Water-Related Technologies for Sustainable
Agriculturein U.S Arid/Semiarid Lands

October 1983

NTIS order #PB84-172667




Recommended Citation:
Water-Related Technologies for Sustainable Agriculture in U.S. Arid/Semiarid Lands

(Washington, D. C.: U.S. Congress, Office of Technology Assessment, OTA-F-2I12,
October 1983).

Library of Congress Catalog Card Number 83-600595

For sale by the Superintendent of Documents,
U.S. Government Printing Office, Washington, D.C. 20402



Foreword

Water is a major limiting factor in most areas where Western arid and semiarid
agriculture is currently practiced. Increasing water demands from nonagricultural
users plus growing problems of ground water depletion, salt buildup in agricultural
soils, and water-quality deterioration are causing heightened concern about the
sustainability of Western agriculture. A major part of this concern is focused on
whether the Federal agricultural system is prepared to meet the changing needs
of Western agriculture and whether technology can assist in providing the Nation
with Western agricultural production that is sustainable and profitable over the
long term.

This report assesses existing and emerging water-related technologies for their
ability to support long-term productivity of arid/semiarid agricultural plants and
animals in the context of institutional factors, water supply/use relationships, and
the characteristics of the renewable natural resource base on which agriculture
depends, The study was requested by the House Committee on Agriculture and
endorsed by the Senate Committee on Environment and Public Works, Subcom-
mittee on Water Resources. The technologies examined by the study are generally
directed toward: 1) improving efficiency of water use, whether for rain-fed (dryland
and rangeland) systems or irrigation; 2) improving water management, storage,
and distribution for agriculture; and 3) augmenting existing supplies with addi-
tional water not previously available. The report also identifies a number of op-
tions for congressional action. A background paper containing examples of ap-
plication of arid/semiarid agricultural technologies in foreign countries has been
published separately as part of this assessment.

The Office of Technology Assessment (OTA) greatly appreciates the contribu-
tions of the advisory panel, working groups and workshop participants assembled
for this study, the authors of the technical papers, and the many other advisors
and reviewers who assisted us, including farmers, ranchers, agricultural scientists
in government and universities, and experts in the private sector. Their guidance
and comments helped develop a comprehensive report. As with all OTA studies,
however, the content of the report is the sole responsibility of OTA.

JOHN H. GIBBONS
Dlrector
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Chapter 1

Summary and Findings

INTRODUCTION

As a Nation with bountiful resources, the
United States has rarely faced natural resource
limits. In the short history of this country, there
have always been more lands and more re-
sources to develop and a philosophy that tech-
nology could supplement natural resources
when needed. Increasingly, however, some
Western States are experiencing resource lim-
itations related to water use and distribution
that challenge the full capacity of existing so-
cial and technical institutions. The water prob-
lems to face this region and, therefore, the Na-
tion in the 1980’s and 1990’s are likely to ex-
pand and intensify for agriculture. Stretching
resources to accommodate the West’s continu-
ing growth while protecting existing patterns
of water demand may require levels of techni-
cal input no longer economically feasible. Con-
certed Federal, State, and local action will be
needed to help build a sustainable Western
agriculture that is profitable for the Western
farmer and rancher and that effectively ad-
dresses the complex and interrelated problems
surrounding the agricultural use of Western
water, A strong Federal role will remain fun-
damental to help bring about necessary
changes.

This study assesses the role of present and
emerging water-use technologies for sustain-
ing the long-term agricultural productivity of
arid/semiarid agricultural plants and animals
and the renewable natural resource base on
which agriculture depends. The study consid-
ers increased demands on the resource, con-
cerns about water quality, and the capacity of
existing institutions to respond effectively and
equitably to growing demands. Congressional
interest in this topic is important because the
arid/semiarid West (fig, 1) makes significant
contributions to this country’s agricultural pro-
duction, providing unique benefits not easily
replaced by the other regions of the United
States. Its large expanses of land nurture cereal
grains and livestock. Its dry and disease-free

Figure 1.—Arid and Semiarid Regions of
the United States
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SOURCE: Carle Hedge (ed ), Aridity and Man (Washington D C American Asso-
elation for the Advancement of Science, publicaton No 74, 1963)

environment is especially suited to seed pro-
duction and certain kinds of agricultural re-
search. When irrigated, its soil, aided by low
humidity and many cloud-free days, produces
high-value specialty crops such as fruits, nuts,
and table vegetables. Much of the research and
development (R&D) of agricultural technology
that now benefits the entire United States orig-
inated in the West, where water application
could be carefully controlled.
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This report is organized into two parts: back-
ground chapters on the state of the renewable
resource base and associated water institutions
(chs. 11-V) and technology chapters containing
assessments of near- and long-term technology
potentials (chs. VI-XI). Technologies are orga-
nized in particular chapters according to the
principal components of the hydrologic cycle
[fig. 2) the technologies are meant to manipu-
late. Because water is a key factor dictating the
types of agriculture that can be sustained in the
water-short West, knowing the impacts of a
particular water-related technology throughout
the water system is critical. Benefits to one user
upstream could mean losses to another user

downstream in reduced flow, reduced quali-
ty, or altered timing of flow. Alterations in sur-
face water at one site could affect ground water
supplies at another hydrologically intercon-
nected site. Moreover, technologies and land
uses may overlap at particular sites.

As used in this report, the term “renewable
natural resource base” includes soil, water, and
all the physical, chemical, and biological com-
ponents of agricultural resource systems.
“Long-term,” as used in this report, means
more than one human lifespan (approximately
70 years) from the date of this report.

Figure 2.—The Hydrologic Cycle
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MAJOR FINDINGS

The following three major findings of this
assessment are the synthesis of individual
chapter findings which are discussed in more
detail below:

If agriculture in the Western United States
is to be conducted in a sustainable fashion,
a systems approach to decisionmaking re-
garding policies, plans, and programs af-
fecting the agricultural resource base and
water-related technologies is a fundamen-
tal need, one that generally is lacking
throughout government.

The goal of sustaining long-term produc-
tivity of the agricultural resource base in
the western States is not being advanced
effectively by some existing Federal activ-
ities.

