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ABSTRACT
In this study, hydrological processes are evaluated to determine impacts of stream restoration in the West Turkey Creek, Chiricahua Mountains, southeast Arizona, during a summer-monsoon season (June–October of 2013). A paired-watershed approach was used to analyze the
effectiveness of check dams to mitigate high ﬂows and impact long-term maintenance of hydrologic function. One watershed had been extensively altered by the installation of numerous small check dams over the past 30 years, and the other was untreated (control). We modiﬁed
and installed a new stream-gauging mechanism developed for remote areas, to compare the water balance and calculate rainfall–runoff ratios.
Results show that even 30 years after installation, most of the check dams were still functional. The watershed treated with check dams has a
lower runoff response to precipitation compared with the untreated, most notably in measurements of peak ﬂow. Concerns that downstream
ﬂows would be reduced in the treated watershed, due to storage of water behind upstream check dams, were not realized; instead, ﬂow
volumes were actually higher overall in the treated stream, even though peak ﬂows were dampened. We surmise that check dams are a useful
management tool for reducing ﬂow velocities associated with erosion and degradation and posit they can increase baseﬂow in aridlands.
© 2015 The Authors. River Research and Applications published by John Wiley & Sons, Ltd.
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INTRODUCTION
Arid and semi-arid regions often experience ﬂooding in
monsoonal summer months, when precipitation is delivered
via short, intense rain events, causing erosion in channels
and degradation of stream habitat. Aridland-based cultures
have adapted ways to slow and retain runoff using various
rock detention structures (Herold, 1965; Doolittle, 1985;
Fish et al., 2003; Pandey et al., 2013; Waterfall, 2004).
Studies have shown that such detention structures can reduce peak ﬂows and ﬂoods (Stabler, 1985; Lenzi, 2002;
Norman et al., 2010, 2014) and also reduce erosion (Castillo
et al. 2007; Polyakov et al., 2014). In a desert wetland,
detention structures demonstrate increases in surface water
*Correspondence to: L. M. Norman, U.S. Geological Survey, Western Geographic Science Center, 520N. Park Ave, Ste. #102K, Tucson AZ 85719,
USA.
E-mail: lnorman@usgs.gov
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and increased vegetation despite drought (Malcom and
Radke, 2008; Radke, 2013; Norman et al., 2014). Nichols
et al. (2012) found increased soil moisture at channels
treated with check dams versus those without. Dams constructed by the North American beaver (Castor canadensis)
improve watershed conditions by stabilizing and extending
streamﬂow (Stabler, 1985; DeBano and Heede, 1987), yet
little research documents the extent to which man-made
detention structures might impact long-term aridland water
supplies.
Restoration has been a major goal at the El Coronado
Ranch (EC), in the West Turkey Creek watershed,
Chiricahua Mountains of Southeast, Arizona, USA (Voeltz,
2010; Dobie, 2012). Thousands of check dams were constructed by hand in small channels, usually less than 60 cm
in height, and spaced at intervals of 6–20 m (Minckley,
1998; Figure 1). A few dams have failed, redistributing their
rocks, and others maintained and reconstructed. According
to Minckley (1998), check dams at EC maintain a failure
rate of less than 1.0% over a 10-year period.
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manner together. We present an innovative modiﬁcation of
a new stream-gauging methodology and compare the hydrological response to document the inﬂuence of check dam
restoration.

MATERIALS AND METHODS
Study area

Figure 1. Photograph of check dams in the Turkey Pen sub-watershed of West Turkey Creek, southeast Arizona. This ﬁgure is available in colour online at wileyonlinelibrary.com/journal/rra

Anecdotally, we see that these check dams are not just reducing peak ﬂows but also impacting surface-water availability in the treated watershed. To quantitatively document
these hypotheses, we established an experiment to compare
the treated sub-watershed with an adjacent sub-watershed
(control) that has not been treated with check dams, based
on the assumption that the two respond in a predictable

West Turkey Creek (WTC) originates in the higher elevations of the Chiricahua Mountains, of the Madrean
Archipelago (a.k.a. Sky Island) region of southwestern
North America (Omernik, 1987; Warshall, 1995; Skroch,
2008; Figure 2). The intermittent-wet WTC contributes to
groundwater replenishment for domestic and agricultural
water in the Willcox Basin (Arizona Department of Water
Resources, 2009). WTC was formed by the Turkey Creek
Caldera, an Oligiocene center that is deeply eroded, exposing hypabyssal volcanic and shallow plutonic rocks
(Marjaniemi, 1969; Du Bray and Pallister, 1991, 1995,
1999; Graham, 2009). An erosion-resistant dacite porphyry
complex forms much of the highlands, and erosion of the
soft, ash-rich white layer at the base of a thick rhyolite tuff
is obvious. Mixed deciduous and evergreen woodlands
mapped by Halvorson et al. (2002) are stratiﬁed by
elevation.
Turkey Pen (TP) is the tributary where restoration began
around 1983, with continued grazing (Figure 2). The subwatershed is 769 ha and approximately 5 km long, with a
554-metre change in elevation, with no exposed bedrock
and very little incision (Figure 1). Over 2000 check dams

