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Abstract. Climate change, grazing practic-
es, timbering activities, and erosional thresh-
olds have been proposed to explain wide-
spread accelerated arroyo erosion near the turn
of the century in the southwestern United
States. We analyze the morphology and po-
tential causes of arroyo activity in the Zuni
River drainage basin of New Mexico; our anal-
yses illustrate the linkage between arroyos and
changes that occurred through time in local
precipitation patterns. Substantial archival and
geological evidence confirms dominant
downcutting in the intermediate and small-
size arroyos within the basin for a 20- to 30-
year period beginning near 1905. Historical
climatic records reveal a long and severe
drought from 1898-1904; this drought ended
abruptly with three years dominated by un-
usually frequent high-intensity summer rain-
fall events. Daily weather records show the
following two to three decades had a high
number of intense summer storms, large rain-
fall totals, and few precipitation days. The re-
sults add support for the climate change ex-
planation of periods dominated by arroyo
incision and infilling in the southwestern U.S.

Key Words: arroyo cutting and filling, climatic
change, Zuni River.

HE causes of arroyos in the southwest-

T ern United States continue to be vig-
orously debated in the geomorpholog-

ical community (Graf 1983). Some investigators
believe that these incised stream channels are
caused by human impacts on vegetation asso-
ciated with timbering and grazing activities (e.g.,
Rich 1911; Bailey 1935). Their arguments are

based upon a coincidence in time (late 1800s,
early 1900s) of Spanish and Anglo settlement
in the Southwest and accelerated arroyo de-
velopment in the region. Other researchers fo-
cus on the role of climatic variations, particu-
larly fluctuations in precipitation intensities, in
explaining periods of arroyo entrenchment (e.g.,
Bryan 1925; Leopold 1951; Miller and Wendorf
1958; Bull 1964; Tuan 1966; Cooke and Reeves
1976; Hereford 1984; Hereford and Webb 1989).
Frequent, intense, summer storms and infre-
quent light winter rains may act to weaken veg-
etative cover and encourage arroyo erosion.
More recent work on intermittent and ephem-
eral streams led some researchers to conclude
that arroyo development is more related to
geological erosional thresholds than to changes
in climate (Schumm and Hadley 1957; Schumm
1973, 1976; Patton and Schumm 1975, 1981).
Any fundamental cause of historic arroyo cut-
ting must explain (a) prehistoric cycles of arroyo
cutting and filling which have produced ar-
royos with dimensions similar to current ones
(Wells 1988) and (b) valleys subjected to similar
conditions where certain portions have arroyo
cutting (Peterson 1950).

The arroyos in the Zuni River drainage basin
of New Mexico (Fig. 1) provide an excellent
opportunity for disentangling the various po-
tential causes of arroyo activity near the turn
of the century in the Southwest. These arroyos
are known to have existed in the area before
Spanish or Anglo intervention; timbering be-
gan in the headwaters before widespread ar-
royo development (Resource Consultants 1987);
valley floors were overgrazed by the 1880s with
little change in grazing practices into the early
decades of the twentieth century; and excel-
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Figure 1. Zuni River watershed features.

lent, long-term daily weather records exist for
the area. Given these conditions, our purpose
is to analyze the nature of arroyo activity within
the past hundred years, examine the potential
role of land-use and/or geological erosional
thresholds, and analyze climatic variations that
may be linked to changes in the arroyos. We
believe that our interdisciplinary analyses dem-
onstrate that arroyo activity in the Zuni River
drainage basin is linked, through time, to
changes in precipitation patterns in the area,
and in particular, to precipitation intensities.

Historical Arroyo Conditions

Arroyos in the Zuni area are classified into
three groups based upon the hydrogeologic
conditions, length of continuity and associated
drainage basin size, and geographic position in
the drainage network. The largest arroyos (Zuni,
Nutria, Pescado) are classified as A-scale, which

drain areas exceeding 500 km? and receive
snowmelt runoff from the Zuni Mountains. In-
termediate size arroyos, B-scale, drain areas be-
tween 500 and 20 km? and primarily receive
runoff from thunderstorm activity. The smallest
C-scale arroyos typically drain bedrock uplands
and terminate prior to reaching the B-scale ar-
royos. This classification of arroyos in the Zuni
area s critical because the arroyos of these three
scales respond to different hydrologic condi-
tions and may operate at different rates (Wells
1988).

