanced infiltration from
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better vegetation cover due to reduced grazing and better land management.
Unsustainable groundwater use may also contribute to the low flow.

The comparison between North, Middle and South Concho Rive basins
indicates the North Concho model may not be fully extendable to other areas
without considering additional factors. Those additional factors may include soil
and geological conditions that greatly influence watershed streamflow
production, erosion potential and sensitivity of response to land management.
The regional trend analysis confirmed the conclusion we drew in the North
Concho study and revealed important spatial patterns. In the Edwards plateau
region, which is dominated by karst geology, it is clear the response was not
evident. In other regions, especially in the headwater areas, the decrease of
streamflow is manifested. Among them, few basins show as dramatic a change
in streamflow as the North Concho. Further studies considering dam effects on
water balance could elucidate additional information.

Collectively, the cross-examination in this study indicates contradictory
results on the surface. While the catchment study suggests a signal when
baseflow is present, the regional assessment indicates no change of streamflow
in the Edwards Plateau region, where most rivers have a spring flow component.
One explanation is the influence of urbanization on the river flows in the
Edwards Plateau region, which confounded the comparison. Another
explanation is when we scale up and when the land cover change is gradual, the

effect diminishes. Some headwater catchments showed responses to the
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change in watershed conditions. As indicated in the North Concho study, this
may not be related to the vegetation change alone. Detailed study of those

watersheds that exhibit some responses will reveal additional information.

Suggestions for Future Research

Carefully laid-out catchment studies have provided information otherwise
not available. A robust conclusion requires longer calibration time as well as
longer post-treatment monitoring, especially in dryland regions where climate
variability is high. Isotope hydrograph separation can be improved by sampling
rainfall sequentially (Weiler et al., 2003).

As finer time scale precipitation and streamflow data is increasingly
available, the investigation of rainfall-runoff relationship can be improved. For
example, precipitation intensity can be explicitly incorporated into rainfall-runoff
model. Rainfall-runoff events can be delineated more precisely.

The basic groundwater physical parameter, such as water level data, can
complement many hydrologic studies. Those measurements have received little
attention compared to surface-water monitoring network. In hydrologic studies, it
is very likely surface water and groundwater problems are correlated. Currently,
there is no other means to reproduce such information despite the advances in
computer modeling, age dating and tracing in groundwater study.

As mentioned above, further study can be directed to analyze historical

streamflow record. Flow diversion, dam, and urbanization can be factored into
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the model to evaluate the change (Burns et al., 2005; Claessens et al., 2006;
Rose and Peters, 2001; Ye et al., 2003). However, in doing this, the uncertainty
should be explicitly specified.

Understanding the relationship between land cover and water cycle is the
key to understanding the interaction between biosphere and hydrosphere, where
ecohydrology is rooted. The scale dependence of hydrologic effects demands us
to explicitly recognize and describe different watershed responses at different
scale of observations. Process-based investigations at controllable scales and
classification and pattern recognition at a scale when integrated variable is
representative will advance our basic understanding of the relationship between

land cover and water cycle.
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Table A-1. Hydrochemical measurements (EC=electrical conductivity in uS/cm,

T=Temperature in °C, and 0-18=5"20 in %o) at the Bravo spring along Honey

Creek in Comal County, TX.

Date Variable Value Variable Value Variable Value Variable Value
9/25/2002 pH 6.71 EC 579 T 21.4 0-18 na
11/13/2002 pH 6.95 EC 555 T 21.1 0-18 -4.23
12/18/2002 pH 6.91 EC 566 T 21 0-18 -4.11
1/22/2003 pH 6.89 EC 605 T 20.5 0-18 -4.26
2/19/2003 pH 6.85 EC 593 T 20.6 0-18 -4.05
3/26/2003 pH 6.93 EC 585 T 20.4 0-18 -4.04
4/24/2003 pH 6.75 EC 580 T 20.8 0-18 -4.13
5/27/2003 pH 6.62 EC 627 T 20.8 0-18 -4.07
6/17/2003 pH 6.59 EC 586 T 21 0-18 -3.84
7/2/2003 pH 6.48 EC 590 T 21.3 0-18 -3.80
9/17/2003 pH 6.91 EC 584 T 21.6 0-18 -4.13
11/15/2003 pH 6.63 EC 604 T 21.1 0-18 -3.98
3/6/2004 pH 6.89 EC 582 T 20.8 0-18 -3.94
5/1/2004 pH 6.82 EC 569 T 20.6 0-18 -4.07
6/25/2004 pH 6.71 EC 567 T 21.2 0-18 -4.09
7/31/2004 pH 6.67 EC 594 T 21.7 0-18 na
9/8/2004 pH 6.61 EC 592 T 21.5 0-18 na
10/30/2004 pH 6.77 EC 580 T 21.5 0-18 na
11/24/2004 pH 6.33 EC 545 T 20.8 0-18 na
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Table A-2. Hydrochemical measurements (EC=electrical conductivity in uS/cm,
T=Temperature in °C, and 0-18=5"0 in %) at the Cotton spring along Honey
Creek in Comal County, TX.

