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CHARACTERIZATION AND EVALUATION OF CHANNEL AND
HILLSLOPE EROSION ON THE ZUNI INDIAN RESERVATION,

NEW MEXICO, 1992-95

By Allen C. Gellis

Abstract

Like many areas of the southwestern United
States, the Zuni Indian Reservation, New Mexico,
has high rates of erosion, ranging from 95 to
greater than 1,430 cubic meters per square
kilometer per year. Erosion on the Zuni Indian
Reservation includes channel erosion (arroyo
incision and channel widening) and hillslope
(sheetwash) erosion. The U.S. Geological Survey
conducted a 3-year (1992-95) study on channel
and hillslope erosion in the portion of the Rio
Nutria watershed that drains entirely within the
Zuni Indian Reservation. Results of the study can
be used by the Zuni Tribe to develop a plan for
watershed rehabilitation.

Channel changes, gully growth, headcuts,
and changes in dirt roads over time were examined
to characterize and evaluate channel erosion in the
Rio Nutria watershed. Channel cross-sectional
changes included width, depth, width-to-depth
ratio, area, and geometry. Relative rates of gully
growth, headcuts, and changes in dirt roads over
time were examined using aerial photographs.
Results of resurveys conducted between 1992 and
1994 of 85 channel cross sections indicated
aggradation of 72 percent of cross sections in three
subbasins of the Rio Nutria watershed. Forty-
eight percent of resurveyed cross sections showed
an increase in cross-sectional area and erosion;
nine of these are in tributaries. Some channels (43
percent) aggraded and increased in cross-sectional
area. This increase in cross-sectional area is due
mostly to widening. Channel widening is a more
pervasive form of erosion than channel scour on
the Zuni Indian Reservation. The tops of channels
widened in 67 percent and the bottoms of channels
widened in 44 percent of resurveyed cross

sections. Narrow, deep triangular channels are
more erosive than rectangular cross sections.

Five land-cover types--three sites on mixed-
grass pasture, two sites on unchained pifion and
juniper, one site on sagebrush, one site on
ponderosa pine, and two sites on chained pifion
and juniper--were each instrumented with
sediment traps between 1992 and 1994 to measure
hillslope erosion. Highest sediment yields were
measured at chained areas and mixed-grass
pasture. Annual yields from sites that were
operated for more than a year were 11.7, 6.0, and
6.5 metric tons per square kilometer per year at a
pifion and juniper site, mixed-grass pasture site,
and sagebrush site, respectively.

INTRODUCTION

As a result of litigation between the Zuni Tribe
and the U.S. Government, the Zuni Land Conservation
Act of 1990 was passed. This act obligated the Zuni
Tribe to formulate a Zuni Sustainable Resource
Development Plan, which, among other mandates,
shall include a program of watershed rehabilitation.
The act required the development plan to be completed
in 2 years. To help develop this program of watershed
rehabilitation, the U.S. Geological Survey (USGS)
entered into a cooperative agreement with the Pueblo
of Zuni.

To develop an approach toward watershed
rehabilitation, the Zuni Tribe instituted the Zuni
Conservation Project, which included several work
groups: range science, fish and wildlife, geographic
information system (GIS), forestry, hydrology and
erosion, and agriculture. Each group agreed that a pilot
watershed should be studied to provide interpretive
data that would assist in watershed-rehabilitation and
erosion-control strategies. Dr. William Fleming of the
University of New Mexico (written commun., October



1993) independently reviewed the study conducted by
the hydrology and erosion work group and its
usefulness in developing an approach to selecting a
watershed for rehabilitation. Because of its importance
in the Zuni community and its natural diversity, the Rio
Nutria watershed was selected as this pilot watershed.
Only results of the studies conducted in the Rio Nutria
watershed by the hydrology and erosion work group
are presented in this report, which was prepared in
cooperation with the Pueblo of Zuni.

Purpose and Scope

This report describes the results of a 3-year
USGS study to characterize and evaluate channel and
hillslope erosion in the portion of the Rio Nutria
watershed that drains entirely within the Zuni Indian
Reservation. Results of this study can be used by the
Zuni Tribe to develop a program for watershed
rehabilitation, which includes development of an
approach for selecting the most appropriate watersheds
for rehabilitation, appropriate erosion-control
strategies, and a program to monitor the effectiveness
of erosion-control strategies. References listed in the
appendix (at the back of the report) provide additional
approaches to, methods of, and case studies on erosion
control and watershed rehabilitation.

The Zuni Land Conservation Act of 1990
decreed that only lands in the Zuni Indian Reservation
be subject to rehabilitation. Thus, the scope of this
report does not extend beyond the Zuni Indian
Reservation boundary. This may limit some
interpretations because upstream hydrologic and
geomorphic factors may affect downstream erosion.
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DESCRIPTION OF THE STUDY AREA

Location and Setting

The Zuni Indian Reservation (fig. 1) is located in
the southern portion of the Colorado Plateau
physiographic province in western New Mexico
(Fenneman, 1931). Landform features are flat-topped
or gently sloping mesas, dissected by intermittent and
ephemeral streams. Elevations on the reservation range
from 1,800 to 2,350 meters (m) above sea level. The
climate of the Zuni Indian Reservation is semiarid, and
the average annual rainfall reported at Zuni Village is
305 millimeters (mm). Terrestrial habitats consist of
mixed shrub, sagebrush, pifion, juniper, cottonwood,
willow, and grasslands (U.S. Army Corps of Engineers,
1992). The Zuni Indian Reservation comprises
165,280 hectares (ha), of which the primary land uses
are rangeland for sheep and cattle grazing in the valley
bottoms and irrigation and dry-land farming. The
population of the Zuni Indian Reservation in 1990 was
8,996.