Figure 2. Location map depicting gauges, weather stations, streams, topography, watershed boundaries and land ownership. This ﬁgure is

available in colour online at wileyonlinelibrary.com/journal/rra
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are installed uniformly, creating low gradient slopes with
low banks, which cause ﬂow to spread across the terrace
and through vegetation. Soils are mainly ﬁne sands with
much organic material deposited above the dams, creating
wide alluvial deposits, ranging in widths over 3–6 m. The
check dams create a small scour pool at the downstream
base, and ﬂow is conﬁned by mild, sloping banks strewn
with trees and boulders. TP has vegetation in the channel,
composed mainly of single-stem and clump grasses along
with other annuals and algae in longer-lived pools. A few
trees are dispersed in the main channel with root masses
and trunks that create some obstructions.
Rock Creek (RC) was selected as our control site, located
just north of the ranch on U.S. Forest Service land, also
grazed by cattle, but with no check dams (Figure 2). The
majority of ﬂow occurs through deep channels with large
boulders and overexposed bedrock. The watershed is three
times as large as TP, approximately 2405 ha, with approximately 10 km from outlet to peak and topographic relief variance approximately 1238 m. Despite the differences in size,
similarities between the control and treated sub-watersheds
include slopes, location and proximity, soils, land cover, geology and also in biology, documented by scientists tracking
the Sonoran mud turtle (Kinosternon sonoriense; Van
Loben Sels et al., 1997). Minckley (1998) monitored these
two sub-watersheds to document impacts of check dams
but found the need to install continuous-recording devices,
which is what we did.
Hydrology
The water budget describes ﬂows into and out of the system
as:
P ¼ Q þ ET þ ΔS þ I-O

(1)

where P is precipitation, Q is runoff, ET is evapotranspiration, ΔS is the change in water storage (in soil or the bedrock), I is groundwater inﬂow to the watershed aquifer and
O is groundwater outﬂow. Groundwater inﬂow (I) is often
small, relative to precipitation, and little water is lost to
groundwater outﬂow (O) from the system due to the thickness and low hydraulic conductivity of bed sediments and
minimal fractures. We roughly estimate ET as 67% (U.S.
Geological Survey, 1990), although it is likely that the enhanced vegetation identiﬁed in the treated watershed would
use more water than the sparser riparian zone found in our
control. Using these assumptions, we rearrange the water
budget to solve for the change in storage:
ΔS ¼ ðP-67%Þ-Q

(2)

During rainfall, precipitation soaks into the soil before exceeding inﬁltration capacity and running off. The initial