A characteristic of all sizes of arroyos in the
Zuni River drainage basin is that the channels
are discontinuous (incised channel reaches are
separated by unincised reaches along the valley
floors). Geomorphic changes in the arroyos of
smaller sizes occur because they are more
proximal to bedrock upland areas of greater
natural runoff and sediment yield (Wells 1987,
1988; Yair and Wells 1989; Lagasse et al. 1990).
Photogrammetric measurements indicate that
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Table 1. C-Scale Arroyo Changes from
1934-74 in Bossom Wash

Table 2. A-Scale Arroyo Depth Changes in
the Zuni River Watershed

Tributary no. Extension (my
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*N.c. indicates no measurable change in channel length
over time, and '+’ indicates a loss of arroyo length by net
aggradation in distal reaches. All tributaries are C-scale while
the main channel is B-scale.

many of the C-scale arroyos eroded and in-
creased by 90-750 m in length during a 50-year
period (Table 1); during an overlapping 10-year
period, A-scale arroyos remained stable with
respect to channel depth (Table 2).

A summary of selected archival literature,
maps, and photographs provides a chronology
of A- and B-scale arroyo activity in the Zuni
River drainage basin over the past two hundred
years (Fig. 2). In addition, analyses of aerial pho-
tographs and cultural and radiometric dating
provide controls for reconstructing historic ar-
royo activity in the C-scale class. The following
chronology summarizes the conditions and
timing of arroyo cutting and infilling since the
arrival of the early Spanish explorers in the
eighteenth century.

Arroyo incision predates the arrival of Span-
ish/Anglo settlers in the Zuni area (Fig. 2) in-
dicating that incision occurred by natural pro-
cesses operating outside the realm of Spanish/
Anglo intervention. Germination dates A.D.
1680 and 1752 have been obtained from Gam-
bel oaks presently living within a few feet of
the active Zuni River channel. These and other
tree-ring dates (Jacoby 1987) from two major
tributaries of the Zuni River (Rios Pescado and
Nutria) establish that the Zuni River had eroded
to its present level by A.D. 1776 when Fray A.
Dominguez observed that the Zuni Pueblo was
located by an arroyo and that arroyos existed
upstream of the Pueblo (Adams and Chavez
1956) and by A.D. 1849 when Lt. ). H. Simpson
of the U.S. Army described incised channels in
both the tributaries and the main valley of the
Zuni River (McNitt 1964). Detailed descriptions

Change
Location (m)y Time

Rio Pescado (near Ramah) -0.5 1967-77
Rio Pescado (below

Pescado Dam) n.c. 1967-77
Zuni River (near Zuni) n.c. 1966-77
Rio Nutria n.c. 1969-71
Rio Nutria n.c. 1971-77

*N.c. indicates no measurable change in channel depth
over time; data obtained from M. E. Cooley (1980).

of Baxter (1882) “plunging down a deep arroyo”
near Zuni Pueblo and an 1883 letter by F. H.
Cushing warning that several deep arroyos pose
a threat to irrigation canal construction im-
mediately north of Zuni Pueblo provide details
on the geomorphic conditions of incised chan-
nels. Between 1884 and 1907, sketches, topo-
graphic maps, and photographs support writ-
ten records of Simpson, Baxter, and Cushing
(Fig. 2). By ca. 1890, arroyo development was
areally extensive over a large area of the Zuni
River drainage basin, and A-scale arroyos were
incised to levels similar to the present channels.

Photographs, surveyors’ notes, tree-ring
dates, and buried cultural artifacts, all dating
between 1890-1986, are used in conjunction
with correspondence from various govern-
ment officials associated with the Zuni Pueblo
to assess the timing of arroyo cutting and filling
over the duration of instrumental climatic re-
cords (Fig. 2). These data demonstrate that
A-scale arroyos have been relatively stable and,
more specifically, have not changed depth sub-
stantially since the late 1800s. Analysis of pho-
tographs indicates that the only major changes
in the geomorphology of the large arroyos ap-
pear to be local aggradation between 1890-
1911 and lateral widening at point bars and
eroding at cut banks between 1912 and the
1930s. Widespread invasion of riparian vege-
tation on the arroyo floors occurred after ca.
1940. These observations are supported by U.S.
Geological Survey field measurements which
illustrate little change in A-scale arroyo depth
during the instrumental time of 1966-77 (Table
2).

