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Abstract.—Stream channels are integral to watershed function and are
affected by watershed management decisions. Given an understanding
of the relationships among channel and watershed variables, they may
serve as indicators of upland condition or used in distributed rainfall-

runoff models. This paper presents a quantitative analysis of fluvial
morphology as related to watershed characteristics for two disparate
sites in Arizona. Detailed geographic information system (GIS) analy
ses were combined with 297 cross-section surveys. Statistical relation
ships among GIS-based watershed and field-based channel variables
are presented and explanations for discrepancies between sites are

given.

Introduction
Watershed management has long focused on the effects
of land use practices on runoff, erosion, and off-site im
pacts. The drainage network plays a critical role in water
shed processes since it serves to route water across and out
of a watershed. Furthermore, stream channels serve as

critical habitat and migration corridors for many species

of birds, animals, and fish. In the semi-arid Southwest,
riparian communities are recognized for their importance
to a wide diversity of species. Physically-based hydrologic
models rely on channel morphologic estimates to improve
their predictive capabilities (Feldman, 1995; Smith et al.,
1995). Given that stream channels play important roles in
the hydrologic response of a watershed and in the com
plexity and diversity ofecological systems, understanding
their responses to watershed management and subse

quent effects on water quality and peak and volume runoff
is important.

One avenue for investigating a stream channel and its

connectivity to the surrounding watershed is the assess

ment of its morphology (i.e., size and shape) with respect
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to upland characteristics. Historically, the size and scope
of such analyses limited research into this area. Prior to
recent advances in geographic information systems (GIS)
and computer tools, large-scale geomorphic investiga
tions were overly time consuming, imprecise, and imprac
tical (Guertin et al., 2000). This is not to imply that signifi
cant advances in the understanding of channel dynamics
were lacking, rather that data requirements and high
overhead limited the practical range of such research (see
Abrahams, 1984 for a technical review). The advent of GIS
allows for the pursuit of detailed large-scale geomorphic
analysis relating channels to their uplands.
In this study, detailed channel morphology surveys
were carried out in two regions of eastern Arizona repre
senting a wide range in watershed characteristics. GIS
tools were created to characterize the areas contributing
runoff to the survey sites. Field and GIS data were corre
lated to assess the relationships among watershed charac
teristics and channel morphology. Strong predictive rela
tionships were derived from these data that illustrate the
watershed factors responsible for dictating fluvial re
sponse. These relationships hold implications for water
shed practices and may be useful for hydrologic modeling
studies on ungauged or remote watersheds.

Description of the Study Areas
Stream channels included in this study were surveyed
on the Apache-Sitgreaves National Forest of east-central
Arizona and USDA-ARS Walnut Gulch Experimental
Watershed, located in southeastern Arizona. Within the
Apache-Sitgreaves, five smallperennial streams were stud
ied: the West, East, and South Forks of the Little Colorado

River, the West Fork of the Black River, and it's tributary
Thompson Creek. Basalt and andesite flows form rolling
topography to the east of Mount Baldy, an extinct volcano

within the Apache-Sitgreaves. The climate of the Mount
Baldy area has been classified as moist to subhumid
(Merrill, 1970). Mean annual precipitation is 76 cm at
Sheep Crossing on the West Fork of the Little Colorado
River, with half of the yearly precipitation falling during

summer thunderstorms (Merrill, 1970). Although there
are seasonal fluctuations in these streams, flow occurs
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year round. Elevation ranges from 2256 to 3474.5 meters

determine a standard reach geometry composed of aver

(7402 to 11403 feet). Vegetation types in the study area

age channel width, depth, and cross-section area. High-

range from open ponderosa pine forests at the lower

resolution orthophotographs were used to geo-locate crosssection sites on Walnut Gulch, while a global positioning
system (GPS) served to provide coordinate locations for
survey sites in Apache-Sitgreaves. These sites were input
into a GIS to allow for spatial analysis with other GIS data
layers.

elevations near Greer, Arizona, to spruce and fir forests on
the upper flanks of Mount Baldy (Elmore, 1976). Vegeta
tion cover consists of forests with small meadows on
Mount Baldy and within the canyons, and large open
meadows with patches of forest on the volcanic flows.