The major drainage of the Zuni Indian
Reservation is the Zuni River, which is a tributary to
the Little Colorado River and joins it in eastern
Arizona. The drainage area of the Zuni River at the
Arizona border is 3,403 square kilometers (kmz); about
1,810 km? are outside the Zuni Indian Reservation
boundary. Principal tributaries of the Zuni River are the
Rio Pescado and Rio Nutria (fig. 1). Flow is
intermittent in the Zuni River, Rio Nutria, and Rio
Pescado. Tributaries to these systems are ephemeral,
and runoff results from summer convective storms,
snowmelt runoff, and rainfall on snowpack.

Erosion on the Zuni Indian Reservation

Like many areas of the southwestern United
States, the Zuni Indian Reservation has high rates of
erosion, ranging from 95 to greater than 1,430 cubic
meters per square kilometer per year (m3/km2/yr)
(New Mexico Natural Resource Department, 1978).
Erosion on the Zuni Indian Reservation includes
channel erosion (arroyo incision and channel
widening) and hillslope (sheetwash) erosion. An
arroyo is a channel incised in alluvial and colluvial
material that contributes a large amount of sediment in
a semiarid watershed (Leopold and others, 1966).
Hillslope erosion is the erosion and transport of soil













































All sites instrumented with sediment traps were
grazed with either cattle, sheep, or horses, although
grazing pressure is higher at pasture sites than at other
land-cover sites. An animal unit month (AUM) is
defined as a 900- to 1,000-pound (408- to 454-kilogram
(kg)) animal grazing for 1 month; the AUM’s for each
site listed in table 7 are reported as "animal livestock
density." Five sheep are considered equal to one cow.
Although land-cover sites PA-2 and PA-3 are grazed,
AUM's could not be estimated because the land users
were not granted a permit.

Three sediment traps were installed on each site
(fig. 6). Contributing areas to each trap were not
bounded. To determine contributing area, each
hillslope was surveyed. The coordinates and elevation
of each surveyed point were entered into a computer
software package, and a topographic map was
generated for each trap. The contributing area was then
delineated and digitized to compute contributing area
and slope. There may be some error in defining the
contributing area of each trap by surveying the
hillslope because the divide for the contributing area on
a hillslope may be a subtle feature that can be missed in
the survey. This method for estimating drainage area is
not fully satisfactory; therefore, bounding the
contributing area to the sediment trap with an
impervious material, such as described by Loughran
(1989), may be a more satisfactory method. The slope
of the contributing area, reported in degrees, is defined
as the angle between a horizontal line and a line
between the trap and the divide along a line defining the
greatest length of the contributing area.

The distribution of slopes for the five land-cover
types instrumented with sediment traps was
determined using a GIS. Elevation for the area was
obtained from a USGS standard 7.5-minute digital
elevation model (DEM) with a 30- by 30-m resolution
grid. To improve accuracy, the grid was resampled
down to a 10- by 10-m grid. The DEM coverage was
obtained from the Earth Resources Observation
Systems (EROS) data center in South Dakota.

The distribution of slopes for each land-cover
type is shown in figure 8. The average weighted slope
for each land-cover type is:

Mixed-grass pasture - 9.4 percent,
Unchained pifion and juniper - 16.9 percent,
Sagebrush - 11.8 percent,

Ponderosa pine - 15.2 percent, and

Chained pifion and juniper - 8.1 percent.

The sediment traps were located on slopes that
closely represent the mean slope for each land-cover
type (fig. 6). The sediment traps for ponderosa pine
were placed on slopes that are higher than average.

Data collected at the sediment trap sites include
total sediment (dry weight of sediment), in grams, and
total runoff (total weight (mass) of water and sediment
runoff to the trap), in grams. After a rain event,
personnel in the field first weighed each bucket with.a
hand scale. Any sediment deposited in the trough was
emptied into the bucket. To ease collection, some of the
water was poured out of the bucket and weighed again.
Sediment that was in suspension was assumed to be
insignificant. The remaining water and sediment was
brought to the lab. The sediment concentration, in parts
per million (ppm), was calculated by dividing the dry
weight of sediment, in grams, by the weight of
sediment and water and multiplying by 1,000,000.

Three cumulative rain gages were installed in the
Rio Nutria watershed (fig. 1; table 1) and read between
trap collection periods. When the collection dates for
the traps did not coincide with the rain-gage readings,
rainfall data from the NOAA weather service rain gage
at Zuni Village were used instead (U.S. Department of
Commerce, National Oceanic and Atmospheric
Administration, 1992-94). The weather service rain
gage is located 15.3, 30.6, and 37.0 km, respectively,
from the three cumulative rain gages.

CHANNEL EROSION

Top width-to-depth ratios were derived from
initial channel surveys of Y-Unit Draw, Conservation
Draw, and Benny Draw in 1992 (fig. 9A-C). In all three
subbasins top width-to-depth ratios immediately
downstream from headcuts are low relative to upstream
from headcuts (fig. 9; table 3). The channel deepens
downstream from a headcut, reaching a maximum
depth at 415 m downstream from the headcut in Y-Unit
Draw, 527 m in Conservation Draw, and 366 m in
Benny Draw (fig. 10A-C). Top width increases
downstream from a headcut; in Y-Unit Draw the
maximum top width of 65.6 m is 1,045 m downstream
from a headcut, in Conservation Draw the maximum of
21.2 mis 203 m downstream from a headcut, and in
Benny Draw the maximum of 21.8 m is 350 m
downstream from a headcut (fig. 11A-C). Changes of
channel geometry in an upstream direction are depicted
for Conservation Draw and tributary CDT3, where an
upstream decrease in channel top width and a decrease
in vegetation can be observed (fig. 12). A study of
gullies in Medicine Creek, Nebraska, showed a gradual
decrease in depth downstream from a headcut and a
maximum in gully width a thousand feet (305 m)
downstream from the headcut (Brice, 1966).
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WIDTH-TO-DEPTH RATIO, IN METERS PER METER
(measured at top of channel cross section)
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Figure 9.--Top width-to-depth ratios, surveyed in 1992, along (A) Y-Unit Draw,
(B) Conservation Draw and tributaries, and (C) Benny Draw and