Historical documents (Fig. 2) and tree-ring
data (Jacoby 1987) indicate that many of the
intermediate and small arroyo channels were
unstable between 1905 and the mid-1920s. Be-
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Figure 2. Summary of selected historically-documented events related to arroyo development in the Zuni
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tween 1909-19, letters from government offi-
cials at the Zuni Pueblo to staff in Washington,
DC record discussions of active runoff in small
arroyos. For example, on 7 August 1919, B. H.
Pilcher submitted a letter to W. M. Reed dis-
cussing the record rainfall and the work re-
quired to maintain irrigation canals from arroyo
erosion. The higher frequency of runoff during
this time period destabilized arroyos and in-
hibited the germination of trees. Increased
runoff would also kill trees such as juniper that
are sensitive to flooding (Potter 1987). B- and
C-scale arroyos apparently do not have very old
trees growing within the arroyo walls as a result
of the arroyo erosion early in this century.
Widespread germination of trees presently liv-
ing in arroyos occurred after the early 1920s
(Jacoby 1987), indicating a decrease in arroyo
erosion.

Buried cultural artifacts and tree trunks in-
dicate arroyo infilling was a dominant process
between the 1940s-70s. Many buried artifacts
include glass and plastic bottles as well as au-
tomobiles, all which can be seen in the inset
fills at numerous locations within the Zuni area.
These observations coupled with a modern
radiocarbon date on organics (A.D. 1950; lab
sample #DIC-3332) within historical arroyos
indicate aggradation of 1to 2m during the mid-
twentieth century. During the past decade,
many of the B-scale arroyos incised 1 to 2 m
through this fill to produce the inset terraces
visible in the arroyos today (Fig. 3). Many of the
C-scale arroyos remained relatively stable in the
upper reaches, but experienced aggradation in
the distal reaches.

These archival, geomorphic, and tree-ring
results are used to quantify the timing of A-,
B-, and C-scale arroyo activity within the Zuni
River watershed and to demonstrate that ar-
royo activity has varied spatially and temporally
during the past hundred years. Larger arroyos
are more stable than intermediate and small
ones. This spatial difference in channel stability
reflects the more erosive runoff and larger vol-
umes of sediment movement and storage in
C- and B-scale arroyos. Data indicate that over
the past two to three hundred years, A-scale
arroyos have been relatively stable, with local
infilling occurring between 1890-1910 and
channel widening between the 1920s5-60s. Be-
tween approximately 1905-30, C- and B-scale
arroyos were eroding. By ca. 1940 stability and
infilling were dominant processes on both

C- and B-scale arroyos. Significant variations
over time, when arroyo cutting dominates in-
filling (and vice versa), must be tied to some
external forcing function. The presence of ar-
royos in the landscape of the Zuni area by the
time of Spanish and Anglo explorations indi-
cates that widespread arroyo initiation cannot
be attributed to nineteenth and twentieth cen-
tury land-management practices. Relatively
long-term precipitation records within and near
the Zuni River watershed provide an excellent
opportunity for assessing the potential role of
climate in explaining the temporal variations in
B- and C-scale arroyo erosion and infilling in
the area.

Climatic Databases

The role of climate in Southwestern arroyo
activity near the turn of the century has been
difficult to assess due, in part, to the lack of
reliable instrumental climatic data. We selected
eight stations (Table 3, Fig. 4) for analysis based
upon their location within 120km of the center
of the basin, exceptional length of the daily
precipitation record, and relatively low num-
ber of missing data. We determine for each
station the monthly total precipitation, number
of precipitation days, and the number of days
with rainfall equaling or exceeding 12.7 mm
(0.5", 19.1 mm (0.75"), and 25.4 mm (1.00"). If
any part of the monthly record is missing, all
precipitation data for the entire month are
considered missing.

