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INTRODUCTION
The Spring meeting of the Hydrology Section of the Arizona- Nevada Academy of
Science took place in Glendale, Arizona on April 18, 1998. We want to extend our thanks

to Ms. Louella Holter, Bilby Research Center, Northern Arizona University, for her

editorial assistance on this publication; and also to Gerald Gottfried, the 1998
Hydrology Section Chairman.
Gerald J. Gottfried
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A SHORT HISTORY OF THE ARIZONA WATERSHED PROGRAM
Peter F. Ffolliott ,1 Leonard F. DeBano,1 and Malchus B. Baker, Jr.2

Land Department and the Arizona Water Re-

novel idea introduced by Wingfield, Jake West, an
employee of the Salt River Project, and Joe Arnold,
a researcher with the Forest Service.

sources Committee to work with the USDA Forest
Service and others to obtain and then extrapolate
research findings related to integrated watershed
management practices designed to increase water

water, and many of the other products and uses of
the state's watershed lands, could be increased if
Arizona's watersheds were managed more inten-

The Arizona Watershed Program was formulated
in the early 1960s as a joint initiative of the State

yields by manipulations of vegetative cover; to
measure both the positive and negative effects of

these vegetative manipulations on all natural
resources; and to make economic evaluations of
these manipulations. The Forest Service and other
governmental agencies, with their cooperators,
implemented a large number of research projects
throughout the vegetative types within the Salt
and Verde River basins and elsewhere in the state
to attain these goals. The Arizona Watershed Program was planned as a solution to the age -old
problem of conserving rainfall, putting every drop
of moisture that falls to a beneficial use. A short
history of this milestone program is presented in
this paper.

The idea presented at this meeting was that

sively. Wingfield and West had arrived at this
conclusion independently. Wingfield reached his
conclusion from a diary he kept indicating that

forage production had decreased significantly
over the previous 50 years, and West based his
deduction of a steady decline in water yields from

a record of rainfall and runoff for the same 50
years.

The reasons for the declines in forage and
water, the attendees at this meeting concluded,
had to be the steady increase in woody vegetation
on the watersheds. Useless trees and shrubs were
crowding out Wingfield's forage and gobbling up
West's water. The explanation was so simple that

the attendees wondered why someone had not
come up with it years before. Now, at least, some-

Getting Started

one had put a finger on the problem, and Fox,

The story begins with two events that were to
become the stimulus for the creation of the Arizona Watershed Program -a meeting of a few
ranchers concerned about the conditions of the
state's watersheds, and a field trip to inspect the

Wingfield, and the other ranchers left the meeting
all steamed up to do something about it. Someone
suggested that a field trip be held later in 1955 to

condition of some of these watersheds.
A Meeting at the Apache Maid Ranch

Kel Fox, a former newspaper reporter, a former
state legislator, a long -time rancher in the state,
and a man who was to become the leading light of
the Arizona Watershed Program, was invited to a

meeting with about 12 other people by Dave
Wingfield, a long -time friend and neighbor, sometime in the summer of 1955. The purpose of this
meeting, held in the shade of a big ponderosa pine
tree on the Apache Maid Ranch, was to listen to a
1School of Renewable Natural Resources, U. of Arizona, Tucson
2Rocky Mountain Research Station, USDA Forest Service, Flagstaff, Arizona

which they would invite members of the U.S.
Congress and the state legislature, representatives
of land management agencies, and the media.
The 1955 Long Valley Field Trip
That field trip, to the Long Valley area near Clint's

Well, was a resounding success. Among those attending were U.S. Senators Carl Hayden and Barry

Goldwater, a young congressman named John
Rhodes, several members of the Arizona State
Legislature, the top management of the Salt River
Project, and representatives of the media. The field

trip generated so much support that it was decided to seek a full- fledged study of deteriorating
conditions on the Salt and Verde watersheds.

The Salt River Project agreed to finance the
study. The Arizona State Land Department and
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the University of Arizona agreed to provide the
scientific leadership, the latter in the person of
George W. Barr, an agricultural economist. With
the assistance of Bob Humphrey, a range management specialist, and other members of the univer-

sity's faculty, Barr began to assemble his team
during the winter of 1955 -56. Fox was at work on
another front at the same time -the Arizona State
Legislature. Looking toward the future, Fox saw

the mayor of Phoenix, introduced the topic of the
report and the speaker, and it seems that the meeting went off well; however, the press reaction was
mixed. The Arizona Republic, with columnist Ben
Avery writing the story, was particularly critical,
damning the proposal as a "tinroof concept," good
for the farmers (more water) and for the ranchers
(more grass), but damaging the timber and wildlife interests.

the need for additional funds to carry out the

Ernst, Arnold, and Fox were shocked at the

hoped -for recommendations of Barr and his colleagues. Accordingly, he drafted a bill carrying

lukewarm, often hostile reception accorded to the
report. They had assumed, incorrectly it seemed,
that any plan to augment the state's water supply
by an estimated 235,000 acre -feet a year (Barr's

$25,000 in appropriations for the State Land
Department. Fox had little trouble getting this bill
passed by his former colleagues in the Senate, but
last -minute plea to the Speaker of the House, who

prediction), while also improving collateral resources on watershed lands, such as forage and
wildlife habitat, would be hailed and welcomed.

had once been a protégé of Fox when the latter

They had to face up to the fact that the proposal to

was Minority Leader of that body, did the trick.

improve watershed conditions had formidable

it ran into trouble in the House. Only an urgent

opposition along with its many supporters.
Barr's Study

summer of 1956 touring around the Salt and Verde

Clearly, before the specific recommendations of
Barr and his colleagues could be put into actual
practice, they would have to undergo additional

watersheds. While Barr's team was visiting the

scrutiny.

Barr and his team of experts spent most of the
watersheds, State Land Commissioner Roger Ernst
invited Fox to his office for a talk. Ernst was con-

cerned about two critical questions -how should
they introduce the Barr Report and how should
they implement its recommendations?

The decision reached that day was to create a
Watershed Management Division within Ernst's
organization. Fox agreed to serve as its organizer,
with Arnold as his assistant, and to head it up for
a period of 6 months, after which it was planned
that the job would be turned over to Arnold. Ernst
rented space in the old Heard Building, across
from the Adams Hotel, and Arnold and Fox reported for work there on September 1, 1956.

Findings and Recommendations
Barr's team recognized the importance of the Salt
and Verde watersheds for water, timber, grazing,

wildlife, and outdoor recreation. Mining operations were considered not to be closely related to
water use, and therefore the value of minerals was
not considered. They also believed that obtaining
the optimal economic use of the watershed meant
assigning each segment of publicly controlled land
to one specific use, or a specific combination of
uses.

Barr's team believed that the greatest increase

in water yields from vegetative manipulations
would be obtained from the portions of the Salt

The Barr Report

and Verde watersheds at highest elevation, where

Shortly thereafter, Barr handed Arnold and Fox

precipitation is the greatest in the state. Much

his report, a massive document (Volume II) plus a
shorter summary (Volume I), both going under the
intriguing title "Recovering Rainfall -More Water

emphasis was placed on the high- elevation pon-

for Irrigation." The report, to be made public in
the fall of 1956, not only confirmed that Arizona's
watersheds were in bad shape, but also proved to
be a scientific base for the belief that their condition could possibly be improved by more intensive
management practices, especially vegetative modifications. The task of Arnold and Fox was to make
the report intelligible to the lay public.

A VIP dinner was held in September to hear
Barr make his pitch. Jack Williams, soon to become

derosa pine and mixed conifer forests for this
reason. Silvicultural treatments were also recom-

mended by Barr's team for implementation in
stream channels and along drainage ways, for
poor timber -producing sites, and for good and
intermediate timber sites.
It was thought that additional water could also

be generated from the extensive pinyon -juniper
woodlands by substituting grass and other forage
plants, which use less water, for the non -useful
woodland trees. Although less water would likely
be realized than from the higher forests, Barr's

History of the Arizona Watershed Program
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team concluded that the combined values of more
water for irrigation, increased livestock carrying
capacity, and reduced erosion would provide the
economic grounds for the removal of much of the
juniper and pinyon.
Barr's team believed that the chaparral shrub -

time U.S. Congressman. After a lot of cajoling,
Douglas agreed to serve on the committee as its

lands had little water yield improvement poten-

sources Committee therefore met for the first time

first president, provided that Arnold and Fox
could come up with a vice -president who would
take care of most of the leg work and paper shuff-

ling, which was done. The Arizona Water Re-

tial. However, the hydrologic effects of controlling
chaparral shrubs were somewhat speculative, be-

in December of 1956, with Douglas at the helm
and the other original members in attendance,

cause of the limited watershed research that had

three of whom remained aboard for 20 years.
The committee was ready for business on January 2, 1957, when Ernst publicly announced its
creation, describing it as a policy- making group

been done in the type. Removal of chaparral might
reduce interception and transpiration losses, and
might result in some increase in water yields. But,
the low rainfall normally falling in the type would
limit the amount of gain realized.

The team recognized that stream -side losses
incurred during the passage of water from the
point of production to the reservoirs could be
large. Any reductions in these losses would mean
substantial savings, not only of water that might

result from a watershed modification program,
but also of water that the watershed had already
produced. They thought that replacement of deep -

rooted trees and shrubs and establishment of a
shallow- rooted herbaceous cover would greatly
reduce evapotranspiration losses.
Barr and his team recommended that an extensive, well- coordinated action program be started
to increase the yields of water from the watersheds
in the state. They further believed that water could
not be considered a by- product, unchangeable and

inexhaustible, of a watershed devoted chiefly to
growth of timber and forage. Therefore, the action

program should be initiated first in areas where
the greatest increase in water might be economically obtained, and where results of water yield
improvement treatments, and costs of these treat-

working with the Watershed Management Division. Over the next 20 years or so, this committee
would be instrumental in raising more than $17.5

million in federal, state, and private funds for
watershed programs in Arizona. In later years, the

committee was to expand its membership to include a wider variety of interests, among them
environmental planning, education, and urbanization.

A Big Decision

No sooner was it organized than the committee
was confronted by the need to make a major decision: whether to push for immediate implementation of Barr's recommendations on how to im-

prove water yields from watershed lands, or to
test these concepts through careful study before
recommending their adoption. A decision had to
be made on whether to actively pursue an action
program or a research program. There seemed

little point in renewing the battle with Barr's
strident opponents, led by Avery. Better, it was

believed, to pursue a waiting game, to enlist

The Arizona Water Resources Committee

competent and respected researchers to put Barr's
theories to the test, and then confront the critics
with the time -tested facts. And so was born what
was to be called the Arizona Watershed Program.

Ernst suggested the formation of a citizens committee to move ahead the programs recommended

The Arizona Watershed Program

ments, can be adequately evaluated.

by Barr's team. Arnold and Fox agreed to this
suggestion, and, with support from the State Land

Department and the Salt River Project, they set
about putting such a group together. Their nominees for committee membership reflected the
thinking in that period of the state's history. With
a significant exception, nominees were picked to
represent the users of the lands and natural resources that, it was hoped, could be manipulated
and rehabilitated to improve their condition.

That exception was Lewis W. Douglas, a
Tucson banker, a former ambassador, and a one-

The focus of the Arizona Watershed Program, a
joint initiative of the Arizona Water Resources
Committee and the State Land Department, was to

work with the Forest Service, their cooperators,
and others to obtain and then extrapolate research
findings on large -scale watershed management
practices designed to increase water yields by
manipulation of vegetative cover; to determine the

costs of water yield improvement treatments; to
encourage the development of improved methods

and techniques for multiple -use management
practices on the state's watershed lands; to meas-
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ure both the positive and negative effects of vegetative manipulations on all natural resources; to
make economic evaluations of these practices; and
to support watershed' management research.
The goals of the Arizona Watershed Program
would be obtained largely through three closely
linked programs -an action program, a research
program, and a public relations (educational) program. The Arizona Water Resources Committee
initially placed priority on the action program that

Lassen moved the Watershed Management Division from the Heard Building to the main office in

the Barr Report had recommended. This early
emphasis was later tempered, however, by the

It was decided at the time to move the Arizona
Watershed Program ahead on two fronts. First, a

adverse publicity to the proposals for the immedi-

public relations effort would be mounted to offset
the damage caused by the earlier attacks of Avery

ate implementation of large -scale programs of
vegetative manipulations to improve water yields
from the state's watersheds. As a consequence, the

committee acknowledged that proposed watershed treatments would need to be tested through
research before their implementation.
Therefore, the Forest Service and other govern-

mental agencies, with their cooperators, implemented a large number of watershed research
projects on sites that were scattered throughout
the vegetative types within the Salt and Verde
watersheds to attain these objectives. The research
program was intended as a solution to the age -old
problem of conserving rainfall, putting every drop

of moisture that falls on the state to a beneficial
use.

The State Land Department Link
Let's return to the Arizona State Land Department,

where the idea to organize the committee was
originally conceived. Important developments
were taking place in that agency, developments
without which the committee might not have
survived. Ernst had resigned as commissioner, to
accept appointment as Assistant Secretary of the
Interior in President Eisenhower's Cabinet. As his
successor, Governor Ernest McFarland appointed
Obed Lassen, a Phoenix farmer and businessman
who had already enjoyed a distinguished career in
both the agricultural and political arenas.
Lassen was quick to recognize the critical role
that the Watershed Management Division could

play in the Arizona Watershed Program, and
decided to throw the support of the State Land
Department behind its efforts. Using earlier legis-

lative actions for continuing the program in his
organization, he appealed to the Legislature for an
annual appropriation for watershed management,
and got it.

With this commitment of funds, averaging
around $20,000 annually for the next 10 years,

the Capital Annex Building, and into quarters
directly across the hall from his own, so he could

keep close tabs on its progress. Arnold was installed as the Division's director on April 1, 1957,
with Fox continuing on as a part -time consultant
and an all -important link with the committee.
Taking the Initiative

and others. To this end, the Arizona Water Resources Committee and the Watershed Management Division co- sponsored the first of what
would become a long and important series of
annual Arizona Watershed symposia in 1957. That

first symposium was held in the chambers of the
Arizona House of Representatives, with Fox presiding, as he was to do for several years, and with
Arnold putting the program together. It attracted
an audience of about 50 people, many of whom
were antagonistic to the objectives of the Arizona
Watershed Program. Later symposia, generally
held at the Desert Hills Motel in downtown Phoenix, rarely failed to attract at least 150 persons, the
bulk of whom were researchers, managers, and
technicians interested in all phases of water conservation and watershed management.

The committee moved quickly on a second
front in the winter of 1957, to implement a massive

research effort to prove Barr's thesis -that water
yields could be increased by vegetative modifica -

tion. Two new actors now entered the drama at
this point, and their contributions had a marked
effect on the research front. Their names were Ray
Price and Fred Kennedy.
Price and Kennedy

Price was the director of the Rocky Mountain
Forest and Range Experiment Station of the Forest

Service. This Experiment Station had long been
known as a leader in watershed research in the
central Rockies. Kennedy, the Regional Forester,
was situated in Albuquerque, heading the administrative branch of the Southwestern Region of the
Forest Service, which included Arizona and New
Mexico. Together, these two men made a formid-

able team, and both were sold on the concept of
vegetative modifications for the enhancement of
the state's natural resources, including water and
other multiple -use values.

History of the Arizona Watershed Program

5

At one of their first meetings with the committee, Kennedy announced his decision to set aside a

Congress for Native Americans than for federal

250,000 -acre portion of the Coconino National
Forest in north -central Arizona -an area destined

was primarily located in the ponderosa pine

began sounding out the White Mountain Apache
Tribe to see if they would be interested in a large scale program of vegetative modification on their
reservation. There were two reasons that the committee honed in on the Apaches rather than other
tribes in the state. First, the Apaches had shown an

forests and pinyon -juniper woodlands, but also
pleaded for committee support for research in
other vegetative types in the state, notably in the
high -elevation, mixed -conifer forests, largely
located on the Apache National Forest in eastern
Arizona, and in the chaparral shrubland ecosys-

thousands of acres of their ponderosa pine forest
with controlled burns long before it was popular
to do so. Second, their reservation contained what
was considered to be some of the finest watershed
lands in Arizona.

to become the well -known Beaver Creek Project.
Price not only indicated an eagerness to cooperate
with Kennedy on the Beaver Creek Project, which

tems, found scattered at lower elevations throughout the state.
Kennedy and Price gained the confidence of the
Arizona Water Resources Committee at that first
meeting, setting the stage for a close working relationship for the next decade or so. But, the mere
decision to work together toward a common goal

was not enough. This partnership would require
money to flesh out the research that was envisioned by Kennedy and Price at Beaver Creek and
in the mixed conifer forests and chaparral shrub -

lands. And that leads us to one man without
whose enthusiastic support there could have been

no Arizona Watershed Program -U.S. Senator
Carl Hayden.

Carl Hayden
Hayden was among the dignitaries who attended

that first watershed field trip at Long Valley in
1955. He must have been impressed because,
when Kennedy and Price recommended Beaver
Creek as the site for the initial watershed experiments, Hayden got them the first appropriation some $200,000. The committee, in its first formal

request for funds, added a second project to the

list -in the chaparral shrublands -and sent
Hayden a letter asking for an additional $100,000.
The Senator got the money, as he was to do on so
many later occasions.

Encouraged by Hayden's support of Beaver
Creek and the chaparral shrublands, the committee now began to expand its horizons. New projects were proposed to be implemented at regular
intervals. And, importantly, agencies and groups
of people other than the Forest Service were also
brought into the picture.
Working with Native Americans
Hayden had told the Water Resources Committee

that it would be a lot easier to get money from

agencies. The committee took him at his word, and

earlier interest in prescribed burning, treating

The committee agreed to sponsor two large
projects on the White Mountain Apache Reserva-

tion -one on Corduroy Ridge, the other on the
Cibecue watershed -the first a pinyon - juniper
woodland to grass conversion treatment, the
second a combination of pinyon - juniper woodland

and chaparral shrub conversion. The committee
would obtain the money by means of an appeal to
Senator Hayden, the Bureau of Indian Affairs
would furnish the equipment to implement the

project, the tribe would provide the necessary
labor, and the U.S. Geological Survey would monitor the runoff.
Everything worked out fine, except for the most
important part -the results of the treatments were
not what the committee expected. Hayden got the
money, close to a million dollars, and the Bureau
of Indian Affairs and the tribe did their jobs. Un-

fortunately, the results of the conversion treatments proved inconclusive in terms of increasing
water yields.
U.S. Geological Survey
The two White River Apache projects were not the
only studies that the committee got going with the
U.S. Geological Survey. There were others, two of
which are worthy of mention. The earliest contact
that the committee had with the Geological Survey

was through the Survey's state director. The com-

mittee members were interested in finding out
how much water was transpired, and therefore
lost, to runoff in a heavy stand of cottonwoods.
These trees, along with alders, willows, and syca more, made up the higher elevation riparian ecosystems mentioned in the Barr Report as having a
great potential for increased water yields. The area

chosen for the cottonwood study was a 3 -mile
reach of Cottonwood Wash, a perennial stream in
Mohave County near the Yavapai County line. The
Geological Survey agreed to build the necessary

Ffolliott, DeBano, and Baker

6

gauging stations, treat the vegetation, and monitor
the results as its contribution to the effort. The Salt
River Project and the State Land Department assumed the other costs.
This study was a success from a scientific standpoint, producing benchmark estimates on transpi-

The Beaver Creek Project

This project covered an area of approximately
250,000 acres, with ponderosa pine forests and

treated. The Salt River Project used the results

pinyon - juniper woodlands the dominant vegetation. The project area had two main watercourses,
Wet Beaver, a perennial stream, and Dry Beaver,
an ephemeral stream but a heavy yielder of runoff
from snow melt in the spring. Twenty permanent
gauging stations were established to measure the

from this experiment in later years as the basis for
a proposal for treating a hundred acres of cottonwoods along the Verde River, near Camp Verde,
to reduce water consumption by the riparian eco-

runoff from selected watersheds. Of the 20, 18
ranged from about 65 to more than 2000 acres in
size -3 in the lower pinyon Utah juniper woodlands, 3 in the upper pinyon alligator juniper

system.

woodlands, and 12 in the ponderosa pine forests.

ration losses from riparian plant communities approximately 2 acre -feet of water for every acre

Another effort with the Geological Survey, for

The other two watersheds- 12,000 and 16,500

which the committee obtained funding through
Hayden's efforts, was the so- called Middle Gila
Project, located on a reach of the Gila River just

acres of ponderosa pine forests -were set aside to
demonstrate the effects of a composite of management practices on areas of the size that managers
work with operationally.
Beginning in 1957 and continuing into the early
1980s, various vegetative manipulations were applied to watersheds in the pinyon -juniper woodlands and ponderosa pine forests on Beaver Creek.
These treatments were monitored to evaluate the
treatment effects on water yields and other multiple use values. Monitoring responsibilities fell
largely to personnel of the Experiment Station and
to personnel from the Coconino National Forest,
the area on which Beaver Creek was located.

above San Carlos Dam. This project involved the
measurement of transpiration losses in connection
with salt cedar, an introduced tree species growing
extensively within the state's riparian ecosystems.
It concluded that substantial savings in water
could be accomplished through controlling the salt
cedar. However, the results of this research effort
were never implemented operationally, largely because of the subsequent opposition by sportsmen
and other wildlife advocates who were concerned

about destruction of wildlife habitat from the
clearing process.

Results

Agricultural Research Service
Over the years, the committee became involved in

With a single exception, results from the treated
pinyon -juniper woodland watersheds on Beaver

programs administered by the Agricultural Research Service, the research branch of the U.S.
Department of Agriculture. One of these efforts

Creek indicated insignificant effects on subsequent
water yields. This finding was disappointing to the

was construction of a Soil and Water Conservation
Research Laboratory, which had been authorized

Barr's team had predicted only a modest increase
in water yields from this vegetation type. The only

by the U.S. Congress to be established in the

exception to the insignificant changes in water
yields was a watershed where the overstory trees
were killed by an aerial application of herbicides

Southwest. Through the efforts of Senator Hayden,

the committee was successful in getting this lab
located in Phoenix.
USDA Forest Service

The main effort of the Arizona Watershed Program was centered within the USDA Forest Service. That interest had manifested itself by the
middle 1970s in both research and action programs throughout the national forests of Arizona.

By far the largest of these projects in terms of
money invested in research infrastructures, cultural practices, and scientist support, and the most
widely known, was the Beaver Creek Project south
of Flagstaff.

committee, but it was not entirely unexpected.

used to defoliate woody plants. However, because
these chemicals were subsequently withdrawn for
general use as a tool in land management due to
concerns about their environmental effects, prospects for increasing water yields from the approximately 15 million acres of pinyon -juniper woodlands in Arizona did not appear encouraging.
The results were more promising in the case of
the treated ponderosa pine forest watersheds. The
committee members were pleased that almost all
of the treatment prescriptions applied to ponderosa pine forests -thinning, strip- cutting, and clear-

ing- provided increases in water yields in the

History of the Arizona Watershed Program

years immediately following implementation of
the treatments. It also appeared that the treatments

tested would be beneficial to some of the other
multiple -use values. However, the duration of
these treatment effects on water yields, and on the
other watershed resources, were unknown.
From a strictly water yield improvement proj ect, Beaver Creek became a full- fledged multiple use evaluation effort in the early 1970s, with water
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top spot because his party never gained power in
the Lower House while he was in Congress. However, Rhodes had become the ranking Minority
Member by the time Hayden retired, and therefore
held a position of power and influence when the

committee needed him the most. How well he
wielded that power is shown by the following
incident.
Carl Wenger and Bill Hurst, who replaced Price

beauty. These multiple -use, multidisciplinary

and Kennedy as Experiment Station Director and
Regional Forester, respectively, came to the committee in the early 1970s with a sad story. Between
increasing inflation and the ever -expanding work

orientations on Beaver Creek were largely in keep-

at Beaver Creek and throughout the Arizona

ing with a policy that had been adopted by the
committee of endorsing the Multiple Use and

Watershed Program research locations, they were

Sustained Yield Act of 1964, which the committee
strongly supported by word and deed.

want to see the research on Beaver Creek or else-

Other Forest Service Research Efforts
The committee took pride in the fame achieved by
Beaver Creek. However, it also took pride in some

committee wrote Rhodes a letter, in which they explained the situation in some detail and requested
a modest increase in the annual appropriation.

of the perhaps lesser known, but equally important collaborative efforts with personnel of the
Rocky Mountain Forest and Range Experiment
Station. Chaparral shrublands, which had been
largely written off by Barr's team, became the
shining ornament of the Arizona Watershed Pro gram. That first $100,000 investment yielded rich
dividends- spectacular water yield increases, well
in excess of those reported from the ponderosa
pine forests. Many of these unexpectedly high

The committee had asked that Forest Service
research funding be raised to $400,000 a year.
However, Rhodes got $600,000. The committee
had also requested an additional $178,000 for
Forest Service administration. Prior to this time,
Forest Service administration had been funding
the efforts at Beaver Creek at the regional rather

resources sharing the concern of planners and
managers with timber, livestock forage, wildlife,
and recreation, and even amenities such as scenic

water yields were observed on the Three -Bar Ex-

perimental Watersheds, located near Roosevelt
Lake, following the conversion of chaparral shrubs
to a cover of herbaceous plants.
The Experiment Station also addressed another
committee interest -vegetative manipulations for

water yield improvement in the mixed conifer
forests. Research in the mixed conifer forests, with
its high precipitation, held promise for results that
were as good, and perhaps even better, than those

being obtained on the chaparral shrublands,
making it another good investment in committee
research -sponsored dollars.

running out of money. The committee did not
where in the Arizona Watershed Program curtailed any more than Hurst and Wenger. So, the

than national level. Rhodes got that too -and as a
line item in the budget.
The Arizona Water Commission
When Lassen completed the second of his two 5year terms as State Land Commissioner, he was

succeeded by Andrew Bettwy. A lawyer with
experience in land and water matters, Bettwy took

a long look at the language contained in earlier
legislation and felt it was lacking in justification
for continued annual appropriations to maintain
the Watershed Management Division within his
organization. He therefore terminated the Watershed Management Division and its connection
with the State Land Department. Some months
before this termination occurred, however, the
state legislature was considering a bill to create

John J. Rhodes

what was to be known as the Arizona Water

When Hayden retired from Congress, the commit-

Commission.

tee turned to another Congressman from the

The committee voted to endorse the Arizona

Phoenix area, John Rhodes of Mesa. Like Hayden,

Water Commission Bill, provided it included refer-

Rhodes had made appropriations his specialty.
Hayden, a Democrat, had risen to the chairman-

ence to the role of watershed management. Fox

ship of the Appropriations Committee in the

was gratified to see the necessary language inserted. In 1971, therefore, the state legislature

Senate. Rhodes, a Republican, never made it to the

carried this message to the hearing on the bill, and
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expanded and reorganized the Arizona Interstate
Stream Committee, restructuring the latter as the
Arizona Water Commission. It was intended that
the membership, powers, and duties of the Inter state Stream Commission would be transferred en
bloc to this new commission, the former then to
pass out of existence.

The Arizona Water Resources Committee terminated its relationship with the State Land Department as far as watershed management issues
were concerned at this time, and assumed a new
relationship with the Arizona Water Commission.
However, its transition to the Arizona Water Com-

mission modified the policy- making role of the
committee, along with the quasi -public position
that the committee had assumed to this time. In
essence, the commission, rather than the committee, began to officially prosecute the state's role in
watershed management programs.
A Setback

An agreement had been signed between the Salt
River Project and the Forest Service in 1964 to rehabilitate the Salt and Verde watersheds. The ink
was hardly dry on the agreement when the first
projects were begun to convert pinyon - juniper

woodlands and chaparral shrublands to herbaceous plant covers, hoping to improve forage

about the same time that Mrs. Shoecraft thought
she felt the chemical spray, a man named Robert
McKusick, a resident of nearby Kellner Canyon,
saw (or thought he saw) a sudden gust of wind
carry droplets of 2,4,5 -T (and the other chemicals)
into his yard, where the droplets fell on his chickens and ducks. And so the stories went.
A group of area residents, attending a meeting
to protest the use of herbicidal sprays, held at the

Globe Chamber of Commerce in July 1969, endorsed a proposal drafted largely by McKusick
and Mrs. Shoecraft, which was to be sent to the
Forest Service and the Salt River Project on the
subject of spraying herbicides in the Pinal Mountains near Globe. This proposal called for all spray-

ing of plants on the Pinal Mountains to cease
immediately, the Forest Service no longer having
immunity from the controls set forth by the Board
of Herbicides and Pesticides, and the Salt River
Project was to be restrained from further destruction of the Pinals for any reason whatsoever.
McKusick was to file lawsuits about a year after
the spraying incident, alleging that the herbicides
sprayed in the Pinal Mountains caused malforma -

tions in the chicks and ducklings born after the
mist flowed across his property. He and his neigh-

bors followed with complaints of unexplained

ing scars that remain largely unhealed to the

human illnesses attributable to the chemical. All of
these complaints culminated in the filing of a lawsuit, in which Dow Chemical, the primary manufacturer of the herbicide, and the Salt River Project,

present time. This setback later became know as

Arizona Helicopters, Inc., who were accused of

the "Globe incident."

negligence, and the Forest Service were named as
co- defendants. Three other chemical companies
were also included in the lawsuits, which claimed
that these companies were also allegedly negligent
in allowing the herbicides to be marketed without
proper testing or labeling.

production and water yields. Then in 1969 came a
setback to the Arizona Watershed Program, leav -

The Incident

A helicopter hired by the Forest Service was
spraying herbicides on a stand of chaparral shrubs
on the foothills of the Pinal Mountains at the outskirts of the town of Globe. It was scheduled to be

a routine operation, using a chemical mixture

"Sue the Bastards"

dominated by the herbicide commonly known as
2,4,5 -T. The same operation had been performed
countless times at different locations on the Tonto
National Forest since 1965, as part of a rehabilitative program to reduce the densities of the chaparral stands in the foothills of the Pinals. However,
this time it was different.
The incident began on Sunday morning, June 8,

Attempting to publicize the incident, Mrs. Shoe -

1969, when Mrs. Willard (Billee) Shoecraft, a longtime Globe resident and the wife of the local radio

station owner, said she "stepped outside [her]
bedroom door ... and was covered with a spray

mist from a helicopter flying over [her house]
located at the foot of the Pinal Mountains." At

craft wrote a book in 1971 about the Globe incident

titled "Sue the Bastards." The book recounts the
many contacts that Mrs. Shoecraft had with local
representatives of the Forest Service, employees of
the Salt River Project, U.S. Senators and Congress-

men, the Governor of Arizona, who was Jack
Williams at the time, and Clifford Hardin, the
Secretary of Agriculture. She detailed her often
unproductive (in her opinion) communications
and other exchanges with researchers and other
experts within and outside of the Forest Service on
their thoughts relative to the use of herbicides.