tributaries.
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Fifty-eight percent, 80 percent, and 79 percent of
resurveyed cross sections in Y-Unit Draw (fig. 13A),
Conservation Draw (fig. 13B), and Benny Draw
(fig. 13C), respectively, showed aggradation during
1992-95 (table 4). For all 85 cross sections, 72 percent
(n=61) showed aggradation (fig. 14; table 4). Of these
aggraded cross sections, about 59 percent (50)
aggraded between 0 and 0.2 m (fig. 14). Aggradation is
synonymous with a negative change in depth between
surveys. Channel scour is a positive change in depth
between surveys and occurred in 27 percent (23) of
resurveyed cross sections. Four of these cross sections
are in tributaries. Of the 23 cross sections that showed
scour, about 57 percent (13) scoured between 0 and 0.1
m. One cross section showeéd no change.

Of resurveyed cross sections in Y-Unit Draw
(31), Conservation Draw (30), and Benny Draw (24),
52,47, and 62 percent, respectively, showed a decrease
in cross-sectional area, meaning that the cross sections
have filled in with sediment (table 4). Forty-eight
percent of all cross sections showed an increase in
cross-sectional area and have eroded. Nine of these
eroded cross sections are in tributaries.

The top of the channel widened, between 1992
and 1995, in 67 percent of the resurveyed cross
sections (table 4); nine of these cross sections were in
tributaries. The bottom of the cross section widened in
44 percent of the resurveyed cross sections (table 4);
eight of these cross sections were in tributaries.
Widening at the top of the cross section ranged from 0
to 3 m; 78 percent of the cross sections widened from 0
to 0.5 m. Tributary cross sections that widened at the
top of the cross section show the lowest top and bottom
width-to-depth ratios, 2.3 and 3.9, respectively
(table 5). Ninety-three percent of all cross sections that
increased in cross-sectional area widened at either the
top or bottom of the cross section (table 4).

Histograms of top and bottom width-to-depth
ratios and mean changes in cross-sectional area
indicate that the size class of width-to-depth ratio
decreases as the cross-sectional area increases (fig. 15).
There was an increase in scour with a decrease in top
and bottom width-to-depth ratios for those cross
sections that have scoured more than 0.05 m (fig. 16).
If an increase in cross-sectional area indicates channel
erosion, then narrow, deep channels are more
susceptible to erosion. In Oaklimeter Creek,
Mississippi, equilibrium was approached when the
width-to-depth ratio was approximately 6 (Schumm
and others, 1984). Cross sections that have scoured
more than 0.05 m and are triangular show higher scour
than rectangular cross sections (fig. 16).

An arroyo channel can deepen by the upstream
migration of a headcut, and top width-to-depth ratios
typically are lower in reaches immediately downstream
from the headcut, ranging from 2.29 to 3.63 in the three
surveyed subbasins (table 3). Immediately upstream
from the headcut the channel has not deepened, and its
top width-to-depth ratios tend to be higher, ranging
from 3.96 to 8.21 in the three surveyed subbasins
(table 3). In Oaklimeter Creek, Mississippi, width-to-
depth ratios generally ranged from 4.7 in the channel
reach upstream from the headcut to 3.8 in the channel
reach immediately downstream from the headcut
(Schumm and others, 1984). Width-to-depth ratios
reached a maximum of 7.8 12,000 feet (3,658 m)
downstream from the headcut.

Width-to-depth ratios of the cross sections also
are influenced by human factors. The high top width-
to-depth ratios and shallow depths at YUD14 and BD9
(figs. 9 and 10) are due to their locations upstream from
an earthen dam. Deposition behind the dam decreases
channel depth and increases the top width-to-depth
ratio. The great depth of YUD18 is due to its location
downstream from a road crossing with a culvert. Flow
through the culvert concentrates energy, increases
velocities, and accelerates erosion, forming a scour
hole downstream that increases channel depth.

The 41 cross sections that increased in cross-
sectional area during 1992-95 have an average top
width-to-depth ratio of 4.6, which is lower than cross
sections that showed fill and have an average top
width-to-depth ratio of 4.9. A Mann-Whitney rank sum
test showed no statistically significant difference in the
median values of the two groups. The average bottom
width-to-depth ratio is 4.9 in cross sections that
increased in cross-sectional area, which is lower than
the 9.0 average bottom width-to-depth ratio in cross
sections that filled with sediment. Closer examination
of cross sections that increased in cross-sectional area
shows that top and bottom width-to-depth ratios are
lowest in tributary cross sections (table 5).

Cross sections increased in cross-sectional area
by widening or scouring. More cross sections
increased in cross-sectional area (4 1) than scoured (23)
because some cross sections that aggraded also
increased in cross-sectional area. Twenty-eight, 50, and
47 percent of cross sections in Y-Unit Draw,
Conservation Draw, and Benny Draw, respectively,
aggraded and increased in cross-sectional area
(table 4). Of all cross sections, 43 percent aggraded and
increased in cross-sectional area.



2.0

1.5

—h
(=]

o
o

= o
»n o

CHANGE IN DEPTH, IN METERS
o

-1.5

Figure 13.--Changes in depth between 1992 and 1995 for resurveyed cross sections in

| YUDS

/'r"'Yuoa

T ! | N ]

(A) Y-UNIT DRAW

- YUD11 i
YUD19
YUD10"
YUD14
HEADCUT EARTHE%\ pam  CULVERT
] 1 | I | 1 $l N | | , (
0 2,500 5,000 7,500 10,000 12.500

DISTANCE UPSTREAM, IN METERS

EXPLANATION

YuD10 SURVEYED REACH SHOWN IN FIGURE 4

(A) Y-Unit Draw, (B) Conservation Draw and tributaries, and (C) Benny
Draw and tributaries.