Date Variable Value Variable Value Variable Value Variable Value
8/13/2002 pH na EC na T na 0-18 -3.79
9/25/2002 pH 6.69 EC 587 T 21.7 0-18 -3.82
11/13/2002 pH 6.92 EC 555 T 21 0-18 -4.14
12/18/2002 pH 6.9 EC 568 T 21 0-18 -4.15
1/22/2003 pH 6.86 EC 603 T 20.3 0-18 -4.14
2/19/2003 pH 6.83 EC 595 T 20.5 0-18 -3.97
3/26/2003 pH 6.9 EC 591 T 20.4 0-18 -4.04
4/24/2003 pH 6.83 EC 588 T 20.8 0-18 -4.06
5/27/2003 pH 6.83 EC 642 T 21.5 0-18 -4.05
6/17/2003 pH 6.6 EC 588 T 211 0-18 -3.93
7/2/2003 pH na EC na T na 0-18 na
9/17/2003 pH na EC na T na 0-18 na
11/15/2003 pH na EC 613 T 20.2 0-18 -4
3/6/2004 pH 6.91 EC 596 T 21.1 0-18 na
5/1/2004 pH 6.92 EC 566 T 20.6 0-18 -3.99
6/25/2004 pH 6.65 EC 570 T 21.1 0-18 -4.21
7/31/2004 pH 6.76 EC 598 T 21.7 0-18 na
9/8/2004 pH 6.69 EC 606 T 21.6 0-18 na
10/30/2004 pH 6.76 EC 581 T 21.5 0-18 na
11/24/2004 pH 6.3 EC 541 T 20.9 0-18 na
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Table A-3. Hydrochemical measurements (EC=electrical conductivity in uS/cm,
T=Temperature in °C, and O-18=5"20 in %o) at the Delta spring along Honey

Creek in Comal County, TX.

Date Variable @ Value Variable Value Variable Value Variable Value
8/13/2002 pH na EC na T na 0-18 -3.67
9/25/2002 pH na EC na T na 0-18 -3.97
11/13/2002 pH 6.93 EC 556 T 20.9 0-18 -4.29
12/18/2002 pH 6.91 EC 565 T 21 0-18 -4.13
1/22/2003 pH 6.89 EC 601 T 20.2 0-18 na
2/19/2003 pH 6.87 EC 616 T 20.8 0-18 -3.96
3/26/2003 pH 6.99 EC 589 T 20.7 0-18 -4.19
4/24/2003 pH 6.82 EC 588 T 20.9 0-18 -3.86
5/27/2003 pH 6.62 EC 632 T 21.2 0-18 -4.11
6/17/2003 pH 6.47 EC 575 T 21.3 0-18 -3.73

7/2/2003 pH 6.43 EC 591 T 21.5 0-18 -3.54
9/17/2003 pH 6.73 EC 598 T 21.3 0-18 -4.15
11/15/2003 pH 6.67 EC 612 T 21.1 0-18 -4.08
3/6/2004 pH 6.98 EC 591 T 21.1 0-18 -3.97
5/1/2004 pH 6.98 EC 568 T 20.6 0-18 -3.97
6/25/2004 pH 6.71 EC 571 T 21.3 0-18 -4.15
7/31/2004 pH 6.54 EC 595 T 22.9 0-18 na
9/8/2004 pH 6.71 EC 594 T 21.7 0-18 na
10/30/2004 pH 6.95 EC 576 T 21.5 0-18 na
11/24/2004 pH 6.36 EC 535 T 20.9 0-18 na
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Table A-4. Hydrochemical measurements (EC=electrical conductivity in uS/cm,

T=Temperature in °C, and 0-18=3"20 in %o) at the Honey Creek upland
catchment in Honey Creek Natural Area in Comal County, TX.