Mrs. Shoecraft's impressions of the effective-

History of the Arizona Watershed Program

ness of the task forces brought in to investigate the

incident are described from her perspective of
these encounters. Formal and informal correspondence from and to Mrs. Shoecraft in relation
to the use of 2,4,5 -T and other herbicides in the
Globe -Miami area, and their use in general, is also
presented in the book to reinforce the points made
by the author.
Bob Moore

In one of his last acts before retiring, Jake West
had recruited an agricultural engineer, Robert E.
"Bob" Moore, then completing his education on
the University of Arizona campus, as his heir designate. The committee, seeing a rising light in

Moore, had made him its secretary- treasurer,
succeeding Fox, who then moved up to president

of the committee and watched with pride and
approval as Moore pushed through the chaparral
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summary, titled "More Water for Arizona," prepared by the committee and the Arizona Water
Commission, was made available to the public on
September 24, 1974, at a dinner meeting in Phoenix. The Westward Ho hotel was chosen as the site

for this dinner, to be held to release the ThorudFfolliott Report to the public -as it was on the
night that Barr made his report available.
Among those in attendance were the governor
of Arizona, Jack Williams; representatives of the

Arizona Water Resources Committee, the Salt
River Project, the Forest Service, and the Arizona

Water Commission; and the president and a
number of faculty members of the University of
Arizona. Committee spokesmen said that "they
expected opposition from conservation groups"
the following day, when the Thorud -Ffolliott
Report would be formally presented to the public
at the annual Arizona Watershed symposium.

control effort in the Pinal Mountains, the first
operational water yield improvement program
based on the state's research findings. The com-

However, the committee and others were sur-

mittee, therefore, was bitterly disappointed when
the Forest Service, knuckling under to the threats

well.

prised by the intensity of opposition. As it turned
out, history was to repeat itself in another sense as

resulting from the Globe incident, ordered the

Another Setback

planned chaparral conversion project to be

The next day started off well enough. That day,

shelved.

September 25, 1974, Fox, Thorud, Ffolliott, a numThe Thorud -Ffolliott Report

Some months later, representatives of the Arizona
Water Resources Committee met Dave Thorud,
the head of the Department of Watershed Management, University of Arizona, at his office on the
Tucson campus to discuss a project of vital importance to the committee. It was time, the committee
thought, to assemble, collate, refine, and analyze

all of the information gleaned by watershed re-

ber of Forest Service researchers, and Bill Hurst,
the Southwestern Regional Forester, all of whom
had been invited to speak at the 18th Annual Watershed Symposium, faced some 250 researchers,
managers, technicians, and water specialists who
had been invited to attend the symposium. The
symposium presentations came off exceptionally
well. Expert after expert, all respected leaders in

their respective fields, attested to the generally
favorable conclusions drawn from the nearly 18

searchers over the decade and a half that the committee and the Arizona Watershed Program had
been in business. The committee also felt that it

years of watershed research since issuance of the

was time to move the Arizona Water Program

posium, with his talk focusing on the application
of water yield research to watersheds on the national forests in the state -a further discussion of
this talk is presented below.
Ffolliott reported in the afternoon session that
the water yield improvement opportunities on the

from one of research to one of action. The Department of Watershed Management at the University

of Arizona was asked to do the job. Thorud
agreed. Thus was set in motion what became
known as the Thorud -Ffolliott Report (for Peter
Ffolliott, a member of Thorud's faculty) or, to give

the report its formal title -"Vegetation Modifica-

Barr Report.
Bill Hurst was the luncheon speaker at the sym-

state's grassland and desert shrub ranges were
limited. He also presented a paper in which esti-

tion for Increased Water Yields in Arizona."

mates of the potentials for increasing water yield
by vegetation management practices were given.

Release of the Report
It took Thorud, Ffolliott, and their associates about

Thorud, who was Master of Ceremony for the
symposium, concluded the day with a presenta-

a year to prepare the report, a massive document

tion on the Arizona Watershed Program in review,
in which he summarized the relevant conclusions

that came off the press in 1975. However, a shorter
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and recommendations contained in the ThorudFfolliott Report.

"There was only one sour note," Fox would
later say, "the luncheon talk by Regional Forester

Hurst, in which some of the points made in the
Thorud -Ffolliott Report were challenged. Eager to

pour more coals on the fire, the same newspaper
men who had written the earlier stories about the
conclusions of the Barr Report seized on Hurst's
reservations to the Thorud -Ffolliott Report, blithely ignoring the overwhelming testimony presented
in its favor."
Members of the committee were thunderstruck

at the reception that the Thorud -Ffolliott Report
received. To many of them, it seemed that Hurst,
who had been a member of the steering committee

that had aided in the preparation of the report,
was out to knife both its authors and some of the
committee members.

The controversy smoldered for more than a
month, until there could be a reconverting of the

Hurst had little problem with the first part of
the Thorud -Ffolliott Report. In fact, he commented
in his aforementioned luncheon talk at the sympo-

sium that it "constitutes an excellent summary of
the knowledge available on water yield possibilities from the major vegetative types in Arizona."
Furthermore, he continued, "this information will
be extremely helpful to land managers in developing management objectives for specific areas of
land during the planning process." His problem

with the report, it seemed, was with its second
part ... However, by placing these two perspec tives side by side, it can be seen in retrospect that
there was relatively little disagreement between
the two.

Compounding the controversy was the time lag
between the release of Hurst's remarks at the symposium and the published presentations of Thorud
and Ffolliott. A copy of the paper that Hurst presented at the luncheon was made available to all in
attendance, including the media, at the time of its

committee with Hurst in attendance. This meeting,
which took place in Phoenix and lasted most of the
day, resulted in a compromise acceptable to both
parties -that is, to Hurst and the committee members. Fox would write, and Hurst agreed to sign, a
letter to John Rhodes stating that he had, in effect,
been misquoted by the press, and that he and the

presentation. However, the papers authored by

agency he represented (the Forest Service) were
ready to support the concept of vegetative modification for the purpose of increasing water yields
and improving related resources. The pact was
duly inked by the principals about a month later.
Peace, it was thought, had been restored. It was

sions relative to what side to take in the contro-

believed that the Arizona Watershed Program
could move ahead, and that the Arizona Water
Resources Committee would continue to play a

the management of chaparral ecosystems as

key role in the program.

Thorud and Ffolliott, along with those of the other
speakers, were not published for several months

thereafter, when the symposium's proceedings,
which included the full text of Hurst's paper, became available to the public. As a consequence, it
was difficult for people to draw their own conclu-

versy, if any side was to be taken, in the time
immediately following the symposium.
Battle Flat

A need for testing and, if necessary, refinement in

shrubland- grassland mosaics for increased multiresource outputs had become a critical issue by the
middle 1970s. Earlier research on the Three -Bar

Experimental Watersheds indicated that signiIn Retrospect
Much of the perceived problem that Hurst seemed
to have with the Thorud -Ffolliott Report was prob-

ficant improvements in water yield could be

ably the result of a case of miscommunication
among the parties to the debate on the nature of
the report's conclusions. To a large extent, the
Thorud -Ffolliott Report contained two parts -a
summary of the knowledge obtained from the

covers. It was largely for this reason that what

achieved through conversion of chaparral shrub lands into less water consuming herbaceous plant
became known as the "Battle Flat Pilot Application

Program" was initiated as a prototype chaparral
management area in 1977.

Arizona Watershed Program up to that time, and a
statement of a theoretical maximum in water yield

The Battle Flat Program

improvement potential that might be obtained
through implementation of hypothetical vegetation management practices. The latter was pre-

acres, was representative of a dense chaparral

sented within the framework of a set of necessary
and, it was thought, carefully stated assumptions.

The Battle Flat study site, an area of about 3780
cover found on a mixture of volcanic, granite, and
alluvial soils. The site chosen was grazed by livestock, home for a variety of wildlife species, and
used for hunting, hiking, and horseback riding by

History of the Arizona Watershed Program
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local people. Battle Flat was not quite as steep as

chaparral shrublands of the state, to further the

the average chaparral shrubland in the state,

knowledge of basic erosional processes and rates
in these ecosystems, and to investigate the effects

although its terrain was considered suitable for
testing the conversion treatments being proposed
and then demonstrating the results of these treatments to the public.
Forest Service researchers and their cooperators

of manipulating high- density chaparral shurblands on water quantity and water quality in areas
of high precipitation. Project personnel would also
be responsible for overseeing the Battle Flat study.

developed the necessary baseline data sets and

Concurrent with these tasks was a need for the

predictive models for future treatment evaluations
during the pre -treatment calibration period. It was

project personnel to continue evaluating the effects
of vegetative manipulations on water yields from

originally intended that -following the required

the state's watersheds. Issues to be addressed

calibration -treatments would be imposed on

included monitoring and evaluating the effects of

smaller watersheds, treatment responses would be
predicted by the models, and a larger scaled treatment involving an optimal shrubland- grassland
mosaic pattern would be prescribed and placed on
the ground.

timber harvesting and thinning, conversions of
pinyon- juniper woodlands, and chaparral shrub

Still Another Setback

hopefully find a resolution to the dilemma on

Although extensive inventories and research

hand. This crucial meeting was held in the library
of the Experiment Station's Forest Hydrology Lab-

studies were conducted as prescribed, the mosaic
treatment of the entire watershed on Battle Flat
Creek was delayed, and ultimately the treatment
was never implemented, largely because of political and legal constraints to implementation of the

treatment and controversies surrounding the
widespread use of herbicides for treating watersheds. Only one of the smaller watersheds was
ever treated in the Battle Flat Pilot Application
Program. The shrub cover on this watershed was
only temporarily reduced by prescribed burning,

however. Therefore, it was generally felt that
prescribed burning was not necessarily a feasible
alternative to the use of herbicides in converting
chaparral shrublands, because of the need to subsequently control the vigorous post -fire sprouting
of chaparral shrubs.
A Winding Down
In the early 1980s, the Rocky Mountain Forest and
Range Experiment Station carefully examined the
status and resulting benefits of the existing experimental watershed studies in relation to their general contributions to watershed -related research in

the state -this examination occurred during a
comprehensive review of its watershed research
program. As a result of this review, the Experiment Station decided to consolidate all aspects of
its watershed- related research in Arizona into a
newly formed research project to be located in its

removals on streamflow responses.

A meeting was convened to discuss the future
of watershed research in the state, and especially
the status of the experimental watersheds, and to

oratory in Tempe, on November 2, 1983.
The Tempe Meeting

At the meeting were key members of the Arizona
Water Resources Committee, researchers from the
Experiment Station, and representatives of the Salt
River Project and the state's universities. After a
lengthy discussion on the status of experimental
watershed studies in the state, and the objectives
of the Forest Service's pilot applications programs,
those in attendance at the meeting agreed that a

number of actions in relation to the Arizona
Watershed Program should be taken.
The Beaver Creek Project

One of the smaller watersheds located in the ponderosa pine forests on Beaver Creek, Watershed
13, would continue to be monitored by the U.S.
Geological Survey, largely because this watershed

was at the time being considered as a possible
"research natural area." However, with the excep-

tion of the large watersheds that had been set
aside for pilot applications -Woods and Bar M
canyons -the remaining Beaver Creek watersheds

in both the ponderosa pine forests and pinyon juniper woodlands would be "mothballed " -in

Tempe office.

other words, collection of streamflow and precipitation data by Forest Service personnel would be
discontinued, although the stream gauging structures on these watersheds would remain in place

The assigned tasks of this project were to study
the effects of fire on soil nutrients in representative
ecosystems of the pinyon juniper woodlands and

marked the end of nearly 25 years of research on
the Beaver Creek Project, although the project had

for possible future activation. These actions
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officially been terminated earlier by the Experi-

nated on October 1, 1989.

ment Station, on October 1, 1983.
Shortly after the meeting, Peter Ffolliott, one of
the authors of the earlier Thorud -Ffolliott Report,

The Workman Creek watersheds in the mostly
mixed conifer forests on the Sierra Ancha Experimental Forest were immediately mothballed as a

indicated that there was interest on the part of the

result of actions taken in the Tempe meeting.

School of Renewable Natural Resources at the

However, precipitation and other meteorological
measurements were continued at the Sierra Ancha

University of Arizona in continuing the measurements of streamflow and precipitation on two of
the Beaver Creek watersheds in the pinyon - juniper

woodlands. Ffolliott and his colleagues felt that a
longer post -treatment evaluation period of these

headquarters by Experiment Station personnel
until the middle 1990s, at which time personnel
from Arizona State University assumed this re-

watersheds would be helpful in planning for

sponsibility.
Streamflow and precipitation measurements on

future management of the pinyon - juniper woodlands in the state -the herbicide application on the

the Castle Creek watersheds, in the ponderosa
pine forests of the White Mountains, would be

treated watershed was the only water yield improvement tested in the Arizona Watershed Program that had resulted in a water yield increase in

continued by personnel of the Apache -Sitgreaves

the pinyon- juniper woodlands. The School of
Renewable Natural Resources continued to take
streamflow and precipitation measurements on
these two pinyon -juniper watersheds until October 1, 1986.

Streamflow and precipitation measurements
continued on Watershed 13 through October 1,
1992, at which time the U.S. Geological Survey
terminated these measurements. However, stream flow and precipitation continue to this time to be
measured in Woods Canyon and the adjacent Bar
M Canyon, the control to Woods Canyon, by per-

sonnel from the School of Forestry at Northern

Arizona University, who had entered into an
agreement with the Forest Service to monitor these
larger watersheds following the Tempe meeting.

National Forest, Springerville. These measurements were analyzed by personnel of the Experiment Station for a period of time. However, the
watersheds themselves were to be released as
experimental areas to the Apache -Sitgreaves
National Forest, to be then incorporated into their
long -term forest management plans. Full responsibility for making and analyzing the measurements
on Castle Creek now rests with personnel of the
Apache -Sitgreaves National Forest. Disposition of
the Thomas Creek and Willow Creek watersheds
in the higher elevation mixed conifer forests on the
Apache -Sitgreaves National Forest, near Hannigan

Meadows, was largely the same as that of the
Castle Creek watersheds.
A Final Comment

were also affected greatly by the decisions reached
at the Tempe meeting. The Three -Bar Experimen-

Much of the action program put forth in the Arizona Watershed Program has not, and will likely
never be, carried out as it was intended. Society's
values have changed greatly since this program
was presented to the public in 1956, precluding
full- fledged adoption of the proposed manage-

tal Watersheds were immediately mothballed.
However, the Whitespar watersheds, located in
the chaparral shrublands near Prescott, were

ment practices as a matter of land -use policy.
However, it is also true that a research base was
established to better "refine" the proposed man-

Other Forest Service Research Efforts

Research efforts on other watersheds in the state

maintained to help evaluate the effects of a brush grass mosaic on water. It was anticipated that the

agement program offered by Barr's team of
experts, although hydrologic limitations and

additional measurements to be obtained from

multiple -use concerns have constrained opera -

Whitespar would assist the Forest Service in testing such a mosaic treatment on a larger scale as
part of the Battle Flat Pilot Application Program.

tional implementation of these finding.
Other limitations placed on management activi-

Streamflow and precipitation measurements
continued on the Whitespar watersheds until
October 1, 1988. All of the other watersheds in the

state's chaparral shrublands -with the exception
of those located on Battle Flat -were immediately
mothballed. Streamflow and precipitation measurements on Battle Flat were ultimately termi-

ties of the state's watersheds in general -such as
limitations on timber harvesting and grazing of
livestock -further constrained watershed management activities by the middle 1990s. In effect,
therefore, the earlier lofty goal of the Arizona
Watershed Program of increasing yields of water
from watershed lands has been tempered, to a
large extent, and placed into a proper perspective.

THE HISTORY OF CA'1.1 LE GRAZING IN ARIZONA
Don W. Youngs

Range conditions in the southwestern United
States have exhibited dramatic changes over the
past 140 years -changes often attributed singularly to grazing of domestic livestock. However,
conditions of certain rangeland watersheds within

the state have stabilized, some even showing

the San Simon Valley, Agua Prieta and Pueblo
Viejo. Sierra Bonita was perhaps the largest of the
ranches, though they were all great plantations.

Most of the haciendas were on Spanish land
grants which were originally made for the purpose of mining. However, livestock was brought

improvement. It can be argued that this is due to
better stewardship of the land by ranchers, gov -

to supply the miners with food, clothing and

ernment regulation, and economic and social

This prosperity came to an abrupt end with the
resumption of Apache depredations in 1811 and
the commencement of war against the Spaniards

forces. This paper traces the probable cause and
effect of management practices on changes in the
number of cattle grazed and the amount of water
utilized in Arizona between the turn of the century
and the present.
Livestock Industry in Early Arizona

"The Livestock Industry in Arizona is almost as
old as the white man's interest in and occupation
and colonization of the territory" (Peplow 1958).
Because neither cattle nor horses are indigenous to
the region, the major products of today's livestock
industry are transplants from other lands. So far as
is known, the first horses were brought to the continent by Cortez in 1515 (Barnes 1926); the first cattle were imported to Mexico in 1521 by Gregorio
de Villalobos (Peplow 1958). Padre Eusebio Kino
stocked his missions in what is now southern Arizona with sheep, goats, horses, and cattle as early
as 1700 (Roberts 1963; Peplow 1958). There are reports of active ranching of Andalusian (Longhorn)
cattle in the region of La Aribac (Arivaca), as well
as in other portions of southern Arizona in 1751
(Peplow 1958).

Between 1771 and 1811, missions on the Santa
Cruz River reached the zenith of prosperity with
the development of stock ranches on haciendas:
Most important of the ranches were those at San
Bernardino, Babocomari, San Pedro, Arivaca,
Calabasas, Sapori, Radenton, San Rafael de la
Zanje, Sonoita and Tubac in addition to those in

work animals. (Peplow 1958)

by the Navajos in 1818 (Peplow 1958). In the inter-

vening years, the haciendas were abandoned and
vast herds of feral cattle roamed free throughout
the portion of Sonora that is now Arizona.
On October 31, 1857, J. R. Bartlett, who at that
time was the U.S. Commissioner connected with
the Gadsden Purchase, reported in a letter that he
"saw thousands of head of cattle in southeastern
Arizona in a region south of the Gila River and as
far west as the Santa Cruz River" (La Rue 1918).
Many of these cattle were wild, because the Spaniards had been driven off by the Indians. Mr. Bart lett's letter states, "On the haciendas where there
were no ponds or streams the cattle obtained their
water from the pasos, or simple wells, and the
norias, or draw wells where the water was drawn
up by a wheel worked by mules." According to La
Rue (1918), this indicates that in the early days it
was necessary to develop stock -watering places to
fully utilize the range.

Past and Present Grazing Pressures
One hundred forty years ago the ranges of Arizona were considerably different from what they are
today. An abundance of water and grass sustained
the large herds being driven across the state from
adjoining states and territories to California. Water

was plentiful, feed abundant, and range almost
unlimited in the 1860s and 1870s (Peplow 1958).
Between 1860 and 1870, a few white men tried

to establish themselves in the stock business in
lArizona Office of the Attorney General, Water Rights Adjudication Team, Phoenix

Arizona. They were doomed to failure because the
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Indians killed new settlers or drove off their stock.

trolled (fenced) grazing allotments (Poling 1991).

It was not until the period 1871 to 1873, when

The Bureau of Land Management (BLM) was

General Crook rounded up all Indians in Arizona
and placed them on reservations, that the stock
industry flourished in Arizona. Shortly thereafter
(1874 -75), the Mormons, among others, pioneered
the agriculture and stock industries in the state (La
Rue 1918; Peplow 1958).

According to the census of 1870, there were
only 5132 head of cattle in Arizona, but the industry grew rapidly during the 1870s and 1880s
(Peplow 1958). The sheep industry also started in

the 1870s when drought in California forced a
surge of sheep eastward cross the Colorado River
and into the high, timbered plateaus of northern
Arizona (Roberts 1963). "Most of Arizona's sheep
summered on the Colorado Plateau in the White
Mountains and in the Bradshaws. They wintered

on the deserts on the Salt River and Gila River
Valleys" (Roberts 1963).
From 1880 to 1900 there was a rapid increase in

the stock industry in the West. Pioneer stockgrow-

ers increased their herds to the full limits of the
rangeland. By the mid- 1880s, Arizona ranges were

nearly all taken up and the flow of cattle into the
state gradually came to an end (Haskett 1935). By
the late 1880s, rangelands in both northern and
southern parts of the state were beginning to show
the effects of overstocking (Poling 1991). Range
that had naturally been stocked with a few hundred game animals was now expected to support
thousands of cattle. The grasses, which for ages
had grown to the height of a horse and had been

cut as wild hay by early settlers, were so decimated by the vast herds that they had little possibility of reseeding themselves. Periods of drought

in the 1880s, which became acute in the early
1890s, also contributed to the demise of the lush

established in 1946, during a period (1934 -1976) of

further controls on grazing through enactment of

rules and regulations by the district advisory
boards, and the careful expenditure of funds for
range improvements, selection of knowledgeable
personnel, and other routine management decisions (Poling 1991).

Modern rangeland management increased
during the 1960s and 1970s, culminating in the
National Environmental Policy Act (NEPA) of
1969. NEPA imposed a procedural requirement
that federal agencies consider the effects of their
actions on the quality of the environment, including preparation of Environmental Impact Statements (EIS) on the effects of proposed grazing on
public lands (Poling 1991).
The Wild Free -Roaming Horses and Burro Act

(1971) was an effort to improve rangeland conditions by controlling the proliferation of these animals. The Endangered Species Act (1973) requires
federal agencies to consult with the U.S. Fish and

Wildlife Service before making any decisions
relative to rangeland management, to determine
whether there would be any adverse impacts on
threatened or endangered plants and animals.
The Federal Land Policy and Management Act
of 1976 requires management of public lands on
the basis of multiple use and sustained yield. The
emphasis of the Public Rangeland Improvement

Act (1978) is the inventory and management of
public lands "so that they become as productive as
feasible for all rangeland values" (Poling 1991; see
Table 1).

Comparison of Stock Numbers:
Past to Present

grasslands (Peplow 1958).

What effects have these changes in rangeland

By 1910, "the grazing lands were stocked far
beyond their capacity with both sheep and cattle;
vegetation was cropped by hungry animals before
it had the opportunity to reproduce; valuable forage plants gave way to worthless weeds and the
productive capacity of the lands rapidly dimin-

policy had on rangeland management in Arizona
over the past 90 years? From 1911 to the present,
the number of cattle grazed on federal, state, and
private lands in the western states has decreased.
The actual number of head on public and private
lands in Arizona has decreased from 1,511,492 in

ished" (Roberts 1963).

1918 to 840,000 in 1991 (Table 2).

The Era of Government Intervention
It was not until after the creation of the U.S. Forest
Service in 1905 that there was any attempt to limit
grazing on public lands. With the enactment of the

Taylor Grazing Act in 1934, rangeland management changed from ranchers having free access to

and use of public range to the practice of con-

Similar comparisons can be made of other stock
animals. La Rue (1918) documents the number of
horses in Arizona in 1918 at 136,648, the number of

sheep at 1,713,064, and the number of goats at
418,370. The number of horses currently in Arizona is 166,000 (Russel Gumm, personal communication, June 29, 1993). Even though the number of
horses has increased, the number of range horses

Table 1. Historic Overview of Land Effects in Arizona
Dates

Historic Milestones

Present Effective range management
between 1910 and the present

Significance

The actual number of head on public and private lands has decreased
45 percent overall from 1,511,492 in 1918 to 840,000 in 1991.

1978

Public Rangeland
Improvement Act

Emphasis on the inventory and management of public lands so that they
may become as productive as feasible for all rangeland values.

1976

Federal Land Policy &
Management Act

Requires that public lands be managed on the basis of multiple use and

1973

Endangered Species Act

Requires federal agencies to consult with the U.S. Fish and Wildlife
Service to determine whether there will be any adverse impacts on
threatened or endangered plants and animals before making decisions
relative to rangeland management.

1971

Wild Free Roaming Horses
& Burro Act

Enacted to improve rangeland conditions by controlling the proliferation
of such animals.

1969

National Environmental Policy
Act (NEPA)

Imposes a procedural requirement that federal agencies consider the
effects of their actions on the quality of the environment, including the
preparation of Environmental Impact Statements (EIS) on the effects of
proposed grazing on public lands.

1946

Bureau of Land Management

Placed controls on grazing through enactment of rules and regulations by
district advisory boards, careful expenditure of funds for range improvements, selection of knowledgeable personnel, and other routine management decisions.

1934

Taylor Grazing Act

Controlled (fenced) grazing allotments created; no more free range.

1910

Western grazing lands
totally stocked

Overgrazing prevalent.

1905

Forest Service created

Limits placed on number of cattle grazed on public lands.

1900

Floods!

"When the rain did finally come it fell in torrents, and there was no grass
to slow the runoff nor hold it long enough for the water to sink into the
ground. The resulting rushing water stripped the topsoil from the land"

sustained yield.

(Peplow 1958).
1890

Rapid increase in stock grazing

Mass migration of settlers to Southwest; increased herds, free range, and
overgrazing.

1874

Mormon settlement

New population centers created; increased population and ranching and
agricultural activity.

1871

General Crook subdues Indians

Provided for the relative safety of ranchers.

1870-

First attempts at grazing by
white ranchers

Cattle stolen and ranchers killed or driven off by Indians.

1751

Mission period -stock
ranching reaches zenith

Increases in number of cattle in North America; many feral cattle due to I
ndian activity.

1521

First cattle brought to Mexico

Nonindigenous animal species introduced into Southwest.

1515

First horses brought to
continent

Nonindigenous animal species introduced onto continent.

1860

1811-

Don W. Young
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Table 2. The Number of Cattle in Arizona, 1918 & 1991

County

Santa Cruz
Cochise
Greenlee
Graham
Gila

Yavapai
Apache
Pinal
PIMA

Cocconino
Maricopa
Navajo
Mohave
Yuma
Totals

1918

50,000
191,000
58,000
129,900
126,400
179,000
62,500
89,000
167,000
143,500
97,860
79,000
123,000
15,332
1,511,492

1991

Change

17,000
63,000
13,000
40,000
32,000
60,000
55,000

33,000
128,000
45,000
89,900
94,400
119,000
7,500
(73,000)
127,000
93,500
(60,140)
34,000
105,251
(69,668)
671,492

162,0001

40,000
50,000
158,0001

45,000
20,000
85,0001.2
840,000

I Increase in numbers probably a reflection of increased feedlot
and dairy cattle.
2 Includes La Paz County at 2000 head in 1991.

has decreased over the last 75 years. The USDA

(1991) reports the current number of sheep at
262,000, and goats at 108,000. Other than a 21 per-

cent increase in the total number of horses, there
has been a reduction in the number of grazing and

browsing animals (85% fewer sheep and 74%
fewer goats) in the state. Changes in rangeland
policy, coupled with increased environmental
awareness on the part of cattle growers, have
aided in reducing the number of animals foraging
on Arizona's rangelands over the past 95 years.
Conclusions and Discussion
No one can exactly pinpoint the cause of changes
in the watersheds and rangelands of modern Ari-

zona. Obviously, man's activities can exacerbate
and possibly accelerate such changes. However,
changes may occur over time as a result of natural
phenomena without the presence of man's activities. Attempts to predict what conditions might be
like today without man's intervention, or to predict what conditions might have prevailed prior to
man's arrival, are speculative, at best.

Early researchers cited overgrazing of rangelands as the primary cause of vegetation change
and channelization. A series of floods in the late
1880s and early 1900s initiated channel entrenchment. It is now believed that both land use and
climate change contributed to vegetative change

and channelization. Other physical changes
(changes in climate, earthquakes, etc.) may also
have had an impact on historic range conditions.

The Arizona climate-southern Arizona in par ticular-is teleconnected to the equatorial Pacific
and influenced by the El Niño Southern Oscillation. Regional changes in the seasonality and intensity of rainfall in southern Arizona are recorded

in many studies. Speculation that the early years
of this century have been the wettest in the last 450

years coincides with channel entrenchment and
vegetative change throughout southern Arizona.
A large earthquake epicentered at Batepito in

Sonora, Mexico, on May 3, 1887, disrupted the
water table in many areas of southern Arizona and
preconditioned channel systems for rapid flood induced entrenchment. This earthquake had documented hydrologic effects and subsequent range-

land effects, including changes in water table
elevations and streamflow discharges, and the
development of fissured zones. Associated gradient changes encouraged channel backcutting
and drainage of groundwater, thereby converting
what were once perennial streams to intermittent
and ephemeral conditions. This lowering of the
groundwater table also caused the disappearance

of grasses and encouraged domination of the
rangeland by woody plant species.
In 1940, John Culley addressed the deterioradon of the western rangelands in Cattle, Horses and
Men of the Western Range, as follows:
There has been a vast ideal of publicity given by
the press and magazines of the country during
the last few years to the wide destruction of our

western ranges. Government departments too
have dealt exhaustively and sometimes spectacu-

larly with the subject. And the burden of blame
seems to have fallen on the cattlemen. But most
of what has been written has been the work of
professional journalists without any first hand
knowledge of what they were writing about, or
else the rather aloof comment of the scientific
investigator.