30

DEGRADATION

AGGRADATION



CHANGE IN DEPTH, IN METERS

CHANGE IN DEPTH, IN METERS

0.8

0.6

0.4

0.2

0.0

1.2
1.0
0.8
0.6
0.4
0.2
0.0
-0.2
-0.4
-0.6

-0.8

DISTANCE UPSTREAM, IN METERS

I ! | ' ) ' | T i v | ' |
(B) CONSERVATION DRAW
- CD5 -
}— e
CD_1O 'CD12
CD2 )\[ cDh9
CD4 ]
u CD7  neapcuT i
1 o | N 1 " i T N 1 s | 2 I
0 500 1,000 1,500 2,000 2,500 3,000 3,500
DISTANCE UPSTREAM, IN METERS
1 I 1 1 I I 1
N TRIBUTARIES OF CONSERVATION DRAW _
[ J
B cDT5 ® 7
| e..cDT2 -
4 "I . ‘
L .. o\‘-\ L] -
| coT CDT7 CDT6 1
N o -
| | ] | 1 L ]
0 500 1,000 1,500 2,000 2,500 3,000 3,500

DEGRADATION

AGGRADATION

AGGRADATION DEGRADATION

Figure 13.--Changes in depth between 1992 and 1995 for resurveyed cross sections in

(A) Y-Unit Draw, (B) Conservation Draw and tributaries, and (C) Benny

Draw and tributaries--Continued.

31



CHANGE IN DEPTH, IN METERS

CHANGE IN DEPTH, IN METERS

1.0 T T T T T T ) T " T '
o (C) BENNY DRAW
D BD1 "~ BD5s BD7 N
X\ BD2 BD4 | ; .--BD10
0.0 i FE.
BD8 m\
BD11
0.5 BD3 N
-1.0 -
-1.5 |- BD6 BD8 _
2.0 + -
25 EARTHEN DAM _
~r HEADCUT
'T‘o BD7 1\
-3.0 A | ) ] \ | ] . ] A
-500 0 500 1,000 1,500 2,000 2,500
DISTANCE UPSTREAM, IN METERS
2z
O
1.0 . . . I ; T r 5
o5 L TRIBUTARIES OF BENNY DRAW | 2
o
0.0 (LI:.)I
CDT1 - (o]
-0.5 | A .‘x N
-4
1.0 L CDT2 B o
>
-1.5 L o’ - <D(
o
2.0 L - (0]
(O]
<
-2.5 | ]
_30 1 | i l 1 | 1
-500 0 500 1,000 1,500

DISTANCE UPSTREAM, IN METERS

Figure 13.--Changes in depth between 1992 and 1995 for resurveyed cross section in

(A) Y-Unit Draw, (B) Conservation Draw and tributaries, and (C) Benny
Draw and tributaries--Concluded.

32

DEGRADATION

AGGRADATION



NUMBER OF CROSS SECTIONS

30

25

20

15

10

POSITIVE VALUES
INDICATE SCOUR

Less -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 More
than to to to to to to to to to to than
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.5

CHANGE IN DEPTH, INMETERS

Figure 14.--Distribution of aggradation between 1992 and 1995
for all resurveyed cross sections.

33



Table 3.--Summary of top width-to-depth ratios, surveyed in 1992, upstream and
downstream from headcuts in the three surveyed subbasins of the Rio Nutria

watershed
Reach number Average top width-to-
Subbasin and and number of depth ratio for reach
number (fig. 3) Location cross sections (meters per meter)
Y-Unit Draw - 1 Downstream from headcut YUD10-3 3.63
Y-Unit Draw - 1 Upstream from headcut YUD11-2 8.21
Conservation Draw - 9 Downstream from headcut CD8-3 241
Conservation Draw - 9 Upstream from headcut CD9-2 3.96
Benny Draw - 8 Downstream from headcut BD6 -2 2.29
Benny Draw - 8 Upstream from headcut BD7 -2 6.26
Table 4.--Cross-sectional channel changes in Y-Unit Draw,
Conservation Draw, and Benny Draw, 1992-95
Widening
at top or
bottom of
channel
cross
section
Aggradation and
Decreasein in addition to: Increasein  increase in
Cross- Cross- Cross-
Number sectional Increase in sectional sectional
Subbasin of cross Aggradation area Increase in bottom area area
(fig. 3) sections (percent) (percent) top width width (percent) (percent)
Y-Unit Draw 31 58 52 68 45 28 93
Conservation
Draw 30 80 47 59 48 50 94
Benny Draw 24 79 62 71 33 47 90
All cross
sections 85 72 52 67 44 43 93
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Table 5.--Average changes, 1992-95, in top and bottom width-to-depth ratios for all
resurveyed cross sections of (A) increasing cross-sectional area and decreasing
cross-sectional area, (B) scour in cross sections and aggrading cross sections,
(C) widening at top of channel and nonwidening cross sections, and
(D) widening at bottom of channel and nonwidening

Average
change in
cross-sectional Average top Average
Number of area (square width-to- bottom width-
Feature cross sections meters) depth ratio to-depth ratio

A. Change in cross-sectional area

Cross sections that increased in

cross-sectional area (except 32 1.65 5.3 5.6
tributaries)
Tributary cross sections that 9 3.08 23 24

increased in cross-sectional area

. hat .
Cross Sect.10n5 that decreased in 14 150 . 55
cross-sectional area

B. Change in depth of cross section

Cross sections that scoured

(except tributaries) 19 015 69 124
Tributary cross sections that 4 -0.49 24 42
scoured

Cross sections that aggraded 62 0.15 43 7.0

C. Change in width at top of cross section

Cross sections that increased in

top width 48 0.44 5.3 5.3
jl'nbutary cross sections that 9 0.30 23 39
increased in top width