We extracted Palmer Drought Severity Index
(PDSI) data from a two-volume atlas (Karl and
Knight 1985a, b) to further characterize the
moisture conditions in the Zuni River drainage
basin. The index is a widely-used water-bud-
geting scheme utilizing precipitation, evapo-
transpiration, and soil moisture conditions to
arrive at a relative index of drought (Palmer
1965). The values range from near —4.5 for "'ex-
treme drought”” to near +4.5 for “extreme
wetness”’; a PDSI near 0.0 indicates “‘near nor-
mal” conditions. We use the monthly data for
the Northwestern Plateau climate division of
New Mexico to construct a time series of PDSI
values.

Homogeneity Tests

The reliability of a long-term precipitation
record can be jeopardized by the relocation of
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Figure 3. Solid line outlines the historic inset fill within Bossom Wash (B-scale arroyo); white arrow labeled
A.D. 1950 marks the layer of a modern radiocarbon date and buried cultural features.

the rain gauge, environmental changes near the
equipment, and/or changes in the observers.
These and other potential problems in the col-
lection of precipitation data can result in rel-
ative inhomogeneities in the long-term record.
Such relative inhomogeneities appear in cli-
matic records as discontinuities or unusual
trends with respect to the measurements at
other nearby stations. We selected June, July,
and August rainfall totals for objective testing
of relative inhomogeneities because summer
convective storms produce the high-intensity
events of interest in arroyo cutting (Leopold et
al. 1966; Tuan 1966; Cooke and Reeves 1976)
and the localized nature of the convective
storms accentuates the effects of station move-
ments (Mitchell et al. 1966). The objective tests
include the intercorrelations among the sta-
tions and the von Neumann ratio, V, calculated
as:

N—1

N 2 (X — Xieaf

N_1EX.2—%<ix‘>z

=1 i=1

V=

(M

where x is the difference between a station’s
summer precipitation total (in z-score form) and
the corresponding average z-score of the re-
maining stations, and N is the number of years
of record (Table 4). The value of V is evaluated
against a test parameter calculated as:

2N = 2t, VN - 2

V=7

(2

where t, is the area under a normal curve cor-
responding to a one-tailed test at the 0.95 level
of confidence used. If V is less than (V), the
array of z-score differences is non-random, anc
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Figure 4. Location of climate stations near the Zuni
River drainage basin.

a relative inhomogeneity is assumed to exist
(Mitchell et al. 1966).

Laguna was eliminated from further analyses
due to intercorrelations as low as 0.23 with the
other seven stations. This finding is most likely
associated with Laguna’s long distance from the
center of the study area and its location on the
opposite side of the continental divide. To-
hatchi was eliminated based upon the results

UTAH ! COLORADO Table 4. Homogeneity Test Results
+-— =
ARIZONA{ NEW MEXICO ‘,/ Station N v (V)  Outcome
£ Black Rock-Zuni 70 1.68 1.64 Random
’ Crownpoint 44 216 1.55 Random
Northwestern Plateau | Fort Wingate 39 201 153 Random
Climate Division ~' McGaffey 56 196 1.60 Random
L Tohatchi 49 139 157 Notrandom
pe Ft. D.-St. M.-W.RR. 76 159 1.65 Notrandom
Tohatchi ; St. Johns 75 187 164 Random
Ft. Defiance , . L=
Window Rock 8! aCrownpoint
St. Michaels® P

from the von Neumann ratios (Table 4); the re-
location of the instruments in 1979 may have
caused the inhomogeneity in the data. The von
Neumann ratio also indicates a problem with
the Fort Defiance, St. Michaels, and Window
Rock, AZ data assemblage. Given the number
of instrument relocations, the inhomogeneity
was somewhat expected, so the station was
eliminated.

With three stations eliminated, the remain-
ing analyses are conducted on the precipitation
data from the Black Rock and Zuni combined
record, Crownpoint, Fort Wingate, McGaffey,
and St. Johns. These five stations do not have
significant relative inhomogeneities; all have
high intercorrelations (0.54 to 0.78) in their
summer rainfall totals. The precipitation pat-
terns from these five stations are assumed to
be representative of rainfall variations existing
within the historical period over the Zuni River
drainage basin.

