Climate and ephemeral-stream processes:
Twentieth-century geomorphology and alluvial stratigraphy
of the Little Colorado River, Arizona
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ABSTRACT

During the first 40 years of the twentieth cen-
tury, erosion was the dominant geomorphic
process affecting the morphology of the Little
Colorado River channel. The discharge regimen
was one of frequent large floods and high annual
discharge that created a wide sandy channel free
of vegetation. In the 1940s and early 1950s, av-
erage annual precipitation declined, reducing
annual discharge to about 57% of that of the
preceding period as well as reducing the fre-
quency of large floods. The channel adjusted to
the new hydrologic regimen by reducing its
width. Parts of the channel were frequently dry,
and riparian vegetation, primarily nonnative salt
cedar. became established on the higher channel
surfaces. Precipiiaton and discharge thereafter
increased and soomedutinn B oo

e el

denoei-

tion was the primary geomorphic process, as
indicated by accretion of 2 to 5 m of fiood-plain
alluvium between 1952 and 1978. Events of
1980, however, suggest that the flood plain has
ceased to accrete, although climate has not fluc-
tuated. The flood plain has probably reached a
critical height above the channel, beyond which
further accretion is unlikely under the existing
discharge regimen. The recent history of the Lit-
tle Colorado broadly suggests that flood-plain
development was initiated by climatically in-
_duced hydrologic fluctuations. Flood-plain de-
posits in the stratigraphic column of such
ephemeral streams may record repeated adjust-
ments to altered hydrologic conditions.

INTRODUCTION

A problem facing sedimentologists, stratig-
raphers, geomorphologists, and other students of
modern and ancient fluvial processes is that the
influence of climate on such fundamental stream
processes as erosion and aggradation is not well
understood. Several facies models are widely
used to interpret alluvial sequences, but they do
not account for climatic control over stream
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processes (Miall, 1980). The absence of climatic-
facies models, the limited understanding of how
climate modifies alluvial channels, and the com-
plex temporal and spatial patterns of sediment
transport result in little consensus among recent
workers regarding the role of chimate in the
origin of alluvial deposits (Baker and Penteado-
Orellano, 1977; Schumm, 1977; Lewin, 1978;
Graf, 1982; McDowell, 1983). Yet, in many
geologic studies, such deposits provide the only
potential record of past climate.

The problem of how climate influences
stream processes is unusually difficult for the late
Holocene of the southwestern United States. In
this region of numerous ephemeral streams, a
complex debate (reviewed by Cooke and
Reeves, 1976, znd Graf. 1983) hes develoned
over the cause of the several widespread cycles
general hypotheses (Cooke and Reeves, 1976, p.
6-15) have been formulated to explain recent
ephemeral-stream processes: (1) poor land use,
such as overgrazing; (2) changes in climate: and
(3) random variations within the fluvial system
that are not related to climate. More recent in-
vestigations have put forth similar interpreta-
tions. Cooke and Reeves (1976) concluded that
the widespread occurrence of accelerated ero-
sion after 1880 in many cases resulted from poor
land use. They also found that arroyos could
have been produced in several other ways and
that, given only the final form, it was rarely
possible to determine the specific cause. Other
workers (Emmett, 1974; Leopold, 1976; Euler
and others, 1979) acknowledged some human
impact but concluded that a change in climate
was largely responsible for the post-1880 cycle
of erosion and subsequent aggradation later in
the twentieth century. On the other hand, Patton
and Schumm (1981) reported from their obser-
vations of several streams, one of which was
studied during the same period by Emmett
(1974) and Leopold (1976), that erosion and
sedimentation in this century have occurred in-
dependently of climatic fluctuations. There

seems to be a wide divergence of thought among
recent workers regarding the causes of fluvial
erosion and sedimentation in the Southwest,
The conclusions drawn from these studies, to
further complicate matters, are used - models
for interpreting Holocene (Emmett, i474: Leo-
pold, 1976; Euler and others, 1979) or Quater-
nary (Patton and Schurnm, 1981; Womack and
Schumm, 1977) geomorphology throughout the
arid to semiarid western United States. The
landscape in the alluvial valleys of this region
abounds with terraces or abandoned flood
plains. According to Patton and Schumm
(1981), as well as Womack and Schumm
(1977), this landscape developed by th= pis
transport of sediment from the draincge s

other investigeioss (Erimer, 1074

. Leopolid,
1976; Euler and others. 1979) believed that the
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lations from wet (aggradation) to dry (erosion
and flood-plain incision) simultaneously in-
fluencing the entire region. Perhaps the major
difficulty confronting previous investigators has
been the lack of runoff hydrographs and
sediment-transport data; consequently. the effect
of runoff variations on erosional and deposi-
tional processes could not be determined. It
would seem that studies of modern stream proc-
esses are limited by the absence of long-term
discharge information. The present study differs
from earlier ones in that discharge records are
available and were utilized in analyzing the his-
toric changes in the alluvial channel of the Little
Colorado River.

This study examines the influence of climate
on twentieth-century geomorphology and alle-
vial stratigraphy of the Little Colorado River.
An ephemeral stream, the Little Colorado flows
in a sandy channel that drains 44,000 km? of the
arid to semiarid southern Colorado Plateaus
province (Fig. 1). From about 1900 to the early
1940s, erosion was the main geomorphic proc-
ess and the river was incising its older deposit
The erosive phase ended in the early 1940s. and
aggradation, resulting in the development of 2

Additional tabular material for this article may be secured free of charge by requesting Supplementary Data 84-15 from the GSA Documents

Secretary.

Geological Society of America Bulletin, v. 95, p. 654668, 15 figs., 3 tables, June 1984.
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Figure 1. Little Colorado River drainage basin in the southwest United States and the study area in the Painted Desert region of northern
Arizona. Solid circles are the localities listed in Table A. The distribution of recent alluvial deposits as shown were modified from the channel
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flood plain by vertical accretion, was until very
recently the dominant stream process. Numer-
ous streams in the southwestern United States
have a similar history of erosion and subsequent
aggradation since about 1880. Despite a volumi-
nous literature, the causes of this widely ob-
served stream behavior are not clear. The results
of this study indicate that the historic erosional
and aggradational events along the Little Colo-
rado River occurred simultaneously with subtle
changes in climate.

GEOMORPHOLOGY

Physical and Climatic Characteristics of the
Drainage Basin

The physical characteristics of a drainage
basin such as size, shape, and relief are impor-
tant factors that moderate runoff processes. The
Little Colorado River basin is relatively large
and has the shape of a northwest-oriented ellipse
(Fig. 1). The ellipse is 400 km in length and lies
athwart the prevailing southwesterly storm
track. The Mogollon Rim, a major southwest-
facing escarpment with as much as 1 km of

o

of the
drainage basin. This prominent orographic bar-
rier concentrates precipitation on the southwest
side of the basin, where vegetation (mainly
ponderosa pine forest) increases infiltration and
reduces runoff. The elevation of the drainage
basin ranges from 1,200 m in the lowest part of
the valley to 3,850 m on Humphreys Peak, the
highest point in Arizona; median elevation is
1,830 m. Despite the considerable range in abso-
lute elevation, average relief is quite low. Runoff
from intense, local precipitation is reduced by
the low relief, which promotes infiltration, and
by the large size of the basin, which requires
widespread precipitation to produce significant
flooding.

Bedrock is widely exposed in the Little
Colorado drainage basin and consists of late
Paleozoic limestone and Mesozoic sandstone,
siltstone, and minor shale. Cenozoic strata are
mainly weakly consolidated to unconsolidated
formations of clay, silt, and sand, as well as lava
flows and unconsolidated pyroclastic material.
These deposits, the limestone, sandstone, and
unconsolidated alluvial and eolian formations,
and the abundantly distributed pyroclastic mate-
rial are relatively permeable and absorb rainfall.
This factor complements the low relief of the
basin in reducing runoff.