Cross sections that did not 28 032 47 A7

increase in top width

D. Change in width at bottom of cross section

Cross sections that increased in
bottom width 29 0.52 5.1 7.2
Tributary cross sections that 8 0.87 2 -

increased in bottom width

Cross sections that did not
increase in bottom width 48 -0.54 5.0 94
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Channel aggradation may increase cross-
sectional area, depending on whether the flows erode
into the banks and widen the channel. Ninety-three
percent of cross sections that increased in cross-
sectional area also widened at either the top or bottom
of the cross section. Widening in cross sections is not
uniform with depth (table 4). This difference in
widening at different depths can occur when the top of
the channel is widening as the lower channel is filling
in. Sheetwash over the terrace surface as it enters the
channel also may widen the top of the channel and
increase the cross-sectional area. Channel widening is
a more pervasive form of channel erosion than channel
scour. Results of the resurveys indicate that a change in
cross-sectional area over time is a better indicator of
channel erosion than channel scour.

Results of the resurveys indicate that most
resurveyed channel cross sections aggraded and most
cross sections widened. This may indicate that arroyo
evolution for most of the resurveyed cross sections is in
stage “c” or higher (fig. 2A). Tributary cross sections
show more erosion than main-stem channels (trunk)
and may be in stages “b” through “d” (fig. 2A). Several
researchers have presented evidence of widespread
arroyo aggradation in the Western United States in the
20th century (Leopold and others, 1966; Emmett,
1974; Graf, 1987). Leopold and others concluded, in
their study of sediment sources in an ephemeral
drainage network, that channels near Santa Fe, New
Mexico, were aggrading from 1958 to 1964. Average
net aggradation of channels in their study ranged from
0.0009 to 0.030 m/yr. Continued monitoring showed
aggradation continuing to 1974 (Leopold, 1976).
Reports on channel changes at eight other sites in the
Western United States showed either aggradation or
equilibrium; none showed degradation (Emmett,
1974). Results from this study support this trend in
arroyo aggradation. Because most cross sections in this
study are aggrading, a possible decision on gully
rehabilitation may be nonintervention. In the Alkali
Creek watershed, Colorado, nontreated gullies showed
a decrease in soil loss over time (Heede, 1977).

Gully lengths per unit subbasin area increased
from 1934 to 1988 in 9 of 12 subbasins for which data
are available (fig. 17; table 6). The largest increase in
gully length was 5,117 m in Garcia Draw. The largest
increase in gully density was 573 m/km? in Crow
Canyon (fig. 3). For the total area of coverage (285.9
km?), gully lengths increased 12,062 m from 1934 to
1988 or 0.78 n1/k1n2/yr. The cause of the larger
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increase in gully length per subbasin area for the
observed subbasins could not be determined; however,
the increase probably is related to basin slope, soil type,
vegetation type, intensity and duration of rainfall, and
land use. Additional data are needed for further
analysis.

Lower Nutria, Burnt Timber Canyon, and Three
Canyon Draw showed a decrease in total gully length
from 1934 to 1988 (fig. 3; table 6). This decrease is due
to either structural control or natural processes. The
placement of structures in the channels may cause
sediment deposition and gully filling. Gully filling with
sediment may be due to arroyo evolution, a natural
healing and aggradational process (Gellis and others,
1991).

Headcut density in subbasins in the Rio Nutria
watershed in 1988 varied from 0.8 to 20.5 headcuts per
km? (table 6). Headcuts lower the channel base level,
which leads to channel incision and rejuvenation of
erosion in a basin (Schumm and others, 1984).
Subbasins that have relatively higher headcut density
may be subject to higher rates of channel erosion.

The length of dirt roads increased in the Rio
Nutria watershed (294 km?) from 97.79 km in 1934 to
307.2 km in 1988 or 13.2 m/km?/yr. The largest
increase in dirt road length of 39.55 km was in the
Lower Nutria (fig. 3), an area used extensively for
agriculture. The largest increase in dirt roads per unit
subbasin area was 1,859 m/km? in Three Canyon Draw
(fig. 3; table 6). Dirt roads accelerate erosion in two
ways: (1) dirt roads convey runoff, which can cause
erosion when it enters a channel and (2) the road itself
can form a gully.

HILLSLOPE EROSION

A summary of sediment trap data is provided in
table 7. Not all traps were operating during the same
period. To adjust for this difference in collection
periods, the comparison of hillslope erosion at each site
included analysis of volume-weighted sediment
concentration. The volume-weighted sediment
concentration, reported in parts per million, is the ratio
of total sediment divided by the total runoff for the
period of record.



(A)

Rio Nutria
watershed boundary

35°L‘i /
10° - ., s
A . Zuni Indian

Reservation boundary

f;k/ '/‘ Pescado
0 5 KILOMETERS EXPLANATION
} I | l I| l ;I I 1 < Gullyin 1934
0 5MILES

Figure 17.--(A) 1934 gully map of Rio Nutria drawn from 1:28,000-scale aerial photographs and
(B) 1988 gully map of Rio Nutria drawn from 1:15,840-scale aerial photographs .