To ensure sustainable Western agriculture,
users must be involved in and must per-
ceive equity and fairness in decisionmak-
ing about water-related technologies and
resolution of conflicts over water use. Im-
proved mechanisms are needed to expand
this involvement.

Western Agricultural Production

Products of Western agriculture constitute
a large share of the total income derived from
farming and ranching in the United States.
In 1980, cash receipts from marketing crops
and livestock and their products in the Western
States accounted for approximately $59.3 bil-
lion, or about 43 percent of the income derived
from farming in the United States. Some 30
percent of this sum came from export markets.

Unlike the Eastern United States, much of
the land in the West is federally owned:

Percent

Federal Non-Federal Federal
(in millions of %‘res)
17 Western States 368 0 32
31 Eastem States 31 705 5

The amount of public land varies from State
to State, from some 85 percent of Nevada to
about 1 percent of Kansas and Nebraska. These
public lands are used largely for livestock graz-
ing and include major water-producing areas,

The Federal ownership of these lands has gen-
erated Federal policies on use and manage-
ment, policies that can substantially affect the
sustainability of Western agriculture.

Of the three types of agricultural production
(see box A) used in arid/semiarid regions,
rangeland and dryland agriculture are the most
extensive in area and rely on precipitation for
water supplies. Rain-fed agriculture makes
important contributions to the economy and
lifestyle of the West and is likely to increase
in importance. Present-day irrigation agricul-
ture is especially significant because of the
large amounts of energy and supplemental wa-
ter involved. It allows crop production in areas
where it might otherwise be impossible, and
farmers who irrigate generally have higher and
more stable yields and can risk growing crops
of higher value. However, irrigation agriculture
is the subject of particular controversy and con-
cern at present. Some crops that are irrigated
are surplus. Moreover, competition for these
water resources is increasing from industries
and municipal users who can afford to pay
more for their water. Finally, depletion of
ground water resources threatens agricultural
producers and rural communities and dimin-
ishes the possibility of using this resource in
the future. These factors lead many analysts

Box A

Three broad types of agricultural produc-
tion are common in arid/semiarid regions:

- Rangeland agriculture—usually involves
grazing domestic livestock on grasses,
grasslike plants, forbs, and shrubs on
lands traditionally considered unsuitable
for cultivation.

Dryland farming—involves crop produc-
tion through cultivation of the land and
relies on precipitation to supply plant-
water needs.

Irrigation agriculture—involves crop pro-
duction through land cultivation and uses
additional water to supplement normal
precipitation.



6 . water. Related Technologies for Sustainable Agriculture in U.S. Arid and Semiarid Lands

to believe that in the future Western irrigation
agriculture as practiced today will diminish
in productivity and profitability in some
areas.

Water Supply and Use

Available estimates of water supply and use
indicate that almost half of the Western
United States is experiencing water-supply
problems in relation to demand. Surface wa-
ter shortages exist annually or seasonally in at
least some portion of each of the major water
resources regions of the Western States. In
almost all cases, these shortages are offset by
water reuse and ground water pumping. In
much of the Southwest and southern High
Plains, ground water is being withdrawn faster
than it is replaced (often called ground water
“mining”) in order to sustain developed levels
of use. Where water supply is not being con-
sumed, competing nonconsumptive uses, such
as instream flow requirements for hydroelec-
tric generation, waste assimilation, recreation,

and habitat maintenance, increasingly create
scheduling conflicts for offstream uses (fig. 3).
Present trends and experience indicate that
every additional drop of water conserved, and
thus available, enables more growth and de-
velopment, raising demand levels further. Ef-
fective water-use management will necessi-
tate attention to demand as well as supply
aspects of water use.

The availability of water for agricultural use
varies by location and over time. Water sup-
ply depends on variations in components of the
hydrologic cycle—precipitation, evaporation,
transpiration, infiltration, and runoff, Because
these components interrelate, a change pro-
duced by technology in one component of the
cycle will inevitably affect other components.

The potential for a given technology to pro-
duce additional water or to conserve existing
supplies is difficult to evaluate and will re-
main so unless the quantities of water in-
volved in the hydrologic cycle can be defined
more accurately. Various responsibilities for

Figure 3.—Conflicts in Instream v. Off stream Use
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the collection, synthesis, and dissemination of
hydrologic information are delegated among
a number of Federal and State agencies (table
1), resulting in a variety of data bases and data
interpretations that are often not compatible.
Important gaps in data exist, and few region-
al syntheses of data have been made. Short-
term climatic fluctuations affecting water sup-
ply can be accommodated in management and
planning processes through statistical analysis
of past trends; there is no reliable method for
predicting long-term fluctuations.

The most important source of renewable
surface water supplies in the Western United
States is the mountain snowpack. When the
snowpack melts in the spring and summer, it
supplies an estimated 70 to 100 percent (de-
pending on location) of the total annual sur-
face runoff for all river basins except the Texas-
Gulf region. Relatively little research attention
has been given to the snowpack. Technologies
such as weather modification and the forecast-
ing of streamflow to improve reservoir man-
agement would benefit considerably from in-
creased understanding of the snowpack’s dom-
inant role in renewing surface water supplies.

Ch. I—Summary and Findings .7

Water Quality

Water quality is determined both by the na-
ture of a pollutant and by the concentration of
that pollutant in water. The kinds and amounts
of impurities in water depend on a number of
environmental factors, such as the source of
the water, the physiographic characteristics
through which the water moves, and the effects
of human activity on water. The types of water
pollution can be categorized as follows:

1. municipal sewage and other oxygen-de-
manding wastes,

2. infectious agents,

3. synthetic organic chemicals,

mineral substances and inorganic chemi-

cals,

sediments,

plant nutrients,

radioactive substances, and

heat.