The climate of the drainage basin is cool and
dry, mainly arid to semiarid, and 80% of the
basin receives less than 300 mm of precipitation
annually. The basin lies within two very similar
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climatic regions charaterized by winter and
summer precipitation maxima (Sellers and Hill,
1974). Precipitation and vegetation communi-
ties are closely related to elevation. The two
major vegetation comrmunities, occupying ap-
proximately 70% of the basin between 1,700
and 2,300 m elevation, are pinyon-juniper wood-
lands and plains and desert grasslands (U.S.
Department of Agriculture, 1981). These vegeta-
tion communities are utilized for livestock pro-
duction, the main economic activity in the basin.

The annual hydrograph and annual discharge
of the Little Colorado are shown in Figure 2. An
ephemeral stream, the river is dry in June, the
driest month of the year (Fig. 2A). The number

of days annually without measurable discharge
has ranged from 33 to 247. The annual hydp,.
graph reflects the biseasonal precipitaticn pat.
tern. Winter runoff results from frontal precip;-
tation as snow or rain in the higher elevationg,
Summer runoff is produced during the July to
September rainy season after several days 1,
several weeks of widespread convective precipi.
tation in which rainfall occurs daily at almogy all
stations in the basin. Annual discharge varjes
widely from year to year; nevertheless, the pe-
riod 1942-1961 is distinctive because 15 yr
were below the long-term median (Fig 2B).
This period of reduced discharge, aliiiuugh of
marginal statistical significance, is of practical

Figure 3. A. East bank of the river at the Tolchico study area (Table A). FP = fiood plast
CT = cottonwood terrace. Large cottonwoods on terrace germinated between 1880 and 1

Large salt cedars on flood plain germinated in the late 1940s. Salt cedar in channel t0 ri

ght

automobile germinated in 1980. B. Stratigraphic contacts (excavated), from right to
between cottonwood terrace alluvium (CTA) and older channe! alluvium (OCA); note that
flood-plain alluvium (FPA) overiaps the older channel alluvium. Scale is 1.4 m in length-
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jmportance because geomorphic and strati-
graphic evidence indicates that the morphology
of the channel changed during this period.

Geomorphology of the Historic
Alluvial Deposits

Two surfaces and related deposits record the
pistoric geomorphic activity of the Little Colo-
(ado River. The surfaces are the cottonwood
terrace and the flood plain; the deposits, which
postdate the cottonwood terrace and predate the
flood plain, are, from oldest to youngest, the
oléer channel alluvium and the flood-piain allu-
vium. The appearance of the surfaces and the
gratigraphic relations between the deposits as
typically exposed in the study area are shown in
Figure 3.

The cottonwood terrace and the flood plain
are present throughout the study area and are
recognized on the basis of their height above the
channel and by their vegetative cover, which
indicates their age (Fig. 3A). The cottonwood
te -ace typically is 210 5'm above the channel
and supports a growth of large, old cottonwood
trees (Populus fremontil Wats.). Cottonwood is
thought to produce annual growth rings (Everitt,
1968, p. 420-421; Frius, 1976, p. 14), and ring
counts of cores obtained with an increment
borer indicate that most of the cottonwoods
germinated between 1880 and 1905, although
frees germinating as early as {820 are aiss pres-
ani Photograghs teken n 1900s
(++ailable at Special Collections Library, North-
e:n Arizona University. Flagstaff) at the aban-
doned Tolchico settlement (Fig. 1) indicate that
the terrace formed the banks of the river and
may have been flooded during high water. The
terrace probably was the active flood plain until
about 1905, when cottonwoods ceased to ger-
minate on its surface. The present flood plain is
2 to 4 m above the channel and 1 103 m below
the cottonwood terrace. Vegetation on the flood
r‘ain is dominated by salt cedar, a nonnative
i-parian tree or shrub, although native cotton-
wood is also present. According to Turner and
Karpiscak (1980), the taxonomic status of salt
cedar (Tamarisk chinensis Lour.) in Arizona is
uncertain.

The stratigraphic relationship between the
deposits is commonly exposed in the cutbanks.
An erosional unconformity, indicated by trunca-
tion of stratification, separates the deposits un-
slerlying the cottonwood terrace and the older
~hannel alluvium {Fig. 3B). The flood-plain al-
luvium was deposited on the older channel allu-
vium, and the stratigraphic relationship between
them is one of onlap, as illustrated in Figure 3B,
caused by progressive aggradation of the flood

the early

plain. Deposition of flood-plain alluvium has
covered the older channel deposits; conse-
quently, they are not present at the surface.

The origin of the older channel alluvium was
inferred from aerial photographs taken in
November 1936 that show broad expanses of
unvegetated sand throughout the study area in
the then-active channel of the river. Where pres-
ently exposed, the deposits occur as a narrow
elevated strip of sand that slopes upward, termi-
nating against the cottonwood terrace (Fig. 3B).
The alluvium has been covered with flood de-
bris and a thin veneer of sediment indicating that
it has been incorporated into the aggrading flood
plain.

The geomorphology of the flood plain from
the channel to its outer edge typically consists
of three elements: the banks, ranging from2to 4
m in height; levees, rising 20 to 75 cm above the
adjoining flood plain; and overbank channels.
The width of the flood plain varies from less
than 100 m to as much as 12 km, depending on
the width of the valley. Most of the areas studied
in detail (Table A; Fig. 1)! are in relatively nar-
row rock-walled canyons, where the flood plain

1Tables A and B may be secured free of charge by
requesting Supplementary Data 84-15 from the GSA
Documents Secretary.

Figure 4. Flood plain and channel below Moenkopi Wash (Table A, Moenkopi W
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and related deposits could be mapped at large
scale. The geomorphic elements of the flood
plain as typically present in a rock-walled can-
yon are shown in Figure 4. At this locality, the
reduction in the width of the channel due to
flood-plain aggradation is striking, because in
the November 6, 1937, aerial photographs, the
unvegatated channel extended to the outer edges
of the present wooded flood plain.

The relationship between afluvium and vege-
tation indicates that most sediment near the sur-
face of the flood plain was deposited by recent
floods, associated with the large runoff years of
the 1970s (Fig. 2B). Large trees and bushes on
the flood plain have been partly buried by allu-
vium since they germinated, but the trunks were
not bent by the weight of the sediment or by the
force of the flood water, and the trunks can be
traced directly to the germination layer (Fig. 5).
This is somewhat different from the “natural
layering” of salt cedar illustrated by Everitt
(1980, Fig. 4). The partially buried trees look
like poles or posts stuck in the ground at a high
angle and resemble the buried trees described by
Sigafoos (1964). Immature as well as mature salt
cedar, cottonwood, and willow trees are part-
ly buried, suggesting that deposition occurred
recently. In addition, flood debris and al-
luvium near the surface of the flood plain

2N ~“\_ gt
ash North-

west) on February 26, 1982 (view is upstream). Channel is 51 to 56 m wide; banks are 3to4 m
high; discharge is rather low at about 35 m3/sec. L = levee; OBC = overbank channel. Vegeta-
tion is mainly salt cedar, but native cottonwood trees are also present.
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Figure 5. Typical occurrence of partially buried and exhumed salt-cedar tree in the right
cutbank near Black Falis. The tree germinated in 1966 and was partially covered several times
between 1969 or 1970 and 1978. Note the numerous adventitious roots developed from the
trunk and stems after burial.

contain plastic artifacts such as a dish-soap
botic with a push-pull cap and a chemicel
container with an expiration or manufacture
date of August 9, 1969. In several places
(Winslow and Black Falls; Fig. 1; Table A),
recently constructed barbed-wire fences, one
having steel posts with unfaded paint, are
covered by aliuvium.