capacity of a dry soil is high but decreases over time depending on rainfall (intensity and duration), vegetation (interception and transpiration) and soil characteristics (texture and
structure), as well as on the antecedent soil moisture content
(previous rainfall or lack of). Rainfall–runoff ratios are calculated by dividing runoff depth by rainfall depth over a
catchment area (Q/P). If the soil moisture content is assumed
to temporarily increase by the difference between P and Q,
then the magnitude of short-term ΔS can be examined (Osborn and Lane, 1969; Canﬁeld and Goodrich, 2003).
Precipitation (P). Precipitation within the WTC ranges
between 38 and 66 cm of rain per year, most of which is
received from July through mid-September (Fuller, 2014)
and occurring as isolated, cellular, high-intensity
thunderstorms (Goodrich et al., 1997). Rain gauges
separated by more than 5 km in this region are not
adequate to represent rainfall/runoff modelling due to
spatial rainfall variability (Goodrich et al., 1995). Three
gauges exist at the perimeters of the combined
approximately 32 km2 study area (Figure 2). The WTC
ALERT gauge 3040 (31°51′36.00″N, 109°20′9.00″W) is
approximately 0.6 km south of the edge of the TP
watershed at 1907 m elevation, and the Long Park ALERT
gauge 3090 (31°53′46.30″N, 109°17′0.30″W) is at the
peak of the RC watershed, elevation 2768 m (Fuller,
2014). These event-based tipping buckets report in realtime whenever there is 1 mm of precipitation. A Davis
Instruments Weatherlink data-logger station is located at
the EC (31° 52′ 7.8564″, 109° 22′ 2.3478″), elevation
1779 m, approximately 0.25 km from the perimeter of TP
and 0.5 km from its outlet.
Runoff (Q). We modiﬁed the Continuous Slope Area (CSA)
method (Smith et al., 2010) to document runoff at both the
treated and control sites. This entailed creating a
continuous record of stream stage, measuring channel
characteristics and capturing periodic measurements of
discharge at gauge locations as described in the subsequent
discussions. This information was compiled to develop the
stage–discharge relationship (rating curve) and then a
hydrograph (Stewart et al., 2012; Perlman, 2014).
The CSA method was developed by the U. S. Geological
Survey’s Arizona Water Science Center (Smith et al., 2010)
to estimate discharge at medium and high ﬂows over a
hydrograph without the need for direct measurements. Stewart et al. (2012) outline the assumptions, limitations, potential errors and uncertainties associated with the CSA
method. Smith et al. (2010) recommend that at least four
stations be used to estimate discharge per CSA gauge, where
each station consists of a pressure transducer at a surveyed
cross-section within the slope-area reach. Slope-area reaches
are long, straight and somewhat trapezoidal shape and have
a gentle slope (Dalrymple and Benson, 1967). Due to
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limited project resources, each modiﬁed CSA gauge in this
study consisted of only two stations, upstream and downstream. The pressure transducers, Solinst® Model 3001
Levelogger Junior Edge dataloggers (Georgetown, Ontario,
Canada), were set to measure water level and temperature
every 15 min. These were inserted into steel holsters and
bolted instream at an angle of between 45° and 60° facing
downstream on 21 June 2013 at RC (Figure 3a) and 24
May 2013 at TP (Figure 3b). A barometric pressure transducer was installed at the EC lodge (elevation 1781 m) to
correct for local air pressure.
It is not required to have direct measurements of stage and
discharge for the CSA gauge method for medium–high
ﬂows, but it is necessary for low ﬂow. Calculating discharge

requires surveys of channel dimensions (Turnipseed and
Sauer, 2010). Surveys are required for estimating crosssectional areas that must be updated regularly. A real-time
kinematic global positioning system base station with differential corrections and Total Station Survey were used to acquire precise bearings and cross-section surveys. A ﬂow
meter was used to capture in-stream wading measurements
of stage and discharge at varying levels and volumes of ﬂow
to help develop stage–discharge relationships.
Cross-section geometries were input to the Hydrologic
Engineering Center’s River Analysis System (HEC-RAS;
Brunner, 2002) model with the discharge measurements to
develop an expanded rating table for each site. Manning’s
Roughness Coefﬁcients (n-values) were applied to indirect
measurement computations (Aldridge and Garrett, 1973),
and HEC-RAS was used deﬁne the upper end of the rating.
Slope-Area Computation measurements, one in-stream wading measurement and gauge height of zero ﬂow (GZF) observations were used to deﬁne the low end.
Over 12 000 stage measurements were recorded at each of
the pressure transducers. Data from the upstream (primary)
stations were used for gauge height, and data from downstream were used to acquire water-surface slope between
them. Our modiﬁed-CSA gauges were effective if ﬂow over
them was deep enough to have a continuity of water-surface
slope, which occurred only during high-ﬂow events. During
low ﬂows, discharge was computed by applying gaugeheight data from the primary station to the stage-discharge
rating. To estimate the total volume of runoff per watershed,
the area under the curve of each hydrograph was calculated
using the Trapezoid or Quadrature Rule for approximating
deﬁnite integrals (Kreyszig, 1993).

RESULTS
Precipitation

Figure 3. Photographs of steel holster constructed to house the

leveloggers at (a) untreated watershed and (b) treated watershed.
This ﬁgure is available in colour online at wileyonlinelibrary.
com/journal/rra

A variety of methods was considered to interpolate P for
each watershed using different combinations of the gauge
data, including daily means from each station. The two-tail
p and the t-stat demonstrate no signiﬁcant difference between the three gauges (p = 0.53, 0.73, 0.83), and the
Pearson’s test values show medium–high correlation. The
three gauges report rainfall with the same daily mean at a
95% conﬁdence level. Therefore, we used the arithmeticmean technique to calculate areal precipitation using the
daily averages of all three rain-gauges (Brooks et al.,
1997). The ﬁrst precipitation recorded during the study
was 1 July 2013 and the last was 20 September 2013
(Table I; Figure 4). The gauge located at the EC suffered
an outage between 7 September 2013 and 20 October
2013. Average precipitation for the entire study period
(1 July–25 October) is 2.99 mm/day.
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Table I. Total precipitation recorded per month and study
timeframe (cm).
July

August

September

October

Total

16.1

14.4

4.2

0

34.8

Runoff
Seasonal hydrographs were developed using the stage data
and the rating curves to quantify discharge. Figure 4 portrays the hyeto-hydrographs for 116 days, beginning 1 July
(ﬁrst rain)–October, where maximum volumetric ﬂow rate
per day is compared with precipitation. It is noted that neither CSA gauge indicated runoff response to precipitation
falling at the beginning of July; we assume this is due to
moisture content prevailing in the soils and transmission
losses.