Date Variable  Value  Variable Value Variable Value Variable Value
8/13/2002 pH na EC na T na 0-18 -3.87
9/25/2002 pH 7.13 EC 614 T 23 0-18 -3.82
11/13/2002 pH 7.34 EC 499 T 19.6 0-18 -4.09
12/18/2002 pH 7.44 EC 525 T 19.2 0-18 -3.92
1/22/2003 pH 7.34 EC 570 T 15.5 0-18 -4.09
2/19/2003 pH 6.94 EC 556 T 16.7 0-18 -4.11
3/26/2003 pH 7.34 EC 542 T 18.7 0-18 -4.17
4/24/2003 pH 7.19 EC 573 T 23.1 0-18 -3.95
5/27/2003 pH Dry EC Dry T Dry 0-18 Dry
6/17/2003 pH 6.75 EC 518 T 24.8 0-18 -3.89

7/2/2003 pH 6.74 EC 594 T 26.3 0-18 -4.03
9/17/2003 pH Dry EC Dry T Dry 0-18 Dry
11/15/2003 pH 7.05 EC 622 T 18.9 0-18 -3.89
3/6/2004 pH 7.72 EC 540 T 20.1 0-18 -4.04
5/1/2004 pH 7.19 EC 525 T 17.4 0-18 -3.93
6/25/2004 pH 7.45 EC 535 T 25.1 0-18 -4.06
7/31/2004 pH Dry EC Dry T Dry 0-18 na
9/8/2004 pH Dry EC Dry T Dry 0-18 na
10/30/2004 pH 7.44 EC 541 T 24.3 0-18 na
11/24/2004 pH 6.99 EC 485 T 18.2 0-18 na
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Table A-5. Hydrochemical measurements (EC=electrical conductivity in uS/cm,
T=Temperature in °C, and O-18=5"20 in %o) of Honey Creek at the sampling
point upstream of the Bravo spring in Comal County, TX.

Date Variable  Value Variable Value Variable Value Variable Value
9/25/2002 pH 7.04 EC 566 T 21.5 0-18 na
11/13/2002 pH 7.54 EC 533 T 17.9 0-18 -3.97
12/18/2002 pH 7.56 EC 537 T 19.4 0-18 -4.10
1/22/2003 pH 7.48 EC 557 T 15.6 0-18 na
2/19/2003 pH 7.41 EC 538 T 17.6 0-18 -4.01
3/26/2003 pH 7.54 EC 534 T 20 0-18 -4.17
4/24/2003 pH 7.33 EC 545 T 21.9 0-18 -3.93
5/27/2003 pH 7 EC 582 T 214 0-18 -4.15
6/17/2003 pH 715 EC 541 T 23.2 0-18 -3.51
7/2/2003 pH 6.97 EC 564 T 23.7 0-18 -4.02
9/17/2003 pH 7.39 EC 560 T 23.6 0-18 -4.01
11/15/2003 pH 7.07 EC 580 T 20.8 0-18 -4.02
3/6/2004 pH 7.59 EC 478 T 18.8 0-18 -3.67
5/1/2004 pH 7.57 EC 534 T 19.3 0-18 -3.99
6/25/2004 pH 7.24 EC 416 T 23.6 0-18 -4.77
7/31/2004 pH 7.19 EC 550 T 247 0-18 na
9/8/2004 pH 6.98 EC 546 T 22.5 0-18 na
10/30/2004 pH 7.29 EC 544 T 22.8 0-18 na
11/24/2004 pH 6.9 EC 539 T 20.2 0-18 na




111

Table A-6. Hydrochemical measurements (EC=electrical conductivity in uS/cm,
T=Temperature in °C, and O-18=5"20 in %o) of Honey Creek at the sampling
point upstream of the Cotton spring in Comal County, TX.