There is no question but the range was disastrously overstocked. Nevertheless not too much
blame should be laid on the cowman for this
condition. In the first place the system of open
range and community grazing which prevailed
afforded him little opportunity for estimating the
capacity of range pasture .... [The] depletion of

the range has proceeded by fits and starts. It is
generally ascribed to overloading on the part of
the stockmen. Yet there are instances in which the
evidence is shaky, to say the least.

Culley (1940) goes on to tell of the invasion of
foreign weeds and breaking up of range sod by
"grangers" (farmers) as having dire effects on the

History of Cattle Grazing in Arizona
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Changes in rangeland policy, coupled with

anisms, improvement of watershed and rangeland
conditions within riparian corridors, as well as on
upland areas, can be effected without the necessity

increased environmental awareness on the part of
cattle growers, have aided in reducing the number
of animals foraging on Arizona's rangelands over
the past 95 years. Beginning in 1905 with the creation of the Forest Service, and continuing through
the present, there have been institutional, legisla -

by a diversified cross -section of the business and
resource management industries in consort with
the cattle growers' associations and the ranchers
individually.

rangeland - "And they've broken up the grama, and
our lives, our hearts."

tive, and economic pressures brought upon the
cattle industry to reduce carrying capacities.
In recent decades, environmental concerns have

spawned legislation and policy changes within
federal and state resource management agencies
that have greatly affected the ranching industry.
Numerous cattle operations have been pushed to
the brink, and beyond, economically. Additionally,

realization on the part of some ranchers in the
West of the necessity for environmental protection

and enhancement has further jeopardized their
ability to garner a return on their investment after
adopting newer rangeland and water management
strategies.
There is a critical need for the development of
alternative industries, both internal and external to
the ranching industry, that could lend diversification to ranching operations The goal is to create
alternative sources of income, allowing ranchers to
attain economic viability while maintaining their
stewardship role on the land. Through such mech-

to drive ranchers and livestock off public land.
This is an area that should be looked into further

Literature Cited
Barnes, Will C. 1926. The Story of the Range. U.S. Government Printing Office, Washington, D.C.
Culley, John (Jack) H. 1940. Cattle, Horses and Men of
the Western Range. Ward Richie Press, Los Angeles.
Haskett, Bert. 1935. Early History of the Cattle Industry
in Arizona. Arizona Historical Review 6:3 -42.
La Rue, E. C. 1918. The Livestock Industry in Arizona.
U.S. Geological Survey, Washington, D.C.
Peplow, Edward H., Jr. 1958. Livestock Industry in Arizona. In History of Arizona. Vol. III. Lewis Historical
Publishing Company, New York.

Polling, Michael A. 1971. Legal Milestones in Range
Management. Renewable Resources Journal 9:7-10.

Roberts, Paul H. 1963. Hoof Prints on Forest Ranges:
The Early Years of the National Forest Range Administration. Naylor Company, San Antonio, TX.

United States Department of Agriculture. 1997. Santa
Cruz -San Pedro River Basin, Arizona. Resource Inventory. U.S. Department of Agriculture, Portland,
OR.

SNOWPACK DYNAMICS ON A SANTA CATALINA MOUNTAIN
WATERSHED DURING A WET WINTER
Gerald J. Gottfried,1 Peter F. Ffolliott,2 and Malchus B. Baker, Jr.1

Most of the precipitation in the mountains of the

There is limited information about snowpack

Madrean Province of the southwestern United

dynamics on the mountain watersheds of the

States and northern Mexico occurs as rain (Baker
et al. 1995); however, snow is common at higher
elevations. Measurable snowpacks occur annually
in the higher mountain ranges, which extend to
elevations of over 9000 ft in southeastern Arizona.
A review of 36 years of USDA Soil Conservation
Service, currently the Natural Resources Conservation Service, snow course records from the Santa
Catalina Mountains, north of Tucson, shows that a
snowpack was measured at some locations during

Madrean Province. Most snow information for the
region was collected by the USDA Soil Conservation Service (SCS). The SCS, in cooperation with
the USDA Forest Service, Coronado National Forest, established the Bear Wallow and Rose Canyon

every winter (Ffolliott et al. 1996). The largest
measured snow accumulation in these mountains
occurred in February 1966 when 19.6 inches of
water equivalent were recorded at Bear Wallow at
8100 ft. However, snowpack conditions are variable throughout the Southwest, with years of high
and low accumulations being more common than
average years (Ffolliott et al. 1989). Most snowpacks go through.cycles of melting and accumulation during a winter, and can disappear at intermediate elevations or drier sites, depending on the
distribution of storms. Snowpacks in the Madrean

Province may not represent a significant water
supply potential (Ffolliott et al. 1996) because of
their limited aerial extent and intermittent nature.
Snowpack -generated streamflows also are reduced

by high stream channel transmission losses, although some of this water contributes to groundwater recharge in the lower basins. However,
snowpacks are important for snow -related recreational activities, as a source of water for mountain
communities, and for the maintenance of riparian
and high- elevation forest and woodland ecosystems. Managers should understand snow accumulation and melt characteristics when planning and
conducting activities within stream channel systems and high- elevation areas.
1USDA Forest Service, Rocky Mountain Research Station, Flagstaff, Arizona
2School of Renewable Natural Resources, U. of Arizona, Tucson

snow courses on the Santa Catalina Mountains
during the winter of 1947 -1948 and monitored
them through the 1982 -1983 winter season. Data

from these two courses have been published
(USDA Soil Conservation Service 1981) and summarized (Ffolliott et al. 1996).
The purpose of SCS snow surveys in the western United States is to provide an index of snow-

pack conditions to forecast snowmelt- runoff
volumes. Snow courses do not necessarily reflect
conditions on the immediate watershed because

they generally are established on sites where a
snowpack would occur, even in drier years. They
tend to collect more snow than surrounding areas,
and often reflect watershed snowpack conditions

measured at higher elevations. Gottfried and
Ffolliott (1981) studied several SCS snow courses

in central and eastern Arizona and determined
that they represented snow conditions found at an
average (with standard error) of 363 ± 229 ft higher
in elevation.

The School of Renewable Natural Resources,
University of Arizona, instrumented a watershed
on Mount Lemmon in the Santa Catalina Mountains in the late 1960s under a special use permit
with the Coronado National Forest. One objective
was to study forest hydrology at the watershed
level. The area was monitored for approximately 4
years. The Mount Lemmon watershed provides an
opportunity to study snowpack accumulation and
ablation on a forested watershed during the unusually wet winter of 1967 -1968. The objective of
this paper is to describe and document snowpack
dynamics associated with a wet winter within a
southeastern Arizona mountain watershed. Re-

sults from the watershed are compared to SCS
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snow course data from Bear Wallow and Rose
Canyon, which are at lower elevations. Snowpack
differences between north and south -facing slopes
on the watershed also are compared.
Precipitation- Winter of 1967 -1968
Precipitation during the winter of 1967 -1968 was

dominated by a pair of major storms that moved

through Arizona from December 12 through
December 20, producing significant moisture as
rain and snow (U.S. Department of Commerce,
Environmental Science Service Administration
1968a). Snow was reported at elevations as low as
1000 ft. The storm was cold, producing near record

tains, north of the Santa Catalina. Rose Canyon, at

7300 ft, with 11.6 inches had more snow water
equivalent than most locations and was equal to
the Coronado Trail (8000 ft) and Fort Apache (9160
ft) in the White Mountains.

Study Areas
The Mount Lemmon watershed covered approximately 40 acres near the top of the Santa Catalina
Mountains. The watershed extended from about
8400 ft to the top of the mountain at 9157 ft, and
included part of the road to an old U.S. Air Force
facility. The area drained to the east. Soils were
derived primarily from granite parent materials

7.30 inches of water in 88 inches of snow, the Phoenix airport had 3.98 inches of rain, and the Tucson

(Whittaker and Niering 1965).
The vegetation consisted of white fir (Abies con color), Douglas -fir (Pseudotsuga menziesii), corkbark

airport reported 3.44 inches. Crown King, in the
Bradshaw Mountains southeast of Prescott, re-

fir (A. lasiocarpa var. arizonica), ponderosa pine
(Pinus ponderosa), southwestern white pine (P.

ported 16.95 inches of precipitation. The Palisades

strobiformis), and some aspen (Populus tremuloides),
Rocky Mountain maple (Acer grandidentatum), and
several species of oaks, probably Quercus hypoleu-

low temperatures. The Flagstaff airport reported

Ranger Station at 7945 ft in the Santa Catalina
Mountains recorded about 8.40 inches of precipi-

tation for the two storms. Although the storms
produced over half of the winter precipitation in
parts of Arizona, they only accounted for 40 percent of the 21.23 inches of precipitation recorded at

Palisades from October 1967 through May 1968
(Sellers and Hill 1974). However, snow accumulations were often greater in the mountains of central and southeastern Arizona than at equal and
some higher elevations on the Colorado Plateau.
This is reflected by data from a sample of snow
courses in central Arizona for January 15, 1968,
when the first surveys were conducted (Table 1).
Bear Wallow, with 14.7 inches, had more snow

water equivalent than all other stations except
Hannagan Meadows, which lies at 9090 ft in the
White Mountains of eastern Arizona, and Workman Creek at 6900 ft in the Sierra Ancha Moun-

coides and Q. rugosa. The pine was found mostly
on the south -facing slopes and ridge tops, and the
firs and hardwood species were on the more mesic

north -facing slopes and stream bottoms. The
watershed contained part of the small even -aged

stand of corkbark fir that is indigenous to the
Santa Catalina Mountains. Forest inventory data
are not available for the watershed, but Niering
and Lowe (1984) present species composition and

the stand structure information for the major
forest types on the Santa Catalina Mountains.

Methods

Seventy snow survey points were located on 12
transects established on the watershed according
to stratified random sample design. The watershed
primarily faces to the north; only 28 points (40% of

Table 1. Comparison of Snow Depths and Water Equivalents for Selected SCS Snow Courses in Central Arizona on
January 15, 1968

Snow Course
Workman Creek
Mingus Mountain
Rose Canyon
Fort Valley
Happy Jack
Coronado Trail
Bear Wallow
Nutrioso
Hannagan Meadows
Fort Apache

Elevation (ft)
6900
7100
7300
7350
7630
8000
8100
8500
9090
9160

Location

Water Equiv (in.)

Snow Depth (in)

Tonto N.F.
Prescott N.F.
Coronado N.F.
Coconino N.F.
Coconino N.F.
Apache -Sitgreaves

18.4
8.6
11.6
6.1

8.7

50
24
29
24
30

11.6

31

Coronado N.F.
Apache -Sitgreaves
Apache -Sitgreaves
Apache -Sitgreaves

14.7
8.6
16.0
11.6

38
25
49
36
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the total) were located on south -facing slopes.
Snow depth and water equivalent (the term water
content was used in past reports) were measured at
each point using a standard Federal snow sampler.
Density was calculated by dividing water equiva-

lent by depth, and is presented in terms of gm
an-3. Density values for the watershed include all
of the measured points with snow cover; average
densities for the SCS snow courses are derived by
dividing mean depth into mean water equivalent.

Watershed surveys in 1968 were conducted on
January 14, February 28, March 31, April 21, and
May 12. The first survey was conducted before the

points could be numbered and tagged; consequently, only 51 points were measured. Unfortunately, only half of the south -facing points were
measured at that time, compromising the initial
evaluation of aspect differences. The watershed
average is used for south- facing values on this
date because it is difficult to reconstruct actual
conditions from the data. None of the subsequent
surveys contained data from all points; between 63
and 66 points were commonly visited.
Watershed data are presented with the 95 per-

cent confidence intervals. Changes in the total
watershed snowpack cónditions between consecutive survey dates were compared by student t -tests

with a Bonferroni correction. T -tests were also
used to analyze differences between north and

tions at some unknown higher elevation. These
observations are consistent with the findings of
Gottfried and Ffolliott (1981) for central and eastern Arizona. Niering and Lowe (1984) divided the

ponderosa pine forests in the Santa Catalina
Mountains into two categories: the ponderosa
pine-oak forest, which contains a large component
of Q. hypoleucoides , occurs from 7000 to 8000 ft, and

the ponderosa pine forest, with a small component
of Gambel oak (Q. gambelii), occurs from 8000 to
9000 ft. Rose Canyon should be representative of
the first category and Bear Wallow, the second.
Unfortunately, detailed meteorological records
are not available from the watershed or the snow
courses, but data on precipitation and temperature
were collected at the Palisades Ranger Station during the winter of 1967 -1968 (U.S. Department of
Commerce 1968b; Sellers and Hill 1974). The sta-

tion at 7945 ft is located between the two snow
courses and along the main road to the top of
Mount Lemmon. These data were used to indicate
approximate additional precipitation on the SCS
snow courses and the watershed, although exact
accumulations were probably different among the
areas because of differing elevations, vegetation,
and topography.
Watershed and SCS Data

The comparison among the Mount Lemmon

south -facing slopes for the four surveys beginning
with February 28. A Type I error of a = 0.05 was
used in the analyses.

watershed and the two SCS snow courses on the
Santa Catalina Mountains demonstrates snowpack
differences and dynamics from three areas along

Watershed conditions also were compared to
published information from the Bear Wallow and

the Mount Lemmon watershed on January 14

Rose Canyon SCS snow courses (USDA Soil Con-

servation Service 1981). Statistical comparisons
were not conducted because only average values

are published. The SCS conducted surveys on
these snow courses on a two -week schedule from
January 15 through April 1 for 36 years. The typical snow course contains between five and ten
measurement points; Bear Wallow contained eight
and Rose Canyon had seven points. Both areas are
surrounded by old- growth ponderosa pine stands

composed of trees 20 inches diameter at breast
height and larger (Ffolliott et al. 1996). Overstory
density averages 100 ft2 at Bear Wallow and about
50 ft2 at Rose Canyon. Bear Wallow is located on a
northeasterly aspect and Rose Canyon on a north-

westerly aspect; slopes are between 30 and 40
percent. It is important to note that the two snow
courses do not appear to represent snowpack conditions in the surrounding forests at the respective
elevations, but are more representative of condi-

an elevational gradient. The initial snow survey on

indicated an average of 15.5 inches of snow water
equivalent in a 52.5 inches deep snowpack (Table
2). The greatest depth was 72 inches with 25 inches
of water at a point just under the peak. The average density of 0.30 gm cm -3 indicates that settling
had occurred since the initial storm periods; newly
fallen snow usually averages 0.10 gm cm-3. AverTable 2. Mount Lemmon Watershed Average Snowpack
Characteristics (with 95% confidence intervals) for the
Winter of 1967 -1968

Date
Jan 14
Feb 28
Mar 31

Apr 21
May 12

Snow
Depth (in.)
52.53 ± 2.08
40.80 ± 4.65
39.63 ± 5.97
25.10 ± 4.88
7.98 ± 3.03

Snowpack
Density
(gm cm-3)

Snow
Water
Equiv (in.)

0.30 ± 0.02
0.39 ± 0.01
0.40 ± 0.02
0.44 ± 0.01
0.51 ± 0.02

15.46 ± 1.16
15.79 ± 1.71
15.92 ± 2.43
10.92 ± 2.10
4.04 ± 1.51
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age water equivalent on the watershed was similar

Rose Canyon lost 13.7 inches of water through

to Bear Wallow, which had 14.7 inches, a value
within the watershed average confidence band.
The watershed had 3.9 inches more water equiva-

snowmelt and sublimation.

lent than Rose Canyon (Table 1, Figure 1). The dif-

ferences in snow depth were more pronounced
(Figure 2). Snow densities were about 0.40 gm
cm-3 on the two snow courses, reflecting greater
settling than on the watershed (Figure 3).

The February 28 survey measured a small

The watershed snowpack remained relatively
stable between February 28 and March 31 (Table 2,
Figures 1 -3). The three snowpack characteristics
were statistically similar for these dates. Snow con-

tinued to fall; one point contained 34 inches of
water equivalent and 87 inches of depth on March

31. The SCS snow courses, with an additional
measurement on March 13, again confirmed snow-

increase of about 0.3 inches of water equivalent on
the watershed (Table 2, Figure 1), although aver-

pack accumulations and melting that were not
recorded on the watershed. Palisades recorded

age depth had declined almost a foot (Figure 2).
Density had increased to 0.39 gm cm-3, reflecting
both additional snowfall and periodic day melting
and night freezing cycles within the snowpack,

approximately 3.0 inches of precipitation between

even at this high elevation. The changes in average
depth and density since January were statistically
significant. The Palisades Ranger Station recorded

about 5.2 inches of additional moisture between
January 15 and February 28 (U.S. Department of
Commerce 1968b). Average monthly temperatures
of 32.7° F in January and 35.7° F in February (Sellers and Hill 1974) were within the normal range.

The SCS snow courses, which were measured
on January 30 and February 15, confirm these

March 1 and March 11, and an additional 0.2
inches later in March. The average monthly temperature in March was 36.7° F. The SCS record

indicates that the snowpack at Bear Wallow
increased 2.7 inches of water equivalent and 12
inches of depth and Rose Canyon rose 0.9 inches
and 4 inches, respectively. The new snow caused
average densities to decline. The snowpack on
both snow courses declined after March 15, and
Rose Canyon was bare by April 1. The last measurement on Bear Wallow was 10.8 inches of water
equivalent and 23 inches of snow depth, indicating
a density of 0.47 gm cm-3 If March precipitation is

fluctuations (Figures 1 -3). The Bear Wallow data
indicate snow accumulations of at least 2.3 inches
of water equivalent between January 15 and January 30, which were not identified on the water-

added, the watershed lost 3.1 inches of water

shed. This snowpack declined by 4.4 inches of
water equivalent and 9 inches of depth from Jan-

sisted at Bear Wallow.

uary 30 to February 29, with the largest decrease
between February 15 and February 29. No snow
fell that month after February 14. The Rose Can-

rapidly after March 31 (Table 2, Figures 1 -3). The

yon record indicates minor changes between
January 15 and February 15 as accumulations
replaced snow water lost through melting and

gories. Approximately 1.3 inches of new precipita-

sublimation. The decline between February 15 and

ly. However, the higher elevation snowpack still
contained 4 inches of water equivalent in 8 inches
of depth on May 12. The snowpack lost approximately 13.2 inches during this period, when new
precipitation is considered.

February 29 was steepest at Rose Canyon, with
decreases of 7.9 inches of water equivalent and 17

inches of depth. Differences between the watershed and the lower elevation SCS snow courses
could be because of temperature, solar radiation,
and vegetation differences that influence energy
dynamics. No pattern appears in the density value

equivalent while Bear Wallow lost 5.0 inches and
Rose Canyon lost 6.3 inches since February 29. No

information is available on how long snow perThe watershed snowpack began to melt more

differences between March and April and April
and May were statistically significant for all catetion fell in April and May, and average monthly
temperatures were 41.8° F and 54.1° F, respective-

North and South- Facing Slopes

Snowpack dynamics on the Mount Lemmon

fluctuations from the snow courses.
Another view of actual snowpack water equivalent losses between January 15 and February 29 is

watershed are clearer if the dynamics on the north
and south -facing slopes are examined separately.

obtained by considering the 5.2 inches of new
snowfall at Palisades. The watershed snowpack
then lost at least 4.9 inches of water during this
period, even though the data indicate a slight
increase. Bear Wallow lost about 7.3 inches and

slopes in the northern temperate latitudes experience greater insolation than neighboring northfacing slopes (Barbour et al. 1980). Slope exposure
affects solar radiation energy inputs; consequently

Due to the inclination of the sun, south -facing

air, soil, and snowpack temperature regimes,
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Figure 1. Average snowpack water equivalent on the Mount Lemmon watershed and on the Bear Wallow and Rose
Canyon snow courses during the 1967 -1968 winter.
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Figure 2. Average snowpack depth on the Mount Lemmon watershed and on the Bear Wallow and Rose Canyon
snow courses during the 1967 -1968 winter.
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Figure 3. Average snowpack density on the Mount Lemmon watershed and on the Bear Wallow and Rose Canyon
snow courses during the 1967 -1968 winter.

evapotranspiration, vegetation type, phenology,
and density. Although stand data are not available, stands on the south -facing slopes, dominated

by ponderosa pine with Douglas -fir, were more
open than the fir stands on north -facing slopes.
The watershed and its slopes had similar snow -

pack conditions on January 14. However, subsequent measurements indicated statistically different slope- related water equivalent and depth
differences for each date (Table 3). Snowpack
densities were similar for the February, March,
and April dates. The snow water equivalent on the
north -facing slope rose constantly from January
through the March 31 measurement period to 21.2
inches, a net gain of 6 inches. The Palisades Station

Both slopes show rapid melting after March 31
(Table 3). The north -facing slope snowpack declined by 14.2 inches of water equivalent and 38
inches of depth by May 12. Losses were about 15.5
inches, if the additional 1.3 inches of precipitation
is considered. Only 40 percent of the points were

bare when surveys were concluded. Sixty -seven
percent of the south -facing points were bare by
April 21 and all were bare by May 12, having lost
Table 3. Snowpack Characteristics Differences Between
North and South -Facing Slopes (Averages with Standard Errors)

recorded 8.2 inches of precipitation during the
period. Snowpack depth fluctuated but declined
from 54.3 and 52.2 inches, while density rose to

Date

0.41 gm cm-3 (Table 3). Both snowpack accumula -

Feb 28
Mar 31
Apr 21
May 12

tion and ablation processes were occurring. The
south -facing slope had a decline over this period
to about 8.9 inches of water equivalent, a loss of
about 6.6 inches, and to 23 inches of depth, a loss
of approximately 29.5 inches. Density was 0.39 gm

cm-3. Total losses of about 2.2 inches from the
north- facing slope and 14.8 inches from the south -

facing slope are estimated if precipitation at Palisades is considered. Twenty -nine percent of the
south -facing points were bare on March 31 compared to 5 percent on the opposite slope.

Depth

Density

(n.)

(gm cm-3)

Water
Equiv (in.)

0.28 ± 0.01
0.38 ± 0.01
0.41 ± 0.01
0.44 ± 0.01
0.51 ± 0.02

15.24 ± 0.21
19.12 ± 0.68
21.23 ± 1.26
16.04 ± 0.88
7.01 ± 1.08

0.30e
0.41 ± 0.01
0.39 ± 0.02
0.44 ± 0.02
0.00

15.46e
11.27 ± 1.41
8.89 ± 1.46
4.09 ± 1.27
0.00

North -facing slopes
54.30 ±0.94
Jan 14
50.28 ± 2.02
52.22 ± 3.06
36.90 ± 2.14
13.86 ± 2.20

South- facing slopes
52.53e
Jan 14
Feb 28
Mar 31

Apr 21
May 12

27.93 ± 3.54
23.00 ± 3.82
9.35 ± 2.88
0.00

e = estimated value
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8.9 inches of water equivalent and 23 inches of
depth over the 42 days. Water equivalent losses
were 10.2 inches when new precipitation was
added. Snow densities were similar throughout
the watershed and its slopes.
Conclusion
Snowpacks develop annually in the higher moun-

tains of the Madrean Province in southeastern
Arizona. Although this moisture might not greatly
impact regional water supplies, it is important for
recreation and local communities, and for sustain-

ing the important Madrean riparian, woodland,
and forest ecosystems. Snowpack information is
important for managers and individuals who need
access into high- elevation areas. Data on snow-

pack characteristics and dynamics within these
isolated mountain ranges are scarce. The availability of snow data from the Mount Lemmon water-

shed contributes to this knowledge, and to the

importance of aspect for snow accumulation and
ablation. The snowpack on the north- facing slopes
continued to grow throughout the winter until at
least March 31, whereas melt rates on the south facing slope were greater and continuous throughout the winter.
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RETURN INTERVALS FOR BANKFULL DISCHARGE IN EPHEMERAL AND
PERENNIAL STREAMS OF CENTRAL AND SOUTHERN ARIZONA
Tom O. Moody,1 Wilbert Odem,1 Daniel G. Neary2

Stream stability has been defined as the ability of a
natural stream channel to carry the water and sedi-

ment of its watershed while maintaining dimension, pattern, and profile without aggrading or
degrading over time (Leopold 1994). Dimension,
as described above, refers to channel geometries,
such as width, mean depth, and cross -sectional
area, at bankfull discharge. Leopold et al. (1964)
characterized "channel forming or channel maintenance flows as moderate, frequent events with

return intervals between one and two years."
Dunne and Leopold (1978) further describe bank full stage as "the discharge at which channel maintenance is the most effective ... moving sediment,

forming or changing bends and meanders, and
generally doing work that results in the average
morphologic characteristics of channels." Work by
Andrews (1980) confirmed the role of bankfull discharge as the flow that carries the greatest volume
of sediment over time in gravel streams. Channel
classification systems and assessment techniques
developed for natural channels (Rosgen 1996) are

being widely adopted; the effectiveness of these
tools depends on the successful field identification
of bankfull stage.
The ability to accurately assess the current condition and potential for natural channels is important to land owners and resource managers as well
as engineers, hydrologists, biologists, and ecolo-

gists. Bankfull stage, the flow that creates and
maintains a natural channel, provides a consistent
point for field measurement of dimension, pattern,
and profile; however, bankfull stage can be difficult to identify in the field.
Research in other areas of the United States has
determined bankfull discharge to have a common
return interval of between 1 and 2 years with an
average of 1.5 years (Dunne and Leopold 1978;
Castro 1996). Regional curves that relate bankfull
discharge, cross -sectional area, mean width, and
1Coliege of Engineering, Northern Arizona Univ., Flagstaff
2USDA Forest Service, Rocky Mtn. Research Station, Flagstaff

depth as a function of drainage area have also
been established in the Rocky Mountains, eastern
United States, and other regions. These regional

relationships describe similar stream processes

and define hydrophysiographic provinces or
regions that share similar climate, topography,
and geology.

The arid southwestern region of the United
States is dominated by great variety in climate,
topography, geology, and vegetation. Elevations
range from near sea level to over 11,800 ft. The
region includes portions of the four great North
American deserts: the Mohave, Sonoran, Chihuahua, and Great Basin. Higher elevations support

the largest ponderosa pine forests in the world.
Ephemeral flow is more common than perennial
flow. Flow events tend to be shorter in duration
with a wider range than in other areas of the country. The central and southern portions of Arizona
represent the variability of the region. This study

was designed to (a) determine whether natural
channels in the study watersheds are maintained
by moderate, frequent flow events that are recognizable in the field; (b) describe regional relationships of bankfull discharge; and (c) develop tools
for field identification of bankfull stage. Work on
the first of these objectives is reported here; work
continues in Arizona and New Mexico on the second and third objectives.
Description of the Study

Study sites were selected from the watersheds of
the Verde, Agua Fria, Salt, Gila, San Pedro, and
Santa Cruz rivers. Minimum criteria for sites were

the presence of an alluvial channel that could
adjust to the natural processes of its watershed
and a recent water record of at least 10 years. All
of the 90 stream gages operated by the U.S. Geological Survey within the study watersheds were
initially evaluated. Sites were eliminated if they
were situated in urban areas, impacted by bridges,

highways, and other manmade structures, had
short or incomplete water records, were subject to
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Figure 1. Study sites.

regulated flow (downstream from dams), or were
in nonadjustable (bedrock) channels. Eight discontinued USGS gages and four sites administered by
the Pima County Flood Control District and USDA
Agricultural Research Service were included to
increase the geographic range of watershed areas.
Twelve ephemeral and 24 perennial streams with

nual instantaneous peak discharges. The Pearson
Type III distribution with log transformation of

watersheds ranging from 5 to 5000 sq mi were
selected to provide a range of drainage areas and

(1978). The procedures included walking the chan-

to cover the geographic study area (Figure 1).

bankfull stage. Primary indicators included evi-

Water record information collected included
station description, station analysis, rating table,

dence of floodplains, especially point bars, a

direct measurements (USGS Form 9 -207), and an-

in particle size. Additional indicators such as

the flood data was used to create annual flood
series flood frequency curves for each site (U.S.
Geological Survey 1981).

Bankfull stage was identified at each site using

procedures described by Dunne and Leopold
nel and noting physical features indicative of
change in slope along a channel bank, and changes

Altar Wash near Three Points, AZ
Aqua Fria River near Mayer, AZ
Aravaipa Creek near Mammoth, AZ
Canada del Oro near Oracle Jct., AZ
Cienega Creek near Pantano, AZ
Davidson Canyon
New River near New River, AZ
Rincon Creek near Tucson, AZ
Sabino Creek near Tucson, AZ
San Pedro River at Charleston, AZ
San Pedro River near Palominas, AZ
San Pedro River near Tombstone, AZ
San Pedro River Tributary near Bisbee, AZ
Santa Cruz River near Continental, AZ
Santa Cruz River near Lochiel, AZ
Santa Cruz River near Nogales, AZ
Sonoita Creek near Patagonia, AZ
Sycamore Creek near Ft. McDowell, AZ
Walnut Gulch Flume #10
Walnut Gulch Flume #9

Southern Deserts

Beaver Creek near Rimrock, AZ
Blue River near Clifton,AZ
Cherry Creek near Globe, AZ
Dry Beaver Creek near Rimrock, AZ
East Verde Verde River near Pine, AZ
Frye Creek near Thatcher, AZ
Gila River below Blue Ck near Virden, NM
Gila River near Clifton, AZ
Red Tank Draw near Rimrock, AZ
Rye Creek near Gisela, AZ
San Francisco River near Glen wood, NM
Tonto Creek above Gun Creek near Roosevelt, AZ
Verde River near Camp Verde, AZ
Verde River near Clarkdale, AZ
Verde River near Pauldin, AZ
West Clear Creek near Rimrock, AZ

Central Mountains

NA
NA

9486800
9512500
9473000
9486100
9484560
4313
9513780
9485000
9484000
9471000
9470500
9471550
9470900
9482000
9480000
9480500
9481500
9510200

9505200
9444200
9497980
9505350
9507600
9460150
9432000
9442000
9505250
9498870
9444000
9499000
9506000
9504000
9503700
9505800

Station
Number

Santa Cruz
Agua Fria
San Pedro
Santa Cruz
Santa Cruz
Santa Cruz
Agua Fria
Santa Cruz
Santa Cruz
San Pedro
San Pedro
San Pedro
San Pedro
Santa Cruz
Santa Cruz
Santa Cruz
Santa Cruz
Verde
San Pedro
San Pedro

Verde
Gila
Salt
Verde
Verde
Gila
Gila
Gila
Verde
Salt
Gila
Salt
Verde
Verde
Verde
Verde

Watershed

24

Average

5.7
9.1

15

164

1.1

1682
82.2
533
209

4457
218
1412
554
435

1.1

7.1
19

NA
NA
1.37

1.7
1.5
1.6

1'.4

1.6

1.1

741

1.1

NA

1.7

1.1

NA

1.7
1.5

1.1

1.2

NA

1.7
1.5
1.41

1730

463
585
537
42.3
289
50.5
68.3
44.8
35.5
1234

Average

241

2507

1.4
1.4
1.4
1.4
1.3

NA

1.1

3270
1964
4585

119
94

181

134

766

112

1227
1550
1423

323
4380
1789
13274
9283
6644
639

131

8488
10627

11

17

1.5
1.5
1.4
1.7
1.2

1:1

530
323

1.6

111

506
200
122
6.34
4.02
3203
4010
49.4
122
1653
675
5009
3503

294

Return
Interval
(yrs)

1341

Watershed Area
(km2)
(mil)

C5
B4c
B4c
B4c
C5
C4
C3
C5
C4
B5c
C5
C5
B4c
BSc
B5c
F5
B4c
B4c
C5
C5

C3
C4
B4c
C3
C4
A3
C5
C5
C3
C4
C4
F5
B4c
B4c
B4c
B3

Channel
Type
Flow

Ephemeral
Perennial
Perennial
Perennial
Ephemeral
Ephemeral
Ephemeral
Perennial
Perennial
Perennial
Perennial
Perennial
Ephemeral
Ephemeral
Perennial
Ephemeral
Perennial
Ephemeral
Ephemeral
Ephemeral

Perennial
Perennial
Perennial
Ephemeral
Perennial
Perennial
Perennial
Perennial
Ephemeral
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial
Perennial

Table 1. Central and Southern Arizona Study Sites.