>

©~N oo

Since the volume of water in the Western
United States is lower than that in the more
water-abundant Eastern part of the country,
any given water use in the West has a greater

Table 1 .—Federal Water-Data Collection Agencies®

Government agencies

Independent agencies

In-house data programs USDA

water

DOC

Surface
Ground water.
Water quality
Wateruse. . ...............
Environmental impact . . .
Ecology . .. ..............
Management effects
Basin studies . . . ...........
Real-time sensing . ... .......
Remote sensing . . . .........
Datasensing...............
Instream use
Waterrights . . ..............
Floods....................

| > > > > > > > X X X X X <
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Precipitation quality . . . . . . . -

DOE DO DOT  EPA IBWC _NRC  TVA
X X X X X — X
X X X X X - X
X X X X X - X
X X - - - - -
X X X X - - X
X X X X - - X
X X X X - - X

X X X - - X
- X X - - X
- - X X - - X
X X - X - - X
X 2 _ _ il
X _ _ _ _
- X X - - - X
X X - X - X —
X X - X - X -
- X - X - - X

KEY USDA—U S Department of Agriculture, DOC—Department of Commerce, DOD—Department of Defense, DOE—Department of Energy DOl—Department of the
Inter! or, DOT— Department of Transportation, Independent agencies EPA— Environmental Protection Agency, IBWC— International Boundary & Water Commission

NRC—Nuclear Regulatory Commission, TVA-Tennessee Valley Authority.

aFor the 1981.82 fiscal year 26 Federal agencies, representing six departments and four indepen‘ent agencies collected ‘water resource data

SOURCE U S Department of the Interior Geological Survey Off Ice of Water Data Collect lon, Plans for Water Data Acquisition by Federal Agencies Through F/sea/

Year 1983 (Reston Va 1982) p 7
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potential for causing water-quality degrada-
tion. The limited supply of Western water re-
guires that each unit of water be more fully
used, resulting in patterns of reuse in which
each unit of water is used consecutively as it
moves downstream. Thus, water may be re-
moved from a river and partially consumed for
irrigation; the return flow may be stored in a
reservoir and subsequently reused to generate
hydroelectric energy; and the remainder may
be withdrawn by a municipality for human
consumption. The return flows from each of
these uses often have increasing levels of pollu-
tion that, left untreated, can threaten uses
downstream, including agricultural uses.

Most water-quality problems appear to be
site-specific. The data base describing the
guality of water in the Western United States
is incomplete, however, and few integrated
analyses of water contamination as it affects
water reuse, environmental characteristics,
or public health have been performed.

The term “water quality” in agriculture
refers primarily to the quality of water used for
farm and ranch water supply, livestock water-
ing, and irrigation. In evaluating the relation-
ship between water quality and agriculture,
two aspects must be considered:

1. the effect of agricultural uses on the quality
of water for other uses, and

2. the effect of water quality on various agri-
cultural uses.

The highest quality water required in agri-
culture is for domestic farm and ranch con-
sumption. Much of the water used in this way
is well water, which in many areas is not rou-
tinely monitored for quality nor subjected to
any routine treatment prior to use. The quali-
ty of this water source is particularly suscep-
tible to degradation because of the many poten-
tial sources of contamination in the farm and
ranch environments.

The quality of water used in irrigation is also
very important, When water applied in irriga-
tion is lost to evapotranspiration during plant
growth, salts contained in that water are left
behind in the soil. Continued reuse of stream-

flows for irrigation without prior treatment
has become a necessity in many of the water-
sport areas of the Western United States. This
reuse can result in the gradual buildup of
salts and agricultural chemicals in the soil
and in water that is ultimately detrimental
to long-term agricultural productivity.

Agricultural water pollution can be reduced
by using improved management practices and
methods that result in fewer contaminants be-
ing released into the water supply, However,
present monitoring and control measures may
not be sufficient to prevent deterioration of
water quality caused by Western water use for
either agricultural or nonagricultural activi-
ties—e. g., municipal and industrial activities.

Institutions Affecting Western
Agricultural Water Use

Distribution of water in the Western United
States among uses and users responds to two
major institutional forces—the legal system and
the market system, The legal system defines
rights and responsibilities regarding the use of
water; the market system allows water to be
bought and sold, and thus transferred between
uses and users. The Western agricultural wa-
ter user is, at best, moderately uncertain
about water use and the adoption of technol-
ogy affecting water use because it is unclear
how legal and economic institutions might
change as demands for water increase.

The Western State water institutions devel-
oped in response to the surrounding conditions
of aridity and the initial character of Federal
ownership of the water and land. Their focus
was on allocating water-use rights to individ-
uals as property rights. States deferred to Fed-
eral agencies for large-scale water-resources
planning and development because of the Fed-
eral Government’s financial and technical ca-
pabilities and its broad geographic jurisdiction
that facilitated interstate river basin develop-
ment,

At the time Western law doctrines (Federal,
State, and interstate) were developed, the level
of definition given to water rights and duties



was adequate to address early development
needs, water law divided the resource into wa-
ter-supply categories, the major categories at
the State level being surface water and ground
water. | n recent years, water-quality programs
have been developed with distinct bureaucra-
cies and regulatory responsibilities separate
from those programs related to water supplies.
This treatment of water has caused conflicts
and confusion among users within and be-
tween States and has made water planning and
management problems more severe. As water-
use demands increase and values change,
more precise definition of such concepts of
beneficial use will be required to allow the
user greater assurance of return on invest-
ments in water “saved.”

Growing demands are creating conflicts
among agricultural, energy, industrial, mu-
nicipal, Federal reserved water-right holders,
environmental, and other uses and values
and suggest that water in the West will be-
come more expensive. Until now, Federal
sponsorship of many development activities
provided water at well below its “cost” or
“value’ relative to much non-Federal water.
This sponsorship has slowed the development
of Western water markets and has shaped the
character and patterns of agricultural water
use in the Western United States. However, as
demands for water for nearly all purposes in-
crease and as the scarcity of water is recog-
nized, pressures will mount to shift water to
new uses and users. The rules of economic ef-
ficiency will support arguments that the de-
velopment of water markets may be desirable.

Making such changes, however, must be
viewed in a context broader than the primary
or first use of the water. whether the water is
used for irrigation, navigation, recreation, or
hydropower as the primary use, that water also
generates secondary and tertiary incomes to
local economics. Transferring substantial
amounts of water to a new use will have a
profound effect on the people and on the sup-
porting resources that are left behind.

In the past two decades, States have begun
to take a more active role in resolving these
growing conflicts of water use and the associ-

25-1600-2 :a. 3
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ated social effects of the choices being made,
However, direct Federal involvement to ad-
dress Federal water issues, topics of broad
geographical jurisdiction, international im-
pacts, and equity concerns and to support and
assist States’ efforts will be necessary to en-
sure the sustainability of Western agriculture.