Areal Climatic Data

At each of the five stations, a monthly value
for total rainfall, precipitation days, and num-

Table 3. Station Network in the Zuni Area
Latitude Longitude
Station (N) W) Elevation (m) Precipitation records
Laguna, NM 35-02 107-24 1769 1905-32, 1936-40, 1948-85
Black Rock, NM 35-06 108-47 1967 1908-49
Zuni, NM 35-04 108-50 1925 1949-85
Crownpoint, NM 35-41 108-09 2128 1914-69
Fort Wingate, NM 35-28 108-23 2135 1897-1911, 1940-66
McGaffey, NM 35-21 108-27 2379 1923-85
Tohatchi, NM 35-51 108-44 1958 1914-20, 1923-79
Tohatchi, NM 35-54 108-39 1827 1980-85
Ft. Defiance, AZ 35-45 109-05 2104 1897-1905, 1929-36
St. Michaels, AZ 35-40 109-12 2196 1906-27
Window Rock, AZ 35-41 109-03 2058 1937-85
St. Johns, AZ 34-30 109-22 1748 1901-85
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ber of days with rainfall above the three se-
lected thresholds (12.7, 19.0, and 25.4 mm) is
determined. Each time series is converted to
z-scores before an area-averaged value could
be calculated. This conversion is necessary be-
cause one or more of the stations did not re-
cord daily precipitation in some years between
1897 and 1985 (Table 4). If the raw data are
averaged, the inclusion or deletion of a station
with a mean substantially different from the
mean of the remaining four stations could
dominate the area-averaged value. The aver-
aging of the z-scores minimizes this potential
problem arising from the missing data. Once
the area-averaged z-scores are determined, the
original means and standard deviations can be
used to generate area-averaged precipitation
values in their original units of measure. These
procedures produced an 89-year by 12-month
matrix for each of the five precipitation vari-
ables.

Annual (January-December), summer (April-
September), and winter (October-March) to-
tals of each precipitation variable further con-
densed the information in the data matrices.
These annual and seasonal values, which are
assumed to be representative of the conditions
over the Zuni River drainage basin from 1897-
1985, are used in the analyses.

Analyses and Results

The means of the precipitation variables (Ta-
ble 5) show the tendency for rainfall in the study
area to occur during the summer season. This
tendency is directly related to the intensity lev-
el of the precipitation event. The standardized
coefficients of skewness and kurtosis indicated
a lack of normality in the variables associated
with the large-intensity rain events; square root
transformations largely correct the skewness
and kurtosis problems in the variables (Table 5).
Pearson product-moment correlations be-
tween each variable and the year of record (e.g.,
1897, 1898, ..., 1985) indicate several signifi-
cant linear trends including (a)a decline in sum-
mer rainfall amounts, (b) a decline in the fre-
quency of intense summer storms, and (c) an
increase in the number of precipitation days
(Table 5).

Principal components analysis with varimax
rotation reveals three underlying variance pat-
terns explaining nearly 80 percent of the total

variance in the 15 interrelated precipitation
variables. The first rotated component explains
36 percent of the total variance and is strongly
related to the variables associated with the in-
tense summer rainfall events (Table 5). A sec-
ond component is related to the amount and
frequency of high-intensity winter precipita-
tion events and explains an additional 26 per-
cent of the total variance. The third component
shows highest loadings on summer, winter, and
annual precipitation days and small loadings on
the variables associated with the more intense
summer storms. This third component explains
18 percent of the total variance and is inter-
preted as the temporal variance pattern asso-
ciated with the frequency of low-intensity rain-
fall. A sharp drop in the eigenvalues occurs
between the third and fourth component;
therefore, these three orthogonal patterns are
used to represent the temporal variance struc-
tures in the matrix of area-averaged precipi-
tation data.