Date Variable Value Variable Value Variable Value Variable Value
8/13/2002 pH na EC na T na 0-18 -3.70
9/25/2002 pH 6.74 EC 579 T 21.6 0-18 -3.85
11/13/2002 pH 6.94 EC 557 T 20.8 0-18 na
12/18/2002 pH 7 EC 585 T 20.7 0-18 -4.18
1/22/2003 pH 6.89 EC 605 T 20.2 0-18 -4.17
2/19/2003 pH 6.87 EC 596 T 20.3 0-18 -4.07
3/26/2003 pH 6.94 EC 586 T 20.4 0-18 -4.19
4/24/2003 pH 7.03 EC 593 T 21.8 0-18 -3.97
5/27/2003 pH 6.73 EC 624 T 21.3 0-18 -4.02
6/17/2003 pH 6.72 EC 586 T 21.7 0-18 -3.81
7/2/2003 pH na EC na T na 0-18 na
9/17/2003 pH 7.01 EC 595 T 22.7 0-18 -4.06
11/15/2003 pH 6.62 EC 611 T 21.2 0-18 -4.06
3/6/2004 pH 7.23 EC 549 T 20.8 0-18 na
5/1/2004 pH 714 EC 558 T 20 0-18 -3.96
6/25/2004 pH 6.92 EC 520 T 22.4 0-18 -4.42
7/31/2004 pH 6.94 EC 587 T 23.1 0-18 na
9/8/2004 pH 6.69 EC 583 T 21.8 0-18 na
10/30/2004 pH 6.87 EC 574 T 21.9 0-18 na
11/24/2004 pH 6.76 EC 538 T 20.4 0-18 na
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Table A-7. Hydrochemical measurements (EC=electrical conductivity in uS/cm,
T=Temperature in °C, and O-18=5"20 in %o) of Honey Creek at the sampling
point upstream of the Delta spring in Comal County, TX.

Date Variable  Value Variable Value Variable Value Variable Value
8/13/2002 pH na EC na T na 0-18 -3.87
9/25/2002 pH na EC na T na 0-18 -3.65
11/13/2002 pH 7.16 EC 553 T 20.3 0-18 -4.09
12/18/2002 pH 7.14 EC 575 T 20.4 0-18 -4.11
1/22/2003 pH 7.14 EC 603 T 19 0-18 -4.28
2/19/2003 pH 7.08 EC 619 T 19.8 0-18 -3.82
3/26/2003 pH 7.15 EC 605 T 20.3 0-18 na
4/24/2003 pH 71 EC 580 T 22 0-18 -4.11
5/27/2003 pH 6.93 EC 623 T 21.2 0-18 -4.11
6/17/2003 pH 6.81 EC 581 T 22.3 0-18 -3.78

7/2/2003 pH 6.65 EC 599 T 22.5 0-18 -3.33
9/17/2003 pH 7.09 EC 594 T 22.4 0-18 -4.05
11/15/2003 pH 6.67 EC 608 T 20.8 0-18 -4.05

3/6/2004 pH 7.31 EC 558 T 211 0-18 -3.93

5/1/2004 pH 7.21 EC 557 T 19.9 0-18 -4.01
6/25/2004 pH 6.91 EC 541 T 22.5 0-18 -4.40
7/31/2004 pH 6.95 EC 584 T 21.4 0-18 na

9/8/2004 pH 6.81 EC 586 T 20.7 0-18 na
10/30/2004 pH 6.93 EC 578 T 21.8 0-18 na
11/24/2004 pH 6.8 EC 538 T 20.4 0-18 na
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Table B-1. Station information for trend test on western Texas streamflow. The
name and site number of the stations follow the USGS gauging station naming
convention. Area: drainage area in km?.

ID Site Station name Area Basin

1 08124000 Colorado Rv at Robert Lee, TX 39645 Colorado
07228000 Canadian Rv nr Canadian, TX 59223 Canadian