Technologies: Making Optimal Use
of the Hydrologic Cycle for
Arid/Semiarid Agriculture

Evidence suggests that some new and
emerging technologies have potential for sus-
taining the long-term productivity of Western
agriculture. These technologies are wide-
ranging, and their effective application re-
quires an understanding of their interrelated
impacts on the agricultural resource base. Such
technologies involve several natural and social
science disciplines, including hydrology (un-
derstanding water-related impacts), plant and
animal science (adapting plants and animals
to resist environmental stress), engineering
(improved irrigation-system management),
agronomy (cultivation practices and planting
techniques), and interdisciplinary sciences for
integrated agricultural land and water manage-
ment (multiple-use of rangeland and cropland,
flexible cropping).

Water-related technologies for arid/semiarid
agriculture are generally directed toward:

1. improving efficiency of use (and thus mini-
mizing “waste” in such practices as irri-
gation),

2. augmenting existing supplies with addi-
tional water not previously available for
agricultural purposes,

3. preserving water quality, and

4. improving supply and distribution,

Technologies Affecting
Precipitation and Runoff

The renewable water resources of the West
originate as precipitation from air masses mov-
ing across the region. Surface runoff represents
that fraction of this precipitation not consumed
by evapotranspiration or infiltrated into the soil
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and ground water. Three major classes of tech-
nology have evolved around modifying or
anticipating the surface runoff fraction of the
original precipitation: weather modification,
watershed management, and water-supply fore-
casting. Each of these technologies has some
potential on at least a local, site-specific basis.
Evidence does not yet exist, however, to dem-
onstrate that these are generally accepted oper-
ational technologies for sustainable agriculture,

Evaluation of any technology designed to
modify or forecast precipitation and/or runoff
from hydrologic environments in the region
would benefit from a more integrated ap-
proach to the study of the hydrologic regimes
of the Western United States than that which
now exists. Moreover, hydrologic research ac-
tivities and priorities should reflect the fact that
most of the annual surface runoff and ground
water recharge in the West comes from the
mountain snowpack,

WEATHER MODIFICATION

Weather-modification technologies are de-
signed to increase the amount of precipitation
over that which occurs naturally. This is done
by injecting artificial nucleating agents, such
as silver iodide, into suitable air masses. The
two weather-modification technologies that
have received the most attention are those in-
volving: 1) winter storms that cross the major
mountain ranges of the Western United States,
producing the snowpack of the mountain wa-
tersheds; and 2) the summer cumulus clouds
that produce both rain and hail, often in large
amounts over limited areas. Of the two, pre-
cipitation augmentation from winter storm
systems by “cloud seeding” appears to show
the most promise. This technology has been
developed within a solid scientific framework
creating a body of knowledge that should fa-
cilitate future advances.

WATERSHED MANAGEMENT

Two major classes of watersheds occur in the
Western United States: 1) highland watersheds,
located in the major mountain ranges and con-
sisting of the unlimbered *“alpine” zone (above
the timberline) and the timbered *“montane”

zone; and 2) lowland watersheds consisting of
grass- or brush-covered valleys and plains. Wa-
tershed-management technologies are designed
to increase surface runoff by vegetation remov-
al or replacement or by other surface modifi-
cations,

No proven technologies exist to increase
water yield from the alpine zone. This area
may be the most efficient and productive
source of water in the Western United States,
and a passive, conservative management ap-
proach may be the most beneficial and effec-
tive management technology at present for
downstream users.

In certain situations in the montane zone,
vegetation management through timber har-
vesting may produce local increases in water
yield. It may be difficult, however, to detect
increased yields at points downstream where
arid/semiarid agriculture is practiced because
such increases, when combined with the en-
tire volume of watershed runoff may not be
discernible using existing stream-gage tech-
nologies. Moreover, the ability to predict re-
sults of application on an unstudied watershed
is difficult because of the range of hydrologic
environments in the mountains of the West rel-
ative to that represented by existing experimen-
tal results. At some sites the effects of timber
harvest on soil erosion, other components of
the hydrologic cycle, or existing wilderness
values may negate potential beneficial effects
for downstream arid/semiarid agriculture,

Results of attempts to produce additional sur-
face runoff from lowland watersheds have
been varied because of the natural hydrologic
variability of the lowland watersheds and the
range of purpose of the technologies. Because
practices are very site-specific, they have more
local than regional significance, In most cases
where the dominant vegetation consists of
shrubs and grasses, management should em-
phasize forage production and erosion preven-
tion rather than surface runoff production.
Where surface runoff is collected and used for
cultivated crops and animal watering (runoff
agriculture), water-management practices can
provide an important local water supply.



STREAMFLOW FORECASTING

Water-supply forecasting is one of the most
important technologies related to precipita-
tion and runoff in the Western United States
for long-term sustainable agriculture. Im-
provements in the accuracy of these technol-
ogies will entail advances in understanding the
impacts of weather modification and water-
shed management on the hydrologic environ-
ment. Improved water-supply forecasting
could provide the link between the resource
and the water user or planner because it
directly relates to the timing and volume of
water available to downstream or lowland
agriculture.

A wide range of forecast models exists, from
very sophisticated computer simulation tech-
nology to simpler statistical correlation models.
Research has indicated that no single forecast
model may be sufficient for all the hydromete-
orological environments in the West. Research
also suggests that progress in accurately fore-
casting streamflow for certain regions in the
Western United States would reap consider-
able economic benefits for agriculture.

Technologies Affecting Surface
Water Storage and Delivery

Natural streamflow and precipitation seldom
meet agricultural demands for water in the
western States. Three approaches make more
surface water available when demand exceeds

supply:

1. increasing the total amount of water in
storage,

2. augmenting supplies with addit ional wa-
ter, and

3. stretching existing water supplies by con-
servation.

Currently, opportunities to develop large
sources of previously unavailable surface
water or to augment existing supplies are fea-
sible technologically but are limited by eco-
nomic, environmental, legal, and social con-
siderations. They are unlikely to add signifi-
cant amounts of water to irrigation supplies in
the future, Technologies that reduce water
losses [i.e., conserve water) in storage and de-
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livery systems can be applied relatively easily
but tend to be expensive. In addition, their ef-
fects on the entire hydrologic cycle are often
difficult to measure and their application, at
times, can have unexpected, negative effects
on riparian (areas of shrubs, trees, and grasses
generally along streambanks) and wetland
wildlife habitats.