Temporal Precipitation Patterns

Plots of the three eigenvector scores reveal
the magnitude of long-term and interannual
variations occurring in the precipitation pat-
terns of the Zuni area. The plot for the first
eigenvector shows a period of above-normal
intense summer storm activity from the begin-
ning of the instrumental record to about 1920
(Fig. 5). Years of particularly large positive scores
(>2.0) on this composite summer storm index
include 1898, 1911, and 1919. Also noteworthy
are the three consecutive years from 1905-07
when the standardized scores remain above 1.0;
the 89-year record shows no other occurrence
of as few as two consecutive years with scores
above 1.0. The early 1930s show a secondary
maximum in the 11-year running averages, fol-
lowed by a long period of below-normal sum-
mertime storminess levels,

The plot of the scores for the second eigen-
vector (Fig. 6) reveals high interannual variance,
but the 11-year running averages appear to os-
cillate around zero. Winters of high precipi-
tation include 1897-98, 1972-73, and 1979-80.
The winters of 1904-05 and 1905-06 show large
positive values on this wintertime rainfall index;
both wet winters were followed by summers
of above-normal storminess levels.

The eigenvector related to the frequency of
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Table 5. Selected Statistics for Zuni Precipitation Data*

Std. .
Mean dev. Loadings for components
Variable N (mm) (mm) z, 7, r 1 2 3
Total
Annual 89 336.0 76.7 1.15 -0.29 -0.13 0.69 0.29 0.54
Summer 89 194.6 54.1 0.56 -1.22 -0.22 0.81 -0.11 0.46
Winter 88 141.0 50.8 2,06 0.37 0.07 0.13 0.89 0.21
Prec. Days
Annual 89 63.0 12.8 0.44 2.03 0.23 0.11 —0.00 0.95
Summer 89 35.6 8.5 -0.10 -1.00 0.18 0.16 -0.18 0.89
Winter 88 27.4 8.2 1.36 1.12 0.19 -0.06 -0.51 0.60
Days = 12.7
Annual 89 6.6 2.3 1.58 -0.34 -0.26 0.76 0.42 0.05
Summer 89 4.1 1.7 1.84 -0.29 -0.20 0.89 -0.00 0.10
Winter 88 2.6 1.5 0.60 —0.42 0.02 0.15 0.89 -0.711
Days = 19.0
Annual 89 2.8 1.3 0.38 1.66 -0.23 0.84 0.41 0.01
Summer 89 1.8 1.1 -1.25 1.80 -0.25 0.88 -0.08 0.05
Winter 88 0.9 0.8 —0.09 —0.33 0.13 0.05 0.88 -0.05
Days = 25.4
Annual 89 1.3 0.9 1.81 0.49 -0.22 0.79 0.34 0.07
Summer 89 0.8 0.7 -0.21 —-0.45 -0.27 0.83 0.81 -0.02
Winter 88 0.4 0.5 2.07 —0.96 0.70 0.07 0.81 -0.02

» Al italicized values are associated with the square root transformations. z, and z; are the standardized coefficients of skewness
and kurtosis; absolute values above 1.99 indicate a significant departure from normality at the 0.95 confidence level. Absolute
values of r, the Pearson product-moment correlation coefficient with the year of record, above 0.21 are significant.
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Figure 5. Raw standardized scores and 11-year running means for the first component (intense summer rain
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Figure6. Raw standardized scoresand 11-year running means for the second component (winter precipitation)

light rains shows a striking increase from the
late 1890s to the mid-1920s (Fig. 7). After the
peak in the 1920s, the 11-year running means
decline slowly and remain near the zero level.
The plots associated with the first and third

eigenvectors strongly suggest that significant
differences exist between the precipitation
patterns in the early part of the study period
and those from the more recent subperiod.
Accordingly, a Student’s t-test (Mitchell et al.

*1

-34,
1895

1905

1915

1925

1935

1945

1955

1965

1975

1985

Figure 7. Raw standardized scores and 11-year running means for the third component (low-intensity rainfall).
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Table 6. Student’s t-Test Results?