855
1408
1128
1189
536
1615
1615

1341

829
1205
1276
1128

951

907
1047
715
1036
1097
1219
704

1017
1189
823
1390
769
876
1067
1255
1106

1701
1181

1225
1268
975
1126
1707

(m)

2975
3434
2345
3400
3600
4000
2310
3120
2720
3954
4187
3700
4400
2806
4620
3702
3900
1759
5300
5300'

4020
4160
3200
3694
5600
5580
3875
3336
3900
2700
4560
2523
2874
3500
4117
3630

(h )

Station Elevation

NA: Not Available

Discontinued
Active
Active
Active
Discontinued
Active
Active
Active
Active
Active
Active
Discontinued
Discontinued
Active
Active
Active
Discontinued
Active
Active
Active

Active
Active
Active
Active
Discontinued
Active
Active
Active
Discontinued
Discontinued
Active
Active
Active
Active
Active
Active

Status

USGS
USGS
USGS
PCFC
USGS
PCFC
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
ARS
ARS

USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS

Agency
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changes in vegetation and lichen or water stains,
though useful in other climates, were found to be
of little value here. Once identified, these indicators were flagged, surveyed, and described for
use in the analysis. Additional features such as

high and low terraces or consistent vegetation
lines were surveyed as well.
A longitudinal profile equal to a distance of 20-

40 channel widths and 3 -5 cross -sections was
surveyed at each site using an electronic distance-

measuring total station. Channel thalweg, water
surface, bankfull indicators were included in each
profile and cross section and benchmarks were
surveyed to provide permanent reference points.
At least one cross section was staked at both ends
to facilitate monitoring of future channel change.
Bed and bank material was classified using the
Wolman Pebble Count (Harrelson et al. 1994).

Survey information was processed with
engineering software to create plan, profile, and
cross sections, which provided slope, sinuosity,
and channel geometry data. Bankfull indicators
were connected along the profile above and below
each gage site. When indicators conflicted, field
notes were used to decide on the correct elevation.

Cross -sectional areas were compared along the
profile to check consistency in bankfull determination. The staff elevation of the bankfull stage was

noted and related to a staff reading and the associated discharge reading from the ratings table.
Return interval was determined from the flood
frequency analysis. Bankfull discharges and return

intervals were unobtainable at six sites due to
extreme changes in channel morphology or incomplete water records. These sites were not included

in the return interval analysis. Each reach was
characterized using the Natural Channel Classification System (Rosgen 1996).

Results and Discussion
Evidence of bankfull stage can be identified in the

field within the natural channels of central and
southern Arizona. Return intervals varied from 1
year to 1.7 years with a regional average of 1.4
years (Table 1). There was great variability within

the study region. The higher elevations of the
central mountains had an average return period
only slightly higher than the streams in the southern deserts. However, there was great variability
between watersheds. The San Pedro -Agua Fria
watersheds had an average return interval of 1.1
years, the Salt- Verde -Gila had an average of 1.4
years, and the Santa Cruz had an average of 1.6
years. There was no detectable difference in bank-

full return intervals between ephemeral and perennial streams determined in these field studies.
Conclusions

Bankfull discharge is the dominant flow in the
creation and maintenance of natural channels in
this region. It is a moderate, frequent event with
an return interval that is consistent with the 1.5
year average return interval described by Dunne
and Leopold (1978). However, the streams of the
study area produced a wide range of values and

the average return interval will not provide an
accurate tool for predicting bankfull discharge.
Dunne and Leopold (1978) suggested that regional

relationships exist between bankfull channel
geometry and watershed area within regions that
share similar climate, topography, and geology.
These regional curves may provide an additional
tool to aid in field identification of bankfull stage.
Work in progress in Arizona and New Mexico to
extend and refine bankfull discharge relationships

in the Southwest will be reported in the near
future.

The authors wish to thank the USDA Forest
Service, Arizona Department of Environmental
Quality, and Natural Resources Conservation Service and their staff. Without their generous fund-

ing and technical assistance, this project would
never have come to fruition.
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ASSESSING SIMILARITIES IN PRECIPITATION AND STREAMFLOW
DISCHARGE AMONG THREE UPLAND SUBWATERHSEDS

Aregai Tecle, Charles A. Henke III, Charles C. Avery,1
and Malchus B. Baker, Jr.2

This paper evaluates the similarities in precipita-

tion and stream flow discharge between three
upland watersheds in close proximity. The three

sub watersheds are located within the Woods
Canyon watershed, which is part of the former
Beaver Creek Experimental Pilot Watershed. This
latter watershed is in the Coconino National Forest
in north -central Arizona (Figure 1).
The three subwatersheds were selected on the
basis of their close similarities in size, location, elevation, aspect, vegetation cover, and soil type and
their locational proximity (less than 3.8 km apart).
Precipitation and stream flow discharge from the
three subwatersheds are, therefore, compared with
each other for their similarities in time and space
within the subwatersheds.
The study also evaluates the relationships be-

Biophysical Setting of Subwatersheds
Variations in precipitation event depth and stream
flow discharge between the three subwatersheds

are examined from the point of view of physio -

graphic features, vegetative cover, and other
factors prevalent in the area. Important factors
considered in this study include geology and soil

type, topographic features (such as elevation,
slope, and aspect), vegetation cover, and climatic,
precipitation, and stream flow characteristics.
Topographic Features

Topographic features may determine the type,
timing, and amount of precipitation events. Snowfall and cold rains in which the amounts or rates of
fall may vary with elevation, aspect, and latitude,

for example, usually dominate higher elevation

tween the amounts of precipitation and stream
flow discharges in. the three subwatersheds. For
this purpose, precipitation and stream flow data
from the three subwatersheds are categorized on

areas during winter. Likewise, stream flow characteristics are influenced by similar topographic and
other biophysical characteristics. Geologic and soil
characteristics affect the downward movement of

the basis of length of time of record, availability of

water and its storage in the ground. Vegetation

simultaneous records of the two data types, and

density and soil organic cover are important snow
and rainfall interceptors and dissipators. Also high
water tables and heavy precipitation events contribute to the amount and rate of stream flow by
affecting springs and direct rainfall contributions.
For these reasons, it is important to learn about the
biophysical characteristics of the subwatersheds
under study.

their concurrent occurrences.
The specific objectives of the study are to determine (a) if similarities exist in precipitation event
depths among the three subwatersheds; (b) if simi-

larities exist between the stream flow discharges
from the three subwatersheds; and (c) what relationships exist between precipitation and stream
flow discharge among the three subwatersheds. To
evaluate these issues, the material in this paper is
organized to include a brief description of the biophysical watershed settings that justify the possible similarities between precipitation and stream

flow discharge in the three subwatersheds, a

Geology and Soils
The geologic formations in the Beaver Creek area

consist of 95.5 percent igneous, 1.7 percent sedi-

mentary, and 2.8 percent metamorphic rocks.

description of the method of study, and some discussion of the results obtained.

Thus, the Beaver Creek watershed soils are mostly
derived from basalt and volcanic cinders and are
of clay and clay loam composition. The main soil

1Northern Arizona University, Flagstaff
2Rocky Mountain Research Station, Flagstaff

types in the area are Brolliar, Siesta, Sponseller,
and Friana soil series. Of these the Brolliar soil
series makes up about 90 percent of the area and
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Figure 1. Relative location of the Beaver Creek Experimental Area,
Woods Canyon Watershed, and subwatersheds 85, 86, and 87.

the Siesta -Sponseller soil series comprises most of
the remaining 10 percent (Baker 1982). These soils
are relatively shallow with the thinner layers ranging in depth from 0.5 to 1.0 m, and the thicker ones

precipitation that falls on the area ends up either
as stream flow or in evaporation and evapotranspiration, whereas only about 2 percent of the precipitation moves downward into the subsurface

ranging from 1.0 to 1.5 m. These characteristics
explain the low infiltration capacity of the soils in

storage system.
Other factors that affect the amount and rate of
stream flow discharge are watershed aspect, eleva-

the area.

The regional water table in the ponderosa pine
forest system is estimated at 305 -610 m below the
surface, according to Rush (1965). The overlying
impervious lava flow formation permits relatively
little water to reach the aquifer (Baker 1982). The

inclination of the impervious lava sheets toward
the Verde Valley creates the subparallel stream
patterns that occur in the Verde drainage basin

tion, and climatic conditions. The study area is
situated at high elevation with the majority of it
having a southwestern aspect (Ffolliott and Hansen 1968; Hansen and Ffolliott 1968; Ffolliott and
Thorud 1969, 1972).

(Beus et al. 1966). Because of these situations, Feth

Climatic Characteristics
The two main climatic variables that affect stream
flow discharge in the Beaver Creek Experimental

and Hem (1963) estimate that 98 percent of the

Watershed are precipitation and temperature

Similarities in Precipitation and Streamflow Discharge

(Beschta 1976). Temperature and type of storm
precipitation have a great effect on stream flow
discharge. The level of temperature may determine the type of precipitation (rain, sleet, or snow)

and the condition of the soil (frozen or thawed).
The mean annual temperature in the ponderosa

31

information collected by the Forest Service and
spatially mapped using GIS (Rupp 1995). Precipitation and stream flow discharge data sets were
measured using permanent gages located at the
outlets of the subwatersheds that are maintained
by the USDA Forest Service. The spatial distribu-

about 7.4 °C, and average monthly temperatures

tion of the data within the subwatersheds was
analyzed using geographic information system

range from -1.1 °C in January to 19.4 °C in July.

(GIS) software, ARC /INFO.

pine forest area of the Woods Canyon watershed is

Generally, winter season precipitation events
produce about 97 percent of the average annual
surface water yield of 633 mm in the Beaver Creek
area (Baker 1986). Because very little water is lost

to the regional water table, it is assumed that the
difference between the amount of precipitation
and water yield is lost due to evapotranspiration
(Baker 1982). The amount of water lost due to
evapotranspiration from the ponderosa pine type
of the Beaver Creek area is estimated to be 506 mm
annually.

Vegetative and Other Ground Covers

Vegetative cover and forest floor organic matter
are two other factors that can affect overland flow

Data Classification
To appropriately describe the similarities between

the three subwatersheds in terms of the amounts
of precipitation falling on and the stream flow
produced from each, a categorical classification of
each data type is made. The bases for the classification are entire lengths of data record, and similarity in time of occurrence of both data types in
all three subwatersheds. Accordingly two data sets
are available: (a) Precipitation event (1972 -1982)

and stream flow discharge (1977 -1981) data for
each of the three subwatersheds. (b) Precipitation
and stream flow discharge data records for the

same dates for all three subwatersheds (1978-

discharge. The combined ponderosa pine and

1981).

some Gambel oak crown closure in Woods Canyon covers approximately 30 -60 percent of the

availability to provide means for assessing the

area. Grass cover accounts for only 5 percent of the

area except in the open parks, where the percentage is significantly higher (USFS, 1992).
Approximately half of the ground surface in the

area is covered with litter of fallen pine needles
and dead branches. Rock fragments cover approx imately 40 percent of the area.

The above factors influence the amount and
type of stream flows, and the depth and distribution of seasonal water yields.

The data sets were selected on the basis of their

spatial and temporal behavior of precipitation and

stream flow discharge individually in the three
subwatersheds. They can also be used to determine if there are any relationships between the
two data types from each subwatershed. The first
group of data sets is used to compare long -term
precipitation and stream flow discharge amounts
in the three subwatersheds. The second data category is used to assess how concurrent data of the
two types differ among the three subwatersheds.
This data category contains four observations of

Methodology

precipitation events, and ten observations of

The three subwatersheds studied are shown in

stream flow discharge. Each data pair in this category is taken on the same dates from all three sub watersheds during 1978 -1981. Even though only
few observed data are available in this category,
the comparisons provide additional information

Figure 1. The three subwatersheds are referred to
as subwatersheds 85, 86, and 87. Subwatershed 85
is the largest of the three with an area of 70.3 hectares. The smallest subwatershed, 86, has an area
of 23.4 hectares, and 87 has an area of 41.0 hectares. Due to these differences in size, stream flow
discharge is quantitatively described on a per hectare basis.

Data Acquisition

Geologic and soil data were acquired from U.S.
Forest Service archives and the U.S. Geological
Survey (USGS). Data on vegetative cover were
obtained from Multiresource Inventory (MRI)

on the similarities and differences among the
hydrologic conditions in the three subwatersheds.
Time trend analysis and descriptive statistics of
the data are used to evaluate similarity in changes

of the two data types with time, and to compare
the spatial change of the average precipitation and
stream flow amounts between the three subwatersheds. The comparison is made through pairing of
the subwatersheds with each other in the following manner: (a) subwatersheds 85 and 86; (b) sub-
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watersheds 86 and 87; and (c) subwatersheds 85

logic behavior of each study subwatershed. In

and 87.

particular, the effects of watershed soil, elevation,
slope, aspect, and vegetative cover on the hydro-

A graphical comparison of precipitation versus
stream flow discharge is also made to see if there
is any relationship between the amounts of precipitation and stream flow discharge in each sub watershed. Attempts are made to relate any differences in the above analysis results to differences
in watershed characteristics.
Data Analysis

Data from the three subwatersheds were analyzed

in two ways. Descriptive statistical analyses of
precipitation and stream flow discharge were per-

formed to determine the similarities among the
three subwatersheds. In the first category of data
sets, for example, the means and standard deviations were computed for each data type in each of
the three subwatersheds to determine the level of

similarities between the subwatersheds. To test
homogeneity of group variance among the two
variables the Bartlett test was used. A test for
intergroup difference between precipitation and
stream flow data was also performed using the
non -parametric analysis of variance by ranks test

logic characteristics of each subwatershed are
considered.
Soil characteristics. Figure 2 shows the relative
frequency histograms of the different TES soil clas-

sification units in the three subwatersheds under
study. As shown in Figures 2a and c, the soils in

subwatersheds 85 and 87 consist of the loam textured soil units of 565, 584, 585, and 586. In contrast, about 84 percent of the soils in subwatershed

86 belong to soil unit 582, which is a loam /clay
loam texture (Figure 2b). The results indicate that
all three subwatersheds have nearly similar soils.
Elevation. There are clear differences between

the elevations of one of the three subwatersheds
and the other two. The differences are shown in
Figure 3, which represents the relative frequency
histograms of elevation in each one of the three
subwatersheds. According to these figures, sub watersheds 85 and 86 have elevations that fall in
the same range of 2220 -2320 m above sea level.
The 50 percent cumulative relative frequency in

known as the Kruskal- Wallace test (Zar 1974).

both subwatersheds also falls at 2260 m (see Figure
3, a and b).

Spatial Analysis of Watershed Characteristics
The GIS software ARC /INFO was used to analyze
important watershed characteristics to incorporate

subwatersheds with respect to aspect, percent
slope, and vegetative cover density likewise

their influence on the amounts of stream flow
discharge from each subwatershed. The resulting
distributions of the spatial watershed characteristics analyzed are presented in the form of both GIS
maps and relative frequency histograms. These
were produced for soil types, elevation, vegetative

cover, slope, and aspect characteristics of each
subwatershed. The information so gained has been
useful for comparing the hydrologic behavior of
the three subwatersheds.
Results
Some examples are provided here to describe the

effects of individual subwatershed biophysical
characteristics on the hydrology of the three sub watersheds. Summaries on the statistical analyses

of the precipitation and stream flow discharge
data to assess the correlation between precipitation

and stream flow responses of the three forested
subwatersheds are also provided.
Subwatershed Characteristics
Part of this study involves evaluation of the influence of biophysical characteristics on the hydro-

Other characteristics. Comparison of the three

proves the three subwatersheds to be fairly comparable and suitable for use in testing any similarities in hydrologic responses between them.
Details on testing the similarity between the three

subwatersheds with respect to these factors is
provided in Henke (1997).

Hydrologic Response of Subwatersheds

To evaluate the influence of subwatershed biophysical characteristics on the hydrologic behavior

of each subwatershed, descriptive statistics of
precipitation and stream flow discharge are used
to compare the hydrologic behavior of the three
subwatersheds. The Bartlett test for homogeneity
of group variance shows the existence of similarities in precipitation patterns across the subwatersheds, but it fails to show significant similarities
between the stream flow discharges from the sub watersheds.
Precipitation characteristics. Precipitation event
depths are similar (in both data categories) for all
three subwatersheds (Figure 4). This is expected

because the subwatersheds are very closely located and have similar biophysical characteristics.
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Figure 2. Relative frequency distributions of different soil types in subwatersheds 85, 86, and 87.

Figure 3. Relative frequency distributions of elevation in subwatersheds 85, 86, and 87.

It is also verified using the Bartlett test for homogeneity for group variance.
Stream flow discharge characteristics. Figure 5

in all three subwatersheds, 85 and 87 have more
than 18 percent of their areas facing north, northeast, and northwest. However, as shown in Figure
3c, subwatershed 87 is primarily located at lower
elevations than 85. Only 12 percent of subwatershed 87 occurs on the same elevation as 85. The
slightly lower temperatures due to elevation may
cause the snowcap to remain longer in subwatershed 85. Also the higher percentage of canopy
cover in subwatershed 85 can reduce wind speed
and, combined with aspect, protect more of the

illustrates the average monthly rates of stream
flow discharge for each subwatershed. Note that
discharge in subwatershed 85 begins later, and is
greater in magnitude than in the other two sub -

watersheds. Differences in aspect and canopy
cover between the subwatersheds may explain the

higher discharge rate from subwatershed 85.
Although the predominant aspect is southwestern
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Figure 4. Histograms of monthly average precipitation event depths in subwatersheds 85, 86, and

Figure 5. Histograms of monthly average stream
flow discharge rates in subwatersheds 85, 86, and

87.

87.

ground from direct solar radiation than in the
other two subwatersheds. This situation can keep
the ground surface cooler, decrease eva-sublima -

shed 85 has the longest main channel of the three
subwatersheds and thus tends to receive a greater
contribution of runoff from the entire area of the

tion rates, and maintain the snowpack on the

subwatershed as the channel runs through the

ground for longer periods of time. This results in

middle of the narrow subwatershed.

longer duration stream flow discharge events

Precipitation and stream flow relationships. To ex-

because there is more water available from melt of
the stored snowpack.
Differences in stream channel length may also
affect the rate of stream flow discharge. Subwater-

amine the relationships between precipitation and
stream flow discharges from the three subwater-

sheds, daily precipitation and stream flow discharge data were obtained for simultaneous times

Similarities in Precipitation and Streamflow Discharge

of record for all three subwatersheds. This data set

is grouped by a water year to simplify examination of the relationship between precipitation and
stream flow. A water year begins on October 1 and
ends on September 30 of the following year. The

entire period for this analysis covers water years
1978 to 1981.

Descriptive statistical analysis for this period is
presented in Table 1, which shows the relationship
between daily precipitation and stream flow discharge in the three subwatersheds. According to
this table, the three subwatersheds experience the
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between the subwatersheds as demonstrated by
the difference between subwatershed 85 and the
other two. The first watershed has consistently
higher stream flow discharge than the other two
because it has more area with northerly aspects,
which affect the amount of snowpack and rate and
timing of snow melt. Subwatershed 85 also has a
longer stream length than the other two subwater-

sheds, which causes increased contribution to
stream flow.

(c) There is no instant stream flow response to
precipitation event depth due to delays between

same average precipitation event depths and

the timing of snowfall and snow melt events.

stream flow discharges with only subwatershed 85
showing greater average stream flow discharge.

However, there is an appreciable delayed response
of stream flow discharge to the precipitation in the
study subwatersheds.

Examination of the relationship between precipitation and stream flow events shows no daily
associations between these variables in this study,
perhaps due to the effects of snow melt occurring
sometime after the precipitation events. It could
also be due to the fact that most rainfall events in
this area are not large enough to produce any runoff events.

However, there is evidence of some relationship between precipitation and stream flow dis-
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TREE PRODUCTION IN THE SONORAN DESERT USING
EFFLUENT AND WATER HARVESTING

Martin M. Karpiscaki and Gerald J. Gottfriede

In arid areas of the world, including Israel and the
southwestern United States, water must be used
wisely. A key step in improving land management
practices is to minimize soil erosion, successfully

establish and grow vegetation having potential
commercial and environmental value, and reclaim
nonproductive or severely disturbed lands, while
still maintaining acceptable water quality standards for surface and ground waters.

In the arid desert environment of the southwestern United States, efficient use of the limited

water supply is critical. Municipal reclaimed
effluent water combined with rainfall harvested
from a water -harvesting system can be utilized for

the restoration of degraded lands while, at the
same time, enhancing the growth of vegetation
having commercial and environmental value.
Rapid population growth in the metropolitan
areas and many rural communities of the Southwest has increased the availability and amounts of
treated effluent. However, the availability of potable water for irrigated plantations may decrease

Tree species used in the study are Mondell pine
(Pinus eldarica), eucalyptus (Eucalyptus camaldulen-

sis), native cottonwood (Populus fremontii), black
willow (Salix nigra), sycamore (Platanus wrightii),
and ash (Fraxinus veluntia). The trees, established
from seedlings or cuttings, are being grown and
studied both in the field and in containers.
The immediate objective of this presentation is
to review first -year observations from the experi-

ments at the University of Arizona. The study
concentrates on tree survival and growth under
different irrigation mixes. Analyses of soil and
plant nutrient tissue data will be presented in subsequent reports. The research partners believe that
information gained from their studies in Israel and

the United States can be used as the basis for
developing guidelines for restoring degraded up-

lands or reestablishing vegetation in riparian
areas, while at the same time providing support
for vegetation having commercial and ecological
value. The results should be applicable to other

in the future because of increasing demands for
domestic uses and resulting increases in costs. A

arid regions of the world.
The working hypothesis of this study is that the
use of municipal effluent for irrigation of trees will

study established in 1996 is assessing the potential
of growing trees using several mixtures of potable

enhance the growth of these plants when compared to the growth that can be achieved by irri-

and treated effluent water as well as harvested
rainwater for irrigation. This study is part of a
collaborative research program among the University of Arizona, the Volcanic Center, Bet -

gating solely with potable water. In addition, there
would be no significant uptake of harmful constit-

uents from the effluent water by the trees or adverse impacts upon the soil.

Dagan, Israel, and the USDA Forest Service. The

joint effort is funded by the International Arid
Lands Consortium. The main study objectives are
(a) to determine the benefits of water -harvesting
techniques used in conjunction with wastewater
irrigation on trees, (b) to evaluate the ability of the
selected tree species to absorb minerals and pol-

lutants found in effluent, and (c) to study the
effects of effluent irrigation on tree growth and
production.

The Effect of Sewage Effluent
on Forest Trees
It is generally accepted that trees can absorb large

quantities of water and minerals. Therefore, trees
can be effective biological sieves that prevent per-

colation of the water to the underground reservoirs and the accumulation of minerals in the soil.
Irrigation with sewage water has been shown not
only to increase tree growth (Dighton and Jones

1991), but also to increase the total amount of
1Office of Arid Lands Studies, University of Arizona, Tucson
2USDA Forest Serv., Rocky Mtn. Research Station, Flagstaff, AZ

minerals in the foliage (Brister and Schultz 1981;
Neilsen et al. 1989). Research in Australia (Hop-
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mans et al. 1990) indicates that tree species differ

lock and Dutt 1986; Matlock 1983; Dutt et al. 1981).

widely in their ability to absorb minerals. The
differential accumulation of toxic elements by

Using effluent as a source of supplemental
water for creating and enhancing wetlands and

freshwater plants has been reviewed recently in a

riparian areas in Arizona and throughout the

comprehensive report by Outridge and Noller

entire southwestern United States is proving to be

(1991). Information on the accumulation of toxic
compounds by tree species exposed to effluent is
limited. A major factor that needs to be considered
when trees are used to dispose of effluent is the
variation among species.

an important management technique (Tellman
1992). The creation of additional wetlands and
riparian areas is important because in the south-

Secondary sewage effluent generated from
domestic use contains mainly organic matter and
minerals. Organic matter often accumulates under
effluent irrigation, and organic nitrogen has been
found to increase under a wide range of climatic,
water, and soil conditions (Brar et al. 1978; Feigin
et al. 1978). Organic C and organic N increased
four- to five -fold in the upper 3 inches of the soil

layer (Brar et al. 1978). Feigin and coworkers
(1978) calculated that approximately 7 percent of

the amount of nitrogen applied remained in the
soil. The buildup of organic matter contributes
eventually to all of the elemental cycles in the soil.
Organic matter content and composition, together
with the environmental conditions, determine the
rate of nutrient uptake by plants.
Eucalyptus camaldulensis , introduced into Israel
many years ago, has proven to be a fast -growing

tree species. Eucalyptus has the capacity of absorbing large quantities of water and minerals.
Mature eucalyptus trees can evaporate up to 15
gallons of water per day (Walker et al. 1991). It is
hypothesized that irrigating with sewage water in

the proper quantities might compensate for the
loss of water through evaporation, and also stimulate tree growth. Eucalyptus has a very branched
root system that is active all year, contributing to
the efficiency of this species. A two -fold increase

in tree growth following irrigation with sewage
water compared to control trees has been recorded

for woody species such as Populus (Bialkirwicz
1978), Pinus (Cromer et al. 1983; Attiwill and
Cromer 1982), Eucalyptus, and Casuarina (Stewart
and Flinn 1984).

Water Harvesting and Effluent
As a Supplemental Source
Increasing competition for water in arid and semi-

arid regions has stimulated interest in a wide
range of techniques for increasing water availability. Researchers at the University of Arizona have

actively explored the use of water -harvesting
techniques for agriculture in the and and semiarid
regions (Karpiscak et al. 1987; Matlock 1986; Mat-

western United States, riparian areas occupy only

about 1 percent of the land surface. However,
these areas are valuable for many reasons. The
issue of effluent use in the major metropolitan
areas of Phoenix and Tucson was discussed in a
paper by Lieuwen (1990). Interest in the United
States in treating municipal wastewater using
plant systems has increased as an ecologically and
economically viable alternative to traditional treatment methods (Hammer 1989; Reed et al. 1995;
Karpiscak et al. 1996; Kadlec and Knight 1996).
Riparian Area Management in the
Southwestern United States
More than 800 vertebrate species, many (250 +)

threatened, endangered, and sensitive, reside in
the Southwestern Region of the USDA Forest
Service. A majority of these animals are either
obligate inhabitants of riparian areas or utilize
them at some stage of their life cycle. Because of
the cool environment provided by these riparian
areas, they attract many recreationists. They also
are important areas for livestock watering and
local water supplies. However, the past misuse of

riparian areas throughout the southwestern
United States has resulted in vegetation destruc-

tion, both in the riparian areas and in the surrounding watershed (DeBano and Schmidt 1989).

Vegetation removal and soil compaction on the
watersheds have increased surface runoff from
these areas and concentrated the resulting streamflow in channels where it has caused down cutting and subsequent dewatering of the riparian
areas, thereby upsetting the hydrologic regimes
necessary to sustain many of these former riparian
areas. Implementing methods of rehabilitating and

enhancing these degraded riparian areas in partnership with private and public land owners is an
important goal for USDA Forest Service managers
(Tellman et al. 1992). Reversing such degradation
will require establishing a regulated streamflow.

Both effluent additions and water- harvesting
techniques provide opportunities for developing
the more regulated streamflow regimes necessary
for rehabilitating many of these degraded riparian
ecosystems.