TECHNOLOGIES THAT STORE
AND AUGMENT WATER SUPPLIES

Technologies that increase the amount of
water in storage include storage facilities,
desalination processes, and interbasin transfers
of water.

Storage Facilities.—The extensive and com-
plex system of large and small reservoirs in the
Western States represents about 79 percent of
storage capacity in the Nation. These storage
areas include a few reservoirs that contribute
much to the total storage capacity, a sizable
number of medium-sized reservoirs, and an
even larger number of farm and ranch ponds.
Storage facilities permit more convenient and
efficient use of available water supplies by
downstream agricultural users. Construction
technologies for reservoirs are well developed,
and technologies to manage reservoirs are ad-
vancing rapidly.

The Federal Government has a sizable invest-
ment (at least $26 billion) in completed water
resource projects and owns some 2,000 dams,
ranging in size from small reservoirs to large,
multipurpose projects. While the benefits to ir-
rigators and other users have been sizable, the
costs have also been substantial.

Barriers to new, large-scale developments are
not technological; they are physical, economic,
and environmental. Because of these con-
straints, many experts expect that the Federal
role in building and operating new, large-
scale water-storage facilities will diminish
markedly in the future. New storage facilities
are likely to be smaller, and their construction
may depend increasingly on private and non-
Federal public investment, Innovative cost-
sharing arrangements could be encouraged be-
tween private and public developers and
among local, State, and Federal governments.



Desalination.— Desalination (removal of dis-
solved salts from brackish water, seawater, or
salt-degraded water) is a technology that can
supplement freshwater supplies. Desalination
can be accomplished by many methods and has
proven to be reliable for small amounts of
water. High costs are the major current lim-
itation to use of desalination; further develop-
ment is needed before the process can pro-
duce low-cost freshwater. Brine disposal is
also a problem. These considerations now limit
production of desalted water to municipalities
and industries and exclude most agricultural
uses.

Interbasin Transfers.—In the Western
United States, regional transfers of water from
one river basin to another—e. g., the Colora-
do-Big Thompson project—have been in oper-
ation for many years. Current attention focuses
on proposals to transfer water from areas of
supposed surplus (e.g., Alaska and the Missouri
River) to Western stream systems for irrigation
use. Such transfers will present considerable
problems for the foreseeable future. First, the
cost of irrigation water from an interbasin
transfer would probably be prohibitively ex-
pensive. Second, such transfers will present
complicated environmental, political, legal,
and institutional problems. Most important,
however, surplus water may not be available
for transfer since many areas are realizing
the present and future values of their water
onsite.

TECHNOLOGIES THAT CONSERVE
EXISTING WATER SUPPLIES

Technologies that conserve existing water
supplies have promise for meeting short-term
needs for irrigation water. These practices in-
clude flexible delivery systems for irrigation
water, seepage and evaporation control, and
vegetation management.

Flexible Delivery Systems for Irrigation
Water.—Timely delivery of surface water to ir-
rigation users is a crucial element of effective
water management. In most arid/semiarid re-
gions, delivery systems are based on supply
rather than demand because the water supply
is limited. Delivery schedules are prepared in
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advance and are fixed for a preset time and
length. Adjustment in timing, duration, or
guantity of water application is limited. This
system favors water distribution over crop
needs.

A variety of technologies for improving
water delivery flexibility is being examined.
While the agronomic benefits of new water-
delivery technologies are likely to be substan-
tial, existing irrigation facilities and practices
may require extensive modifications before
these benefits can be realized.

Seepage Control.—Seepage occurs through
the sides and bottoms of reservoirs and canals.
Its extent depends largely on geology, soils, and
topography. Water “losses” caused by seepage
can be large enough in some areas to prevent
reservoirs from filling; however, estimates of
the problem’s magnitude are difficult to make
and vary widely.

Seepage control can “save” water on a local
basis, and its effects can vary widely in differ-
ent locations. For example, water lost through
seepage is not lost to the hydrologic cycle and
is generally available for downstream users, for
ground water recharge, and for plants and an-
imals in wetlands and streams.

Although technologies to reduce seepage
are available (e.g., soil sealants and methods
that compact the earth), control is costly, a
primary limitation to use. As the relationship
between wildlife populations and standing
water from inefficient irrigation is explored
more fully, other limitations to use may be
identified.

Evaporation Control.—In arid/semiarid
lands, evaporation is high. In some regions, res-
ervoir evaporation may reach about 40 percent
of usable storage. In small reservoirs, stock
tanks, and farm ponds, more water may be lost
than is used productively. Since conserving
collected water is one of the most economical
methods of maintaining an adequate water sup-
ply, considerable research has been devoted to
developing effective evaporation-control tech-
nologies. These technologies increase water
supplies, in effect, by increasing reservoir



capacity without new construction. They alter
the processes that contribute to evaporation by:

.lessening the amount of energy that
reaches the water surface to drive evapora-
tion, and

.altering the ease with which vaporized wa-
ter moves into the air.

Four methods of controlling evaporation
have received attention: 1) surface area reduc-
tion, 2) reflective coatings, 3) surface films, and
4) mechanical covers. Results from use of
evaporation-control technologies have been
variable and often disappointing. Reflective
coatings and surface film are unstable and in-
effective if the water surface is not still. Small
reservoirs arranged in clusters and of varying
depths (frequently called “compartmented”)
experience substantially reduced evaporation
when volumes are managed to minimize the
exposed surface area. Mechanical covers show
high potential for use on small reservoirs, stock
tanks, and ponds.

Vegetation Management In and Near Sur-
face Water.—Riparian zones constitute a small
fraction of Western lands. They are significant
to agriculture, however, and provide high-qual-
ity forage for livestock and are important in
maintaining water quality. Many water experts
believe that water “saved” by removing ripar-
ian vegetation remains in ground or surface
waters for direct human use. However, recent
research indicates that plant removal from ri-
parian zones does not necessarily make more
water available for other immediate uses.
Consequently, less emphasis has been placed
on vegetation eradication. Other technologies
to manage riparian vegetation (e. g., chemical
methods to slow plant-water use) are limited
by high costs, unknown long-term effects on
wildlife, and difficulty in application.