Subperiod Means

Subperiod Means

Variable 1897-1920 1921-85 t 1897-1939 1940-85 t

Total

Annual 355.4 327.6 —2.44 3514 319.6 -2.83

Summer 2111 187.9 —2.86 209.3 179.7 -3.72

Winter 1413 140.7 -0.07 142.4 139.4 -0.39
Prec. Days

Annual 55.2 66.0 6.01 60.9 64.9 2.10

Summer 315 37.2 4.64 347 36.4 1.40

Winter 23.7 28.8 4.28 26.5 28.2 135
Days = 12.7

Annual 8.0 6.1 —5.98 7.3 6.0 -3.87

Summer 4.9 37 —4.92 4.6 35 —4.54

Winter 1.6 1.5 -173 1.5 1.5 —0.40
Days = 19.0

Annual 1.8 1.5 -5.00 1.7 1.5 -2.67

Summer 1.4 1.2 —3.95 1.3 1.1 -3.18

Winter 0.8 0.9 0.47 0.8 0.9 0.93
Days = 25.4

Annual 1.3 1.0 —-4.98 1.1 1.0 —-2.42

Summer 1.0 0.7 —4.65 0.9 0.7 —-2.67

Winter 0.5 0.4 -0.33 0.4 0.5 0.65
Component

#1 0.7 -0.3 —6.65 0.3 -0.3 —4.45

#2 0.0 -0.0 -0.05 -0.0 0.0 0.57

#3 -0.6 0.2 6.35 -0.1 0.1 1.79

+ italicized values t-test vaiues are significant at the 0.95 level.

1966) is used to determine the magnitude and
statistical significance of the differences in the
mean conditions of selected subperiods.

Several schemes are used to subdivide the
89-year study period. Jacoby (1987) found many
trees in the arroyos of the Zuni River drainage
basin dating back to about 1920. His dendro-
chronological evidence along with historical
data from the area suggest an end to a period
of accelerated arroyo activity and the begin-
ning of a more stable period near 1920. There-
fore, one scheme uses 1920 as the break year
for subdividing the study period. Another
scheme subdivides the study period into two
near-equal halves with a 1939 break year.

The results of the Student’s t-tests (Table 6)
are similar for both of the subdivision schemes.
The Student’s t-tests show: (1) Total annual pre-
cipitation amounts have dropped significantly
into the more recent period. Both sets of anal-
yses suggest a statistically significant decline of
more than 25 mm per year in the subperiod
means. Most of this decline appears to be as-
sociated with a drop in the summer rainfall to-

tals. (2) The number of precipitation days is sig-
nificantly higher in the recent subperiod. (3)
The intensity of the summertime rain events
significantly decreases into the more recent
subperiod. This pattern is reflected in the sharp
decline in the principal component scores of
the first eigenvector. The early part of this cen-
tury appears to be a time when a large number
of high-intensity summer rain events occurred
across the Zuni River drainage basin.

Drought Patterns

The most striking pattern in the plot of PDSI
values from the Northwestern Plateau climate
division is the existence of a long and severe
drought extending from the summer of 1898
to December 1904 (Fig. 8). The drought ended
abruptly in the first few months of 1905 when
conditions became unusually wet for several
years. The PDSI in December of 1904 was within
the —3 to —4 range, indicating ‘‘severe
drought”’; by April 1905, the values were be-
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Plot of the PDSI values for the Northwestern Plateau Climate Division of New Mexico.

tween +3 and +4, indicating “severe wetness.”
Following this abrupt change came three con-
secutive summers of far-above-normal fre-
quencies of the intense storms. Jacoby (1987)
found the three-year period beginning in 1905
to be the wettest period in the area over the
past thousand years. The drought preceding
the wet period was exceeded in prolonged in-
tensity only in the 1500s. Jacoby (1987, 45) con-
cludes, “Nowhere in the thousand-year record
is there an immediate juxtaposition of such se-
vere sustained drought followed by an extreme

high-precipitation period from the 1890s to the
early 1900s.”

Arroyo Activity and Climate Change

Cooke and Reeves (1976, 9-10) point out that
“many investigators have been impressed by
the fact that arroyo cutting occurred in pre-
historic times—before man could have caused
the necessary changes—and found climatic
changes adequate” to induce arroyo cutting
and filling. Historic discharge records of the
Zuni River since 1904 show changes in runoff
characteristics associated with the observed
changes in precipitation. The period between
1905-30 had high-intensity storms which

declined after 1930 and stabilized after the mid-
1940s. More frequent flood events and signif-
icantly higher average discharge occurred
between 1905-30 compared to the 1970-84 in-
strumental record (Fig. 9). A yearly average of
mean annual discharge of 30 ft*/sec (0.85 m3/
sec) for 1905-30 is nearly two times the 1970~
84 yearly average. Similar trends between dis-
charge and precipitation have been observed
in the Little Colorado River downstream from
the Zuni River and for the entire Colorado Riv-
er drainage basin for approximately the same
time periods (Hereford 1984).