The Walnut Gulch Experimental Watershed is a rela
tively small (150 km2) experimental watershed encom
passing the town ofTombstone, Arizona. The watershed is
heavily instrumented with rain gauges and various runoff
measuring devices amidst rolling hills ranging from 1190
to 2150 m elevation. Climate within the region has been
classified as semi-arid or steppe (Renard et al., 1993).
Approximately 60%-70% of annual rainfall occurs during
summer monsoon rainstorms, with the remainder prima
rily falling during winter frontal storms. Vegetation within
the watershed is representative of the transition zone
between the Sonoran and Chihuahuan deserts, and is
composed primarily of grasslands and desertscrub com
munities.

Smaller in size than the Apache-Sitgreaves study area,
Walnut Gulch is consequently more homogeneous with

less complex hydrology and geology. Stream channels are
ephemeral, and the majority of runoff occurs during sum
mer monsoonal activity. While talus slopes in gorges and
well-developed soils in meadows and forests are found
with meandering well-formed streams on the ApacheSitgreaves region. Walnut Gulch is typified by poorly
developed soils with swales in its uplands and sandybottom washes with high transmission losses in larger
channels.

Methods
Channel cross-section surveys were carried out on 233
stream reaches within Walnut Gulch and 64 within the
Apache-Sitgreaves study areas. Separate sampling meth

odologies were imposed on the two study areas: a random
sample design was used on Walnut Gulch, while uniform
sampling was carried out on Apache-Sitgreaves. Chan
nels with slopes greater than 6% were excluded from the

Comprehensive GIS databases were constructed for
Apache-Sitgreaves and Walnut Gulch. Of primary interest
to this study were the topography, soils, vegetation, and

geology data. A high-resolution (10 m) digital elevation
model (DEM) was constructed from low-level aerial pho
tography for Walnut Gulch, while a USGS DEM (30 m)
was built for Apache-Sitgreaves. It is recognized that GIS
analysis is dependent on the scale and quality of the input
data (Miller et al., 1999) and that mixing data sources
confounds quantitative comparative analysis. However,
for the purposes of this paper, wherein empirical relation
ships among watershed characteristics and channel mor
phology were determined, differences due to DEM sources
are less significant than in process-based analyses and so
are assumed to be negligible.
Using each of the channel survey points as outlets,
subwatersheds were derived using flow direction and
flow accumulation algorithms based on the DEM surfaces
(ESRI, 1997). Watershed characteristics were derived for
each of the 297 subwatersheds, including area, slope,
maximum flow length, cumulative channel length, drain
age density, perimeter length, basin shape, elevation
change, dominant soil type, geology, and vegetation.
Stream channel morphology variables collected in the
field were correlated to GIS analysis using standard statis
tical techniques. Simple and multiple regression analyses
were used to determine the principle deterministic rela
tionships in the Apache-Sitgreaves and Walnut Gulch
study areas. In this way, similarities and differences in
fluvial geomorphic response to watershed characteristics
between the two regions were detected. This paper is
concerned primarily with channel width and cross-section
area. Channel width is of prime importance to rainfallrunoff modeling, and cross-section area represents the
total response of a channel to upland and local conditions.

Apache-Sitgreaves because they were deemed unsuitable
for geometric assessment. Likewise, unstable channels
undergoing rapid adjustments or actively degrading chan

Results

nels were not sampled.

Channel characteristics measured in the ApacheSitgreaves study area were distinct from those measured

In all cases,multiplecross-sectionsweresurveyed within
each stream reach to ensure that the reach geometry was

in Walnut Gulch for watersheds with similar properties.

adequately characterized. Three cross-sections at each

Differences in hydrologic regime, soils, and vegetation are

sample point were surveyed, and the results averaged to

presumed to be responsible for the observed morphologic
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variability. Some variability may be attributed to crosssection survey error in both study areas; however, system
atic error in sampling methods between the two regions

was absent. Student t-testing at the 95% confidence level
showed that the'sample populations of channel width,
depth, and cross-section area were significantly different
from one another. These results are more substantial given
that the watersheds surveyed in the two regions over
lapped in size, shape, and other factors that govern hydro-

I

[

logic response.