In short, the geomorphology of the historic
alluvial deposits suggests that from zbout 1905
to 1937, erosion was the dominant geomorphic
process. This is indicated by the absence of
aggradational land forms in the channel and the
widespread erosional unconformity between the
cottonwood terrace deposits and the older chan-
nel alluvium (Fig. 3B). Sometime after 1937,
however, the flood plain began to aggrade (the
actual year is probably 1952, the date of the
oldest flood-plain deposit) and aggradation has
until very recently been the dominant process.

Other streams in the region have a similar
history of erosion and aggradation within the
past 100 yr. On Black Mesa in the northeast
portion of the Little Colorado basin, Euler and
others (1979) dated a sequence of alluvial de-
posits that are approximate temporal equiv-
alents of the cottonwood terrace and flood plain
(“z” and “a” deposits of Euler and others,
1979). East of the Little Colorado near Santa
Fe, New Mexico, the recently aggraded channel
deposits are inset beneath & terrace that was
incised not long after 1880 (Leopold, 1976).
The Chaco River in Chaco Canyon, New

Mexico, deveioped a flood piain afier 1939,
‘elowing 2 pericd of entenchment (Leve,
1979). In addition, Fmmett (1974) reported that
several streams in the western United States
aggraded their channels between 1962 and
1973. The latter part of this period was a time
of significant flood-plain accretion on the Little

Colorado.

Historic Changes in Channel Morphology
and the Spread of Salt Cedar

The morphology of the channel when erosion
was the dominant process was considerably dif-
ferent from its geometry during the succeeding
aggradational period. A variety of evidence in-
dicates that the channel was broad, sandy, and
unvegetated for at least the first 40 yr of this
century. At some time shortly after 1937, the
width of the channel decreased and vegetation
began to occupy and stabilize higher parts of the
older channel. These events marked the end of
the erosional period and the beginning of flood-
plain development and probably were caused by
a decrease in the frequency of large floods.

From the late 1890s until at least the late
1930s, the channel was approximately 50%
wider than at present. Photographs (available
at Special Collections Library, Northern Arizona
University, Flagstaff) taken at several river
crossings between 1890 and 1926 show a broad
unvegetated channel. Describing the river be-
tween Cameron and Holbrook, Colton (1937)

reported that it had a broad sandy channel With
steep cutbanks. Topographic maps of the Tiver
as surveyed in 1926 and 1934 (Lewis, 194g.
Fischer, 1947) confirmed Colten’s observation;
and showed a channel about 50% wider thag al
present. Many of the channel bars in ihe 192¢
and 1934 maps have been incorporaic. inig the
flood plain. Aerial photographs taken in Ng
vember 1936 by the U.S. Soil Conservatioy
Service (approximate scale 1:27,000) showeg
that the channel was broad and free of vegeta.
tion throughout the study area. More receny
aerial photographs, taken in 1954 by the US,
Army Map Service (approximate scale 1:54,000)
and in 1968 by the U.S. Geological Survey (ap-
proximate scale 1:24,000), showed that the
width of the channe! had been consii. “uniy re-
duced and that a vegetated flood plain occuvpied
parts of the older channel. This evidence indi-
cates that the flood plain began to form between
1937 and 1954. Figure 6 illustrates the changes
in the channel between 1936 and 1968 at Grand
Falls and Black Point. These changes are similar
in type and timing to those reported on the
Chaco River in northwest New Mexico (Love,
1979) and to those along the Green. Colorado,
and Fremont Rivers in the central Coloridio Pla-
eau (Gra

1978015500

Assaciated with the decrease in channel width
of the Little Colorado was the appearance of
riparian vegetation, chiefly non-native salt cedar,
in areas that formerly were part of the channel.
A tree or shrub native to the Mediterranean
area, salt cedar was introduced into the western
United States as early as 1854 (Robinson, 1965,
p. A4). Since about 1925, the plant has become
naturalized, often displacing native ;“vies in
many stream valleys of the asid to semiarid
western United States (Christensen, 1962 Rob-
inson, 1965). Owing to complex environmen-
tal interactions (Everitt, 1980), the direct effect
of salt cedar on the morphology of the alluvial
channels in these stream valleys is unclear. Had-
ley (1961), Robinson (1965), and Graf (1978,
1979) concluded that the changes in channel
morphology resulted largely from the spread of
salt cedar into the channel system. Everiti 1979,
1980), however, pointed out that the spread of
salt cedar into many channels occurred simul-
taneously with other environmental changes:
and that salt cedar is no more effective at stabi-
lizing sediment than are native riparian species.

The history of salt cedar in the Little COlO:
rado River valley is summarized in Table B*
The plant was growing under cultivation very
close 1o the river at Winslow in 1909 but was
unknown in the river system until 1937 Con-
sidering the propensity of salt cedar for the

2See footnote 1.
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dparian environment, particularly its ability to
spread rapidly through the channel system
(Craf, 1978), this delay of more than 28 yr is
anexpected. The absence of salt cedar in the
channel system probably was caused by the
jarge floods that were typical during the early
part of this century. Colton (1937, p. 19) re-
ported that since the late 1890s there had oc-
curred a number of disastrous floods that
gprooted many of the cottonwood trees along
the banks (presumably trees on the cottonwood
terrace). The five largest recorded floods, more-
over, occurred between 1923 and 1938. This
pe::od of large floods probably delayed the
spread of salt cedar and prevented native plants
from occupying the channel system.

Many workers have noted that the vertical
zonation of riparian vegetation is related to flood
levels: many species will not grow below a level
in the channel that marks the height of recent
floods (Sigafoos, 1964; Everitt, 1968; Wolman,
1971). The relationship between flood levels
ard the spread of salt cedar was investigated
ne r the Grand Falls gaging station (Fig. 1;
Table A), where discharge records overlap in
time with the growth of a small grove of salt
cedars. Figure 7, a transverse Cross section
through the channel about 200 m downstream
from the station, shows the relationship between
discharge levels and the germination position of

o parrminatad
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or and stabilized a surfuce corresponding
mtner low Moo discharge. Judging from the
fl »d marks (Fig. 7), this level of the channel
wus deeply inundated during the 1923 and 1929
floods. Further analysis indicates that the plants
became established during a subsequent period
of generally low floods. Ring counts from eight
living trees yielded germination dates ranging
from 1947 to 1961. This time interval and the

{0a

Figure 6. Aerial photographs illustrating changes in the channel of the Little Colorado River
at Grand Falls (A) and Black Point (B). The left side of each pair of photographs shows the
condition of the channel in November 1936, and the right side illustrates the channel and flood

plain in 1968.
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Figure 7. Cross section of the Little Colorado River 200 m below the Grand Falls gaging station (Table 1). Horizontal and vertical scales are
equal. Velocity measurements for the gage were made at this locality.




660

range in flood stage of the germination zone are
plotted with the stage of the annual flood (larg-
est flood during the water year from October to
September) in Figure 8, which indicates that
these trees and others of similar age along the
Little Colorado germinated during a period of
relatively low annual floods and discharge (Fig.
2B). It is reasonable tc conclude, therefore, that
the naturalization of salt cedar on the Little Col-
orado was delayed until the frequency of large
floods decreased in the early 1940s.

Additional evidence indicating that the spread
of salt cedar is dependent on flood conditions
comes from the Grand Canyon, where Turner
and Karpiscak (1980) found that salt cedar
spread rapidly through the canyon after Glen
Canyon Dam was closed in 1963. The regulated
release of water apparently has provided a de-
pendable, nondestructive source of moisture that
promoted salt-cedar growth on sand bars.

The decrease in channel width and the spread
of vegetation into the channel of the Little Col-
orado were related events that quite likely oc-
curred simultaneously in response to reduced
discharge. The smaller floods and discharge oc-
curring after the early 1940s required a nar-
rower cnannel 1 wiich sand bars and ober
clevated areas were not deeplv flonded or
mobilized. Native vegetation would have col-
onized this newly formed riparian environment,
but salt cedar, because it displaces native species
(Turner, 1974), became the dominant plant.
Once established, the plants trapped sediment
during times of overbank flow and in this
manner the flood plain aggraded. In conclusion,
the recent changes in channel geometry along
the Little Colorado River probably were in-
itiated by a reduction in the number of large
floods and annual discharge that took place in
the 1940s and 1950s.