Tree Production Using Effluent and Water Harvesting

Methods
The sites in Arizona include a field plot at a University of Arizona research farm near Tucson, and
an area for the container experiments at the nearby
Constructed Ecosystems Research Facility (CERF),
supported by the Pima County Wastewater Man-

agement Department. The field plot consists of
about 1.3 hectares (3.2 acres) that can be irrigated
with both potable and reclaimed water as well as
harvested natural rainfall. After receiving permission to proceed at the research farm, 15- foot -wide

catchments were graded perpendicular to the
slope of the field.
The field and container experiments in Arizona
include six tree species: cottonwood, black willow,
Mondell pine, sycamore, velvet ash, and eucalyptus. Cottonwood, black willow, sycamore, and ash

are important southwestern riparian tree species,

and Mondell pine and eucalyptus are popular
ornamental species in the metropolitan areas of
Arizona. The eucalyptus species is being used in
the experiments in Israel. Trees for the field and
container studies were started from poles except
for Mondell pine and eucalyptus. These species
were planted as transplants from plastic sleeves
and 4 inch pots, respectively. Ash and sycamore
were replanted because of poor survival after the
initial planting. The field experiments focus on

five treatments that reflect a range of water
mixtures:

1. Control only, with water from harvested
rainfall and potable municipal water equal to 100
percent of pan evaporation.
2. Irrigation to 100 percent of pan evaporation
with 25 percent of water being reclaimed municipal effluent.
3. Irrigation to 100 percent of pan evaporation
with 50 percent of water being reclaimed municipal effluent.
4. Irrigation to 100 percent of pan evaporation
with 75 percent of water being reclaimed municipal effluent.
5. Irrigation to 100 percent of pan evaporation
with 100 percent of water being reclaimed municipal effluent.
Separate drip irrigation supply lines for potable
and reclaimed water are equipped with separate
timers to ensure that the proper amount of irriga tion water, either potable or reclaimed, is supplied
to the individual plants. Supplemental irrigation is
provided by a drip system.
Fifty individuals each of six tree species were
planted in a randomized complete block design in
the water- harvesting field system. Ash and syca-
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more were planted as poles obtained from trees at
Fort Huachuca, Arizona. Black willow and cottonwood were planted from cuttings collected from
trees at the nearby CERF facility, and eucalyptus
and pine were purchased commercially. Planting
of all species in the field was completed in December 1996. Height measurements of pine and eucalyptus were begun in December 1996 and of the
other four species in May 1997. Tree diameter at
breast height (DBH) measurements were started in
September 1997.

The individual trees in the field plots were
fenced to protect them from rodents and rabbits
until they had achieved enough growth and size to
survive browsing by animals. The field plots are
periodically treated to control weeds.
Soil samples were collected from the field plots
prior to planting in 1996 and again in December

1997. The first tissue samples will be collected
from the field plants in late spring 1998 after they

have achieved sufficient size to sustain the harvesting of 100 to 125 grams of leaf and stem tissue.
The tissue will be analyzed for selected parameters

such as sodium, chloride, phosphate, nitrate, and
copper.

Containers are used to avoid the influence of
differences in field soils using the same tree species as those planted in the field water -harvesting
system. The container studies are conducted using
10 replicates of each plant species. These experiments were started at CERF in April 1997 by filling
120 plastic 32- gallon containers with clean mortar

sand. Two drip lines were installed to each of the
containers, one to deliver potable water and one to
deliver treated effluent. Each container is supplied
with either 100 percent potable water or 100 per-

cent effluent water. A chlorinization unit was
placed in the effluent line so that all plants would
receive water containing chlorine. Trees and emitters were placed randomly in the containers. Pine
and eucalyptus were planted as seedlings in May
1997 and cottonwood and black willow as poles in
June 1997. The remaining two species, ash and
sycamore, were planted as poles in August 1997.
Data are logged into an IBM computer using
Quattro Pro software to create a spreadsheet. Because field and pot experiments are conducted in a

randomized complete block design, any of the
variables that are measured only once during the
experiment will be subjected to an analysis of variance for the randomized complete block design.
Any trends in the characteristics over time will be
estimated for each of the treatments. If the characteristics change over time, then the differences in
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trends among the treatments will be tested for
statistical significance. The 5 percent level will be

used to determine significance unless otherwise
stated. However, as this is a preliminary report on
tree survival and initial growth, no statistical analysis will be discussed at this time because of the
short growing time since planting.

Survival data for the container trees are shown
in Figure 2. Note that no cottonwood pole plants
survived the initial June transplanting to the containers, in contrast to the nearly 100 percent survival obtained in the field planting. This finding also
is in contrast to the survival of similar transplants
in the gravel- filled subsurface constructed wetland
cells at CERF. Cottonwood poles were replanted in

Results and Discussion
Tree survival at the field site is shown in Figure 1.
Note the nearly 100 percent survival rate for euca-

containers in early November 1997, and thus no
data were available on their survival in November

lyptus and pine, planted as transplants, and for
cottonwood and willow, which were planted as

survival of some ash and sycamore plants in De-

pole cuttings, regardless of the water mixture. Ash

and sycamore, also planted from pole cuttings,
had about an 80 percent survival rate. Initial survi-

val was lowest for sycamore (20 percent) when
treated with pure effluent (OP /4E), and ash (60
percent) when treated with one -quarter effluent
(3P /1E). These rates for ash and sycamore are improved from the 30 and 50 percent rates observed

previously (August 1997). It appears that pole
plants of these two species are slower to take root
and show a growth response compared to willow
and cottonwood.

or December 1997. It was difficult to determine the
cember, because they were typically small individ uals that had dropped their leaves.

Plant survival in the field appeared to be the
same for willow and cottonwood (poles) and for
eucalyptus and pines (transplants) whether irri-

gated with 100 percent potable or 100 percent
effluent water (Figure 3). Survival for sycamore
and ash (poles), however, appeared to be lower
when irrigated with effluent water in the field.
This observation seemed to be the case particularly
for sycamore, whose survival rate decreased over
time (Figure 3) when compared to surviving sycamore irrigated with only potable water.
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Figure 1. Tree survival by species and treatment.
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Figure 2. Tree survival in containers using potable and effluent water.
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Figure 3. Tree survival in field plots using potable and effluent water.
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Cottonwood and black willow have shown

4). Black willow irrigated with effluent grew

rapid growth in the field plots. Many of the cottonwood trees were almost 8 feet high by December
1997 (Figure 4). Pine initially responded very well

need to keep the sand moist during the initial

slightly taller in the field (Figure 4). Eucalyptus
appears to have the best growth in the containers,
after the effluent -irrigated willow, and seems
equal to the effluent -irrigation black willow (Figure 4). These results indicate the potential for the
use of effluent for growing selected tree crops for
wood production, aesthetics, and environmental

transplanting of pole plants in other containers on

benefits.

in both field and container plantings (Figure 4).
However, many of the transplants to the containers have shown stress, most likely because of the

the same drip irrigation line. Black willow has
shown rapid growth in both the containers and the
field (Figure 4). Ash and sycamore are showing
slower growth in the containers, as well as in the
field plots as noted above.
Eucalyptus has shown growth in the container
experiments and the field plots. Although this species seems to grow in both the clay soil of the field
plots and the sand of the container experiments, it
appears to be responding much better to the sand
culture found in the containers (Figure 4). How-
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RUNOFF AND EROSION FROM HYDROPHOBIC FOREST SOILS
DURING SIMULATED RAINFALL
Leonard F. DeBanol and Malchus B. Baker, Jr.2

Soil loss from forest lands involves several complex infiltration and soil particle detachment processes that produce soil materials that are easily
transported off -site by surface and rill erosion.
Surface soils are exposed to a wide range of external variables that affect erosion, including rainfall,

slope, land use, and vegetation. These interact
with internal soil properties to determine the
amount of soil lost from any particular forest site.
Soil erodibility is defined as the relative difference
in soil loss between soils when all of the external
variables are identical (Trott 1982). It is controlled
by several internal physical and chemical properties. Physical soil properties that affect erodibility

are infiltration capacity, the rate and amount of
runoff, the cohesiveness of soil aggregates when
subjected to raindrop impact (detachability and
aggregate stability), and the transportability of

a wide variance in the initial degree of severity of
the water repellency, the temporal change in initial
water repellency after being exposed to water, and
the highly irregular distribution of water repellency throughout the soil profile, particularly in forest
soils. Organic matter is the source of hydrophobic
substances that produce water repellency. Water
repellency is produced in unburned environments
by microbial processes during the decomposition
of organic matter. When organic matter is burned
during a fire, hydrophobic substances are volatilized, move downward, and condense on mineral

soil particles to produce an "extremely water
repellent soil" that in some cases can resist water
penetration completely (DeBano 1981). Because
water repellency is produced during organic mat-

ter decomposition (either slowly by microbial
activity or rapidly by fire during combustion), the

different -sized soil particles during runoff. Chemical factors include the amount and kind of organic
matter and absorbed cations.
Another important soil property that affects infiltration into forest soils is water repellency, which
has been found under a wide range of plant cover,

distribution of water repellency is concentrated
under plant canopies, with its spatial distribution
throughout the landscape paralleling that of plant

climate, and geological settings worldwide (DeBano 1981; Wallis and Horne 1992; Dekker and

and disturbed lands is using rainfall simulators

Ritsema 1994). Water repellency often occurs at, or
near, the soil surface and can be easily detected by
placing a water droplet on a dry soil sample. If the

boom rainfall simulator has been used widely

cover.

One important technique for gathering information about the hydrologic responses on natural
(Renard 1985; Ward and Bolin 1989). A rotating during the past two to three decades for validating

water balls up on initial contact with the soil and

runoff and erosion models developed as part of
the Water Erosion Prediction Program (WEPP;

forms a spherical droplet rather than quickly

USDA 1987). As part of this validation effort and a

penetrating, the soil is considered water repellent
(DeBano 1981; Dekker and Ritsema 1994). Dry

more general research interest in soil erodibility,
study sites on three forested watersheds were subjected to simulated rainfall during a cooperative
study between the Rocky Mountain Research Station and the California Division of Forestry. Dry,
wet, and very wet simulation trials were applied

wettable soil usually absorbs water readily because there is a strong attraction between the mineral soil particles and water.

Although it is intuitively obvious that water

to soils on these study sites. Soils at all three

repellency contributes to runoff and erosion, it has
been difficult to quantify this effect using watershed and plot studies because of several factors:

paper reports data on runoff and sediment re-

1School of Renewable Natural Resources, U. of Arizona, Tucson
2USDA Forest Serv., Rocky Mtn. Research Station, Flagstaff, AZ

sponses during the wet rainfall simulation trials,
and the cumulative responses over the dry, wet,
and very wet rainfall simulator trials. It also pre-

locations were found to be water repellent. This
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sents and discusses previous information on the
erodibility of these forest soils.

Description of the Study Area

Rotating rainfall simulator trials were conducted

on four study sites at three locations in central
California: one site on the Tahoe National Forest
about 13 km east of the small community of For esthill (FH) northeast of Auburn, two sites on the

Challenge Experimental Forest (CEF) in the
Plumas National Forest near the community of
Challenge, and a fourth site on the Sierra National
Forest (SNF) about 13 km northeast of the community of Oakhurst. Rainfall simulation was applied
to 6 plots at each site, for a total of 24 plots.

All four study sites are located in the mixed
conifer or transition life zone of the west side of
the Sierra Nevada. The general climate at these
study areas is typical Mediterranean, having mild,

moist winters and hot, dry summers. July and
August usually receive less than 25 mm of precipitation per month (USDA 1965). However, because
of their elevation (600 to 2400 m), these sites re-

ceived annual precipitation ranging from 700 to
more than 1700 mm, with snow (depending on the

elevation) remaining on the ground for several
months each winter.
The CEF study is at an elevation of 790 m on
the Plumas National Forest. Mean annual precipi-

tation is 1700 mm, of which 98 percent falls between October and May (USDA 1990). The FH site
is at 1500 m on the Tahoe National Forest. Annual
precipitation is 1320 mm. The experimental site on
the SNF is located at an elevation of 1680 m with
an annual precipitation range of 760 -1000 mm.

Six study plots on each of two CEF sites were

located on soils that are presently mapped as

47

nitic parent materials and exceed 100 cm in depth.
Dome soils have a coarse, sandy, loam surface texture and are classified as a coarse loamy, mixed,
mesic family of Dystric Xerochrepts.
Methods
A rotating -boom rainfall simulator with 30 spray
nozzles (Swanson 1965) was used to simulate rainfall on two 3 X 10 m paired plots simultaneously.
The nozzles sprayed downward from an average
height of 2.4 m, with rainfall intensifies of about 60
or 125 mm /hr, which produced drop -sized distri-

butions and energies similar to natural rainfall
(Simanton et al. 1985). Three separate rainfall
simulator trials (dry, wet, and very wet) were
made on a pair of plots following the procedure
described by Simanton et al. (1989). The plots were

pre -wetted to field capacity soil moisture conditions using a 60- minute rainfall simulation (60

mm /hr), designated as a dry run. This dry run
was used to assure uniform soil water contents
prior to the wet run, which was applied 24 hours
later and consisted of a 30- minute rainfall applica-

tion (60 mm /hr). A very wet run was made 30
minutes after the wet run using nominal rainfall
intensities of both 60 and 125 mm /hr. The very
wet run was used to stress the systems and to
provide information on how the important hydrologic processes in saturated soils responded to different rain intensities. Only the runoff and sediment response during the wet simulator trials and
the cumulative response over all three trials are
reported in this paper. During each simulator trial,
runoff and sediment delivery were measured continuously at the bottom of the plots.
All plots on the forest sites had been disturbed
extensively by prior logging and site preparation

Aiken, although they are more similar to the Sites
series (Aiken /Sites is used to designate this soil

required for reforestation. Site preparation included slash removal by hand, soil ripping, and

series). The Aiken /Sites soils are deep to very

were located on the McCarthy soil series, which is
widely distributed in the northern Sierra Nevada.
McCarthy soils are moderately deep over volcanic
mudflow parent materials, have a fine sandy loam

slash burning. Slash was removed from the CEF
sites (Aiken /Sites soil series) with minimal disturbance to the mineral soil. Soil ripping at the FH
site (McCarthy soil series) was done by running a
0.6 m tooth attached to a crawler tractor through
the soil to reduce compaction and improve infiltration. Slash at the SNF site (Dome soil series)
was removed by using prescribed fire. Runoff and
soil loss from simulated rainfall could not be determined on the natural or undisturbed forest floor
because the standing trees prevented use of the

texture, and are classified as a medial- skeletal,

simulator.

deep, well -drained soils that are formed in material weathered from metasedimentary rocks and

have a loam to clay, loam surface texture. The
Aiken /Sites soil is classified as a clayey, oxidic,
mesic family of Xeric Haplohumults.

An additional six study plots at the FH site

mesic family of Andic Xerumbrepts.
Six simulation plots on the SNF site were on the
Dome soil series. These soils developed from gra-

Water repellency was determined on five to
seven samples of the field soil collected at each site

using the water drop penetration time (WDPT).
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The average WDPT was 126 seconds for the

trials for the McCarthy and Dome soils were

Aiken /Sites series, 95 seconds for Dome soil, and
2220 seconds for the McCarthy series. The water
repellency of the McCarthy series measured during these tests was several times greater than reported earlier (Trott 1982). Although the source of

consistent with runoff patterns expected on sites
having a water -repellent soil condition (i.e. in-

the water repellency is not known, it likely occurred because of large amounts of soil organic

The runoff rates from plots having Dome and
McCarthy soils during the wet simulator trials
were related to cultural treatment. The cultural
treatments that disturbed the soil surface most
(burning and ripping) produced more than twice
as much runoff as the plots where logging slash

matter, from previous wildfires, or from the use of

prescribed burning for slash treatment on the
Dome site.
Hydrologic response parameters analyzed were
total runoff (mm) and total sediment loss (kg /ha/

mm). Treatment effects on the runoff and sediment production were analyzed using standard
analysis of variance techniques. Multiple comparisons of means were made by the Welch test at the
.10 level of significance using Dunnett's T3 procedure (Dunnett 1980).

filtration was relatively slow and runoff was
initiated soon after the beginning of each rainfall
simulator trial).

was carefully removed from the site (Table 1). The
McCarthy soil had been ripped with heavy equip-

ment, which would be expected to disrupt any
hydrophobic condition present, thereby increasing
infiltration and reducing surface runoff. Although
the ripping may have decreased the continuity of
the water -repellent layer in the McCarthy soil, this

soil still had large amounts of runoff during the
Results and Discussion

There were differences in hydrologic responses
among the three soils. Water repellency, soil erodi-

bility, cultural treatments, and soil type affected
the different hydrologic responses discussed below, but the responses were confounded among
these four factors.
Runoff
The amount of runoff (mm) was significantly less

during the wet simulator trials from plots having
the Aiken /Sites soil compared to those plots having either the Dome or the McCarthy soils (Table
1). The runoff responses during the wet simulator
Table 1. Mean comparisons of runoff (mm) and soil loss
(kg /ha /mm) during a wet rainfall simulator trial for
three forest soils in California.
Soil Series

wet simulator trials (Table 1). The Dome soil also
produced significantly more runoff than the wettable Aiken /Sites soil. This most likely occurred
because prescribed fire was used to treat the slash
remaining after timber harvesting. Burning could
potentially not only destroy surface soil structure
(aggregation) but also intensify any pre -fire water
repellency present in the underlying soil.
The differences in runoff present during the

wet simulator trials were not present when the
cumulative runoffs for the dry, wet, and very wet
trials were compared (Table 2). The differences in
total runoff from the three soils during the three
runs were not significant.
Soil Losses

Soil losses (kg /ha /mm) during rainfall simulation

varied among the three soil series, but were not
significantly different during the wet simulator
trials (Table 1). When the total erosion from the

Runoff

Soil Loss

(mm)

(kg /ha /mm)

three soils during the dry, wet, and very wet trials

405a

were compared, however, the Dome soil series
was clearly the most erodible of the three soils,

Aiken /Sites
(Logged and
slash removed)

7a1

Dome
(Logged and
slash burned)

15b

McCarthy
(Logged and
ripped)

16b

and it was statistically different from the other two
soils (Table 2).

712a

The increased hydrophobicity in the Dome soil
produced during the prescribed burning of slash,
along with the destruction of surface soil structure,
could explain the higher rates of erosion from this

336a

1Any two means in the same column with different letters are
significantly different at the 0.10 level of probability as
determined by the Welch test.

soil. Large soil losses from the Dome soil were
attributed to the extensive rill erosion that was
observed during the rainfall simulation trials. Rill
formation is an important component in the ero-

sion of water repellent soils formed during fire
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Table 2. Average total runoff and soil loss from forested

soils after two days of rainfall simulation (combined
dry, wet, and very wet trials).
Soil

Aiken/

Runoff
(mm)

(kg /ha /mm)

Logged and
slash cleared

37a

498a1

Plots

Treatment

6

Sites

Soil Loss
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influenced by its transportability, as indicated by
its moderately high runoff concentration in Trott's
study (1982) and the high runoff production measured during this study. Because the McCarthy soil
has a sandy loam texture, the larger sand particles
would resist transport, although particle detachment during raindrop splash would occur. How-

ever, this soil contains more than 20 percent

Dome

6

Logged and
burned

48a

832b

McCarthy

5

Logged and
ripped

63a

432a

relatively undecomposed organic material of low
density, which is highly transportable, and the soil

is also derived from volcanic ash, a material of

1Any two means in the same column with different letters are
significantly different at the 0.10 level of probability as deter-

relatively low particle density (2.20 g /cm3; Trott
1982). The initial low infiltration capacity and low
particle density seem to be major factors contributing to soil detachment and sediment transport in

mined by the Welch test.

the McCarthy soil.

(Wells 1987). Rills began to form within 15 minutes

of rainfall initiation during the dry run on the
Dome soil plots, and quickly became uniformly
distributed from top to bottom over most of the
plots. Some of the rills were as much as 10 cm
deep and wide. Rills also formed on the McCarthy
soil plots. However, the rills were less extensive
and not as deep or wide as on the Dome soil. Little
riling occurred on the Aiken /Sites soil.
Soil Detachability and Erodibility

These results agree with the current understanding of soil detachment and erosion. The initiation
of soil loss by erosion during rainfall involves soil
particle detachment and the subsequent entrainment and transport of these detached particles by
overland flow. Soil detachability is dependent on
soil constituents that promote cohesiveness, the
same properties that contribute to aggregation,
structural stability, and water repellency. In general, soils having a coarse texture, or having a large
amount of relatively undecomposed organic mat-

The Dome soil is classified as a coarse, sandy
loam, which should make it more sensitive to particle detachment by raindrop splash, particularly
on the areas where burning could have destroyed
the structure of the soil surface. The decreased infiltration resulting from water repellency probably
contributed to surface runoff and the initiation of
an extensive rill network, which transported large
amounts of sediment off the plot during all three
rainfall simulator trials (dry, wet, and very wet).
The surface texture of the Aiken /Sites soil was
classified as a loam to clay loam, which was the
finest surface texture of the three soils studied. The
finer texture apparently enhanced particle stability

to raindrop splash. Because of its finer particle
content, this soil was not considered "transport
limited" in a separate laboratory experiment (Trott
1982). However, it was considered "detachment
limited" because of the cohesiveness and aggrega -

lion imparted by the presence of clay and iron
oxide binding agents. As a result, erosion by
riling played only a relatively minor role in the
erosion processes affecting this soil, as was pre-

ter, are most easily detached by raindrop splash
(Trott 1982) because they possess little structural

viously reported (Savabi and Gifford 1989). The

(aggregate) stability.

burning, left a relatively undisturbed soil surface
having a higher infiltration capacity that was less
susceptible to raindrop splash. Although this soil
was water repellent, a relatively high infiltration
capacity and stable surface aggregates mitigated

Soil particles that are not readily detached are

also not easily transported until they are first
detached by raindrop splash. Furthermore, if soil

particles are not readily transported in runoff,
their detachability is unimportant, except to the
extent that soil particles or aggregates are moved
downhill by raindrop splash. An examination of
the runoff and erosion responses of the Dome and
the McCarthy soils (Tables 1 and 2) shows that
particle detachment and subsequent transport are
more important in the Dome soil.
Erodibility of the McCarthy soil appears to be

careful removal of slash, and the absence of

its resistance to wetting.
Trott (1982) determined the relative erodibility

for 20 California soils using laboratory rainfall
simulation. Many of the soils placed in his lower
erodibility groups are either coarse, sandy learns
or loamy sands, or contain high levels of organic
matter; this is in agreement with the findings of
Wischmeier and Mannering (1969). The Dome and

DeBano and Baker
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McCarthy soils fit into this category. Other soils
included in this low erodibility group are soils
high in iron and aluminum, such as the Aiken/
Sites soil.

A comprehensive analysis of soil erosion must
include evaluations of rill erosion. Particle movement by rill erosion becomes important when sur-

face runoff has been initiated and concentrated
overland flow begins. This occurred most notably
in the Dome soil, although soil rilling also influ-

enced the erodibility of the McCarthy soil to a
lesser extent. Soil loss has been shown to increase
three to five times when rills develop (Meyer et al.

1975) and significant differences can occur depending on the type of rill formation (Govindaraju
and Kavvas 1992).

the study. Further acknowledgment is given to Dr.
J. S. Krammes, research hydrologist, and Mr. A.
Pott, forestry technician (both retired from the
Rocky Mountain Research Station) for collecting
and analyzing field and laboratory data during
this study.
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THE EFFECT OF HYDROPHOBIC SOILS ON INFILTRATION,
RUNOFF, AND EROSION IN WILDLAND SOILS
Leonard F. DeBano
University of Arizona, Tucson

and
Malchus B. Baker, Jr.,
USDA Forest Service, Rocky Mountain Research

Station, Flagstaff, Arizona
published information into some generalizations

Hydrophobic substances alter the infiltration
responses of many wildland soils, particularly
following fire. Curves describing infiltration,
runoff, and sediment loss for typical wettable
soils are of limited usefulness when describing

about the effects of water -repellent layers on

infiltration and runoff and presents runoff
hydrographs and sedigraphs for specific forest
soils subjected to simulated rainfall. Runoff and
sediment delivery was measured during a sequence of dry, wet, and very wet simulated rainfall trials on three California forest soils. Two
hydrophobic sandy loam soils generated the

these hydrologic processes in soils containing a

hydrophobic layer. Although the distribution
and severity of water -repellent soil layers varies
widely among different soils, some generalizations have emerged from a wide range of studies
on hydrophobic soils. This paper synthesizes

greatest amounts of runoff and soil loss.
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AN ASSESSMENT OF WATERSHED CONDMON AND POSSIBLE EFFECTS
OF FIRE ON WATERSHEDS OF SOUTHEASTERN ARIZONA
Robert E. Lefevre 1

The Peloncillo and Chiricahua Mountains are in
Southeastern Arizona. The Peloncillo Mountains
also are partially located in New Mexico. They
range in elevation from about 4,500 feet to over
9,000 feet for the Chiricahuas and to 7,000 feet for
the Peloncillos. Six major watersheds delineated

by the U.S. Geologic Survey and identified by
hydrologic unit codes (HUCs; see Table 1) are
represented in these mountains: Willcox Playa,
Whitewater Draw, Animas Creek, San Simon
Creek, San Bernardino Valley, and Cloverdale
Creek. These watersheds are large, with only small

portions found within the mountain ranges considered in this assessment (Table 1).

Fire has been all but eliminated from these
mountain ranges until very recently. Land managers are seeking to reintroduce fire to the ecosys-

tems found in these ranges. This paper assesses
the probable effects of reintroducing fire.
Riparian Areas
Riparian areas in both mountain ranges generally

contain a large number of tree species; often less
than half of these are riparian obligates. Young

and mature age classes of riparian species are
generally well represented, but old and decadent
trees are frequently absent, probably because of

variations in water and sediment. Nutrients are
regulated in riparian areas as well (Rhodes et al.
1985; Corbett and Lynch 1985; Kibby 1978). It is

important to maintain satisfactory riparian area
elements and to improve unsatisfactory riparian
areas in order for reintroduction of fire in the

system to be a positive influence on riparian
resources.

Upland Watershed Condition
These watersheds have been analyzed separately
to determine watershed condition. Watershed condition is assessed by comparing ground cover con-

ditions observed in the field with ground cover
conditions calculated to sustain favorable conditions of flow and soil productivity. Those calcu-

lated conditions are developed using Forest
Service Southwestern Region Hydrology Note 14
(Solomon et al. 1981). Existing ground cover is
compared to potential ground cover and tolerance
ground cover to develop an index. The tolerance
level is the level at which active gully formation

and expanded channel density commence. The
potential and tolerance levels vary among units,
depending upon vegetation.
Table 1. Watershed acreage and HUC codes.

their historical removal for mining or military
operations.
It can be expected that more water, more sediment, and more nutrients will flow from a burned
area after a fire (Baker 1988). The extents of these

increases are discussed elsewhere in this paper,
but are mentioned here because riparian areas will
be the recipients. Even in cases where the increases

are within prescribed standards, unsatisfactory
riparian areas can be damaged by large quantities
of water or sediment (DeBano and Schmidt 1989).

DeBano and Schmidt (1989) also indicate that
healthy riparian areas are able to thrive despite
1Coronado National Forest, Tucson, Arizona

Watershed
Willcox Playa
(HUC 1505020149)
Whitewater Draw
(HUC 1508030101)
Animas Creek
(HUC 1504000331)
San Simon Creek
(HUC 1504000644)
San Bernardino Valley
(HUC 1508030202)
Cloverdale Creek
(HUC1508030303)

Total Area
(acres)

Total Area in
Chiricahua and
Peloncillo Mtns.

1,000,000

178,000

900,000

68,000

783,000

21,000

1,400,000

184,000

900,000

21,000

80,000

18,000
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Watershed condition assessments are summa rized in Table 2. Acreage was derived from the
Coronado National Forest GIS database, which is
still being developed. A rating of zero or greater
represents satisfactory conditions, and a rating of
less than zero represents unsatisfactory conditions.
Table 2 shows watershed -by- watershed indices for
each vegetative type. The capability areas are described as follows (Coronado Land Management
Plan, 1986):
Desert Scrub (vegetation type 1) lands are found
at elevations of about 2,100 to 4,900 feet. Mean
annual air temperature ranges from about 62E to
72E F. Mean annual precipitation ranges from
about 8 to 11 inches. The dominant native vegeta-

tion is sahuaro (Cereus giganteus), palo verde
(Cercidium spp.), creosotebush (Larrea tridentata),
ocotillo (Fouquieria splendens), mesquite (Prosopis
juliflora), catclaw (Mimosa bifuncifera), and brittle
bush (Encelia spp.).

cus hypoleucoides), Arizona white oak (Quercus
grisea), and a scattering of Chihuahua pine (Pinus
leiophylla), pinyon pine (Pinus cembroides), and
ponderosa pine (Pinus ponderosa). Turbinella oak
(Quercus turbinella) may also be present.
Broadleaf Evergreen Woodlands (vegetation type
6) are found at elevations of about 4,800 to 5,400

feet. Mean annual air temperature ranges from
about 52E to 58E F. Mean annual precipitation
ranges from about 16 to 19 inches. The dominant
native vegetation is emory oak (Quercus emoryi),
Arizona white oak ( Quercus grisea), alligator juniper (Juniperus deppeana), manzanita (Arctostaphylos spp.), and Juniperus Erythrocarpa.

Coniferous Woodlands (vegetation type 7) are
found at elevations of about 5,000 to 6,000 feet.
Mean annual air temperature ranges from about
50E to 58E F. Mean annual precipitation ranges
from about 17 to 22 inches. The dominant native

vegetation is pinyon pine (Pinus

cembroides),

Desert Grasslands (vegetation type 2) are found
at elevations of about 3,500 to 5,500 feet. Mean
annual air temperature ranges from about 59E to
70E F. Mean annual precipitation ranges from
about 11 to 14 inches. The dominant native vegetation are grasses including, but not necessarily
limited to, bush muhly (Muhlenbergia porteri),
Texas bluestem (Andropogon cirratus), tobosa

emory oak (Quercus emoryi), Arizona white oak
(Quercus grisea), alligator juniper (Juniperus dep-

( Hilaria mutica), curlymesquite ( Hilarla belangeri),

inant native vegetation is a mix of manzanita

black grama (Bouteloua eripoda), sideoats grama
(Bouteloua curtipendula), and hairy grama (Bou-

leloua hirsuta). Incidental to major overstory
amounts of mesquite also occur. The exotic Leh mans lovegrass (Erigrostis lehmanniana) also is
common.