Linear regression models were fit between the channel
morphology measurements and the GIS-derived water
shed characteristics for each survey point. These results
were used to investigate watershed factors that contribute
to channel forming processes. Channel morphology is a
function of local (bed and bank material, vegetation) and
watershed (hydrologic response, size, geometry) control.
The purpose of this research was to investigate the water

shed factors that influence channel formation; consequently
local variables were not measured. While this decision is
recognized as a limitation on analysis, some inferences
regarding local control were made based on field observa
tion.

A host of watershed variables, listed earlier, were used
in the preliminary analysis. A subset of these variables was
found to be related to channel morphology at both study
sites: watershed area (Aw), elevation change (E), and
maximum flow length (Lm). These variables are closely
tied to runoff processes, which are in turn responsible for
channel formation. Figure 1 shows some of relationships
among channel properties and watershed area and the
maximum flow length within a watershed.
Note that there is an offset between Walnut Gulch and
Apache-Sitgreaves data points, while the slopes of the
relationships for width and cross-section area are very
similar. In general, channels on Walnut Gulch are wider
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Figure 1. Relationships of channel width and cross-section area relative to watershed area and maximum flow length for Walnut
Gulch and Apache-Sitgreaves study areas. Regression lines are shown to illustrate the offset and similarities in slopes between
the two study areas.
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and larger than on the Apache-Sitgreaves for similar wa
tersheds, but channels on both areas increase in size at
relatively the same rate. Recall that Apache-Sitgreaves
data were collected onforested watersheds with perennial

streams, while Walnut Gulch is a rangeland with ephem

eral washes. Runoff on Walnut Gulch tends to be from
flash floods and consequently more catastrophic. Further

more, soils on Walnut Gulch contain less clay and are

therefore less cohesive. These factors, in contrast to the
stabilizing forces provided by vegetation and less violent
runoff on Apache-Sitgreaves, combine to produce larger,
wider channels on Walnut Gulch, thus creating the offset
between the study sites. It is somewhat surprising, given
these confounding factors, that the slopes of the relation
ships in figure lare similar, implying that channels are
increasing in size at approximately the same rate at both
sites. Stream power, which is directly related to runoff
volume and velocity and therefore channel excavation,
appears to be increasing at similar rates on both study
areas. Further research into runoff rates and hydraulic

geometry is necessary to address this topic; unfortu

nately, while long-term gauging records are available for
Walnut Gulch, a paucity of runoff data exists for Apache-

Sitgreaves.

One of the goals of this research was to provide deter
ministic models for predicting channel morphology on
ungauged basins for use in hydrologic modeling and
hydraulic geometry research. Towards this end, simple
and mul tiple regression models were developed to predict
channel width and cross-section area. Results on both
study areas were very promising when multiple regres
sion techniques were used (table 1), but the Apache-

Watershed Gerties* *"" ^^

Sitgreaves data contained greater variability than the
Walnut Gulch data when related to a single watershed

characteristic (figure 1).

Using multiple regression in the determination of chan
nel morphology improved the predictive capability as
illustrated by the high coefficients of determination (r2) in
those models shown in table 1. While the simple models
work well on Walnut Gulch, models with high r2 could not

be found for Apache-Sitgreaves. Thus, it is suggested that
the simpler models be applied on Southwest rangelands
similar to Walnut Gulch, while the more complicated
multiple regression models be employed on areas similar
to Apache-Sitgreaves.

Conclusions
Stream channels within two areas of differing water
shed and hydrologic characteristics (a rangeland and a
forested area) were intensively surveyed and their con
tributing areas investigated with a GIS to determine the

relationships among channel morphology and various
watershed variables. Strong deterministic relationships
for channel width and cross-sectional area were found for
both areas. Variability in hydrologic response, soil cohe
sion, and vegetation, account for differences in the statis
tical models between the study sites. These statistical
relationships should prove useful for future research into
hydraulic geometry and rainfall-runoff modeling in the

Southwest.
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