R. HEREFORD

These conclusions are consistent with the
findings of other studies. Historic changes in
channel shape on a number of rivers and in a
variety of climates were reviewed by Stevens
and others (1975), who found that channel
morphology generally was a function of the
sequence of flood events. A specific example of
how sand-bed streams in a semiarid environ-
ment responded to reduced discharge is pro-
vided by the Platte and North Platte Rivers in
Nebraska (Williams, 1978). Since the early
1900s, both stream beds narrowed considerably
and vegetation spread into the channels. De-
creased channel width was caused by reduced
annual peak floods and average yearly dis-
charge. The annual discharge and peak floods
were diminished by the regulating effects of
major upstream dams and greater water use by
man. The situation on the Platte River that even-
tuated under controlled discharge is analogous
to the naturally occurring events on the Little
Colorado.

Effect of Human Activity on the Historic
Changes

Could the changes in flood intensity and dis-
charge that aliered the chenrel marphalogy of
the Little Colorado River have resulted from
human activity? The question merits considera-
tion because the effects of human activity on
stream behavior can be similar to those caused
by climatic change (Leopold, 1976). Extensive
overgrazing could modify the rainfall-runoff re-
lationship by soil compaction and destruction of
vegetation, thereby reducing infiltration and in-
creasing runoff. On the other hand, increased
water storage and consumption could reduce
discharge and floods, causing channel stability
and flood-plain development.
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The erosional episode was associated with jy.
troduction into the drainage basin of large herds
of domestic animals. Large-scale cattle and
sheep ranching began in the southwesters gpe.
half of the basin shortly after settlemer: f the
area in the 1870s and 1880s and probably
reached its peak after completion of the traps.
continental railroad in the mid-1880s (Colton,
1937). In the northwestern half of the basin,
sheep and cattle have been raised in large
numbers by the native inhabitants for severg
hundred years, and the size of these herds grey
steadily, probably reaching a maximum by 1939
(Reno, 1981). The widespread stream erosion
observed by early workers in the study - -« was
attributed mainly to climate by Gregory (1917
and to overgrazing by Colton (1937), Lockett
and Snow (1939), and Thornthwaite and others
(1942).

On the basis of his observations of stream
processes over most of the southern Colorado
Plateau during the early 1900s, Gregory (1917)
believed that small changes in the amount of
rainfall, or its distribution, or the character of
storms were sufficient to cause the v -i::read
stream erosion. He noted that the meagsr vege-
tation had Hite effect or runofl 2nd that erosion
arred along streams that had not heern util-
ized for grazing. In their extensive study
of Polacca Wash (Fig. 1), however, Thorn-
thwaite and others (1942) could not detect a
change in climate and concluded that stream
erosion was associated with and largely caused
by overgrazing.

The severe overgrazing described by~ early
workers (Colton, 1937; Lockett and Snow,
1639; Thornthwaite and others, 1942) may not
have been typical of the entire basin. Today, just
as during the early 1900s, the effects of overgraz-
ing are conspicuous along fence lines, around
water holes, and near settlements (see Figs. 41
and 42 in Thornthwaite and others, 1942), but
other areas do not show such extensive overuse.
The extent of overgrazing may have been over-
estimated by these workers, when ave-aged over
the entire drainage basin.

Figure 8. Stage of the annual flood at the Grand Falls 38"
ing station, 1926 to 1980. The germination envelope is the
range of elevations (gage height) of the oldest and youngest
partially covered salt cedars. Measurements are not available
for this station for 1961-1969, 1971, and 1973-1980. The
stage was estimated in the missing years by adjusting the
recorded value at the Cameron station to the equivaient Stage
at Grand Falls. Analysis of the partial duration flood series 0‘
the two records during the overlap period (1947-1959) indi-

cates that statistically they are indistinguishable.
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There is insufficient information to ade-
quately evaluate the hydrologic impact of graz-
ing in the Little Colorado River basin, even
though grazing and stream erosion began at
about the same time. Most workers in the Little
Cuiorado basin during the early 1900s noted the
poor condition of vegetation in the desert grass-
lands, which they associated with overgrazing
and stream erosion (Colton, 1937; Lockett and
Snow, 1939; Thornthwaite and others, 1942).
Recent studies of range hydrology reviewed by
Gifford and Hawkins (1978), however, showed
that estimates of range condition (an expression
of the status of the present plant community
reiative to that of the natural community) are
g werally inadequate to evaluate the hydrologic
impacts of grazing (Gifford and Hawkins,
1978). Range condition, moreover, is not inde-
pendent of climate. In a study of grazed and
ungrazed desert grasslands like those in the Little
Colorado River basin, Davey (1980) found that
moisture (annual and seasonal precipitation)
was the primary factor limiting grass productiv-
ity and that a soil moisture threshold must be
surpassed for approximately three days for a
s. nmer growth pulse to occur. The poor range

Gaditions and stream erosion, therefore, may
have resulted as much from climatic conditions
as from poor land use.

The subtle changes in climate that Gregory
(1917) suggested as the cause of the increased
erosion durmo the eariy 19005 probablv dm

Lvdih wd ol S L e an P

air temperature over th Nor'bem He"r_c‘u:n,
iTym about 1500 to the 194Us {Bryson, 1974;
¥ :Inicky, 1974). This period was characterized
b, atmospheric circulation patterns different
from those existing since about 1950 (Kalnicky,
1974). and it is likely that precipitation patterns
also were different, as suggested by Leopold
(1951) for the early 1900s and by Douglas and
others (1982) for recent decades.

An artificial reduction in discharge by in-
creased water consumption and storage, as ex-
emplified by the Platte Rivers (Williams, 1978),
11l cause a decrease in channel width resulting
i flood-plain development. The Little Colo-
rado, unlike the Platte Rivers, is largely free-
flowing: the several reservoirs that have been
constructed are relatively small and close to the
head waters. Furthermore, the largest reservoirs
were built early in the century. Water use by
man has not significantly reduced the discharge
characteristics of the river because annual dis-
charge and flood stage have not steadily de-

lined over the measurement period (see Figs.
2B, 8, and 15A below). It seems reasonable to
conclude that flood-plain aggradation probably
occurred without significant human interference;

however, the erosional episode was associated
with and perhaps aggravated by changes in land
use.

FLOOD-PLAIN STRATIGRAPHY
Sedimentology of the Flood Plain

In the preceding section of the discussion, the
chronology, effects, and general causes of the
erosional and aggradational processes were de-
duced from geomorphic evidence. By itself,
however, this type of information provides little
insight into the stratigraphic record or the func-
tional details of the aggradational process. In this
section of the discussion, the mechanics of flood-
plain aggradation are inferred from the sedimen-
tology and stratigraphy of the flood-plain
alluvium.

The sedimentologic distinction between
channel and flood-plain deposits is produced
largely by the loss of stream power when flood
water overtops the banks and spreads across the
flood plain (Allen, 1970, p. 138-139). Com-
pared to channel sediment, flood-plain sediment
is generally finer grained and has sedimentary
structures indicative of less stream power. The
histograms in Figure 9 show the average grain-
size distribution of channel and flood-plain sed-
iment from the Little Colorado. Sand in the
channel is on the average 0.8 to 1 phi-size
coarser than sand in the levees and overbank

fine to medium <and whereas the tlood- pla !
alluvium is caaracierized vy fine 1o very ine
sand.