The runoff values for TP (M = 0.0047, SD = 0.0002,
N = 11190) were signiﬁcantly different from RC
(M = 0.0106, SD = 0.0003, N = 11190) using the two-sample
t-test for unequal variances, p < 0.001. Total runoff volumes
are 107 082 cubic metres in RC and 46 976 cubic metres
from TP. This was normalized by dividing runoff volumes
by the drainage areas; the area depth in RC (24.05 km2) is
0.44 cm, and in TP (7.69 km2) is 0.61 cm for the entire study.
Table II shows the ratio (percent of rainfall accounted for
by runoff) from month to month, normalized for differences
in area between the watersheds. The ratio in both watersheds
are low in July, due to low antecedent soil moisture content,
yet as the soil proﬁle becomes saturated in August, runoff is
generated equally in both watersheds. In September, rainfall
begins to exceed inﬁltration capacity regularly in the treated
watershed (TP) creating a ratio that is more than double that
in the untreated watershed (RC). Because there was no rain

Figure 4. Hyeto-hydrographs portray the maximum rate of ﬂow (discharge) per day versus time past each continuous slope area gauge, plotted
against daily total precipitation (averaged from available rain gauges) at (a) untreated watershed and (b) treated watershed. This ﬁgure is
available in colour online at wileyonlinelibrary.com/journal/rra
© 2015 The Authors. River Research and Applications published by John Wiley & Sons, Ltd.
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Table II. Total volumes of runoff and precipitation in paired watersheds with runoff ratios (from July–September).
Untreated/control (RC)

July
August
September
October

Q volume
(total cubic metres)

Precipitation
(monthly total *
watershed size,
in cubic metres)

12 959
58 139
34 264
1720

3 878 490
3 468 960
1 011 780
0

in October, we could not create a ratio but the volumes of
water per watershed size were greater in TP.

DISCUSSION
Arid and semi-arid lands in the southwestern United States
and northwest Mexico are characterized by relative extremes
in the hydrologic cycle, including high ET, low precipitation
with high-intensity storms, low annual runoff with high volume, short duration, storm ﬂow runoff as well as channeltransmission losses (Branson et al., 1981; Hernandez
et al., 2000; Martín-Rosales et al., 2007). A cycle can be
recognized within the treated watershed, for which check
dams ﬁll in with sediment, water is detained and water availability increases. Regularly spaced check dams transform
gullies by decreasing gradients, increasing roughness and
spreading ﬂow.
Data in this study show that RC is a more ﬂashy system
than TP, with higher transmission losses and water moving
out of the watershed immediately following the onset of precipitation. The majority of data showed that rain events in
RC were followed by high runoff response, where ﬂows
reach 0.2 cm in 7 days during with minimal response at
TP. One exception to this occurred on 14 August, with an
increase in rainfall at TP, not reﬂected in either of the
ALERT gauges or at RC. The rain gauge at the EC reported
5.2 cm, the greatest rainfall recorded during the study, with
an average rate of 20.8 mm/h, over 150 times the average
(0.12 mm/h) this summer. The modiﬁed-CSA at TP reported
1.346 cm (Figure 4b) and then maintained the ﬂow for 24 h
at an average of 0.081 cm. After the peak on 14 August,
there were no signiﬁcant silt or sand deposits in TP, ﬂow
was relatively clear. The only evidence of this extreme event
was that the grass in the ﬂoodplain had lain down.
Check dams create more storage space for groundwater,
resulting in higher water tables over time and increasing
runoff rates (called rejected recharge). Energy is reduced
by the intersection with both check dams and the detention
step-pool morphology —allowing for a very slow, controlled but steady, release of water (Lee and Ferguson,

Treated (TP)

Runoff
(%)

Q volume
(total cubic
metres)

Precipitation
(monthly total *
watershed size,
in cubic metres)

Runoff
(%)