Aquatic plants present a special problem for
irrigators because they interfere with water
movement, disrupt control devices, cause leaks
in canal linings, and lose water to evaporation
at rates greater than would occur from open-
water surfaces, As many as 85,000 miles of U.S.
canals could be affected, and some water man-
agers believe the problem is becoming more se-
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vere, These problems have a large economic
impact,

Perhaps the most effective and least costl,
approach to aquatic-plant management is pre-
vention. But where aquatic weeds are present,
mechanical, biological, and chemical methods
of control are available, Of these, the chemical
methods are faster and easier; however, they
involve problems of water pollution, Mechan-
ical methods are expensive, time-consuming,
and laborious, but are used by many water
managers, using biological methods—insects,
fish, and plants—is rare but generally effective,
economical, and minimally detrimental to the
environment,

Technologies Affecting Soil Water

Many opportunities for improving soil-
water conditions exist, both where precipi-
tation is used to supply crop- and forage-
water needs (rangeland and dryland agricul-
ture) and where additional water is supplied
to fulfill crop-water requirements (irrigation).
Technologies that conserve precipitation in-
clude practices that shape the soil surface,
manage the soil cover, and change the physical
or chemical properties of soil. Technologies
that supplement soil-water supplies include
drip irrigation, surface irrigation, sprinkler ir-
rigation, and subsurface irrigation. Effective
use of precipitation and irrigation water often
requires the use of more than one technology
and skillful management of plants, water,
and soil.

The extent of soil-water increase that can
be expected with the adoption of a particular
technology or set of technologies is difficult
to quantify, given the wide variability y in site
conditions across the arid and semiarid re-
gion. Where water-conservin technologies are
used on irrigated land, data that assess the ef-
fects of adoption on total water supplies are
lacking. Similarly, information on economic
and social consequences of technology adop-
tion is generally not available.

Some water-conserving practices have been
adopted by producers, but numerous barriers
remain to their widespread application. First,
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many of these technologies are effective only
under certain soil and/or climatic conditions.
Where site conditions are not appropriate, ap-
plication can yield little or no improvement in
soil-water conditions. Second, some practices
require large economic investments for equip-
ment, fuel, and labor; application costs may
outweigh their benefits in terms of higher farm
or ranch profits. Third, the use of some tech-
nologies is hindered by Federal and State in-
stitutions. For example, mechanical land treat-
ments on public rangelands by individuals are
often prohibited; water saved by irrigators is
often not allowed for their reuse. Finally, some
practices are difficult to incorporate into ex-
isting farm and ranch operations and in some
cases require new equipment or skills.

Soil salinization of irrigated lands and
other effects of irrigation on natural re-
sources (e.g., ground water depletion) lead
many experts to believe that present irriga-
tion agriculture is not sustainable and that
existing practices will not make the contribu-
tions to agricultural growth that they have in
the past. If a shift to limited irrigation or
dryland or rangeland agriculture does occur,
Western agriculture will face a period of eco-
nomic and social readjustment which will be
facilitated by development of a wide range of
new opportunities for production.

Technologies Affecting Water-Use
Efficiency of Plants and Animals

Agricultural production is handicapped on
almost 35 percent of U.S. soils by either
drought or salts, and much of this acreage is
in the West, In the past, these lands were often
ignored in the search for high-yielding crops
that were adapted to more favorable condi-
tions. The methods used to “improve” these
lands—e.g., irrigation and drainage—are be-
coming less available and more expensive.
Therefore, technologies that improve the ef-
ficiency with which plants and animals use
water, yet do not entail extensive additions
of extra water, are likely to make large areas
more productive. These technologies include
new and traditional methods of improving ex-
isting organisms as well as the use of plants

and animals that have not been widely used in
the United States previously or that are newly
domesticated.

In arid and semiarid lands, the efficiency
with which organisms use water has impor-
tant implications for sustaining all types of
agriculture, influencing the growth, distribu-
tion, and survival of plants and animals.
Plants have evolved a number of different ways
of coping with water shortages; no single fac-
tor completely controls the way plants respond.
Plants may almost totally escape drought by
germinating, growing, and reproducing before
water becomes limited or only after a heavy
rainfall, They may resist drought with special
anatomical and physiological mechanisms to
take up, store, and retain water. Or they may
“tolerate” drought with mechanisms to limit
the destructiveness of internal water deficits.
The complex interaction of factors involved
with these responses has slowed the develop-
ment of drought-resistant agricultural plants.

Animals exhibit a similar range of adapta-
tions to limited water supplies. Some may
never drink water, obtaining moisture instead
from their diet and excreting little water. Since
the total amount of water used by animals is
small, there has been little effort to use or breed
animals that use less water. Instead, efforts
have been concentrated on ways to increase
the efficiency with which animals convert
plant biomass into their own.

IMPROVING PLANTS AND
ANIMALS WITH BIOTECHNOLOGY

Biotechnologies include intensive new meth-
ods of introducing genetic variation into bac-
teria, plants, and animals and reproducing the
results, Specific applications of biotechnol-
ogy to the problems of water use in arid and
semiarid lands are underway and are likely
to increase substantially in the next 10 to 15
years.

Tissue culture of rangeland, dryland, and
irrigated crops is in commercial use and anal-
ogous methods are used in animal breeding.
Protoplasm fusion and recombinant DNA tech-
nologies are promising, but they face a poten-



tially long period of basic research before being
widely applicable.

Institutional constraints to biotechnology use
exist in addition to the technical ones. There
is concern that reliance on laboratory practices
might narrow the genetic diversity of present
crops to an undesirable degree. However, con-
cerns regarding the release of novel, potentially
dangerous, organisms have diminished. These
technologies have already had important ef-
fects on agricultural research and have led to
at least a short-term shortage of trained person-
nel. The fear exists that public sector agricul-
tural research, handicapped by low funding
and the inability to attract scientists, may not
keep pace with private efforts and that there
may be little progress in the application of new
biological technology to problems of social im-
portance with little foreseeable profit. While
much former skepticism has been allayed re-
garding the potential of biotechnology, such
capital-intensive enterprises use relatively
sizable amounts of public research money at
a time when research funds are increasingly
limited. Some concern exists that less glam-
orous technologies that also have significant
potential—e.g., new approaches to classical
plant breeding—will be overlooked.