The channel and flood-plain alluvium of the
Little Colorado are further distinguishable by
the occurreace in each of distinctive sedimentary
structures. Channel bars are characterized by
trough and low-angle cross-stratification as well
as by horizontal stratification. These structures
are typical of sandy alluvial channels of peren-
nial and ephemeral streams (Allen, 1965; Picard
and High, 1973), and they form in the upper-
lower to upper flow regime (Harms and Fahne-
stock, 1963). In contrast, flood-plain alluvium of
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the Little Colorado has features such as climbing
ripple structure and ripple lamination that typi-
cally form in the lower flow regime. These sed-
imentary structures generally occur on river
flood plains, particularly levees, where the sus-
pended load of sand and finer material is quickly
deposited during overbank floods (McKee,
1966). Another distinctive sedimentary struc-
ture, centriclinal cross-stratification, which
forms when flood waters overtop and then re-
cede from a wooded flood plain (Underwood
and Lambert, 1974), is present encircling salt-
cedar trunks buried by the flood-plain alluvium.

The flood-plain alluvium is made up of a
number of beds that accumulated by vertical
accretion (Fig. 10), and each bed has a distinc-
tive stratification sequence that developed dur-
ing and after a single overbank flood. A typical
stratification sequence in the levees consists of a
basal scour surface, clayey to silty sand with
ripple lamination, climbing ripple structure, or
centriclinal cross-stratification, and commonly a
clay drape or duff zone composed of salt-cedar
leaves. The stratification sequence in the over-
bank channels is similar to that of the levee ex-
cept that the clay drape is consistently well
developed. Fining-upward cycles are present
only within sequences that inciude the clay
drape; otherwise, there is no upward decrease in
grain size. Scour surfaces probably form when
flood waters spread rapidly across the flood
plain or by wind deflation. Clay drapes at the
tomafihr soraincer probabl
ﬂood< Duif r»suLs from leaf drop between
overbank ficoas, maiaiy during tne iali monatas,
when salt cedar sheds its leaves. Individual flood
deposits have been recognized by other workers
using similar criteria. Ray (1976) found that the
deposits of individual floods in Mississippi River
overbank alluvium typically were bounded by
clay drapes and erosional surfaces. On the Cim-
arron River, Schumm and Lichty (1963)
noted that the stratification sequence produced
by individual floods consists of a basal scour
surface overlain by sand that is capped by a clay
layer.

These erosional surfaces and organic accumu-
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Figure 9. Grain-size distributions of channel and flood plain (levees and overbank channels)
sediments from samples collected at the localities listed in Table A.




Figure 10. Flood-plain stratification in a levee on the south bank at
the Moenkopi Wash Southeast section (Table A). Scale is 1.4 m in
length with 16-cm divisions. Six beds deposited between 1969 or 1570

R. HEREFORD

and 1978 are exposed in the face. Bedding planes were excavated for

emphasis.

lations in the stratification sequence of the Little
Colorado River flood-plain alluvium are evi-
dence of periods of nondeposition and exposure
of the flood plain. Root collars, marking the
germination position of buried salt cedars
(Fig. 11), occur with scour surfaces, clay drapes,
and duff zones, indicating that the flood-plain
surface was stable long enough for trees to estab-
lish themseives. The root collars are an impor-
tant constituent of the stratification sequence
because, in the case of living trees, the duration
of the nondepositional interval can be deter-
mined by counting rings to the germination date.

Dendrochronology of Salt Cedar

Are salt-cedar growth rings produced annu-
ally? In the following section of the discussion,
considerable accuracy is claimed in dating and
correlating the flood-plain deposits on the as-
sumption that ring counts accurately determine
the vear of germination. Although many trees
are known to produce annual rings, salt cedar is

not listed among them by Fritts (1976, p. 14).
Within a single growing season, a tree poten-
tially can add one ring, add multiple rings, skip a
ring, or produce a discontinuous ring. Because of
these false and missing rings, ring counts do not
necessarily determine the actual germination
date. Nevertheless, there is abundant evidence
that the growth rings of salt cedar are produced
annually in most cases.

Salt cedars in the Little Colorado River valley
are deciduous, shedding their leaves during the
latter half of October. At Winslow, freezing
temperature normally occurs first on October 21
and the last date of O °C is frequently around
April 28 (Sellers and Hill, 1974). During this
period of recurrent freezing temperatures, salt
cedar is dormant and probably cannot produce
rings until growth resumes with the return of
warmer weather in late spring. Temperature,
therefore, modulates growth in an annual cycle,
and the resulting growth rings are also annual
(Fritts, 1976).

Additional evidence that salt cedar typically

Figure 11. Cutbank exposure of buried salt cedar. The trees germi-
nated on a scoured surface locally 2ssociated with duff. The root collar
is 35 cm below the top of the scale (5-cm divisions).

produces annual rings comes from the following
observations. At Tolchico, young trees, 110 1.5
m in height, germinated on the surface of bars
and other deposits that were mobilized during
the high spring runoff of 1980 (Fig. 2B). These
trees had one ring in late 1980, after they had
lost their leaves. By late 1981, the same group of
trees had two rings and by late 1982. they had
three rings. They thus produced rings annually
for at least the first three seasons of their groWlh'
In addition, the germination dates of mawré
trees agree well with independent evidence ﬂ.m
salt cedar was not present before 1937. Ring
counts of mature salt cedars growing at several
localities between Winslow and Cameron where
none appear in the November 1936 aerial pho-
tographs indicate that they germinated after that
time. Where mature salt cedar and cottonwoo
trees occur together on the flood pia.r. thelf
ring-count ages differ by at most a few years
and cottonwood is known to produce annusl
rings (Fritts. 1976). Finally, the oldest salt cedsf
found during this study germinated in 1937, 2l
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pough most mature trees are somewhat
ounger, having germinated in the mid-1940s. If
glt cedar regularly produced intra-annual rings
(which is not the case), there would be many
re-1.:37 germination dates.

Faise or missing rings, however, can be rec-
ggnized reliably only through the process of
goss dating, whereby ring-width patterns are
gpatched within the tree and among other trees
in nearby and neighboring stands (Stokes and
smiley, 1968; Fritts, 1976). The specimens used
in this study were not cross-dated. However,
J.S. Dean (Laboratory of Tree-Ring Research,
University of Arizona) analyzed 16 sampies and
foun.’ that they are cross-datable, although the
yrees are too young to allow unequivocal identi-
fication of the ring-width patterns (J. S. Dean,
1981, personal commun.). These results suggest
that salt-cedar trees in the study area (and per-
haps salt cedar in general) are a reliable den-
drochronologic tool.

Physical Stratigraphy and Age
of the Flood Deposits

Thiee major breaks indicating periods of
flood-plain stability and salt-cedar germination
are recorded in the physical stratigraphy of the
flood-plain alluvium. These and associated de-
posits are called, respectively, the older, interme-

diate, and younger germination horizon or
alluvium. The ages of the horizons, determined
by time-stratigraphic analysis, are 1937-1951
(older), 1953-1969 or 1970 (intermediate), and
1974-1977 (younger). The intervening years
(namely, 1952, 1969 or 1970 to 1973, and
1978) were periods of flood-plain deposition.

Figure 12 illustrates the stratigraphy of the
germination horizons as well as the relation be-
tween the flood plain and other deposits at four
of the localities in Table A. In most places, the
germination horizons and associated flood-plain
deposits are stacked on top of each other in
standard stratigraphic succession (Fig. 10). In
places, however, such as Tolchico (left bank),
Cameron (right bank), and Moenkopi Wash
Northwest (right bank), the deposits appear to
have a cut-and-fill relationship, suggesting sep-
arate periods of erosion and aggradation rather
than progressive vertical accretion. This posi-
tioning, however, probably resulted from differ-
ent flood heights and from relief on the
flood-plain surface. Levees, for instance, build
up above the general level of the flood plain;
eolian processes redistribute sediment and lo-
cally increase relief. Verticai accretion, therefore,
rather than successive episodes of cutting and
infilling, has been the dominant sedimentary
process indicated by the physical stratigraphy of
the flood-plain deposits.
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The youngest deposits. those in the channel
(Fig. 12) such as side bars and channel bars that
were active during the February 1980 runoff,
have a cut-and-fill relationship with the flood-
plain alluvium. Relationships of this type be-
tween fluvial deposits suggest erosion, perhaps
caused by lateral movement of the channel, fol-
lowed by, or associated with, migration of chan-
nel bed forms. Activity of this sort is a process of
lateral accretion whereby sedimentation is asso-
ciated with channel migration and bank erosion.
Such lateral accretion, evidenced by the physical
stratigraphy of the youngest sediments, is in
marked coutrast to the vertical accretion re-
corded by the flood-plain deposits.