40



-
(B) |
Swn,
. ; 7 |
Rio Nutria s
watershed boundary \\ /
v —
. /
‘ & \ -
o 4
=/ -V
Y~ : AYAN
\ /o“"w/ ! g
(é/é‘/\‘ —/'»\. -

35°

10° “ Zuni Indian /

Reservation boundary

. esc
e ..ﬂ‘oﬁ-"\?%
Black
Rock - Pescado
L~

5 KILOMETERS

0

UL L L EXPLANATION
| x T | | 1
0

5 MILES <\ Gullyin 1988

Figure 17.--(A) 1934 gully map of Rio Nutria drawn from 1:28,000-scale aerial photographs and

(B) 1988 gully map of Rio Nutria drawn from 1:15,840-scale aerial photographs--
Concluded. a1



8p - - 6bL 658’1 - a0 (Wi/w) 88-pE6L “Kisuap peor uip wr aduey)
86'1 L£7 09'1 S8 8L0L 851 0T (s1932WODY) 8861 U YI8ua] peol 1
0 - - el vL0 - 0 (s1939wOY) FE61 Ut Yi8us] peol i
L8 S0T A Ve 9 r'e z91 (1939w0[1 arenbs /syndpeay)) L)Isusp JNOPEsH
L2 - - 661 Sve - £6€ (i / ux) Apsuap A3 gg61
1 - - 811 LE- - 09 (ui/w) 88-pe61 ‘Asuap A[nS ut aBuey)
0L - - 016'L £98'1 0 IL¥'T (s1219wW) g6 ut Yiduay AN
8991 - - LLL £90C - 050 (s1933w) FE6T ut yiBusy Ao
187 8L e 96 ¥s g€ 0L (s123wO arenbs) eare uiseq
uofue) uofue) MeI(] Mmexq mexq mei Mmerq saimjeayq
Jaquur], g xog asoy8uo] uohkue)) uohue)) uofkue) uoneA
jumng Kuruai( pung a1y 1addoy -19suo0))
YHION -sse1n)
L08'T €L we €6 T60'1 £90°T 8¢ 655 (U /) 88-FE61 “Asusp peox Jup ur a8ueyd
s A4 €19 #8's 789 61°0€ 0858 907 (s1939WI0[1Y) 8861 U YiBua] peox 11
0 9€0L ¥9Te €91 8v's 96T ST9b 69 (s103WODY) HEL Wl YBua[ peox MIQ
SLL 88 01 89 L9 09 80 ST (1232w arenbs /sjndpeay) Aisusp InopesH
18474 8¢ 0sT €45 86€¢ 9¢p LT ShL (ui/ ) Aysuap A3 gge1
0L 01 0zL 6€C 81- ST 6€- € (U] /w) 88-pe61 “Ansuap A3 ur 28uey)
€21 885°IL 0566 8L5T £TH'LL 9¢€'Tl 1641 85°¢ (s1239w) 8861 Ut Yidud A[inD
eIt V9 pLL'S 2081 06’11 01¥'Z 89/'S 0S¢ (s123u) HE6T Ut Yiduay Ao
0€ 1°0€ 8'6€ S L8 0'9C €01 LT (s1912wO[y arenbs) eare uiseq
Mmexq Mmerq Spue[iopy  uokue)) uofuen) merq eLynN meiq sainjeay
Auuag eloren) MmoxD) Iaquur], uofue)) FEY | JUN-K
nung SuIN
[e0D

[e3ep ou ‘-- {19)oworny arenbs 1od s1ajown \Nax /W ‘¢ 21n3y ur umoys suiseqqns Jo Uoed0T]

surseqqns Ppajod[as JO saINjea--'9 d[qeL

42



001°0¢ LLL 00S°1C 8%9 £y ge € [4 Y6-9C-S 01 €6-81-¢ €-Vd
00€'9C 8'qll 0S1°SC 299 s a1y 14 1 Y6-9C-G 01 €6-81-€ €-vd
0196 LLL 0L8°€ CLE 76 8¢ € € Y6-9C-G 01 €6-81-€ Vd
001y £L01 0S¥'6 8'8¢ g1 Ly € 4 Y6-92-G 01 €6-81-€ -vVd
0987 474 065°C 9¢C1 9¢ 6 € 1 $6-9¢-G 01 €6-81-¢ vd
066°¢ 9'1LE 005’81 €69 08 6'GL [44 € €6-81-01 01 T6-0¢-9 1-vd
ov¥'s £'29¢ 0v6'cL L6€ L91 801 4t 4 €6-81-01 01 26-0¢-9 1-vd
o¥ys’e 414 0S0°LE 011 VAL vs 6 I €6-81-01 01 26-0¢-9 1-vd
06SC 7991 oy’ a8l 6'LC 8¢ 9 € $6-11-€ 01 76-€C-01 1-Od
9°LS I'ys 004'1¥ 144 9'6¢C 6L € [4 $6-11-€ 03 26-€C-01 1-Od
006’11 qeel 0ve’8e LSy 6'LE L'e 8 1 Y6-11-€ 03 ¢6-€C-01 1-Od
006'C1 9Ty 009°9C1 0€9°1 yve '1e L1 € $6-11-€ 93 ¢6-%-9 ¢la
0996 r'éce 0L8'¢¥ ey 8'1C €LL €l 4 ¥6-11-€ 03 26-%-9 ¢la
0¥z’ 6'13¢ 059'/8 961 Lye 6'S1L 4t L ¥6-11-¢ 03 ¢6-7-9 ¢ld
0€T’e 8ell 092’s 041 [A°14 8¢ -} € €6-81-01 03 26-€C-01 I-[d
(48] 088 0829 (4 971 1 L [ €6-81-01 01 26-€C-01 I-fd
0€9 0¥¢1 006'1C 8¢l el L'y S 1 €6-81-01 01 26-€C-01 I-[d
08LT 8421 019°sS €ql 8¢ 661 14 € $6-11-€ 01 26-1-8 1-vS
006'C 1'16¢ 0£9'£9 961 Le ot 01 4 ¥6-11-€ 01 ¢6-1-8 1I-VS
894 0'%0¢ 0€L'TY 8'CE 81l 8L q L y6-11-€ 01 ¢6-1-8 1-vVS
(wdd) (storpuuqrur)  (sweid) (surex) (sa313ap) (1219w pardures RquNu PI0d31 JO POLISJ 9 8y)
uopenuaduod  uoneydpard jjoun JUSWIP3s adorg arenbs) S1VEYE) derg 3)1S 12A0D
JUSWIPas reloL reoL reoL eare Jo JaquInN -pue
paySem aeureig
-9WIN[OA

ejep jo Areuwrwums pue saj1s dexj JUSWIPSS JO sdnsLIdpeIeyd--Z S[qeL

[eyep ou ‘- usdiad ‘o, ‘uoryrux xad syred wdd]