INNOVATIONS IN CLASSICAL
PLANT AND ANIMAL BREEDING

Traditional methods of improving plants
and animals will remain important. These
techniques have accounted for yield increases
of as much as 1 to 3 percent per acre per year
for major annual crops. Range-plant breeding
has been revitalized by the need for surface-
mined land reclamation. Classical crop-plant
breeding is likely to undergo an important shift
in focus, however, as breeding for water stress
becomes more important.

Identification of the character to be modified
is the single most important step in plant
breeding. It dictates both breeding and evalua-
tion methodology. In many cases the funda-
mental mechanisms of adaptation to water
stress are not known. Where critical features
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can be identified for breeding, they are often
not based on more than a few genes, unlike the
disease- and insect-resistant traits used suc-
cessfully in past breeding programs. Thus,
direct plant breeding for drought resistance
awaits development of improved laboratory
technology, Meanwhile, genetic markers can
be used to correlate drought resistance with
more readily measured features.

With adoption of the 1970 Plant Variety Pro-
tection Act and its 1980 amendments, institu-
tional constraints to the development of new
plant varieties decreased. Private investment
increased, and larger numbers of new crop va-
rieties were released, Concerns remain, how-
ever. First, the trend toward fewer, larger seed
companies may have unanticipated effects on
germplasm availability. Second, the ownership
of seed companies by agricultural chemical
firms may foster breeding programs that
increasingly rely on agricultural chemicals.

Production of meat, fibers, and other prod-
ucts by ruminants is an important and appro-
priate use of unique Western resources. Breed-
ing programs increase animal productivity,
sometimes by as much as 2 to 3 percent per
generation. Embryo storage and transfer, ar-
tificial insemination, and computerized herd
recordkeeping promise to accelerate increases
in animal productivity.

Some animal-breeding technology is avail-
able only to large ranches with high incomes.
Other methods promise to make important new
germplasm available to small ranchers for the
first time. Major economic changes are occur-
ring in the livestock industry, some of which
are linked to the decreasing availability of in-
expensive irrigated grains and forage. Shifts
in the distribution of feedlots, the demand for
red meat, and the relative importance of
sheep and goats may have substantial impli-
cations for innovations in animal breeding.

CHOOSIN6 ADAPTED PLANTS AND ANIMALS

Many major crops and livestock species are
not highly adapted to water stress, and their
lack of genetic diversity may make Western
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agriculture overly susceptible to new pests or
harsh conditions. The broader use of native
organisms and the domestication of new
crops have potential for alleviating some of
the environmental problems caused by agri-
culture in the past and for tailoring it more
specifically to arid and semiarid lands.

Promising crop candidates include ama-
ranth, tepary bean, guar, cowpea, jojoba,
guayule, saltbush, mesquite, buffalo gourd, and
milkweed, These are food and fiber crops, bio-
mass energy plants, or sources of industrial
products. Their status varies widely. At least
one, grain amaranth, may be poised for major
entry into the agricultural market. Most others
face major institutional hurdles: lack of an
established market and infrastructure, disinter-
est from the established agricultural communi-
ty, and incomplete research. Western agricul-
ture may include “new” animals in the future,
but the use of rabbits, elk, buffalo, and other
species will probably not increase rapidly in
the short term.

Salt-tolerant organisms may extend the agri-
cultural life of areas that are naturally saline
or that result from agricultural mismanage-
ment. Adapting already salt-tolerant organisms
for agriculture may be faster than adding salt
tolerance to crops that now require freshwater.
Salt-tolerant crops of the future may include
algae, bacteria, and blue-green algae as well as
higher plants. *

Technologies Affecting Ground Water

Ground water use in the Western United
States almost tripled between 1950 and 1975,
and the ground water percentage of the
total water withdrawn in the region nearly
doubled. Much of this increase in ground
water use was made possible by technologies
that permit the withdrawal of ever-deeper
supplies at ever-faster rates, often in excess
of recharge. This ground water “mining” has
led to the noticeable depletion of ground water
in many of the agricultural areas dependent on

*Higher plants are those such as conifers and flowering plants,
which possess a well-developed conducting system. Plants such
as mosses, fungl, and agae are not part of this group.

it. Technologies to recharge these supplies ar-
tificially depend on a water surplus during at
least some portion of each year to use for re-
charge, Their effectiveness is also very site-
specific, dependent on suitable geologic char-
acteristics and availability of land where
recharge ponds are to be used. In some situa-
tions, ground water overdraft may cause the
collapse (commonly referred to as “subsi-
dence”) of underground, water-bearing for-
mations. This process renders them incapable
of fully reabsorbing or transmitting recharge
waters and causes displacement of surface
structures. In many of the areas most affected
by ground water overdraft, the total available
renewable water resources are being complete-
ly consumed each year.

Water quality among the major ground-water
resource regions varies considerably with
ground-water recharge rates, rock chemistry,
and human waste-disposal practices. With the
exception of portions of the Pacific Northwest
and eastern Texas, the ground water of the
Western States is moderate to very hard with
high concentrations of calcium and magnesi-
um salts. When water having high levels of
these or other salts is brought to the surface
and applied for irrigation, evaporation losses
lead to increases of soil salinity. Irrigation
return flows with high levels of dissolved ma-
terials and agricultural chemicals percolate
back into the ground water, producing a fur-
ther deterioration of the existing quality.

Once a ground water aquifer becomes con-
taminated, there is relatively little that can
be done technologically and in a manner that
is economically feasible to remove or contain
the contaminant. A few technologies have
been investigated for dealing with ground-
water contamination problems, but in general
these have been very expensive to implement
and have produced uncertain results, Technol-
ogies effective against ground water pollution
are those associated with surface and subsur-
face waste disposal designed to prevent con-
taminants from reaching the aquifer. Control
of toxic and noxious substances in surface
and subsurface waters will probably remain
the only feasible ground water pollution-
control technology in the foreseeable future.