Time-stratigraphic analysis of the flood de-
posits suggests they are of the same age
throughout the study area. Table 1 lists the stra-
tigraphic position and germination dates of salt
cedars collected at stratigraphic sections mea-
sured at the localities in Table A. The range of
dates in Table 1 (except for 1971 Moenkopi
Wash Southeast) is plotted as a correlation chart
in Figure 13. The three periods of flood-plain
stability occurred at approximately the same
times throughout the study area, with the possi-
ble exception of the Grand Falls locality, where
the lack of cutbank exposures prevents identifi-
cation of the older and intermediate horizons
(Figs. 7, 13). The uncertainty in the chart regard-
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Figure 12. Cross sections, constructed from maps made by plane table and alidade at the scales listed in Table A, iliustrating the surface
morphology and stratigraphy of the flood plain and older deposits. Extent of the 1937 channel was determined by its morphologic expression
and by reference to the November 1936 aerial photographs. “Older,” “intermediate,” and “younger” refer to salt-cedar germination horizons.
Dated trees on flood plain indicate approximate age of salt-cedar groves. The stratigraphic position of buried root collars was inferred from
position of trees of similar age exposed in cutbanks (Table 1). Surveyed in January 1981; last flow, September 1980.
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TABLE . STRATIGRAPHIC POSITION OF GERMINATION HORIZONS AND GERMINATION DATES

Locality Heighi above river No. samples Germination date(s)
bed (cm)
Winslow 100-120 4 1973, 1974(2), 1977
Tolchico 183-194 4 1945, 1946, 1947, 1951
140* 1 1968
208 2 1973, 1974
Black Falls 244 4 1958, 1964, 1968, 1969
307-310 5 1974(2), 1975(8), 1977(3), 1978(2)
Grand Falls 290- 366 8 1947, 1950, 1951, 1952, 1953, 1956,
1959, 1961
Cameron -t 3 1937, 1948, 1952
107-110 1 1969
136-139 4 1973(3), 1977
Moenkopi Wash Southeast 127 4 1956, 1963, 1964, 1966
170 i 1971
340- 350 6 1975(4), 1977(2)
Towul 57

*Apparent inset stratigraphic relation.

Germination horizon not exposed for two older samples; youngest sample germinated on surface.

ing the age and correlation of the deposits is
probably caused by the limited number of sam-
ples; it is likely that the samples analyzed do not
bracket the entire nondepositional interval at
each locality. Nonetheless, the duration of the
nondepositional intervals can be estimated,

within the constredms Toposs

30¥ e phieicel
stratigraphy, by comparing these intervals with
the fiood record, because only the larger floods
in the period significantly overtop the banks,
causing aggradation or flood-plain instability.
The stratigraphic column on the right side of
Figure 13 shows the age of the deposits as de-
duced from the flood record. Germination dates
(Table 1; Fig. 13) and the stratigraphy at Cam-
eron and Tolchico (Fig. 12) suggest that the
older alluvium was deposited in 1952, when the
largest flood since 1938 occurred (Fig. 8). After

1952, there were no significant overbank floods
until 1969; several large floods between 1969
and 1973 (Fig. 8) deposited the intermediate-
age alluvium. From 1974 until 1977, the river
did not overtop its banks; 1974 had the lowest
annual flood ever recorded at the gage near Cam-
eron, el U2 [CLUWing LIES years Were only
sichtly higher (Fiz. 83 Finzlly. trees that eermi-
nated in the summer of 1978 are covered by the
vounger alluvium (Figs. 12, 13). The river was
last out of its banks on December 21, 1978,
when the younger alluvium most likely was
deposited. Despite the uncertainties in correla-
tion indicated by Figure 13, the dated horizons
calibrate reasonably well with the flood history
of the river, and the deposits are reasonably cor-
relative throughout the study area.

As previously discussed, the intermediate al-

Time-stratigraphy
Moenkopi inferred from

1980 Winslow  Tolchico Black Falls Grand Falls Cameron  Wash SE flood history
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Figure 13. Time-stratigraphic correlation of germination horizons. Diagonal lines indicate
the range of dates from each of the horizons in Table 2 and represent periods of nondeposition.
Queried where the beginning of nondeposition is unknown because of limited number of
samples; boundary dashed where inferred. Dates from trees with unexposed root zones shown
in brackets. Column on right shows age of deposits inferred from the flood record.

luvium was deposited by several floods. Figure
14 is a section of intermediate and younger ally.
vium at the Moenkopi Wash Southeast section
(Tables 1 and A; Figs. 10 and 12). The gerriny.
tion dates shown in the figure were calibra: 0
the flood record as follows. At the gage near
Cameron, the largest flood since 1952 occurred
on September 7, 1970; but a year earlier, op
September 11, the river crested only 15 cm
below the 1970 mark. Both floods probably
overtopped the banks; consequently, deposition
began in either 1969 or 1970. The bed covering
the tree germinating in 1971 (Fig. 14) probably
was deposited by the flood of October 3, 1971,
the largest since 1970 at the Grand Fall. ..
Cameron gages. The remaining three beds of the
intermediate alluvium were deposited by two
overbank floods in October 1972 and by the
sustained high runoff of spring 1973 that crested
on April 18.

In summary, seven floods occurring between
1952 and 1978 were the primary cause of flood-
plain aggradation. Table 2 lists the floods and
the climatic conditions associated with them,
For the most part, floods occurred during - <t
vears in the Little Colorado basin and the wesi-

fted Siates. The germination horizons

develeped during perinds of Jay

matic patterns of regional extent. The older and
intermediate horizons partially correspond with
the drought conditions that existed in the
southwest United States between 1942 and
1956 (Thomas, 1963). The younger germination
horizon and the corresponding period of low
discharge (Fig. 2B) in the mid-1970s lit- 2
reflect a period of widespread drought tha: «
where was nearly as severe as any since the dust-
bowl era of the mid-1930s (American Meteoro-
logical Society Bulletin, 1977; Felch, 1978;
Matthai, 1979).

fhling

Interpretation

The recent alluvial history of the Little Colo-
rado suggests that sedimentation was l:"72ly
controlled by the discharge characteristics o ilie
river that are linked to the climate of the drain-
age basin. Variations in climate altered dis-
charge, causing a variety of responses in the
channel. For the most part, sedimentation was
allocyclic—that is, under the control of proc-
esses originating outside the drainage basin
(Miall, 1980). Erosion predominated during the
early history of the river, when numerous floods
eroded the cottonwood terrace and swept ‘he
channel free of vegetation. After a decreasc in
discharge, beginning in 1942 (Fig. 2B), the flood
plain began to develop and subsequently ac-
creted by overbank deposition during large

floods.
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floods. In 1980, however, sedimentation
cha ged from vertical to lateral accretion, but
this shift in sedimentary style was not associated
with a change in discharge. The flood and runoff
of 1980 were as large as others that in previous
years overtopped the banks and deposited sedi-
ment on the flood plain (see Figs. 2B and 8), yet
in 1980 the banks and flood plain were not
overtopped and instead were eroded. suggesting
that the flood plain had become a terrace.