43



004°¢€ 668 000°c 101 1584 401 q € $6-L1-G O €6-V-9 ¢HO
08s'1 S01L 0781 6C 'z Vi 14 [4 $6-L1-G O €6-%-9G ¢-HO
0€€’8 FAYA! 0ST'L2 LT £01 Ly 9 I $6-L1-G O3 €6-F-G ¢-HO
000'81 L'eve 00£°SL 09¢’1 011 08 01 € Y6-L1-G O T6-€C-01 I-HO
0.6's 6'LE1 080°€ P81 e £e S 4 $6-L1-G O3 T6-€C-01 I-HO
000’8 a8l 0vEYS 144 4 LT L 1 ¥6-L1-9 93 C6-€C-01 I-HO
004'1€ Vell 0S9'9C 998 9¢ bs ) € $6-97-G O £6-81-€ £-Vd
(udd) (sIopPuITuI)  (sureid) (swrexd)  (so9139p) (S1919W pordures Idqumu PI0231 JO POLIDJ (9 8y)
uonjenuaduod  uonepdoard Jjouni JUAWIpPas adoig arenbs) SJUIA deay, 9IS 19A0D
JUSWIPIs [elor, reloL [eoL eare jo Taquump -pueq
parySom aeurerg
-auwm[oA

panunuo)--ejep Jo Arewrwuns pue sa31s der) Juswurpas Jo sonsLajoerey)--'/ S[qelL



'SIORUIIIUW (T - §0°0 ‘PUes

SI)OWI[IW (') - 2000 WIS {IQUWI[[IW 7O () UBY) SSI ‘AB[D :SISSB[O 9ZI;

111 4 00€01 060°CE 1ee 69 099 9¢l 991 814 8CC ¢HO
6¥¢ 002€1 ocreet 08’1 <69 LyE 811 601 €LL 0'6¢ I-HO
€89 00S°6C 00€°€L 091'c - 01t 0c'8 811 008 ¥'0s €-Vd
60¢ 045°S 016's1 9'88 - 069 T8 00or 818 081 ¢-vd
01¢ 0LEY 08¥'che 090°1 487 K| 0v9 001 9'¢e8 60¥1 I-vd
96¢ 08%'s 081°/8 174 4 91¢ Véc 811 L€l N 74 Val [-Od
4/ 0698 0¥8'£SC 1 74r4 Py £€9¢ €41 LT 009 440! ¢la
606 020t 01¥'ee 129 69 91 - - - [ I-[d
£'8S 00€°C 010991 8¢ 91¢ 0ce €L 9¢l 169 43 L-VS
(1939wWoTy (wdd) (swre1d)  (sureid) (31e0ay  (sear8ap)  Aepo, s9, puesgy, (s193ow (9 8y)
arenbs UOTBIIUIDUOD Jounr  JUAWIPas 1ad adors [2INIX31 [10§ arenbs) 3J1S 13A0D
/Joun surerd JUIWIPIS [e10L, reloL sjewrue)  aferaay sden jo -pueg
/YUSWIPas pawySrom Aysuap eareaJeurelp
sure1d) praid -9WM[OA ND03SAAT] ®or
JUBWIP3g [ewuy

papnuo))--ejep jo Arewrwns pue sai1s derj Juswirpas Jo sonsuaereyd--/ d[qeL

45



Box plots of volume-weighted sediment
concentrations for samples collected at each trap show
a wide scatter (fig. 18). This scatter may be due to
factors such as time of year, rainfall intensity, soil
permeability, soil saturation, slope, exposed bedrock,
organic litter, and sampling errors, although none of
these variables were quantified. The highest volume-
weighted sediment concentration--33,700 ppm--was
measured at site CH-2, trap 3, a chained area (fig. 19).
The next two highest volume-weighted sediment
concentrations--31,700 and 30,100 ppm--were
measured in grazed pasture at site PA-3, trap 3, and at
site PA-3, trap 2, respectively (fig. 19). The two lowest
volume-weighted sediment concentrations--57.6 and
512 ppm--were measured at woodland sites at site
PO-1, trap 2, and at site PJ-1, trap 2, respectively (fig.
19).

The total sediment and water for each trap was
summed, and a volume-weighted sediment
concentration for each land-cover type was calculated
(fig. 20; table 7). PA-3, a mixed-grass pasture site, and
CH-1, a chained pifion and juniper area, had the two
highest volume-weighted sediment concentrations of
29,400 and 13,700 ppm, respectively (fig. 20). The
lowest volume-weighted sediment concentrations,
1,020 and 2,300 ppm, were measured at an unchained
pifion and juniper site (PJ-1) and a sagebrush site
(SA-1), respectively. After all traps for a particular
land-cover site are summed, the volume-weighted
sediment concentrations for each land-cover type, from
highest to lowest, are:

Chained piiion and juniper - 13,000 ppm,

Mixed-grass pasture - 9,970 ppm,

Unchained piiion and juniper - 7,810 ppm,

Ponderosa pine - 5,480 ppm, and

Sagebrush - 2,300 ppm.