The relation between Zuni River runoff and
climatic changes provides the hydrophysical link
between arroyo activity and precipitation pat-
terns. Data indicate that B-scale and C-scale
arroyos display greater magnitudes of cutting
and erosion during increased high-intensity
rainfall events (Fig. 9). Increased precipitation
and erosion of inset deposits within interme-
diate and small arroyos during the period 1970~
84 support the observation that arroyo erosion
is linked to periods of increased effective pre-
cipitation. Periods dominated by arroyo infill-
ing appear to coincide with a long period of
below-normal summertime storminess levels
(Fig. 9). Comparison of photographs from the
archives with modern photographs suggests lo-
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Figure 9. Summary diagram of geomorphic and hydrologic behavior of arroyos of different sizes in the Zuni

area.

cal infilling of A-scale arroyos during the
drought of 1898-1904. The transition of a pe-
riod with exceptional drought with a period of
extremely high precipitation apparently ex-
ceeded the erosional threshold of arroyos in
the Zuni area, causing both small and inter-

mediate arroyos to erode simultaneously (Fig.
9).

Conclusions

Our goal was to analyze the basic morphol-
ogy and potential causes of the modern arroyos

of the Zuni River. Geomorphic evidence sug-
gests that during the early part of this century
(ca. 1910), the large arroyos were undergoing
aggradation of point bars, active floodplain ac-
cretion, increased lateral migration of mean-
ders, and lateral cutting of arroyo walls. Inter-
mediate- and small-size arroyos showed
increased erosion during the period 1905-30.
The 1930-70 period saw the establishment of
riparian vegetation in the stabilized large ar-
royos, while the small and intermediate arroyos
underwent a period of stability followed by
channel infilling and deposition of alluvial fans
at the arroyo mouths. Since ca. 1970, the large
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arroyos have remained stable, but the inter-
mediate arroyos have incised from one to two
meters.

During the past century, evolution of theo-
ries of arroyo incision demonstrates that re-
search and proposed models of arroyo for-
mation have shifted from those solely pertaining
to land use cause to those involving numerous
natural hydrologic and geologic causes and have
recognized numerous difficulties in assuming
land-use practices are the primary cause of ar-
royo development. In many locations in the
Southwest, arroyo incision was contempora-
neous with changes in livestock populations,
grazing conditions, or timbering activity, there-
by creating difficulty in distinguishing the major
mechanisms for incision (Peterson 1950). The
Zuni area represents a unique opportunity to
illustrate the relative role of climatic changes
on arroyo processes because (a) arroyos existed
prior to any Spanish or Anglo intervention, and
large arroyos had eroded to approximately their
present level by two to three hundred years
ago; (b) tree-ring dates within the headwaters
and middle reaches of the Zuni River indicate
long-term channel stability before and after the
time of timber harvesting (Resource Consul-
tants 1987); and (c) the degree of soil devel-
opment on the valley floors of the Zuni area
indicates that overgrazing did not increase the
eradibility of the valley bottoms (Wells 1988).

Observed changes in arroyo activity in the
Zuni River drainage basin appear to be syn-
chronous with statistically significant changes
that occurred in the local and regional climate.
These relations imply periods of arroyo incision
are triggered by changes in precipitation pat-
terns involving increased precipitation amounts
and the number of high-intensity summer
storms. Under these conditions, increased run-
off enhances channel erosion, as suggested by
Leopold in 1951. In the Zuni area, arroyo in-
filling and stability occur as precipitation pat-
terns change to fewer intense summer storms
and less annual rainfall.

Recent decades have seen a deemphasis of
climate as a mechanism responsible for arroyo
activity in the past (Patton and Schumm 1981).
The identification of pronounced changes in
precipitation patterns of the Zuni area should
reestablish climatic change as a significant vari-
able responsible for changing erosional thresh-
olds of arroyos and valley floors in the early
part of this century.
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