Mountain Grasslands (vegetation type 4) are
found at elevations above 7,500 feet. Mean annual
air temperature ranges from 45E to 50E F. Mean

annual precipitation ranges from about 24 to 30
inches. The dominant native vegetation is wheat grass species (Agropyron spp.), long tongue muh-

peana), and Chihuahua pine ( Pinus leiophylla).

Coniferous Forests (transition) (vegetation type
9A -) are found at elevations of about 6,500 to
7,700 feet. Mean annual air temperature ranges
from about 49E to 55E F. Mean annual precipitation ranges from about 20 to 26 inches. The dom(Arctostaphylos spp.), Arizona white oak ( Quercus
grisea), silver leaf oak ( Quercus hypoleucoides), alli-

gator juniper (Juniperus deppeana), pinyon pine
(Pinus cembroides), Chihuahua pine (Pinus leiophylla), and ponderosa pine (Pinus ponderosa).

Coniferous Forests (mixed conifer) (vegetation
type 9BC) are found at elevations of about 6,800
to 9,000 feet. Mean annual air temperature ranges
from about 45E to 52E F. Mean annual precipitation ranges from about 22 to 26 inches. The domi-

nant native vegetation is ponderosa pine (Pinus

ly (Muhlenbergia longiligula), deergrass (Muhlenbergia rigens), bullgrass (Muhlenbergia emersleyi),
pine dropseed (Blepharoneuron tricholepis ), June grass (Koeleria cristata), and sedge species ( Carex
spp.).

ponderosa), alligator juniper (Juniperus deppeana),
gambel oak ( Quercus gambelii ), and Douglas -fir

Chaparral (vegetation type 5) are found at elevations of about 4,800 to 5,500 feet. Mean annual air

feet. Mean annual air temperature ranges from
about 38E to 44E F. Mean annual precipitation

(Pseudotsuga menziesii).

Coniferous Forests (spruce -fir) (vegetation type
9D) are found at elevations of about 8,000 to 9,800

temperature ranges from about 52E to 58E F.

ranges from about 30 to 35 inches. The dominant

Mean annual precipitation ranges from about 16
to 21 inches. The dominant native vegetation is
mountain mahogany (Cercocarpus spp.), desert
ceanothus (Ceanothus greggii), manzanita (Ardostaphylos spp.), tourney oak (Quercus toumeyi),

native vegetation is white fir (Abies concolor),
Douglas -fir (Pseudotsuga menziesii), scattered
aspen (Populus tremuloides ), and in a few areas,
high densities of Engelman spruce (Picea engle-

emory oak ( Quercus emoryi ), silver leaf oak (Quer-

zonica).

mannii) and corkbark fir (Abies lasiocarpa var. ari-

Watershed Condition and Fire Effects

Table 2. Watershed Condition by Vegetation Type

Watershed

Vegetation
Type

Watershed
Condition
Index

Animas Creek

2

-0.18

HUC 1504000331

5

0.00
0.78
0.70

6
7

Area
(acres)
7958
246
10980
7549
26733

Total Area
0.46

WCI

San Simon Creek
HUC 1504000644

2
4
5

6
7

9A
9BC
9D

-0.20
0.00
0.69
0.12
0.22
0.73
1.00
0.94

Total Area
0.19

WCI

Willcox Playa
HUC 1505020149

31438
228
12171
65756
38568
4550
8290
856
161857

2
5
6
7

1.00
1.00
1.00

-0.40

1293
790
32282
1915
8918
6004
216

9A
9BC
9D

0.59
0.50
0.94
0.82

Whitewater Draw

1

HUC 1508030101

2

-2.00
-0.82
-0.57
-0.89
-0.10

74
14270
11355
26549
12130

1.00

5247
69625

WCI

5
6

7
9A

Total Area
-0.54

WCI

San Bernardino Valley
HUC 1508030202

1

- 2.00

2

-0.51

5
6

0.29
0.11
0.63

7

Total Area
Cloverdale Creek
HUC 1508030303

Total Area
WCI

2
5

-0.27
-1.00

6
7

0.67
0.70
0.23

WCI = Watershed Condition Index (weighted average).

I determined that watershed condition in the
desert scrub and desert grasslands vegetation
types (1 and 2) is generally unsatisfactory. My
observations are that spaces between shrubs are
generally bare ground or populated with annual
grasses or perennial half -shrubs. It is my experience that the way to improve watershed condition
in this vegetation type is to improve the perennial
grass component of the community. It has been
demonstrated that fire will cause a shift toward
more perennial grass plants, but the shift is not
necessarily permanent if poor management of
cattle exists (Cable 1967, 1972; Bock and Bock 1988;
Ffolliott 1988).

Mountain grasslands were determined to be
satisfactory. However, they occupy a very small
portion of these mountain ranges, and I do not
recommend basing fire management decisions for
the entire ranges on the effects they might have on
watershed condition in mountain grasslands.
Chaparral is determined to be satisfactory in
some areas and unsatisfactory in others. Maintaining chaparral in satisfactory condition cannot be

accomplished with fire alone (Bock and Bock
1988). Other changes in management that will
allow grasses or other herbaceous vegetation to
grow between shrubs would have to be made
(Bock and Bock 1988; DeBano 1988; Ffolliott 1988).

Note that chaparral makes up a small portion of
the vegetation communities in these ranges, and I
do not recommend basing fire management deci-

sions for the entire ranges on the effects they
might have on long -term watershed condition in
chaparral. However, chaparral can be an impor-

tant source of erosion and sediment because it
typically occurs on steep unstable topography
(Baker 1988) and for this reason, the extent of
chaparral present should be considered on a
project -by- project basis.

808
11784
1733

5817
10072
30214

-0.01

WCI
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6798
926
8029
2116
17869

As in chaparral, coniferous woodlands (pinyon juniper) are determined to be satisfactory in some

areas and unsatisfactory in others. Improving
herbaceous vegetation will improve watershed
condition. Fire is used to "reduce tree density and
increase understory biomass" (Pieper and Wittie
1988). This seems to be more effective and longer
lasting as a method for improving ground vege-

tation in pinyon- juniper communities than in
chaparral (Pieper and Wittie 1988; Ffolliott 1988).

Broadleaf woodlands were found to be in satisfactory watershed condition. McPherson (1992)

indicates that fire has been present in this vegetation type but has left no visible evidence. Based
on that paper and my own observations, periodic
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fire (10 to 20 year intervals according to McPherson) will not adversely affect watershed condition
in broadleaf woodlands.
The transition coniferous forest is found to be
satisfactory except in some areas that have recent-

small trees. The effect of dense stands of trees is

but will only regenerate in disturbance situations
such as fire. The effect on watershed condition
following a fire in mixed conifer forests is highly
variable depending upon the severity of the fire;
low- intensity fires produce no significant effects
whereas high- intensity fires can result in temporary unsatisfactory conditions and produce negative effects on water quality and quantity (Zwolin-

that it puts this vegetation type at high risk to

ski 1996).

ly burned. In many areas, this vegetation type
contains very dense vegetation including many
become nonfunctional as far as some hydrologic
processes are concerned, including unnaturally
high rates of runoff and soil erosion and unnaturally low water -infiltration rates on the soil surface. Rucker Canyon watershed, a sub -watershed
of Whitewater Draw, was burned in 1994. In about
one -third of that watershed, a dense stand of trees

with abundant litter, but poor representation by
plants, on the forest floor experienced a crown fire
in which all the trees were killed and all the litter
was consumed. With little seed source present, the

ground has remained uncovered for the first 3
years following the fire. Rain and melting snow
runs off quickly, resulting in soil movement from
the site to the channel system. The high runoff, in
turn, has sufficient energy to move soil and gravel
quickly through the system, transporting material

stored in the channel out and rapidly filling be-

hind with new material. The main channel of
Rucker Creek is full of sediment, and there is still
little vegetation on the slopes. The pines of southeastern Arizona are adapted to low -intensity fire,
and it is believed that periodic low -intensity fire is

Water Quality

Water quality is assessed by comparing existing
conditions with desired conditions that are set by
the states under the authority of the Clean Water
Act. No Water Quality Limited Waters are identified in either the Chiricahua or Peloncillo Mountains (Arizona Water Quality Assessment, 1996
and New Mexico Environment Department 305(B)
Report (1995). A water quality limited water "does

not maintain surface water quality standards for
its designated uses, and neither existing technology nor permit controls are sufficient to maintain
water quality standards" (Arizona Water Quality
Assessment 1996). The absence of water quality
limited water designations infers that water quality is acceptable for designated uses in the Peloncillos and Chiricahuas. I make this inference with
the knowledge that in spite of the fact that few
water samples have been analyzed from streams
originating in the Peloncillos, few of the "probable

necessary to maintain this vegetation type in a

sources" of pollution cited for these watersheds
are found in either the Peloncillos or the Chirica huas. Those "probable sources," as listed in the

healthy state (Zwolinski 1996). Zwolinski cautions

Arizona Water Quality Assessment (1996) and the

land managers that reintroducing fire into this
vegetation type must be done in increments to

New Mexico Environment Department 305(B)

ensure that the tolerance for fire is not exceeded in
any one event (killing all the trees and burning all

and farming), silviculture, resource extraction

the litter). Light fires will suppress shrubs that
encroach on this vegetation type from lower elevations and white fir and Douglas -fir that encroach
from higher elevations (Zwolinski 1996).

Mixed conifer and spruce -fir forest areas are
found to be in satisfactory watershed condition.
As in the transition conifer forest, much of this
vegetation type contains dense stands of young
trees. Burning in these areas can drastically impair

watershed condition if the fire is too intense
(Zwolinski 1996). Zwolinski indicates that some
species here are quite fire resistant when mature
(Douglas -fir and white fir), whereas others are
sensitive to fire regardless of their size (Engel -

mann spruce and southwestern white pine).
Aspen is generally top -killed quite easily by fire

Report (1995), are agriculture (including ranching
(mining), land disposal, hydromodification (loss of
riparian habitat), natural, and rangeland practices.

I have found no indication that silviculture,
farming, mining, and land disposal activities take

place in these ranges to a measurable degree.
Maintaining satisfactory riparian and upland
conditions and improving unsatisfactory riparian

areas and uplands will reduce the threat of impaired water quality. In addition, satisfactory
riparian conditions over most of the area provide
some filtration and serve to produce high -quality
water even from areas where rangeland practices
are conducted.
Burning in a watershed can alter water quality
by releasing sediment into the system as a result of
increased soil erosion and by releasing nutrients

into the system by making them more mobile
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through the process of burning (Baker 1988;

flow (DeBano and Neary 1996; DeBano et al. 1996;

DeBano et al. 1996). The likelihood of increased

Rinne and Neary 1996). This is what causes the

sediment and resulting increased turbidity appears to be the greatest threat to water quality

wildfires. Baker (1988) states that due to natural

floods and high sediment loads after severe

following wildfire (Baker 1988).

variations in moisture conditions, prescribed

Baker indicates that most evidence suggests
that even after wildfires, sediment yields drop to
near preburn levels within 3 to 5 years. Water
quality will depend on the extent of area burned
and location with respect to the channel. Managing toward potential conditions for upland and

burns result in a mosaic pattern and consequently
do not significantly affect (either spatially or temporally) the flow regime of a watershed. Wildfire,
on the other hand, often consumes all the organic
matter on the soil surface of a more extensive area,
producing an important, immediate rffect on flow,
and in some cases, for several years following a

riparian areas will minimize short -term effects and
have a favorable effect on overall water quality.

Water Quantity

My experience is that flows increase following
fires. The importance of these expected increases

to the overall hydrology of the Peloncillos and
Chiricahuas can be understood better by review-

fire (Baker 1988).

Summary and Conclusions
Existing watershed conditions, including riparian

areas, uplands, and water quality, are generally

satisfactory in the Peloncillo and Chiricahua
Mountains, with the exceptions of desert scrub

ing some water yield studies. Ffolliott and Thorud
(1975) report estimates of water yield increases for
major vegetation types throughout Arizona. Of the
vegetation types found in these ranges, chaparral,

and desert grasslands, and isolated areas of wood-

transition coniferous forest, mixed conifer, and

these conditions are not sustainable due to risk of
severe wildfire. Numerous studies cited in the literature, and observations following fires, indicate

spruce -fir are found to be important when considering water yield increases. These vegetation types
are limited in extent on these ranges, making up
only 2 percent of the Peloncillos and 20 percent of
the Chiricahuas. Locally, however, these vegeta-

tion types may provide measurable changes in
water yield if burned. Ffolliott and Thorud report

that where about one -third of the overstory is
removed from transition coniferous forest, water
yield increases by about one -third. In this area,
where water yield is currently about 2 inches per
year in this vegetation type, such a reduction in
the transition coniferous forest type could produce
about 0.6 additional inches of water. Reducing the
overstory by more than one -third will produce
slightly more water. The mixed conifer forest type
has similar water yield increases to the transition
coniferous forest when up to one -third of the can-

opy is removed. As more canopy is removed
beyond the one -third point, water yield increases

at a more rapid rate in mixed conifer forests.
Maintaining the reduced stand density is mandatory for maintaining that increase. The reduced
stand density in a healthy forest can increase base

flows because of reduced evapotranspiration
through these vegetation types. It is important to
note that severe burning will produce the same increase, but the resulting unsatisfactory watershed
conditions will cause more of the increase to be in
the form of overland flow rather than subsurface

lands and chaparral. The absence of fire from
many of the vegetation types represented in these

ranges, however, has created a situation where

that if fire is reintroduced under uncontrolled
conditions, water conditions will be degraded. The

result of degraded watershed conditions can
include high rates of erosion and losses of site productivity. Reintroduction of fire into these mountain ranges under controlled conditions, in order

to maintain or improve watershed conditions, is
recommended.
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POST - WILDFIRE EROSION IN THE SOUTHWEST:
CAUSES AND CONTROL

Daniel G. Neary, Gerald J. Gottfried,'
Leonard F. DeBano, and Peter F. Ffolliott2

Wildfire is a major disturbance in woodlands and
forests of the Southwest. It exerts major influences
on the vegetation, fauna, soils, hydrology, and erosional processes of watersheds. One of the adverse
impacts of wildfires in southwestern forests and

Erosion Processes
Watershed condition describes the ability of a watershed system to receive and process precipitation
without ecosystem degradation. Organic material

woodlands is a potential for large increases in

moderate the impact of falling raindrops, allowing
water to infiltrate into the soil, thereby minimizing

erosion rates. Natural erosion rates of <0.1 to 5.5
Mg /ha can suddenly climb to the 204 to 370 Mg/
ha range under the right conditions (DeBano et al.
1997). High fire severity, steep slopes, combustion
of surface organic matter (vegetative ground cover
and litter), development of water repellency in the
soil, shallow soils, the occurrence of high- intensity

rainfall immediately after the spring fire season,
and mountainous terrain are the main factors leading to increased erosion rates. Because of these
factors, the Southwest has the greatest potential
for post -wildfire sediment yield increases in North
America (Swanson 1981). More than 70 percent of
long -term sediment yield in southwestern chaparral can be produced by wildfires.
Post -fire burned area emergency rehabilitation
analyses (LaFayette 1998) often recommend erosion control practices such as seeding with native

grasses and forbs, contour ditching, and contour
felling of fire -killed trees. Although these techniques can reduce surface and rill erosion over a
long time period, they have variable effects on
immediate post -fire surface erosion and can have

little effect on the gully development, debris
avalanches, and channel destabilization processes
that produce the largest post -fire sediment yields.
The objectives of this paper are to (a) examine the
causes of post -wildfire erosion, (b) discuss man-

on the soil surface and vegetative ground cover
overland flows. Loss of litter and vegetation by
burning or other disturbances will result in degradation of hydrologic functions (Neary 1996). With
Agood@ soil hydrologic condition, precipitation

infiltrates into the soil, and baseflows are sustained between storms. Rainfall that infiltrates into

the soil usually does not contribute to erosion
because it does not flow over the surface where it

can detach and transport sediments. If intense
wildfires produce severe changes in the amounts
of litter and vegetation on a watershed, infiltration
rates are reduced and overland flow increases over

the soil surface, producing excessive erosion
(Table 1). The result can be little or no baseflow
between storms, and considerable erosion during
stormflows (Neary 1996).

The erosion process involves three separate
components that are a function of sediment size

and transport medium (water or air) velocity:
detachment, transport, and deposition. Erosion
occurs when soil particles or channel sediments
are exposed to falling raindrops, flowing water, or
air and velocities that are sufficient to detach and
transport these sediments. Table 2 gives a breakTable 1. Summary of Soil Conditions and Typical Infiltration Rates.

agement controls that can mitigate sediment

Surface Conditions

movement off of burned areas and into streams or
ephemeral channels, and (c) provide some recent
examples of post -fire erosion that occurred irrespective of erosion control mitigation.

Complete litter cover
Vegetation cover,
little litter

>160

Bare soil

0 -25

Water repellent soil

0-10

'USDA Forest Serv., Rocky Mtn. Research Station, Flagstaff, AZ
2University of Arizona, Tucson

Source: Neary et al. 1998

Infiltration (mm /hr)

Very rapid
5-50 Slow to moderate
Very to moderately slow
Very slow to none
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Table 2. Sediment Sizes, and Detachment and Deposition Velocities.

Size Class

Detachment

Deposition

Diameter

Velocity
(cm /sec)

Velocity
(cm /sec)

Sediment

(mm)

Boulders
Cobble
Gravel
Sand

>1000 -256

Silt

Clay

256-64
64-2
2 -0.17
0.17 -0.004
0.004-0.0001

>190
>150
>35
>17
>250

<120
<80
<15

<1.5
<0.1

Source: Neary et al. 1998

down of sediment classes and detachment transport- deposition velocities for flowing water.

Clay -sized sediment particles have very high
detachment velocities because of the stability of
the soil aggregates that they form (Table 2). Silt and clay -sized sediments in suspension in water

The amount of vegetative and litter surface
cover remaining after a fire affects infiltration,
runoff, and erosion (Table 4). Litter charring
usually does not result in significant erosion. After
the litter and underlying duff are consumed, bare
soil is exposed, raindrop impact occurs, and significant sheet, rill, and gully erosion can occur. If a
fire is severe enough to produce wettability problems, then mass wasting (the most severe form of
post -fire erosion) is a possibility on steep terrain.
The amount and severity of erosion is a function of

the duration, amount, intensity, and timing of
precipitation as well as the season, timing, and
severity of the fire events. Generally speaking,
erosion rates are the highest the first year after a

fire and where 100 percent of a watershed has
burned (Figure 1). Post -fire erosion ratios (PFERs)
Table 4. Soil Surface Conditions and Relative Infiltration, Runoff, and Erosion.
Erosion

Watershed
Condition

Low

Low

Good

Medium

Medium

Medium

Fair

Bare soil

Low

High

High

Poor

Water
repellent

Very
low

Very

Severe

high

Very
poor

are the most difficult to control because of the
extremely low velocities and long time frames at

Soil & Litter

which they settle out.of the water column.

Litter
charred

High

on soils, geology, topography, vegetation, and

Litter
consumed

climate. Some examples of natural rates of erosion
in the United States are shown in Table 3. Geologic

erosion rates were calculated on large drainage

Erosion is a natural process occurring on all
landscapes at different rates and scales depending

basins, so they are higher than those listed for forests; the latter data from forests come from much
smaller watershed experiments. Natural erosion

rates increase as annual precipitation increases,
peaking in semi -arid zones that are transitions
from desert to grassland (Hudson 1981).
Table 3. Examples of Natural Erosion Rates in the Continental USA.

WS Condition

Sediment Loss
Rate First Yr
(mg /ha)
Reference

Condition

Infiltration

Runoff

Source: Neary et al. 1998

are the simple ratios of average pre -fire erosion
rates (Mg /ha /yr) to post -fire rates for the first,
second, third, etc. years after a fire. The value of
the PFER is a function of fire severity, slope steepness, soil characteristics, degree of surface organic

matter combustion, extent of development of
water repellency, amount of shallow soils, and the
occurrence and duration of high- intensity rainfall.

The timing of the return of the PFER to normal
(value of 1) is also a function of these same factors

and can range from a year to decades. Reported

USA:

Geologic erosion
Natural, lower limit
Natural, upper limit

Schumm&Harvey 1982
0.580
15.000

and Johnson 1944).

East USA:

Forests, baseline lower
Forests, baseline upper

0.110 Patric 1976
0.220

West USA:

Forest, baseline lower
Forest, baseline high

values for the first -year PFER range from 2 in the
Coastal Plain of the southeastern USA (Ferguson
1957) to 370,000 in Arizona chaparral (Hendricks

0.001 Biswell & Schultz 1965

5.530 DeByle & Packer 1972

The major erosion processes are sheet erosion,
rill erosion, gully erosion, mass wasting, and chan-

nel destabilization. Sheet erosion is a gradual
removal of the soil surface by transport during
surface runoff. Rill erosion involves the development of small incisions in the soil surface. As rills
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1ST YEAR i 2D YEAR i 4TH YEAR al 6TH YEAR a. 8TH YEAR

Figure 1. Relative erosion rates 1, 2, 4, 6, and 8 years after burning for a hypothetical watershed.

expand they become deep gullies. In mass wasting, large sections of hillslope can fail, producing
slow to very rapid movement of tens or thousands
of cubic meters of soil downslope. Stream channels
can destabilize and downcut with increased storm flows, transporting large amounts of channel sediments during channel degradation.
Sheet and Rill Erosion

During sheet erosion, fine soil particles and residual ash on soil surfaces erode relatively uniformly.
This results in a gradual removal of the A horizon
and a lowering of the surfaces. Sheet erosion de-

grades soil condition and ultimately reduces
watershed functions and ecosystem sustainability
(Neary and Michael 1997). As erosion progresses,
rills (small channels) develop. When rill erosion

begins, small, linear, rectangular or V- shaped
channels cut deeper into the surface of a slope.
Eventually rills progress to a size where they are

rectangular to V- shaped channels that cut into a
slope. Gullies can erode downwards through the
soil and into underlying parent material. Incision
of gullies moves large amounts of sediments on to
lower slopes or steam channels. Additional down cutting of rectangular cross -sectioned, F -type
channels (Rosgen 1996) created by gullies, dry
gravel of the perpendicular banks, and eventual
lowering of the angle of repose results in large
amounts of sediment yield over a long period of
time. This cause of erosion is difficult to predict,
and controls are restricted to after -the -fact when
much of the sediment movement has already occurred. Gullies severely degrade site productivity
and ecological function, and are major sediment
sources because of their rapid cutting rates, and
creation of steep, erodible, side walls. Control of
sediment and restoration of gullies is very expensive and requires periodic and costly maintenance.

classified as gullies. Functioning of the soil system

Mass Wasting

can be slightly to moderately impaired during
sheet erosion and rill development.

Mass wasting includes slope creep, rotational
slumps, and debris avalanches. Slope creep is a

Gully Development
If rills continue to deepen and widen, they develop
into gullies. These erosion features are deep, large,

slow process that does not deliver large amounts
of sediment to stream channels in the time periods
normally considered in watershed management.
Rotational slumps involve a failure and rotation of
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a slope but normally do not move any significant
distance. Slumps are only major problems when
they occur close to stream channels, although they
also expose large areas of bare soil on slope sur-

faces. Debris avalanches are the largest, most
dramatic, and main form of mass wasting; they
deliver large amounts of sediment to streams, and
can range from slow- moving earth flows to rapid
avalanches of soil, rock, and woody debris. Debris
avalanches occur when the mass of soil material
and soil water exceeds the sheer strength needed
to maintain the mass in place. Steep slopes, clear cut logging, road construction, heavy rainfall, and
fires aggravate the potential for debris avalanching
(Neary and Swift 1987; Wells 1987; Wieczorek
1987). Most fire -associated mass failures correlate

with development of water repellency in soils.
Chaparral vegetation in the Southwest has a relatively high debris avalanching hazard because of
the tendency for development of water repellency
in soils of these ecosystems. Debris avalanches are
the largest source of sediment delivered to stream
channels after wildfires (it can be 50% of the total
post -fire sediment yield in some ecoregions; Swan-

Southwest, results in high, post -fire erosion rates
(Swanson 1981; Neary 1996). Rainfall is the process

that drives erosion. The amount, intensity, and
duration of rain are important properties that contribute to erosion severity. Monsoons that enter
the Southwest immediately after the May -June fire

season interact with steep terrain to trigger the
heavy downpours that result in the high erosion
rates characteristic of the region (Green and Sellers

1974; Nations and Stump 1981). It has been hy-

pothesized that large expanses of burned area
could contribute to localized buildup of thunderstorms due to elevated surface heating (the black
body effect). This hypothesis could be tested with
some of the existing terrain- convection models.

Increased Peakflows

The effects of forest disturbances such as fire on
storm peakflows are highly variable and complex
(Neary 1996). These disturbances can produce
some of the most profound impacts that watershed managers have to consider. Fire has larger
effects on peakflows than harvesting (Anderson et

al. 1976; Bosch and Hewlett 1982; Neary and

son 1981).

Hornbeck 1994). A wildfire in Arizona increased
summer peakflows by 500 -1500 percent, but had

Channel Destabilization
Increased streamflows, particularly peakflows, following wildfire can result in channel downcutting

no effect on winter peakflows (Anderson et al.
1976). Another wildfire in Arizona produced a

and the downstream transport of additional and

watershed during record autumn rainfalls. Water-

larger sediments (Neary 1996). Peakflows are the
hydrologic events that produce the most signifi-

sheds in the Southwest are prone to these high

cant changes in channel morphology and sedimentation. Small increases in stream velocity
during peakflows can exceed detachment velocity
thresholds for sediment classes (Table 2), and can
result in significant transport of bedload material.
Erosion Causes
High Fire Severity

Fire severity is a key factor in determining the
amount of post -fire erosional loss of soil. Low and
moderate severity fires leave most or some of the
O horizon (litter and duff) on the soil surface. Veg-

peakflow 58 times greater than an unburned
peakflow responses due to climatic and soil conditions. Another concern is the timing of stormflows
or response time. Burned watersheds respond to

rainfall faster, producing more flash floods. Hydrophobic soils, bare ground, and vegetative cover
loss will cause flood peaks to arrive faster and at
higher levels. Flood warning times are reduced by
flashy flow, and higher flood levels can be devastating to property and human life. The Southwest
is not only vulnerable to large changes in peakflow
response time and volume, but also recovery times
are typically slower than other ecoregions and can
range from years to many decades.

etative ground cover and litter mitigate the force

of raindrop impact, ensuring that much of the

Steep Slopes

rainwater infiltrates into the soil. Surface runoff is
the predominant mechanism of rainfall flow when
the O horizon is completely burned off. Erosion is
then greatly enhanced.

Slope is also a major factor in determining the
amount of erosion, because it directly affects the
velocity and hence the erosive power of water.
Erosion from two watersheds of the Southwest
Plateau Dry Steppe ecoregion of Texas was signi-

Precipitation Patterns and Intensities
The amount of post -fire erosion is a result of many

factors associated with precipitation that, in the

ficantly influenced by slope during successive
years. A watershed with 45 -50 percent slopes
produced sediment at a rate 8 -10 times greater

Post - Wildfire Erosion in the Southwest

than one with slopes of 15-20 percent (Wright et
al. 1976).

Combustion of Organic Matter and
Development of Water Repellency
After particularly severe wildfires that consume all

of the vegetative ground cover and litter on the
surface, the ash -covered soil is left exposed to rain-

drop impact. In some soil and vegetation associations, heat from combustion drives volatile organic
byproducts into the soil, where they eventually
condense and form a hydrophobic or non -wettable
layer. Subsequent rainfall infiltrates until it reaches
this layer and is then forced to move laterally. This
results in rill and gully formation or slope failure
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sensitive to fire -induced changes in their hydrologic condition. Thermal degradation of physical
and chemical properties of soils can produce significant surface runoff problems after severe fires.

Erosion Control
Several treatments are used to control erosion after

wildfires (Miles 1998). Hillslope treatments are
generally used to control sheet and rill erosion,
and to prevent gully development. Channel treatments are recommended to either stabilize gullies

or prevent channel destabilization due to increased post -fire peakflows ( DeBano et al. 1998).

Road treatments are implemented to reduce erosion associated with temporary fire suppression

(DeBano et al. 1998; Wells 1987).

roads, dozer lines, fire equipment- impacted

Shallow Soils, Compacted Soils,
and Roads
Overland flow occurs when rain intensity or snow -

affected by increased post -fire peakflows.
Hillslope treatments to control erosion include

melt rate exceed infiltration capacity. It typically
occurs on shallow soils, compacted soils, rock, and
roads. Overland flow that is 1 percent of rainfall in
undisturbed forests can increase to 15-40 percent
after fires. Fire -related wettability problems are a

big contributor to this response. However, roads
created during fire .suppression activities or soils
compacted by heavy machinery traffic can also
exacerbate the problem if road densities are high,
intense fire temperatures affect much of the soil
profile, and erosion removes much of the developed soil profile. Shallow soils are particularly

permanent roads, or water- handling structures
associated with roads that could be potentially
mulching, seeding, soil and sediment trapping,
tilling, and laying erosion control mats (Table 5).
Mulching is done to provide instant ground cover
for sensitive areas. Treatments include hand, contour strip, and machine mulching. Seeding with
grass and herbaceous plants is the most common
technique. Because of problems with exotic plant
persistence, displacement of native species, and
spread to adjacent areas, much of the emphasis in
recent years has been to reseed with native plants.

Seeding is used to reduce surface erosion by
providing ground cover, but it has a delay factor

Table 5. Hillslope Erosion Control Treatments and Comments (Adapted from Miles 1998).