Erosion typically is reported as sediment yield in
tons per square kilometer per year (metric tons/km?/
yr). Because most traps did not operate effectively for
a full year this value was not reported. However, sites
PJ-2, PA-1, and SA-1 did have collection periods
greater than a year, and their annual sediment yields
were 11.7, 6.0, and 6.5 metric tons/kmz/yr,
respectively. The U.S. Department of Agriculture Soil
Conservation Service (SCS) (1974) (now the Natural
Resources Conservation Service) reported erosion
values ranging from 0.5 to 1.0 acre-foot per square mile
per year (238 to 476 m3/km2/yr) for the Rio Nutria
area. By assuming 100 pounds of soil per cubic foot
(1,600 kg/m3) (Das, 1985), these values correspond to
1,100 to 2,200 tons/mi%/yr (380 to 760 metric tons/

kmz/yr). These SCS values, which are based on the
Universal Soil Loss Equation (USLE), range from 32
to 127 times higher than those reported for the
sediment trap data. The difference between erosion
rates reported in this study and erosion rates reported
by the SCS could be related to the short-term nature of
the plot studies used in this study or to the USLE
methodology used by the SCS. Although the USLE
method is based on data collected at a large number of
experimental sites, it may be useful only for the areas
for which it was developed, which does not include the
Zuni Indian Reservation.

Highest sediment concentrations were measured
in chained pifion and juniper and mixed-grass pasture
areas (fig. 20). These are both areas where vegetation
has been reduced. Chaining and removal of pifion and
juniper occurred primarily between 1960 and 1980,
and many chained areas still contain large portions of
bare ground (fig. 7C). Grazing in the pasture areas may
also reduce vegetative cover. The highest sediment
concentrations in these areas may indicate that soil
erosion is related to a decrease in vegetative cover.
Lowest erosion values are in woodland areas
(ponderosa pine and unchained pifion and juniper) and
sagebrush (fig. 20). The woodland areas contain large
areas of vegetative cover and leaf litter, which may
cause erosion values to be lower than in chained and
grazed areas. Slope also could be an important factor
influencing erosion. The high volume-weighted
sediment concentration for trap 1 at site PO-1 may be
due to the high, 37.9-degree slope of that trap (table 7).
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Figure 18.--Sediment concentrations in samples collected from sediment traps, 1992-94.
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SUMMARY

The Zuni Indian Reservation, New Mexico, like
many areas of the southwestern United States, has high
rates of erosion, ranging from 95 to greater than 1,430
m3/km2/yr. Erosion on the Zuni Indian Reservation
includes channel erosion (arroyo incision), hillslope
(sheetwash) erosion, and gullying. The Zuni Land
Conservation Act of 1990 mandated that the Zuni Tribe
develop a program of watershed rehabilitation. To
develop an approach toward watershed rehabilitation,
the Zuni Tribe instituted the Zuni Conservation Project.
Project staff determined that a pilot watershed, the Rio
Nutria watershed, should be studied to provide
interpretive data that will assist in watershed-
rehabilitation and erosion-control strategies.

In a 3-year USGS study (1992 to 1995), channel
changes, gully growth, headcuts, and changes in dirt
roads over time were examined to characterize and
evaluate channel erosion in the Rio Nutria watershed.
Channel cross-sectional changes included width,
depth, width-to-depth ratio, area, and geometry.
Relative rates of gully growth, headcuts, and changes
in dirt roads over time were examined using aerial
photographs.

Seventy-two percent of all 85 resurveyed cross
sections in three subbasins of the Rio Nutria showed
aggradation. For all resurveyed cross sections, 48
percent showed an increase in cross-sectional area and
have eroded. Nine of these cross sections are in
tributaries. Some channels (43 percent) aggraded and
increased in cross-sectional area, due mostly to
widening,.

The top of the cross section widened in 67
percent of the resurveyed cross sections; nine of these
are in tributaries. The bottom of the cross section
widened in 44 percent of the resurveyed cross sections;
eight of these are in tributaries. Tributary cross sections
that widened at the top have the lowest top and bottom
width-to-depth ratios. Ninety-three percent of all cross
sections that increased in cross-sectional area widened
at either the top or bottom of the cross section.

There was an increase in scour with a decrease in
top and bottom width-to-depth ratios for those cross
sections that have scoured more than 0.05 m.
Triangular cross sections that have scoured more than
0.05 m show higher degradation (erosion) than
rectangular cross sections.

Headcuts lower the channel base level, which
leads to channel incision and rejuvenation of erosion in
a basin. Subbasins that have relatively higher headcut
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density may be subject to higher rates of channel
erosion. Gully lengths per unit subbasin area increased
from 1934 to 1988 in 9 of 12 subbasins. For the total
area of coverage (285.9 km?) gully lengths increased
12,062 m from 1934 to 1988 or 0.78 m/km?/yr. The
length of dirt roads increased in the Rio Nutria
watershed (294 km?) from 97.79 km in 1934 to 307.2
kmin19880r13.2 m/kmz/yr. Dirt roads convey runoff,
which can cause erosion when it enters a channel. Also,
a dirt road itself can form a gully.

Channel widening is a more pervasive form of
erosion than channel scour on the Zuni Indian
Reservation. Results of the resurveys indicate that most
resurveyed channel cross sections aggraded and
widened. This many indicate that the stage of arroyo
evolution for most resurveyed cross sections is stage
“c” or higher. Tributary cross sections showed more
erosion and may be in stages “b” through “d”. Because
most cross sections in this study aggraded, a possible
decision on gully rehabilitation may be
nonintervention.

Five land-cover types--three sites on mixed-
grass pasture, two sites on unchained pifion and
juniper, one site on sagebrush, one site on ponderosa
pine, and two sites on chained pifion and juniper--were
each instrumented with three sediment traps to measure
hillslope erosion. For particular land-cover types, the
volume-weighted sediment concentrations, from
highest to lowest, are: chained pifion and juniper -
13,000 ppm; mixed-grass pasture - 9,970 ppm;
unchained piiton and juniper - 7,810 ppm; ponderosa
pine - 5,480 pm; and sagebrush - 2,300 ppm. Highest
sediment concentrations were observed at chained
areas and in mixed-grass pasture. Annual yields from
sites that were operated for more than a year were 11.7,
6.0, and 6.5 metric tons/kmz/yr at the pifion and juniper
site (PJ-2), mixed-grass pasture site (PA-1), and
sagebrush site (SA-1), respectively.
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