0.33
1.68
3.39
0

0
18 561
27 560
855

1 238 090
1 107 360
322 980
0

0
1.68
8.53
0

2002; Milzow et al., 2004; Castillo et al., 2013). In TP,
the shallow soil is underlain by rock or ﬁner soils, allowing
the soil pores to be saturated by rainfall and subsequently
generate runoff (Juracek, 1999). In RC, runoff is generated
when rainfall exceeds inﬁltration, typical for deep soils in
arid and semiarid regions, (Beven, 2004).
A common concern is that check dams harvesting water
in the upper reaches of the watershed will decrease surface
ﬂows to lower regions, but this study documents the opposite. The runoff ratio in the treated watershed (TP) increased
over time to more than double the control (RC) during the
study. The total volume of runoff per watershed, normalized
by dividing by the drainage area (area depth) is 0.44 cm in
RC and 0.61 cm in TP. Heede (1977) and DeBano (1984)
noted similar results of creating a saturated zone within the
sediment trapped behind check dams in gullies of the Alkali
Creek drainage and posit that small dams may be effective
in increasing summer ﬂows because of this.
Limitations to our study
In semiarid environments, runoff response decreases with
increasing watershed size due to potential increase in
channel-transmission losses and because runoff-producing
storms are limited in spatial extent (Osborn and Lane,
1969; Goodrich et al., 1994, 1995; Canﬁeld and Goodrich,
2003). Without having an exact replica from one paired
sub-watershed to the next, the direct comparison from one
to another is full of potential error due to even the slightest
differences in size, elevation, soil type, geology, vegetation,
rainfall, topography, geomorphology and so on. However,
the inﬂuence of land management on water supplies has
been successfully documented using the paired-watershed
approach and, hence, contributes to our understanding of
the hydrologic cycle and the effects of management on it
(Kincaid et al., 1966; Hornbeck, 1973; Bosch and Hewlett,
1982; Beschta et al., 2000; Ziemer and Ryan, 2000; Huang
et al., 2003; Veum et al., 2009). Another limitation of the
study is the lack of long-term monitoring (Wilm, 1949), especially in the case of wintertime rainfall, which is typically
lower intensity, produces less runoff, and, due to its less
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erratic patterns, is presumably less sensitive to changes in
inﬁltration (Kennedy et al., 2013).
We cannot present these results without acknowledging
the potential for error in our assumptions and the limited
monitoring both in time and space. It is recognized that
more rain gauges would better capture spatial distribution
of rainfall, and ﬁeld validation data would improve ET estimates. We also note that CSA gauges are not intended for
measuring low-ﬂow data-collecting, that processing labour
can introduce error, and that ideally, at least four pressure
transducers should be used at each CSA gauge (Smith
et al., 2010). Other errors can be introduced based on instrumentation, data processing and analysis variance. While a
complex ﬁeld investigation and hydrological modelling beyond the scope of this study would be required to further investigate, and scale and spatial variability are recognized as
problems that need to be addressed, there are limited data
sets for studying these problems, and ours is a ﬁrst attempt.

CONCLUSIONS
The restoration of riparian corridors using rock check dams,
when streams have been altered by cattle grazing and other
disturbances, is found to promote a cascade of beneﬁcial
processes to the larger watershed and ecosystem. The
treated watershed demonstrates a reduction in the average
rate of ﬂow compared with the control, by more than onehalf, most notably in size and duration of peak ﬂow. Check
dams enable deposition and storage of loose, sandy soils
with high inﬁltration capacities to dominate the treated
channel and create more capacity to detain water upstream.
Sediment detention provides additional substrate for riparian plants, further increasing the potential for inﬁltration
and groundwater storage capacity. The treated channel
maintains moisture over time that ultimately increases and
extends baseﬂow via slow-release through check dams.
The treated watershed is able to sustain approximately
28% more ﬂow volume in our study than the untreated watershed (per unit area). This is groundwater-supported ﬂow,
most notable after rainfall-induced runoff has ﬁnished in
channels treated with check dams.
In the realm of ecosystem services, it is warranted to
consider the cost of installing and maintaining check dams
versus the cost of water, habitat and carbon provisioning,
ﬂood control and erosion prevention. The potential for
natural erosion processes, like gullying, to increase losses
of water storage, supports more forward-thinking solutions
for prevention and sustainability. We anticipate that historical adaptations to aridity and drought, like the installation
of rock detention features, may pave the way for modern societies to adapt to future climate change. In semi-arid watersheds, precipitation is sufﬁciently rare that maintaining

groundwater levels, and consequently baseﬂow, is critical
for creating functioning watersheds and to the survival
and/or expansion of aquatic and riparian ecosystems.
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