Treatment

Type

Comments

Mulching

Hand
Contour strip
Machine

100% cover, labor intensive, expensive ($1,850 -$5,500 /ha)
50% cover, cost <50% of hand, faster production rate
Limited to road access areas and firelines, high production rate

Seeding

Aerial

Very high production rate, low cost, quick implementation
Best suited to remote or sensitive areas <10 ha in size
Limited to areas above and below roads, production rate >hand

Hand
Hydromulch

Silt fences

70 -250 logs /ha, difficult to do correctly, safety hazards
Easy to apply, very effective, lasts 2 -4 years, expensive, fire hazard
Labor intensive, infrequent use, bag material persistent
Production rate slow, ground contact difficult, safety hazards
Hand or machine, cost variable, labor intensive, hydrophobic soils
Used where sediment movement significant, installation critical

Tilling

Subsoiling or ripping
Disking

Difficult in heavy brush or rocky soils, production rate slow
Good for hydrophobic soils, slope limitations

Erosion mats

Fiber mats
Jute netting

100% cover, effective, $25,000 /ha
<100% cover, effective, high cost

Soil trapping

Contour felling logs
Straw wattles
Sand bags
Slash lopping and scattering
Trenching
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due to the need for plants to germinate and grow.
Seeding can be done by air, hand, or hydromulching methods. Soil particles can be trapped on hill slopes by contour -felled logs, straw bales, sand

are expensive to construct and require considerable engineering during construction and must be

fences. Machine tilling can be done on the contour

maintained frequently.
New roads constructed during fires, or existing
ones that are frequently used by heavy equipment
and fire engines, are another source of post -fire

of gentle slopes to break up hydrophobic soil

sediment. Temporary roads (including fire lines

conditions. Fiber mats or jute netting can be laid
on the surface of sensitive or high -value areas to
provide instant ground cover.

and dozer lines) used for fire suppression are

bags, slash deposits, contour trenching, or silt

Gullies are more difficult to deal with, and
require more expensive control structures. Rock or

log check dams are frequently used to stabilize
gullies; these usually are not preventative measures, and are used after gullies or channel cutting
starts. Gully or channel stabilization treatments
include grade stabilizers, check dams, bank and
channel armoring, stream bank shaping and re vegetation, channel organic debris clearing, and

debris basins (Table 6). These techniques are
usually more expensive than hillslope treatments,

although they are typically confined to smaller
areas. Grade stabilizers are used to reduce down cutting by establishing grade control and reducing
water velocity. Rock and logs can be used for these
structures. Check dams made of rock, logs, straw
bales, or straw wattles are used to trap sediment in

usually closed out after supression activities have
concluded. Ripping, water bar construction, and
seeding are the main treatments for erosion control. Treatments for existing system roads include
culvert upgrades, broad -based dips, trash racks,
energy dissipators, gravel additions to road surfaces, and storm patrols to make sure culverts do

not block up and fail during significant rainfall
events (Table 7).
1996 Fire Season Examples
Two examples of post -wildfire erosion occurred in
the Southwest during and immediately following
the 1996 fire season. In both cases, accelerated ero-

sion followed the onset of heavy monsoon rains.
Erosion control carried out in the first example
was ineffective due to the erosion mechanism and
storm event timing.

ephemeral or small perennial channels. Bank
armoring can be used to reduce the impacts of
increased peakflows that accompany wildfires.

White Springs Fire
One of the first of many 1996 wildfires in Arizona

Channel clearing can be done to remove excessive
debris around bridge approaches, but it is not recommended for extensive use along stream courses.
Debris basins are large constructed structures used
to trap sediments over long periods of time; they

Mountain Apache Reservation. Although the
burned area received rehabilitation treatments

occurred in April at White Springs on the White
(grass seeding, contour felling of small snags, fire line and dozer trail restoration, etc.), gully forma-

tion occurred on two watersheds during heavy

Table 6. Channel Erosion Control Treatments and Comments (Adapted from Miles 1998).

Treatment

Type

Grade stabilizers Rock
Logs

Check dams

Bank /channel
armoring

Comments
Ephemeral or small channels with lot of rock, organic debris needed
Ephemeral or small channels, down wood present (30-50 cm diameter)

Straw wattle dams

Replaces woody debris, design for keying, spillway, energy dissipation
Log size 30-45 cm diameter, stacked, same design features as rock fence
Low gradients with no rock and wood, simple, quick construction
Similar to straw bales, lifetime of 2 -4 years

Rock -wire gabions

Reduces impacts of high peak flows, smaller rock, high construction

Rock fence
Logs
Straw bales

costs

Boulders

Reshaping /revegetation

Reduces impacts of high peak flows, large rock needed
Improves flow, eliminates vertical banks, stabilizes soil and sediment

Channel clearing

Prevents woody debris from building up above bridges and culverts
Woody debris removal
Excess sediment removal Increases channel flow handling capacity

Debris basins

Constructed structures

Expensive, require qualified engineer design, high maintenance cost,
high storage capacity
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Table 7. Road Erosion Control Treatments and Comments (Adapted from Miles 1998).

Treatment

Type

Comments

Culvert upgrades

Size

Adequate design to handle increased streamflow or debris load
Decrease flow in inside ditches
Detain sediment
Divert water off road surfaces, backup for plugged culverts
Trap woody debris before culverts become plugged
Placed below culvert outlets to reduce the erosive energy of outflow
Rock surfacing to armor against raindrop impact, and trap sediment
Ensures that existing culverts do not become blocked and fail during storms

Frequency
Riser pipes
Broad -based dips
Cable trash racks
Energy dissipators
Road surface
Storm patrols

monsoon rains in July. The major gully on the
White Springs Fire incised a channel about 5 m

Staudenmeier 1998). It is followed by the highest

wide and 2 m deep into an alluvial fan containing
an old, stabilized gully. The freshly eroded area

average rainfall). However, maximum rainfall for
July has been as high as 193 mm (upper curve). So

traversed the alluvial fan for about 300 m in an

the potential exists for considerable watershed
response to post -fire rainfall. Unfortunately, no
rain gages were located in the Hochderffer Hills
area. Doppler Radar data are available but have
not been analyzed. The existing intensity data for
the Flagstaff weather record illustrate the charac-

upslope direction to a point where gully formation
was halted by a bedrock outcrop. Intense rainfall

apparently set off this erosional episode. The
burned area rehabilitation treatments, although
prescribed and applied according to all acceptable
standards and quality, were insufficient to prevent
the erosion, as the grass seed had not yet germinated and the contour felling was conducted on a
limited area of the watershed and was incapable of
retarding the flows that incised the new gully.
Hochderffer Fire
The Hochderffer Fire in June, 1996, burned 6400 ha

on cinder cones northwest of the San Francisco
Peaks on the Coconino National Forest. The wildfire produced a spectrum of severities, with some
of the highest on the Hochderffer Hills where the
fire originated. The emergency rehabilitation treatment (native grass seeding) was for road repair,
fireline restoration, and stabilization of about 809

ha of steep slopes. Other treatments were not
recommended because no streams or riparian
areas existed in or adjacent to the burned area. An

intense thunderstorm 2 -3 weeks after the fire
produced extensive sheet erosion and some gully
formation. One gully incised 3-4 m deep and 4-5
m wide into an old alluvial fan and transported

fresh sediments 300 -400 m downslope. No
streams were impacted by sediment deposition
after the July, 1996, erosion event because the
alluvial fan dissipates onto the south side of the
streamless Kendrick Park along the north flank of
the fire boundary.

In the Flagstaff area, the lowest precipitation
month is June with an average of 10 mm (the
lower curve in Figure 2; Sellers and Hill 1972;

precipitation month (July, lower curve, 71 mm

teristics of rainfall intensities for the area. Precipitation durations for the period of record from 5 to

1440 minutes (24 hours) and their associated
amounts are shown for storms with 10 and 100
year return periods (Figure 3). The maximum
recorded 24 -hour precipitation in July (65 mm) is
the level line across the center of the graph. If the
thunderstorm that produced the Hochderffer Hills
gully blowout was close to the maximum, it would
take a 10 -year event 12 hours (5.4 mm /hr) and a
100 -year event 3 hours (21.7 mm /hr) to reach the
65 mm amount. Although rainfall intensities and

durations required to initiate debris flows and
large gully formation in the Flagstaff area are not
known, intensities characteristic of the 100 -year
event are well within the range of those known to
produce significant hillslope erosion (Wells 1987).

Summary and Conclusions
Over the long term, watersheds in the Southwest

produce significant amounts of sediment from
severe wildfires. We have briefly looked at some
of the causes and controls of erosion after wildfires. Many different and effective treatments are
available for emergency rehabilitation of burned
areas. Although burned area emergency rehabilitation is often conducted after wildfires, erosion
and sedimentation immediately after a fire cannot
be completely controlled. Emergency rehabilitation techniques are usually successful in long -term
site stabilization and erosion control.
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Figure 2. Average and maximum monthly precipitation, Flagstaff, Arizona.
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Figure 3. Maximum daily precipitation and durations for 10- and 100 -year
events, Flagstaff, Arizona.
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A PROCESS FOR PLANNING AND EVALUATING SUCCESS
OF RIPARIAN -WETLAND RESTORATION PROJECTS ON
THE FORT APACHE INDIAN RESERVATION

Jonathan W. Long and Candy S. Lupel

The Fort Apache Indian Reservation encompasses
more than 1.6 million acres ranging in elevation
from 2700 to 11,400 feet. Thousands of miles of

streams flow through the reservation, including

the Arizona Water Protection Fund. The Rocky
Mountain Station of the U.S. Forest Service in Flagstaff provided valuable assistance in project design
and evaluation.

waters, the Apache tribe has designated all riparian zones as sensitive areas to be restored to health

The primary objective of the riparian restoration program was to encourage recovery of degraded sites through growth of vegetation. By
emphasizing relatively low -cost passive restora-

(Council Resolution 06 -89 -149) and has adopted a

tion, the program sought to generate a broad base

more than 600 miles that flow perennially. In
recognition of the importance of these precious

Wetlands Conservation Plan (Council Resolution

of information on the recovery potential of de-

12 -97 -367) to guide their restoration. (The tribe has

graded areas and guide more intensive restoration
efforts. Numerous sites were selected across the
reservation at various ecological zones ranging in
elevation from 5000 to nearly 9000 feet. Sites were

also adopted a Watershed Restoration Strategic
Plan and Land Restoration Ordinance to guide its
$4.7 million permanent Land Restoration Fund).
Due to past degradation, many riparian areas and

chosen based on preliminary identification of

wetlands are not in proper functioning condition.

problem areas or suggestions by tribal members

Past overgrazing has been one of the major
sources of degradation of riparian areas, causing

familiar with the history of degradation and recovery potential of these sites.

soil compaction, bank erosion, and shifts in vegetation composition toward undesirable species.
Livestock overgrazing has been a problem dating
back to the early part of this century when non-

Evaluation of Selected Restoration Sites
To gauge the efficacy of the initial restoration strat-

Indian grazing permits were first issued by the
federal government. In later decades, intensive
road and railroad construction, reseeding with
exotic species, and other federal management
efforts contributed to a legacy of riparian degrada-

egy, seven sites were singled out for this evaluation. All seven were initiated in the first half of
1996, and by the end of that summer, fences had
been constructed at all of the sites. Discussions of
channel types utilize the Rosgen classification system (Rosgen 1996).

tion that has left some systems in dysfunctional
condition.
In 1995, the White Mountain Apache Tribe initiated a riparian -wetland assessment and restora-

Horseshoe Cienega

tion program on the reservation. The program

and a perennial diversion from Horseshoe Creek.
Trout migrate from the lake to spawn in the cienega. The cienega presents a struggle between native
sedge ( Carex nebrascensis and other species) and
exotic Kentucky bluegrass (Poa pratensis). The
mesic areas of the cienega are dominated by Ken-

initially focused on passive restoration at 13 sites
by excluding livestock from riparian areas with
fencing. Funding for the projects came primarily
from staff time and equipment contributions from
various tribal programs, a Challenge Cost -Share
award from the U.S. Fish and Wildlife Service,
labor contributions from the tribal Job Training
Partnership Act program, and two contracts with
1Watershed Program, White Mtn. Apache Tribe, Whiteriver AZ

This meadow, upstream of Horseshoe Lake, is
watered by an intermittent stream, Bar -H Creek,

tucky bluegrass and Rocky Mountain iris (Iris
missouriensis), both of which appear to have invaded due to the lowering of the water table.
The upper portion of the cienega was relatively
wet with a network of very narrow E -type chan-
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nels. However, as this network converged to form
a single channel, it began to downcut into a Ros-

gen G6 type with a hardpan bottom. Farther
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native wetland species. Most of the meadow reach
was a Rosgen E4 type. However, one reach in the
meadow was downcutting and eroding its banks,

downstream, the slope decreases and the channels
have formed wider, shallow C- types. Surveys have

and the gravel substrate appeared to be washing
out; consequently, a dysfunctional G6 type had

shown a near absence of fish in the downcut

formed.

reaches. Erosion has been a significant problem as
undercut banks were slumping into the channel.
Patches of the cienega were bare and the vegetation was closely grazed. Use by animals, including

A fence was built around the eastern portion of
the cienega in 1995. Through 1996, a drought year,

elk, horses, and cattle, was observed to be very
high during the summer months. Overall, the site
was dysfunctional apart from the uppermost wet
area.
In 1996 a fence was built around the entire cien-

ega. The fence yielded rapid initial improvements
in some reaches, but damage to the fence by elk
enabled horses and cattle to reenter the meadow in

1997. Most of the livestock congregated in the
drier lower portions of the meadow.
During the summer of 1997, the fence was upgraded and riffle bars were constructed along the
downcut reaches. These riffle bars were placed to

little improvement was observed, and cattle continued to graze in the area due to damage to the
fence by elk over the winter. Measurements in
1997 showed that the downcutting had migrated
farther upstream and bank erosion was becoming
more severe. In 1997, the fence was upgraded and

riffle bars were placed along Pacheta Creek to
slow the water and help the channel become unentrenched.
The site has been relatively inaccessible due to
weather since the fence was completely upgraded.
The initial results of the riffle bar placements were
dramatically decreased velocities and formation of

deep pools teeming with trout. The stream has a

slow down water and allow the channels to

greatly improved aesthetic quality due to the
placement of the variegated rocks and raised

become unentrenched. Native sedges were trans-

water surface.

planted among the riffles.
The grazing exclusion alone provided improvements in the upper part of the meadow, where an
E -type channel had remained. Sedges grew across

the narrow channels and the meadow was
swampy. However, the downcut reaches showed
little improvement other than taller plant growth.
The C -type reaches showed increased growth of
spikerush and sedges as well as signs of trapping
sediment to rebuild a narrower channel.

Construction of the riffle bars resulted in an
immediate reduction in water velocity and provided habitats for sedges to grow in the channel.
The channel type was changed from a G -type to an

E -type. The transplanted sedges were already
growing through the riffles within weeks of the
restoration.
Pacheta Cienega
This cienega is located in the eastern portion of the
reservation at an elevation of 8900 feet. It is dominated by exotic Kentucky bluegrass (Poa pratensis),

although native sedges grow in the wetter portions of the meadow and along the streambanks.
Pacheta Creek harbors a productive fishery dominated by brook trout.

Comparisons to surveys from the late 1960s
suggested that vegetation in the cienega was shift-

ing towards Kentucky bluegrass and away from

East Cedar Creek

This site is located in a large watershed at an elevation of 5120 feet. A major spring surfaces in the
channel to provide perennial flows above a waterfall popular with children from the downstream

community of Cedar Creek. The uplands are a
piñon- juniper woodland marred by deep gullies,

whereas the bottomlands are thick with young
cottonwoods and willows.
The C4 channel was first assessed following catastrophic flooding in 1993. Several stream banks

were eroding, and the channel was wide and
shallow. Native fishes inhabited the pools, which
were dominated by watercress. Some short three square (Scirpus americanus) was present, along
with vigorous willow and cottonwood saplings,
and numerous salt cedar seedlings (Tamarix sp.).
The site was dysfunctional, largely due to bank
erosion and dry soils.
Two miles along East Cedar Creek were fenced
to exclude livestock in early 1996. Cattle occasionally entered the exclosure for short periods due to

flood damage to water gaps and breaks in the
fence.

Vegetation responded vigorously to the rest,
with three -square growing on the streambanks
and watercress in the channel. Banks began to
show increased stability due to the plant growth.
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Fine sediments were deposited in the floodplain,
forming a narrower and deeper bankfull channel.
Sediments that were deposited along the toes of
eroding banks were colonized by plants. Some
bank erosion continued along an area where animals came to lick salt from the soil; a flush of salt

from the soil was observed in 1996 as the area
retained more water. Woody vegetation continued

to grow rapidly, in some places encroaching on
the stream channel. Overall, the channel appears
to be in proper functioning condition.
Spring Creek
Spring Creek drains a large watershed in the tran-

carrying overflows. Some reaches were dysfunctional, while others were functional at -risk.

A fence was constructed in this area in 1996.
The livestock management plan for the area was

reformulated to promote rest for the area by
reducing numbers and repairing drift fences. In
1997, the livestock association constructed additional fencing under contract to the tribe. The road
crossing was reconstructed in 1997, replacing the
culvert with a rock ford. Riffle bars were placed in
the channel at the same time, and the banks were
later reseeded.

Sedges became more vigorous in the stream

piñon- juniper woodland in the western half of the

channel after the fencing and changes in livestock
management. Some reaches appear to be downcut
and bare banks remain a concern. The riffle bars

reservation. The site is an intermittent stream at

appeared to be helping the stream spread out

5000 feet in elevation that normally flows only for

during floods, but they have not been in place long

short periods during spring runoff, although it

enough to allow much plant growth yet. Overall

reportedly once flowed perennially.
Some reaches of the channel are entrenched Ftypes with bedrock substrate. Other reaches have
cobbles and fines and tend towards a C -type channel. Vegetation has been limited chiefly to willow

the site appears to be functional, but at -risk.

and cottonwood saplings. The site was dysfunc-

a lush wetland complex harboring a productive
Apache trout fishery. Due to several decades of
heavy grazing by elk, feral horses, and cattle, the
channel had downcut by one to two meters along

sition zone between ponderosa pine forest and

tional for nearly all of the parameters.
A fence was constructed along a one -mile reach
of Spring Creek. Check -dams were constructed in
tributary gullies.

Boggy Creek in Lofer Cienega
Lofer Cienega is a 123 -acre meadow that includes
two perennial streams. Formerly the meadow was

most reaches.

Herbaceous vegetation is largely absent from
the channel, although grasses have grown vigorously in some of the fenced -in gully channels be-

Boggy Creek, toward the central part of the
cienega, was an unentrenched E4 type channel,
but farther downstream it had cut to form a deep

hind the check -dams. Deposition has been limited
in the channel.

G6 channel. Streambank vegetation was impover-

Gooseberry Creek above Haystack Cienega
to Bebb Willow Stand
Located at an elevation of 7600 feet, this area has

ished throughout the reach, dominated by bare
soils and weedy species except for a few sedges
hanging on in downcut reaches. The site was
clearly dysfunctional.
In 1996 the entire cienega was fenced to exclude

long been used heavily by cattle and elk. The

livestock. A feral horse trapping program was

streamside meadows are dominated by Kentucky
bluegrass and various weedy species, up to a wet

initiated to reduce the number of horses using the
cienega.

area with an old stand of Bebb willows (Salix

In 1997, riffle bars were constructed along

bebbiana). At the willows, the creek has water all
year, but below a certain point the flows go subsurface for much of the year.

Boggy Creek. These riffle bars were placed to help

The cienega showed signs of heavy grazing,
including low successional plant composition in

reseeded with Nebraska sedge ( Carex nebrascensis)
and Beaked Sedge ( Carex rostrata).

the meadow. The E4 channel had steep, often bare-

In 1997 before the riffles were placed in the
channel, Boggy Creek downcut severely, with

faced banks. Some reaches were downcut with
eroding banks. Sedges grew in the wet bottoms
but were heavily grazed. The channel had down cut below a road crossing, contributing to eroding
banks. At the road the channel was forced into a

single small culvert, with a secondary culvert

slow the water and help the channel become unentrenched. The banks of Boggy Creek were also

drops as great as 20 cm at one monitoring station.
Clover became the dominant plant on the stream banks. Sedges did not greatly increase due to the

lack of suitable microhabitats for colonization.
After the riffles were in place, the channel was
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canadensis) and sedges (Carex stipata among other

largely unentrenched and did not appear to be at
risk of further downcutting. Not enough time has
passed to evaluate the reseeding efforts.

species). The headcut had partially migrated upstream, resulting in two half -meter drops. However, the channel was overgrown with the native

Lofer Cienega (Inside Elk Exclosure)

plants, inhibiting further erosion.

Lofer Creek flows through the elk exclosure,

Evaluation Summary
The Desirable Functioning Processes methodology

which covers an acre in the central portion of Lofer

Cienega. In previous years, grade control structures at a few locations at the site produced mixed

outlined by Medina et al. (1996) examines the

results. Two structures on the main channel of

following components: water, plants, animals, soil,

Lofer Creek had been bypassed, while one placed
on a side channel had stabilized.
Before the elk exclosure was built, the site was
dysfunctional and extremely at -risk. A headcut

and air. A summary of the assessments at the

had migrated up to the site, resulting in a onemeter waterfall that threatened to cut farther up-

quality was not a problem at any site, and because

seven sites following the initial restoration efforts

is included in Table 1. Only water, plants, and
animals are addressed in the table, because air
soil quality was included under the geomorphic
components by examining the deposition of fine

stream. Vegetation on top of the downcut channel
was dominated by bluegrass. In the areas that had

sediments and bank erosion.

Passive restoration through fencing was successful in restoring proper functioning condition
at two of the seven sites: East Cedar Creek and
Lofer Creek in the elk exclosure. East Cedar Creek
responded well to restoration work. The Lofer elk
exclosure responded the most dramatically with
native vegetation growth, revealing how much
wildlife had been impacting the area.
Attempts at passive restoration did not restore

not downcut, some heavily grazed sedges were
present but other areas were bare soil.
The elk exclosure was constructed (8 feet high)
from field fence and posts in June and July of 1996.

By autumn, the exclosure showed tremendous
progress with abundant growth of sedges, thistle
(Cirsium sp.), and lady's thumb (Polygonum perisicaria). By 1997, vegetation was knee -high and had

shifted more towards native perennial species,
including bluejoint reed grass (Calamagrostis

proper functioning condition at the remaining

Table 1. Evaluation of Projects After Initial Passive Restoration

Criteria

E. Cedar
Creek

Horseshoe
Cienega

Channel type

Pacheta
Cienega

Boggy
Creek

G

G

Deposition of fine
sediment
In- stream flows
Key species present

Plants in critical areas
+

Woody plants not
exacerbating erosion
Cattle and horse impacts
Elk impact

+

Overall success restoring
proper functioning
condition through
passive restoration

+

/

+ The factor supported restoration of desirable functional processes.
- The factor did not support restoration of desirable functional processes.
/ Some success in restoring desirable functional processes.

Gooseberry above
Haystack to
Spring
Lofer Elk Bebb Willow
Creek
Stand
Exdosure
E

F, C

Long and Lupe
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sites. Part of the problem was incomplete rest due

to complications with the fence and continued

generally have only poor or fair recovery potential
under passive restoration alone, as noted by Ros-

heavy pressure from elk. However, even considering these factors, the limited response of the vegetation suggested that complete passive restoration
alone would not have restored proper functioning
condition.
Passive restoration was partially successful at
Horseshoe, but did not yield improvements in the
downcut reaches. Downcutting actually worsened
at Boggy Creek and Pacheta Cienega. At Boggy
Creek, the system does not have sufficient composition of native wetland plants, which has allowed
bank erosion; furthermore, the channel lacks suf-

gen (1996: Table 8 -1).

ficient gravel substrate to stabilize the bed. At

tain areas, whereas East Cedar Creek is largely
unentrenched and therefore promotes deposition

Pacheta Cienega, the system continues to downcut

due to the loss of coarse substrate and channel
entrenchment.
At Gooseberry Creek above Haystack Cienega,
channel recovery was slowed by a lack of perennial flows, the steepness of the eroded banks, and
the lack of deposition of fine sediments. Although
the channel meanders considerably through most
reaches, the relatively steep channel discourages
deposition. The reach with perennial flow (at the

Bebb willow stand) appears to have improved
modestly, with sedges growing in the bottom and
along the edges of the banks.
At Spring Creek, recovery was limited by the
flashiness of flows, which caused scouring in the
spring and limited vegetative growth later in the
year. Little deposition was observed and the bedrock reaches did not provide suitable microhabitats for plants to colonize. Native wetland plants
were not observed on the site; the nearest concentration appears to be many miles upstream.
Interpretation

Overall, these results demonstrate the need to
understand the full dimensions of the functional

Another major problem was degraded watershed conditions, particularly at Spring Creek,
where degraded upland conditions maintain a
flashy flow regime. (Another potential debilitating
factor of concern to the tribe is possible decreases
in spring flows caused by off -reservation ground-

water pumping.) However, degraded uplands
were also a problem in East Cedar Creek, but
major spring flow there compensates for the flashy

nature of the watershed. Both Spring Creek and
East Cedar Creek are stabilized by bedrock in cerof fine sediments.
Briggs (1992) discussed the need for a channel
to reach a certain level of stability before restoration via artificial revegetation would be successful:

"At this point, the slope of a previously unstable
channel is reduced (via channel incision) and the
channel widened (via bank failure) to the point
where stream capacity to transport sediment is
diminished and alluvial deposition begins" (p.
101). Our results support both this hypothesis and
the idea of looking first at the geomorphic conditions of the site. However, our strategy has empha-

sized taking steps to address channel instability
rather than waiting for the channel to reach equilibrium on its own. This approach has worked for
the relatively small streams included in the restoration program to date.
Decision -Making Process

A decision -making process was developed to aid
in the planning of future restoration projects, as
shown in Table 2. This process is focused on site level planning as opposed to landscape planning.

At the landscape level, the restoration program

processes that sustain riparian -wetland systems.

will continue to emphasize prevention and passive

The initial strategy of passive restoration was

restoration through changes in animal management and good roads management, along with
active management tools such as prescribed fire
and gully treatments where deemed appropriate.

successful in areas that had proper wetland plants
but not in sufficient concentrations due to heavy

animal impacts. These sites tended to be more
functional than some of the other sites. In these
cases, fencing was the most appropriate tool. At
the other sites, however, the channels were hampered by severe physical dysfunctions that needed

to be addressed before passive restoration could
yield much improvement.

The main condition to be addressed was dysfunctional channels, particularly those that were
actively downcutting. G, F, and D channel types

However, site -specific restoration will continue to

be a priority for conserving critical values and
demonstrating restoration potential. In these cases,
decision makers may not wish to limit restoration

to sites that are most amenable to rest, but may
instead direct restoration of high -value sites regardless of their current condition. In these instances, a decision -making process should address
the factors that most limit riparian recovery. While
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Table 2. Decision- Making Process

Criteria

Geomorphic Structure

Vegetation

Livestock Impacts

Wildlife Impacts

Key

Does channel provide
deposition of fine
sediments?

Are proper wetland
species present in

Are impacts
sustainable?

Are impacts
sustainable?

C or E Rosgen
channel types and

Sedges, rushes, spike -

Vigorous recovery of
plants and stable
streambanks after
grazing period

Vigorous recovery of
plants and stable
streambanks after
grazing period

1. Modify grazing
management;
2. Removal of
unmanaged animals

1. Repel or exclude
wildlife;
2. Reduction in

1. Rotation or fencing;
2. Trapping or

1. Repellents or
wildlife fencing;
2. Increased hunting

questions
Indicators

Actions to
take if not
functional

critical areas?

not degrading

rush along bars and
toes of banks

1. Restore channel
structure;
2. Address

1. Restore key species;
2. Remove undesirable
plants

upland conditions
Techniques

1. Riffle placement;

2. Treat gullies and /or
upland vegetation

1. Reseeding or transplanting; 2. Cutting or
herbicides if necessary

making such an evaluation, however, it is critical
to keep in mind how the controlling forces of geomorphology, plants, and animals are intertwined.
The early phase of the process should assess the
extent to which channel hydrology and geomorphology are limited by off -site conditions.

The decision process should begin by examining the Rosgen type and stability of the channel. A
downcutting channel will likely require active restoration to help it stabilize. Dysfunctional channel
types, such as F, G, and D, will generally require
some form of active intervention to allow a more

functional configuration of the bankfull channel
and the flood -prone area. Tools for restoring the
channel include placement of structures as well as

retraining the channel. One technique that was

roundups

populations

may be accelerated with transplants or reseeding.

The third step in the process is to assess the
impact of livestock. The main reason for placing
this criterion ahead of wildlife is that livestock are
generally easier to control. Fencing is a direct approach, but in some cases, changes in management
(rotations, roundups, or herd reductions) can yield
significant improvements at lower cost.
Wildlife impact is the fourth criterion. Complete cessation of use by wildlife is impractical
except for very small areas. However, reductions
in use through repellents or decreasing populations may allow for sufficient rest.

Active Restoration Strategy
The restoration program has evolved a new strat-

used in several projects has been the placement of
gravel riffle bars, a method that was developed by
Alvin Medina of the Rocky Mountain Station. Restoring an unentrenched, single -thread morphology will allow deposition of fine sediments, which
in turn will promote the recovery of vegetation.

egy to plan projects. Rather than beginning with
passive restoration through livestock exclusion,

The system can then begin to restore itself as it

and C types. Variations of the riffle placement

rebuilds banks and stores more water.

technique (including rock fords at road crossings)
can restore many dysfunctional channels. For sites

The next major criterion is the presence of
native wetland species, whose role in maintaining

stream function is described by Medina (1996).

the program prioritizes reaches that are most
prone to active downcutting. Additional priorities
are the channel types that are most sensitive and
offer the highest potential for recovery, such as E

where native wetland plants are absent, we can
perform transplants from nearby sites and reseed

The first question is whether the plants are located
on the site or sufficiently close so that recoloniza -

with appropriate native plants. If woody plants or

tion is likely within a short period. The second
question is whether the plants are located at the

function, then they can be removed in conjunction
with other restoration efforts.

proper places along the channel, such as along the
toes of banks and in the riffle areas. If deposition
cannot easily occur in these areas, then restoration

Caution must be a priority when conducting
active restoration such as placement of rocks,

undesirable plants are interfering with proper

reseeding, and removal of vegetation, to avoid the
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mistakes seen in past decades through occasionally overzealous "improvement" projects. However,
our results have shown that solely passive restoration may be a form of neglect, albeit benign, that
permits continued degradation of riparian areas.