3 08134000 N Concho Rv nr Carlsbad, TX 3279 Colorado

4 08126380 Colorado Rv nr Ballinger, TX 42367 Colorado

5 08136000 Concho Rv at San Angelo, TX 14354  Colorado

6 08133500 N Concho Rv at Sterling City, TX 1523  Colorado

7 08121000 Colorado Rv at Colorado City, TX 10272 Colorado

8 08138000 Colorado Rv at Winchell, TX 65214  Colorado

9 08143500 Pecan Bayou at Brownwood, TX 4299 Colorado

10 08136500 Concho Rv at Paint Rock, TX 17027  Colorado

11 08082000 Salt Fk Brazos Rv nr Aspermont, TX 13287 Brazos

12 07227500 Canadian Rv nr Amarillo, TX 50363 Canadian

13 08084000 Clear Fk Brazos Rv at Nugent, TX 5695 Brazos

14 08412500 Pecos Rv nrOrla, TX 54934 Rio Grande

15 08449000 Devils Rv nrJuno, TX 7071 Rio Grande

16 08446500 Pecos Rv nr Girvin, TX 76560 Rio Grande

17 08211000 Nueces Rv nr Mathis, TX 43149 Nueces

18 08147000 Colorado Rv nr San Saba, TX 80852 Colorado

19 08089000 Brazos Rv nr Palo Pinto, TX 61670 Brazos

20 08080500 DMF Brazos Rv nr Aspermont, TX 22782 Brazos

21 08128450 Mid Concho Rv Tankersley, TX 5398 Colorado

22 08082500 Brazos Rv at Seymour, TX 40243 Brazos

23 08091000 Brazos Rv nr Glen Rose, TX 66869 Brazos

24 08088000 Brazos Rv nr South Bend, TX 58723 Brazos

25 08085500 Clear Fk Brazos Rv at Ft Griffin, TX 10329 Brazos

26 08194500 Nueces Rv nr Tilden, TX 20961 Nueces

27 08087300 Clear Fk Brazos Rv at Eliasville, TX 14755 Brazos

28 08093100 Brazos Rv nr Aquilla, TX 70562 Brazos

29 08158000 Colorado Rv at Austin, TX 101033 Colorado

30 08146000 San Saba Rv at San Saba, TX 7889 Colorado

31 08210000 Nueces Rv nr Three Rivers, TX 39956 Nueces

32 08144500 San Saba Rv at Menard, TX 2940 Colorado

33 07312500 Wichita Rv at Wichita Falls, TX 8133 Red

34 08194000 Nueces Rv at Cotulla, TX 13393 Nueces

35 08455000 Pinto Ck nr Del Rio, TX 645 Rio Grande

36 08096500 Brazos Rv at Waco, TX 76558 Brazos

37 08127000 Elm Ck at Ballinger, TX 1166 Colorado

38 08148500 N Llano Rv nr Junction, TX 2367 Colorado

39 08178000 San Antonio Rv at San Antonio, TX 108 San Antonio

40 08208000 Atascosa Rv at Whitsett, TX 3033 Nueces

41 08128000 S Concho Rv at Christoval, TX 1070 Colorado

42 07331600 Red River at Denison Dam nr Denison, TX 102875 Red

43 08168710 Comal Spgs at New Braunfels, TX Guadalupe

44 08169000 Comal Rv at New Braunfels, TX 337 Guadalupe

45 08093500 Aquilla Ck nr Aquilla, TX 798 Brazos

46 07298000 N Tule Draw at Res nr Tulia, TX 490 Red

47 08374000 USIBW Alamito Ck nr Presidio, TX 3885 Rio Grande

48 08095000 N Bosque Rv nr Clifton, TX 2507 Brazos

49 08193000 Nueces Rv nr Asherton, TX 10572 Nueces



Table B-1. Continued,

ID Site Station name Area Basin

50 08150000 Llano Rv nr Junction, TX 4802 Colorado

51 08176500 Guadalupe Rv at Victoria, TX 13463 Guadalupe
52 07315500 Red Rv nr Terral, OK 74393 Red

53 08186000 Cibolo Ck nr Falls City, TX 2142  San Antonio
54 08173000 Plum Ck nr Luling, TX 800  Guadalupe
55 08151500 Llano Rv at Llano, TX 10870 Colorado
56 08205500 Frio Rv nr Derby, TX 8881  Nueces

57 08172000 San Marcos Rv at Luling, TX 2170  Guadalupe
58 08190000 Nueces Rv at Laguna, TX 1909 Nueces

59 08153500 Pedernales Rv nr Johnson City, TX 2334  Colorado
60 08171000 Blanco Rv at Wimberley, TX 919 Guadalupe
61 08168500 Guadalupe Rv abv Comal Rv at New Braunfels, TX 3932 Guadalupe
62 08195000 Frio Rv at Concan, TX 1008 Nueces

63 08167500 Guadalupe Rv nr Spring Branch, TX 3406 Guadalupe
64 08188500 San Antonio Rv at Goliad, TX 10155 San Antonio
65 08185000 Cibolo Ck at Selma, TX 710 San Antonio
66 08183500 San Antonio Rv nr Falls City, TX 5473  San Antonio
67 08167000 Guadalupe Rv at Comfort, TX 2173  Guadalupe
68 08198000 Sabinal Rv nr Sabinal, TX 534 Nueces

69 08192000 Nueces Rv bl Uvalde, TX 4820 Nueces

70 08181500 Medina Rv at San Antonio, TX 3411  San Antonio
71 08179000 Medina Rv nr Pipe Creek, TX 1228 San Antonio
72 08166000 Johnson Ck nr Ingram, TX 295  Guadalupe
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