The change from vertical to lateral accretion
prcably was caused by increased energy in the
chaanel and is an example of an autocyclic sed-
imentary process (Miall, 1980). Vertical accre-
tion is limited by the elevation of the flood plain
above the channel; beyond a certain height, un-
less the channel aggrades, successively larger
floods will be necessary to overtop the banks.
Once a flood plain aggrades to this critical
height. ﬂoocls of a given fre quemv will be con-

the banks and dlsslpatmg a pomon of their
enc: gy across the flood plain. As a result, the
average velocity in the channel is higher, be-

cause reduced hydraulic roughness and wetted

- perimeter provide greater channel efficiency,

and the capacity of the stream to do work is

© greater, resulting in bank erosion and lateral mi-

- e S

gration of the channel. Aggradation and net ero-
sion of the flood plain evidently are separated by
athreshold, the elevation of the flood plain. This

—
f
r
L AN \ _Channel floor

kopi Wash with the Little Colo-
rado River (Table A). Youngest
dates (1979-1980) are from trees
rooted on surface of the levee;
older dates are from Table 1.

i

type of geomorphic threshold separating aggra-
dation and erosion was described by Bull
(1979). It is also an intrinsic geomorphic thresh-
old that, when crossed, will cause a complex
response (Schumm, 1977) in the channel as the
system attempts to reach a new equilibrium.
The existence of a threshold indicates that
sedimentation, when considered over a long
time span, perhaps several centuries, is not to-
tally allocyclic. The stratigraphic record proba-

bly will consist of some combination of

allocyclic and autocyclic deposits. Of the two
basic alluvial environments, channel and flood-
plain, the latter is likely to be allocyclic. The
flood plain, as suggested by Leopold and others
(1964), is a constructional land form, the up-
building of which is related to discharge and
climate. Flood-plain deposits in the stratigraphic
column probably record a period when the river
&u}USYc.d to a new discharge regimen by vertical
ﬂood plam reaches the helghl of the larger
floods, it can become a terrace without a fluctua-
tion in discharge. Further addition of flood-plain
deposits to the stratigraphic column requires
some additional or continuing climatic change
that causes the river to adjust through further
sedimentation. Channe! deposits, on the other
hand, are erosional forms that are not necessar-
ily allocyclic; moreover, channe! sediment is fre-
quently reworked, so that only the most recent

TABLE 2. FLOOD-PLAIN ALLUVIUM, FLOODS, AND LOCAL AND REGIONAL WEATHER

Alluvial ynit Flood Weather
Older 1952 (January 21) Unusuaily wet winter producing largest runoff on Arizona rivers since 1941,
Annuat discharge of the Colorado River among sixth largest since 1912
Intermediate 1969 or 1970 (September 7 or 11) Extensive flooding in 1970 in southwest from Pacific storm Norma (Roeske and
1971 (October 3) others, 1978). 1969 to 1971 characterized by deficient precipitation in Arizona,
New Mexico, and Texas (Bark, 1978)
1972 (October 7) Wettest October in 92 yr at Flagstafl. Anomalous global weather patterns in 1972

1972 (October 19)
1973 (Apnl 18)

Younger 1978 (December 21)

and 1973 (Kukla and Kukla, 1974)

Heavy snowfall in winter of 1973. In the soulhwcﬂ !emperalures were abnormally

low, snowtall especially
Society Bulletin, 1973)

(American N

Precipitation over northern Arizona began in November and continued into

December. 1978 to 1980 characterized by wet winters and dry summers in
northern Arizona. Precipitation in {978 was heavy and floods were common
over most uf western United States (American Meteorological Society
Builetin, 1979)

events are recorded by its stratigraphy. A se-
quence of channel deposits may be the resuit of
lateral accretion that is caused by exceeding the
threshold of flood-plain height or by climatic
factors, such as during a period of frequent large
floods.

In summary, the recent alluvial history of the
Little Colorado sugzests that flood-plain aggra-
dation occurred allocyclically as the river ad-
justed to a change in hydrology. As Lewin
(1978) noted, aggradation is not necessarily a
response to autocyclic processes but may reflect
an adjustment by the stream to external factors.
To what extent allocyclicity applies to other
ephemeral streams in the region is uncertain. It is
unlikely that all streams in the diverse terrain of
the arid and semiarid western United States are
sensitive to changes in climate. Work by Baker
(1977) suggests that the morphology and geol-
ogy of the drainage basin determine the degree
to which climate is capable of controlling fluvial
processes. Some streams, such as the Little Colo-
rado, thus may respond to even short-term cli-
matic fluctuations, whereas others cannot be-
cause of basin size or other morphologic and
geologic factors.

CLIMATE AND TWENTIETH-
CENTURY STREAM PROCESSES
ALONG THE LITTLE
COLORADO RIVER

Little Colorado Rlver channel were concurrent
with variations in the discharge regimen of the
river. It is reasonable, therefore, to expect that
climate may have been a causative factor and to
search for correlations between climatic history
and the history of stream processes. Analysis of
climatic records from the drainage basin suggests
that variations in climate (as measured by mean
annual precipitation, temperature, and tree ring—
width indices) were occuring at about the same
time as were the variations in annual discharge.

The precipitation and temperature data used
in this analysis are from the weather stations at
Flagstaff, Winslow, and Springerville (160 km
southeast of Winslow), which have the longest
continuous records in the Little Colorado River
basin. The source of the data was the monthly
tabulations in Green and Sellers (1964), Sellers
and Hill (1974), and current U.S. Department of
Commerce publications. Missing values are not
a problem with these stations after 1915, with
the exception of Springerville, which has an in-
complete temperature record. The records were
combined into a three-station average of total
annual precipitation and a two-station (Flagstaff
and Winslow) average of annual mean monthly
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TABLE 3. STATISTICS OF THREE PERIODS OF ANNUAL DISCHARGE, MEAN ANNUAL PRECIPITATION,
AND MEAN ANNUAL TEMPERATURE COMPARED WITH STATISTICS OF ENTIRE SERIES

Period x 95% confidence interval X Standard deviation
Discharge (m°/s) 1927-1942 932 790 10 108 268
1943- 1961 5.28 47510 581 1.10
1962- 1980 767 60710 928 333
Entire series 1927- 1980 7.32 65010 B.14 299
Precipitation (mm) 1916- 1942 348 33510 361 328
1943- 1956 300 291 10 308 154
1957--1980 346 334 10 359 295
Entire series 1916- 1980 337 328 10 345 344
Temperaiure (°C) 1916-1932 9.83 9.61 to 10.1 0.436
1933-1961 105 104 10106 0.255
1962 - 1980 100 9.88 10 10.2 0.306
Entire series 1016- 1980 i02 10.1 10 103 0423

temperature from 1915 to 1981, The stations
have been moved several times (Green and
Sellers, 1964; Sellers and Hill, 1974), but analy-
sis of the individual records did not reveal
changes in the mean and variance that could be
attributed to relocation. It is assumed that the

A. ANNUAL DISHARGE

1820 1940 1950

1830

1960

precipitation and temperature time series de-
rived from these stations reflect climatic patterns
that affected the entire drainage basin, although
spatial variability was not accounted for.

Time series of average ring-width indices
determined from conifers at several widely

spaced sites in the drainage basin also were ey.
amined. The data set is a seven-station average
from 1800 to 1972 of the ring-width indices of
stations 5, 6, 8, 9, 13, 14, and 25 in Dean BN |
Robinson (1978). At semiarid sites such =5
these, ring width is directly related to precipita-
tion and soil moisture and inversely related to
temperature (Fritts, 1976).

The data were treated with a low-pass filter to
remove high-frequency oscillations and to em.
phasize low-frequency variations. The filter con-
sisted of a weighted 3-yr moving average with
weights 0.25, 0.5, and 0.25. The filter removes
oscillations of less than a three-year duratios
from the series without shifting the position -
peaks and troughs. A three-year moving average
is justified because conditions leading to changes
in the channel occurred over several decades, as
indicated by geomorphic (Table 2) and strati-
graphic evidence (Fig. 13); consequently, the
year-to-year variability is of little practical signif-
icance. In addition, stepwise multiple regression
was performed on the filtered data with dis-

C. MEAN ANNUAL TEMPERATURE
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Figure 15. Time series of climatic variables in the Littl
last years of data set. Horizontal lines in A,B,and Ca
line was estimated from the precipitation and ring-widt

1916 to 1980. D. Mean ring-width indices, 1801 to 1971; horizontal line is the average.