Rather than adhering to the misconception that
rest alone will address the problems of a degraded
environment, we may need to intervene to undo
the legacy of long -term degradation. So long as
restoration is approached in a thoughtful manner
based on careful assessments and understanding
of the functional processes that govern a system,
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FISH COMMUNITY STRUCTURE IN THE VERDE RIVER, ARIZONA, 1974 -1997
John N. Rinne,1 Jerome A. Stefferud,2 Andy Clark,3 and Pamela Sponholtz 1

The Verde River flows more than 300 km from its

headwaters in Big Chino Wash on the Prescott
National Forest to its confluence with the Salt
River near Phoenix (Figure 1). The upper 60 km of
river corridor above Sycamore Creek is relatively
undisturbed by humans. This quasi -pristine reach
(Reach I, Figure 1) contains no flow -altering dams

or major diversions. The reach from Sycamore
Creek downstream through the Camp Verde area
(Reach II) sustains municipalities, mining, groundwater pumping, diversions, recreational activity,
and livestock grazing (Rinne et al. in press). Below
Beasley Flat to the confluence with the Salt River,
two major mainstream dams, Horseshoe and Bartlett, effect marked changes in the natural hydro graph of the Verde (Figure 1). The river contains
one of the few remaining native fish communities
in Arizona (Stefferúd and Rinne 1995); however,
nonnative species of fishes, introduced primarily
for sport fishing, also exist throughout the river.
The primary objective of this paper is to delin-

eate fish community structure throughout the
Verde River by (a) evaluating and defining relative

native and normative fish communities of four
arbitrarily designated reaches; (b) defining the
native fish component of the fish communities at
these four predesignated reaches over two decades; (c) relating historic stocking and museum
collections of nonnative species to fish community
structure; and (d) suggesting factors that appear to
be important in cumulative legislation of observed

changes in fish community structure that need
further evaluation.
Data and Me

Fish data comprise a combination of U.S. Forest
Service (Rocky Mountain Research Station) surveys over the past 4 years, and Arizona Game and
Fish Department databases and collections over
the past two decades. Because sampling in the four
1USDA Forest Service, Rocky Mountain Research Station, Flag staff, AZ
2USDA Forest Service, Tonto National Forest, Phoenix, AZ
3Arizona Game and Fish Department, Mesa, AZ

designated reaches is not comparable through all
years, no statistical analyses were performed. Electrofishing with backpack units and from canoes
combined with seining and trammel netting were
used to capture fish. Data were stratified and categorized for analyses into four major predesignated
reaches of river (Figure 1). Linear position in the
watershed, presence of stream gages, and conceiv able human -induced impacts on the river were
used in combination as designation criteria. In the
event of multiple fish data sets (i.e. Arizona Game
and Fish, or Game and Fish and Forest Service)
within a sample year, data are combined. Data are
presented as percentages of native and nonnative
fish species and successive downstream changes
in distribution of individual native species. The
total fish database comprised more than 150,000
individuals collected throughout the entire 300 km
of the Verde River over the past two decades. Data
on historic stocking with nonnative sport fishes
into stock tanks and lakes on the watershed and

streams tributary to the Verde and mainstream
reservoirs were abstracted from Pringle (1996,
unpublished). Fish databases (based on museum
depositions of normative fishes) on file at Arizona
State University for the Gila River Basin were used

to supplement and further document temporal spatial collections.

Fishery Management Practices
Stocking of sport fishes commenced about six decades ago in Bartlett Reservoir on the mainstream

Verde, and in tributary streams, lakes and reservoirs on the watershed. More than a dozen nonnative, primarily sport fishes were stocked in the
Verde Basin. More than 850 stocking events in reservoirs and almost 4500 in streams have occurred
in the past six decades, mostly in tributaries to the

Verde ( Rinne et al. in press). Both cold -water
salmonid species and warm -water Ictalurids and
Centrarchids have been stocked. The majority of
stocks in tributary streams constituted three species of trout: rainbow, brown, and brook trout. In
Bartlett Reservoir, almost three million channel cat-
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Figure 1. The Verde River, showing the extent of Reaches I -IV, and locations of stream gaging stations.

fish, largemouth bass, and sunfish species were
stocked in aggregate over a 40 -year period.
Museum collections of nonnative fishes parallel
the history of stocking in the Verde Basin. Before
1950 all five records of nonnative fishes were from
two tributaries of the Verde: Oak and Wet Beaver
creeks. Between 1950 and 1964, collection records

University). Similar to previous periods, records
are evenly distributed between the mainstream
and the tributaries.
Fish Community Composition
The comparative composition of the fish commu-

nity in the four arbitrarily designated reaches

of nonnatives doubled; however, 6 of the 11 rec-

(Figure 1) of the Verde River are shown in Figures

ords also appeared in the mainstream Verde

2 and 3. Results of data are presented for both
overall sampling at successive reaches of river

during this period. The period 1965 -1979 resulted
in a four -fold increase in occurrence of normatives
in collections. Again, 59 percent were from tributary streams. Records of nonnatives between 1980
and 1995 were slightly reduced (41 to 37) from that
of the previous 15 -year period; however, this reduction more likely reflects a lack of preservation
of specimens for museum deposition than actual

reduction in numbers of nonnatives (personal
communication, Peter Unmack, Arizona State

beginning with the most upstream reach (Figure 2)

and individual reach for the entire period of
analyses (Figure 3).

Considering all years of sampling, native species dominated the fish community only in Reach I

(Figure 2). Combined, native species generally
drop to 25 percent or less of the fish community in
Reaches II and III, before plummeting to 10 percent or less in Reach IV. Years of exceptions for
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Figure 2. Relative abundance of native and nonnative fishes by reach during period of sampling.
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Reaches III and IV occurred in 1994 -1995 and 1974

(respectively) when natives comprised 40-90 percent of the fish community (Figure 3). In general,

based on relative abundance, native species
successively decrease downstream whereas nonnatives increase (Figure 2).
Reach I -Above Sycamore Creek. Based on 13

years of data, natives were more abundant than
nonnatives 8 of the 13 years for which samples
were available. Between 1985 and 1987 native species comprised 70 -85 percent of the fish community (Figure 3). In 1988, the native fish community

dropped dramatically to less than 20 percent and
remained less abundant than nonnatives until 1993

following significant spring flooding. Native
species continued to decline in the fish community
until 1997 when nonnative species markedly dominated.
Reach II- Sycamore Creek to Beasley Flats. By
comparison, natives only exceeded nonnatives in 2
of 10 sample years in this reach. Similar to Reach I,
natives were more abundant in 1994 and 1995.
Reach III -Beasley Flat to Horseshoe Reservoir.

Ten sample years were available for analyses.
Native species predominated in the fish community only once, in 1995 (Figure 3). The same pattern

of relative community composition appeared as
noted for Reaches I and II. That is, natives were
relatively lower in numbers than nonnatives in
1988 -1994. Generally, native species comprised a

very small portion of the fish community in this
reach of river.

Reach IV -Below Bartlett Reservoir. In this
lowermost reach nonnatives always predominated
(Figure 3). Following 1993 flooding, native species
did comprise nearly half of the fish community in
1994, but were very low to absent in other sample
years. Unfortunately, data were lacking for 1995
following a second period of winter flooding (Stefferud and Rinne 1995). Native species, however,
quickly become a very small component of the fish
community by 1996 -1997 (Figure 3).

Native Fish Distributions
The two native suckers, Sonoran (Catostomus i n signis) and desert (C. clarki ), persisted in all sample

reaches over the two decades of sampling, although they were collected only half the time in
Reach IV (Table 1). By comparison, roundtail
chubs (Gila robusta) were taken during only half
the sample years in Reach III and were absent in
all 6 years of sampling in Reach IV. Longfin dace
(Agosia chrysogaster) occurred in all reaches but
were present in only a third to a fifth of sample

Table 1. Occurrence of Native Fishes in Annual Samples
at Respective Reaches in the Verde River, 1974 -1997
Species

Sonora sucker
Desert sucker
Roundtail chub
Longfin dace
Speckled dace
Spikedace

Reach

Reach

Reach

Reach

I

II

III

IV

10/10
9/10
10/10
7/10

10 /10

1 /10

0 /10
0 /10

3/6
3/6
0/6
2/6
0/6
0/6

13/13
13/13
13/13
12/13
11/13
10/13

0/10

5/10
5/10
2/10

years in reaches III and IV. In a marked contrast,
speckled dace (Rhinichthys osculus) was absent in
Reaches III and IV during all years of sampling
and occurred in only 1 of 10 years in Reach H. The
threatened spikedace (Meda fulgida) was most limited in temporal -spatial distribution, occurring
only in Reach L

Discussion and Conclusions
Based on a substantial database, over a considerable (two- decade) time period, it appears there is a
distinct gradient from upstream to downstream in
the ratio of native to nonnative species. In Reach I,
native species have predominated in the fish com-

munity for the past 15 years. In contrast, commencing in Reach II and escalating successively in
Reaches III and IV, normative fishes predominate.
On a species- specific basis, the two suckers occur
in all reaches, the chub in all but Reach IV. Two of
the smaller size species, speckled dace and spike dace, may be much more sensitive and vulnerable
to changes in hydrograph and the increase in and
predominance of nonnative species. Longfin dace

persisted in Reaches III and IV and spikedace
occurred only in Reach I of the river. Longfin dace

was collected only in 1995 (Reach III) and 1996
(Reach IV). The occurrence of longfin dace in the
two lower, nonnative -predominated reaches may
reflect their input into the mainstream Verde by
flooding of tributary streams in the mid 1990s.
Changes in native fish populations in the Verde
River appear to mirror human- induced changes in

river systems on a regional basis. That is, with
construction of reservoirs followed by introduction of normative, predatory sport fish, native
species began to decline (Rinne 1991, 1994, 1995;
Rinne and Minckley 1991). Prior to 1950, the Verde

watershed was agrarian in nature and human
population was small. Riparian areas were largely

pristine and intact, affected mostly by livestock
grazing in river corridors. Stocking of nonnative
species began in the 1930s and escalated with corn-

Fish Community Structure in Verde River

pletion of dams on the Verde. After 1950, transportation systems and affordable electricity rates
resulting from hydropower generation on many of
these same reservoirs encouraged and effected
urbanization and human population growth.
Because of changes in the fish community structure in Reach II, which has a natural flow regime,
yet sustains increased human influence, additional

factors that may successively and cumulatively
affect fish community structure in the Verde River
need examination.

River Hydrograph
Based on peak hydrographs and fish community
structure, the Verde River becomes increasingly
and cumulatively altered in hydrograph (Rinne et
al. in press) and fish community structure (Figure
2) as one progresses downstream. The native fish
community is inversely related to these increases

and the normative component parallels them.
Floods can have a marked influence on relative
abundance of native and nonnative fishes (Stefferud and Rinne 1995; Rinne and Stefferud 1996).

During the period of our analyses, significant
floods occurred in the mid 1960s, early 1970s and
1980s, and mid 1990s (Stefferud and Rinne 1995).
In 1994 -1995, parallel increases in peak hydro graph and relative proportion of natives occurred
in all reaches, even the nonnative -predominated
Reaches II-IV.

Fish community structure is altered by successive downstream cumulative hydrologic changes
resulting from human -induced impacts as well as
natural flow regimes characterized by periodic
floods. That is, native species comprise an increasingly smaller component of the total fish community as one proceeds downriver with accompanying alteration of quantity and perhaps quality of
water in time and space. As a result, native species
basically become absent in the lowermost reach of
river below the two major reservoirs. Nevertheless, even in these markedly altered reaches, native
species increase in response to flood events. Nonnative species respond inversely, by both dominating the fish community in lower reaches and
becoming reduced, although briefly, in response to
significant flooding.

Groundwater mining or pumping is greatest in
the Middle Verde Valley or Reach II (Rinne et al.

in press), and fish community structure favors
nonnative species in this reach. Further, hundreds

of diversions or stock tanks on the watershed
(Sponholtz et al. 1997) must cumulatively affect
the Verde hydrograph (Rinne et al. in press) and
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most probably fish community composition. More
specific information on potential livestock grazing
impacts to the river corridor, its riparian area, and
ultimately the fish community is needed.

The presence of agriculture in the river flood
plain and diversions and wells, again mostly in
Reach II, must be evaluated relative to fish community structure. Probably the most significant
lack of information is that of water quality. Information on suspended sediment and basic nutrient
content of the Verde in the respective river reaches
needs evaluation. Numerous diversions in Reach

II not only reduce flows, but also can increase

suspended sediment upon return flow to the
mainstream river. Reduced flow and increased
suspended sediment combined with potential
warming of water and nutrient input may become
more limiting to native fish species, more than to
more tolerant, nonnative species such as catfish

and carp. Accordingly, the number of native
species decreases as nonnative species density
increases.

Human Populations

Historic human populations along the middle
Verde corridor approximated five individuals per
square mile (Peter Pilas, U.S. Forest Service, Coconino National Forest, Flagstaff, unpublished manuscript). Currently, human population densities
are 20 times those of historic times (Rinne et al. in
press). Human population growth increased 135
percent in the Verde watershed between 1980 and
1994 and is expected to increase by that same percentage over the next four decades. More significantly, almost half this increase in population is
sustained by the Middle Verde Valley -Reach II in
our study.
The marked growth in human population, in
turn, brought about an increased demand for sport
fish stocking. Stocking of normative, sport species
has been ongoing for more than six decades in the

Verde drainage. During that time, more than a
dozen species and 15 million individual nonnative
sport fishes were stocked. Predatory species such
as catfishes, bass, and sunfish comprised a majority of introduced species -museum records reflect
this impact. Prior to 1950 only five records of nonnative fishes are known for the Verde River. Four
of these were from tributaries in Reach II. During
the next 15 years (1951 -1964), collection records

for normatives doubled. More than half were in
the mainstream, and records expanded downstream to the Salt River. Over the next 15 years
(1965 -1979) a four -fold increase in collections of
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nonnatives occurred; half were in the mainstream.
This pattern of collection of nonnatives has continued to the present. Further, it must be emphasized
that these occurrences are based on museum rec-

ords, and additional collections were made, but
not preserved and deposited in museums.
Summary and Conclusions

The fish community of the Verde River changes
from upstream to downstream. These changes are
reflected in both the ratio of native to normative
components and linear species- specific changes.
Changes in the river hydrograph and apparent undefined anthropogenic impacts appeared related
to the observed changes in fish community structure. We suggest and recommend a more detailed
analysis and definition of these relationships. Such
information is prerequisite for effective management of the Verde River and sustainability of the
native fish community.
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MANAGEMENT OF SEMI-ARID WATERSHEDS: TECHNOLOGY TRANSFER
Deborah J. Young 1 and Malchus B. Baker, jr. 2

The Apache Maid Ranch lies nestled in the hills of

proved? Where? What will happen to water

central Arizona. Here, in the summer of 1955, a
small group of ranchers met with a Forest Service
researcher and a representative of the Salt River

quality and quantity as a result of management
actions? How will management programs affect
fire hazards?

Project (an organization of water users in southern

For example, various treatments applied to

Arizona). The ranchers were concerned that too
many trees were reducing the flow of streams and

ponderosa pine forests included total clear -cutting,

the supply of livestock forage in Arizona's National Forest.
Following this meeting, the University of Ari-

ning by group selection, using a combined shelter wood -seed tree silvicultural treatment, patch cutting to improve wildlife habitats, and grazing on a
watershed converted to herbaceous plants.
The treatments were analyzed using the above
questions. In reference to recreation, it was noted

zona was commissioned to investigate ways to
improve stream flow from the state's forests and
ranges. The university issued a study, "Recovering

strip -cutting in uniform or irregular strips, thin-

that reducing densities of ponderosa pine forests

rainfall: More water for irrigation" (Barr 1956),
also known as the Barr Report. The study suggested that surface water runoff from mountain
watersheds might be increased by replacing high
water use plants, such as trees and shrubs, with

habitat can be enhanced when slash and Gambel

plants that use less water, such as grass.

oak thickets are retained. Reductions in the density

increased food while retaining protective cover for
deer and elk. Total clear -cutting was detrimental
to big game and Abert squirrel, although cottontail

In the 1950s and 1960s, the Arizona Water

of ponderosa pine forest overstories produced

Research Program of the USDA Forest Service ini-

increases in the production of herbaceous plants.
This may have art effect on available livestock and

tiated research studies to evaluate the usefulness
of watershed management techniques for increas-

ing water yields and other multiple resource
benefits within the Salt and Verde river basins of
Arizona. Studies were installed at the Sierra Ancha
Experimental Forest, in the White Mountain headwaters of the Salt and Black rivers, on the 3 Bar
watersheds, on the Whitespar and Mingus Mountain watersheds, and on Beaver Creek, a tributary

wildlife forage. In reference to water quantity,
annual water yield increases of 1 -2 inches were
realized in the initial (up to 10 years) post -treatment periods. These increases in water yields
diminished over time, approaching pre -treatment
levels by the early 1980s. No meaningful, long-

term changes in total sediment production or
water quality occurred as a result of the treat-

of the Verde River.

ments. However, the highest sediment concentra-

The objectives of the Beaver Creek Program
were to provide land managers with facts about
the effects of resource management in pinyon juniper and ponderosa pine vegetation types and
to assess land management options to develop
better plans and programs. Some of the questions
considered include the following: What areas
should be preserved for scenic values and recreation? How should timber be harvested? Where
and how much? Should livestock forage be im-

tions occurred after clear- cutting, followed, in

(Cooperative Extension, University of Arizona, Tucson
2USDA Forest Service, Rocky Mountain Research Station, Flag staff, Arizona

order of decreasing concentration, by strip -cutting,

thinning by group selection, and the combined
shelterwood -seed tree silvicultural treatment. The
effects of fire can include thinning forest oversto-

ries from below, increasing seedling establishment, increasing production of herbaceous plants,
and temporarily reducing fire hazard.
Research conducted during the Beaver Creek
Project shows that changes in some types vegetative cover can produce changes in streamflow, at
least in the short -term. Some vegetative modifica tions on upstream watersheds can be designed to
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increase water yields and still provide forage,
wildlife, timber, and amenity values required by

Baker Jr. and P. F. Ffolliott, is complete. The bibliography provides access to 652 research articles,

society. This finding is not necessarily surprising,
however, as many 'of the management practices
tested are common in principle and application to
programs often employed to benefit other natural
resources in a ecosystem- based, multiple -use management framework.

compiled from 40 years of investigations on

The land management models studied and

The home page of this Web site, "Watershed
Management in the Southwest, With Information
from the Beaver Creek Biosphere Reserve," includes introductory topics (watersheds, watershed
management, public land management, etc.) as

tested at Beaver Creek were designed to be useful
to land managers by meeting several criteria: First,

managers can readily learn to use them with a
minimum of complex data manipulation. Second,
the models allow field personnel at remote locations to obtain reliable predictions, at a reasonable

cost, using modest computer equipment. Third,
the outputs from the models are easily displayed
so that differences among management options
(including economic costs and benefits) are readily
identified. Finally, the models help scientists iden-

tify gaps in the knowledge of natural processes,
and design research to fill those gaps.

Because of the research being conducted and
the natural resource database being developed, the
Beaver Creek Experimental Watershed received
special recognition when it was incorporated into
UNESCO's International Biosphere Reserve Program in 1978. Although the 1980s saw a decline in

support for the total Arizona Water Research
Program, the Forest Service continued to collect
and assess data from Beaver Creek and has made
this information available through various government reports. However, these reports are not
widely known or readily accessible to other than a
few watershed management professionals. There-

fore, a project was developed to increase the
accessibility of the information to a much broader
audience.
This project uses a three- pronged approach to

Beaver Creek, and is essential to linking natural
resource scientists worldwide. Dating from 1956
through 1996, these references cover a wide range
of topics, including climate, erosion control, water
yield improvement, and silviculture.

well as in -depth information on the Central
Arizona Highlands in general, and the Beaver
Creek Biosphere Reserve in particular. The site
also includes frequently asked questions (FAQs),
an interactive training package, a discussion of
current issues in watershed management, hypertext links to other related resources on the Web,
and a search engine for the site allowing visitors to
locate targeted information using keywords, authors, and titles. This Web site is linked to the U.S.
Forest Service, Rocky Mountain Research Station
site [ http : / /www.for.naù.edu /usfs /rms], the
International Arid Lands Consortium site [http: / /
www.ialc /] and AgNIC [http: / /ag.arizona.edu/
OALS /agnic /home /html], as well as others.
The universality, flexibility, and minimal usage
costs that characterize the Internet and the Web
make this delivery system an optimal choice. More
than 40 million people across 168 countries were
wired in 1995 and forecasts predict there will be
150 million Internet users by 1998 (Gartner Group
Internet Strategies Section 1996). There were more
than 6.8 million documents on the Web at the end
of 1995 (Panos Institute 1995). This growing use of
electronic technology by people all over the world

Creek Experimental Watershed. The major emphasis is to bring these resources to the public through

to meet their information needs provides an unprecedented opportunity for students, teachers,
scientists, and information professionals to work
together to bring timely and pertinent data to a

the Internet's World Wide Web. Specifically, a

broad range of users.

delivering information gained from the Beaver

Web site on the Sustainable Management of Semi -

However, Web -based information is only

Arid Watersheds (http: / /ag.arizona.edu /OALS/
watershed /index.html) is being developed that

useful if the whole clientele has electronic access.
Therefore, we are using two additional delivery
methods. We are establishing a telephone system

will feature the Beaver Creek data as real -life
examples of what works and what does not work.
The Web site is a cost -effective effort that provides
integrative expertise that can be applied to other
semi -arid regions in the world that might be facing
similar problems.
The first phase of the site development, loading
of an annotated bibliography compiled by M. B.

to provide recorded information on the sustainable management practices specifically for semiarid watersheds. The 2- minute telephone messages

will in large part duplicate the information available on the Web site as FAQs. "Dial Extension" is a
program from the University of Arizona Cooperative Extension; it is currently in place in Maricopa
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and Mohave counties. Residents call a dedicated
telephone line to access recorded information on
various subjects.
Establishing the phone system involves leasing

a multiple -port telephone line and electronic
equipment in the Prescott office of the Yavapai
Cooperative Extension, writing and recording
information on watershed issues, and updating
the information as needed. The project includes
funding for an 800 number to provide statewide
access. At the end of 3 years, we will look for other

sources of support for the 800 number, or turn it
into a 900 number.

We will also host two field days on the Beaver
Creek Biosphere Reserve to provide experiential
and hands -on learning for teachers, students, and
the interested public. The educational field days
will introduce the Beaver Creek Biosphere Reserve
Watershed to the general public as well as initiat-

ing future educational workshops. The program
will focus on four general themes: forest management, wildlife habitat and management, rangeland
management and monitoring, and watershed condition and function. Rather than hearing lectures,
participants will experience hands -on demonstra-

tions, conduct experiments, and perform water-

shed monitoring techniques. The interactive
format should promote more interaction between

presenters and tour participants. Teams will
conduct experiments and other activities that will

also increase dialogue among members. The
materials prepared for and tested at the field days

will be adapted for the Web site as part of an
interactive training package.
The state and local delivery systems, via phone
and experiential learning at field days, provide an
inclusive method for access to information. Rural

inhabitants often live long distances from urban

population centers and have limited access to
electronic technology, making it difficult for them
to participate in the information flow. Opportunities for utilizing the data are increased by providing other avenues to access information.
This project provides a unique opportunity to

combine the strengths of three units: the U.S.
Forest Service as a major repository of watershed
management information, the University of Arizona Cooperative Extension, with its commitment

to training and information dissemination, and the

University of Arizona Arid Lands Information
Center for the necessary Web site management
expertise.

People who will benefit from the increased
availability of the Beaver Creek data include both
U.S. and international professional practitioners,
consultants and industry, students and faculty in

universities, college, and grades K through 16,
citizens involved in community development and
conservation, federal, state, and local agencies, and

policy makers. The three delivery methods are
targeted at an international audience through the
World Wide Web, a statewide audience through

the telephone system, and a local audience
through field days. This three -level approach has
been conceived to maximize the transfer of information on issues concerning watershed management in semi -arid lands.
By bringing practical and field- tested data on
watershed management to the arid world on the

World Wide Web, this project provides an invaluable service to the worldwide community of
practitioners, educators, and policy makers. In
addition, this project seeks to make science more
useful, helping the general public make better and
more informed decisions concerning the use of
their own natural resources. The state and local
delivery systems, via telephone services and experiential learning at field days, provide not only a
test forum for how to package this information for
the Web, but also a means for rural inhabitants to
increase their skill and knowledge levels. In summary, these three delivery methods facilitate better
access to management information and technol-

ogy, ultimately contributing to the increased
sustainability of semi -arid watersheds.
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HYDROLOGIC INFORMATION IN THE MADREAN BIOGEOGRAPHIC PROVINCE:
A BIBLIOGRAPHY FOR PLANNERS, MANAGERS, AND RESEARCH WORKERS
Peter F. Ffolliott,1 Leonard F. DeBano,1 Gerald J. Gottfried,2
Malchus B. Baker, Jr.? and Carlton B. Edminster2

The hydrology of the Madro- Tertiary of North

A Bibliography for the Northern Madrean Bio-

America is poorly known. Furthermore, scientific

geographic Province (Ffolliott et al. 1994).

literature relative to hydrology and watershed

Papers presented at the Conference on the

management is largely uncollected and therefore

unknown to many planners, managers, and research workers in this region. As a consequence, a
bibliography containing about 750 references has

been compiled to provide a literature source for
managers and researchers concerned with the hydrology and watershed management of the region.
This bibliography is part of a larger, more comprehensive bibliography of nearly 5000 references on
ecosystem -based management and research in the

Madrean Biogeographic Province, including the
Madrean Archipelago region of the southwestern
United States and northern Mexico (Brown 1982;
IUCN 1973).

Databases Searched
The following computerized and published hard copy databases were searched for appropriate literature in compiling this bibliography.
FS INFO
CAB Abstracts
AGRICOLA
BIO S1F Previews
Life Science Collections

Southwestern Center for Biological Diversity:
Grazing Abstracts
Riparian Bibliography for New Mexico and the
Southwest: Selected Annotations
Published hardcopy databases searched in compiling the bibliography included the following:
Selected References: The Encinal Woodlands
( Ffolliott and Gottfried 1992).

Livestock Management Effects on Wildlife,
Fisheries, and Riparian Areas: A Selected Literature Review (Anderson 1993).
1School of Renewable Natural Resources, U. of Arizona, Tucson
2Rocky Mtn. Research Station, USDA Forest Serv., Flagstaff, AZ

Biodiversity and Management of the Madrean
Archipelago: The Sky Islands of Southwestern
United States and Northwestern Mexico, held
in Tucson, Arizona, on September 19 -23, 1994,

are also included in the bibliography, along
with the relevant literature cited in these papers
(DeBano et al. 1995).

Annotated bibliography of publications from

the Southwest Watershed Research Center
(USDA Agricultural Research Service 1995).

Theses and dissertations on topics that are relevant
to the Madrean Biogeographic Province, and the
literature cited therein, were also reviewed. "Fugitive literature," including office reports, field trip
summaries, map references, and other (formally)

unpublished but relevant materials are included
where appropriate. This literature is most commonly found in special collections of libraries.

Organization of Bibliography

Citations presented in the larger, more comprehensive bibliography are listed alphabetically in
each subject- matter category by author's last
name. The citations were placed arbitrarily in a
category on the basis of the major emphasis of the
work reported upon in the reference. There are 14
categories in the larger bibliography, including the
following categories related to hydrology, water-

shed management, development of water supplies, and combinations thereof:
Climate and Weather Patterns
Conservation and Management
Economics, Policies, Sociology
Hydrology and Watershed Management
Riparian Ecosystems
Soils and Geological Features
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It might be necessary for a user of the bibliography

Station, USDA Forest Service, through the Border-

to search more than one of these categories to

lands Ecosystem Management Program, and the
School of Renewable Natural Resources, Univer-

compile a list of references for a particular hydrologic topic or subject. For example, references on
the effects of a land -use practice (livestock graz-

ing) on a specific component of the hydrologic
cycle (surface runoff) can be found in the categories on Conservation and Management, Hydrology and Watershed Management, Range Management and Livestock Grazing, and Riparian Ecosystems. Duplication of a reference in more than
one category is possible, although attempts have
been made to minimize repetition throughout the
bibliography.
Citations presented in the bibliography repre-

sent the information presented in the original
databases, when the references themselves could
not be located in the library. Therefore, some of
the citations listed are incomplete. On occasion,
pages of volumes in a series are not presented, or
symposia editors, technical coordinators, or compilers are not given. Nevertheless, an attempt was

made to provide sufficient information in the

sity of Arizona.
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bibliographic entry to enable the user to search for
the document in a library.

DeBano, L. F., P. F. Ffolliott, A. Ortega -Rubio, G. J.

The large number of citations in the larger,

coordinators. 1995. Biodiversity and management of
the Madrean archipelago: The Sky Islands of southwestern United States and northwestern Mexico.
USDA Forest Service, General Technical Report RM-

more comprehensive bibliography, and categories
therein, preclude publication of the listing in this

paper. However, a sample listing of citations
related to hydrology and watershed management
is presented in the appendix to show the diversity
of topics considered, the range of geographic areas
represented, and literature sources reviewed while
preparing this bibliography.
The bibliography is available on a World Wide
Web page. The address www.rms.nau.edu /publications /madrean/ provides a direct connection to

the bibliography's main menu. Instructions for
accessing the bibliography, or selected categories,
are contained in this menu.
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Watershed Management in the Bibliography
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Emmerich, W. E. 1990. Precipitation nutrient inputs in

drology and watershed management in the Madrean

semiarid environments. Journal of Environmental

Archipelago. In DeBano, L. F., P. F. Ffolliott, A.
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Bolin, S. B., and T. J. Ward. 1987. An analysis of runoff
and sediment yield from natural rainfall plots in the
Chihuahuan Desert. In Aldon, E. F., C. E. Gonzales V.,
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