D. MEAN RING-WIDTH INDEX

e Colorado River drainage basin. Filter (described in the text) results in loss of first and
re the averages of the subseries in Table 3. A. Annual discharge, 1916 to 1980; dashed
h regression. B. Mean annual precipitation, 1916 to 1980. C. Mean annual temperature,
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charge as the dependent variable and precipita-
fon, ring width, and temperature as the
independent variables. All of the variables ex-
cert temperature were significant in the regres-
sioir, and 52% of the variability in discharge is
explained by the precipitation and ring-width
relationship. The regression was used to estimate
discharge from 1916 to 1926.

One technique used to detect climatic varia-
tions is comparison of the over-all mean of the
series with the means of several parts of the
record (Mitchell and others, 1966; Potter,
1976). The discharge, precipitation, and tem-
periture time series were divided into three sub-
se;2s that isolated the central part of each record
that appeared in time-series plots to have a dif-
ferent average. Table 3 compares the statistics of
the three subseries with the statistics of the entire
series on the assumption that the subseries are
statistically independent. The 95% confidence in-
terval for the average of the middle subseries
does not overlap with the average for the entire
series or with adjoining subseries, whereas the
corfidence intervals of the first and last segments
ovurlap with each other and with the mean of
the entire series.

This analysis indicates that the change in cli-
mate and discharge was caused by an abrupt
shift in the central tendency of the generating
process. Another explanation, which the analy-
sis cannot determine, is that the change was

Anlodorladhonl Ll L Llde

pendence of the process over a number of vears.
fuatoric time series such as these commoniy
sk >w long-term interdependence that can be
modeled either by a step function or by sto-
chastic models that incorporate some form of
pseudoperiodic behavior (Mandlebrot and Wal-
lis, 1969; Potter, 1976). It is assumed that the
step-function model adequately explains the
shift in average values (Table 3), although the
transitions may have been gradual.

The 1940s and 1950s constituted a climati-
cally distinctive period of below-average dis-
crarge and precipitaton and above-average
temperature (Fig. 15; Table 5). The pattern of
change in the ring-width indices (Fig. 15D)
seems clear and statistical analysis is probably
unnecessary. This pattern indicates that begin-
ning in 1900 there was an abrupt rise in precipi-
tation, and probably in discharge as well, that
was unlike other fluctuations in the preceding
100 yr. From about 1910 until 1956, there was
an intermittently broken but progressive decline
i precipitation and soil moisiure that reversed
a:ter 1956. Stockton (1975) found that the early
1900s was an unusually wet period in his recon-
struction of Colorado River discharge using tree
Tings.

glutuuan, dnaacill

There seems to be an association between
climatic history and stream processes along the
Little Colorado River. The main stream proc-
esses modifying the geomorphology of the val-
ley were (1) erosion resulting in incision of the
cottonwood terrace and deposition of the older
channel alluvium; (2) flood-plain development,
that is, a reduction in channel width and the
spread of riparian vegetation into the channel,
beginning after 1937; and (3) flood-plain aggra-
dation between 1952 and 1978. Erosion evi-
dently was initiated by the increased precipita-
tion and discharge of the early 1900s, and
erosion persisted through most of an episode of
intermittently declining moisture (Fig. 15D).
Flood-plain deveiopment was approximately
coincident with the decline in precipitation and
discharge that began in 1942 (Figs. 2B, 154,
and 15B). Most of the aggradation of the flood-
plain occurred after precipitation and discharge
returned to nearly normal or average condi-
tions in the late 1950s and early 1960s, which
also coincided with a rise in soil moisture (Figs.
154, 13B, and 15D).

The shift to less precipitation in 1942 and the
variation in temperature (Figs. 15B, 15C) were
not peculiar to the Little Colorado drainage
basin. The period 1942-1956 was one of gen-
eral, although intermittently broken. meteor-
ologic and hydrologic drought that by 1956
encompassed the Rocky Mountain states from
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frormm South Dakofa to Texas (Gaewced and
others, 1963; reicn, 1978). This periou was also
noteworthy because of a reversal in the general
warming trend that began in the Northern
Hemisphere in the early part of this century
(Kalrnicky, 1974, Fig. 1). Since at least 1951, the
middle and northern latitudes have undergone
progressive oscillatory cooling (Kukla and oth-
ers, 1977; Douglas and others, 1982). The
causes of the recent global climatic changes are
many and complex, but most of them probably
are related to a shift in atmospheric circulation
(Kalnicky, 1974) that changed surface tempera-
ture, precipitation patterns, and, ultimately, dis-
charge. These global changes in climate are
similar to those recorded in the Little Colorado
basin (Table 3; Fig. 15), and their effect on the
discharge of the river probably was responsible
for the historic changes in the morphology of the
river channel.

CONCLUSION

The geomorphic and stratigraphic history
of the Little Colorado River in this century
is recorded by three deposits. From oldest to
youngest, these are the deposits beneath the cot-
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tonwood terrace, the older channel alluvium,
and the flood-plain alluvium. The deposits form-
ing the cottonwood terrace were incised some-
time after 1880-1905, during a period of
frequent large floods and high annual discharge.
This discharge regimen persisted until the early
1940s and deposited the older channel allu-
vium. During the 1940s and 1950s, precipita-
tion and discharge decreased for a number of
years, and riparian vegetation, mainly nonnative
salt cedar, spread into the higher, frequently dry
parts of the channel. The flood plain began to
aggrade at about this time, whenever large
floods caused overbank depositicn.

Climatic fluctuations probably caused most of
the changes in channel morphology. The early
erosive phase was associated with changes in
land use but also occurred during a period of
warming temperature affecting most of the
Northern Hemisphere. Ring-width indices sug-
gest that the erosive phase was initiated by an
abrupt rise in moisture beginning in 1900.
Flood-plain development probably began in
1942 and occurred during a climatically distinc-
tive period of reduced precipitation, high tem-
perature, and low discharge. On the other hand,
aggradation of the flood plain was associated
with a return to nearly average or normal condi-
tions of precipitation and discharge.

The stratigraphy of the flood-plain alluvium
indicates that it was formed by at least seven

[ a e

1532, 19609 0r 1970-1972 and 1978, Sedimen-
tation was caused by the largest fioods in tae
period 1952-1978. Until the flood of 1980, the
flood plain evolved by vertical accretion, but
beginning in 1980 sedimentation shifted to lat-
eral accretion; at present, the flood plain is being
eroded. Although continued observation is
needed to confirm this, it appears that the flood
plain has become a terrace.

This recent change in geomorphic process
from flood-plain aggradation to erosion, and in
sedimentary style from vertical to lateral accre-
tion, occurred without a fluctuation in discharge.
It is likely that the flood plain has reached a
critical height, beyond which further accretion is
uniikely unless the channel aggrades or the
height of future floods changes. The conclusion
is that flood-plain development is initiated and
sustained through hyvdrologic fluctuations, but
that continued aggradation beyond a critical
height is limited by gecmorphic processes unre-
lated to the hydrology of the river.

The stratigraphic column of the Little Colo-
rado, and perhaps of other ephemeral streams in
the southwest United States as well, may record
severa! episodes of flood-plain deposition within”
an interval of several centuries. Such deposits

e LT




probably accumulated during periods of adjust-
ment o new hydrologic conditions. The strati-
graphic succession of flood-plain deposits from
ephemeral streams such as the Little Colorado
may represent repeated adjustments by the
stream to changes in hydrology.
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