While irrigated agriculture has consumed the
largest volume of ground water in recent dec-
ades in the Western United States, municipal
and industrial uses have also become increas-
ingly important. Many Western cities are now
dependent on ground water and have a great-
er stake in its quantity and quality. While ir-
rigated lands may be shifted to a lower value
use as water levels decline, cities cannot make
this transition so easily. The social costs of
declining water tables and increasing con-
tamination of ground water resources of the
Western United States must be addressed as
both an agricultural and a broader social and
public health problem. Until more under-
standing has been gained, the most appropri-
ate ground water technology may be prudent
and conservative management. It is probable
that, in the long term, ground water may
become much more valuable in some Western
areas than is indicated by its present value for
irrigated agriculture.

Selected Technologies Affecting
Land and Water Management

Much Western agricultural land suffers from
erosion, soil compaction, or other adverse
changes, and these lands require improved
management to restore their inherent produc-
tivity. In irrigated areas, improved water man-
agement may compensate for decreasing avail-
ability of affordable water.

Modern management technologies are devel-
oping rapidly and have potential for sustain-
ing agriculture in arid and semiarid lands.
They represent a wide combination of individ-
ual practices involving animals, plants, cultiva-
tion equipment, irrigation systems, and com-
puters. Few attributes are shared: some are
capital-intensive; others substitute labor for
capital. Some are highly specialized, while
others are diversified. At least two features are
common. The most promising technologies
are based on an understanding of the opera-
tion and limitations of the natural hydrologic
cycle, and they usually rely on significant
amounts of information about the natural
processes involved.
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WATER-MANAGEMENT TECHNOLOGIES

Water management includes flexible crop-
ping, irrigation scheduling, water reuse, con-
junctive use of surface and ground water, and
crop enclosures. Several of these rely on rela-
tively sophisticated methods of assessing soil
and plant water requirements, Additional re-
search is needed to validate the accuracy of
some techniques. More well-developed wa-
ter-management technologies may not be
available to managers because of high costs,
a lack of trained personnel or suitable pro-
grams to transfer information to the pro-
ducer, or the manager’s inability to imple-
ment recommendations. Federal policies may,
in some cases, impose an additional constraint
on technology adoption.

Reuse of municipal wastewater may repre-
sent a source of additional irrigation water and
a possible method to reduce water pollution.
Before this technology is implemented, how-
ever, questions must be resolved regarding its
long-term effects on renewable resources and
health. Legal, economic, and policy questions
about ownership of reused water, its market
value, and its allocation to uses besides agri-
culture must be answered.

Conjunctive use of surface and ground water
may be technically feasible, depending on local
geology and the extent to which ground water
is manageable over a wide range of depths. It
requires careful planning and the thorough un-
derstanding of local water resources.

Enclosures for plants and fish, especially
those using solar energy, have potential for
using unique Western resources, particularly
the high amount of incoming solar radiation
characteristic of the region. At present, they
are suitable only for high-value agricultural
products.

LAND-USE MANAGEMENT TECHNOLOGIES

With uncertain economic and resource con-
ditions, such as increasing energy costs and
unknown water availability, production spe-
cialization may involve increased risks. There-
fore, technologies that integrate different
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types of land use and different types of agri-
cultural and nonagricultural products are
especially promising for stabilizing economic
risk. Land-use management technologies are
diverse and reflect a range of agricultural
philosophies. They include alternative agricul-
ture, multiple land use on rangelands and farm-
lands, and animal mixtures on rangelands.

Alternative types of agriculture have large-
ly unexplored potentials in arid and semiarid
regions. These new systems may include com-
plex mixtures of crops in one field, perennial
grains or tree crops instead of annuals, or the
elimination of synthetic pesticides and fertil-
izers, Generally, they rely heavily on natural
biological processes.

Diversified farming and ranching have im-
portant benefits in areas where climate is un-
predictable or the economy is unstable. Most
types of land are amenable to some type of di-
versified enterprise; however, markets for
products, restrictions on the use of public land,
and specialization of agricultural production
hinder adoption of these management systems.
Increasingly, rangelands are used for multiple

purposes. Some of these uses are not compati-
ble with agriculture, and their effects on pro-
duction and natural resources need to be con-
sidered.

The more complex management methods
have received little research attention. These
methods have potential for improving use of
arid- and semiarid-land resources and for in-
creasing farm income. In the past, interested
private experimenters have often been isolated
from one another, and this has hindered wide
dissemination of knowledge about these prac-
tices.

COMPUTERS AND INFORMATION MANAGEMENT

Computers are having a major impact on
agricultural extension services and on in-
dividual farmers and ranchers. They assist in
recordkeeping and help prevent costly manage-
ment errors. Their role is likely to increase
in the future, but questions remain regarding
fair access to computerized information and
the reluctance of many Western farmers and
ranchers to adopt computer technology.

POLICY ISSUES AND OPTIONS FOR CONGRESS

Agriculture as it is known today in the
arid/semiarid United States is being increas-
ingly threatened by water-related problems.
Federal agricultural and water-related institu-
tions are poorly prepared for the long-term
needs brought about by these problems.
Change is inevitable and in some areas is like-
ly to be severe if current trends continue.
Whether change ultimately produces a sustain-
able Western agriculture that strengthens the
agricultural producer, the region, and the Na-
tion depends in part on the role Congress
chooses or declines to play in the coming few
years.

Theoretically, future congressional action
might range from delegating all control over
water resources to States and regions to pre-

empting State laws completely and nationaliz-
ing the water resource. Israel’s successful na-
tional water-management program is based on
this latter action, providing a national focus
and goal with respect to water. More likely, ap-
propriate actions for Congress lay between
these extremes. For example, this Nation has
neither a comprehensive national water (sur-
face and ground) policy nor a national agricul-
tural policy. As limits are reached and long-
term productivity is threatened in the West,
Congress may be asked to decide whether it
will, acting for the Nation, develop an effec-
tive national water policy or whether States
and regions will be left to fill the vacuum in
water-resources management and planning.
The actions chosen will depend on the level
of this Nation’s commitment to protecting the
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long-term productivity of its renewable re-
sources.

However, Congress alone cannot act effec-
tively in this complex and diffuse area. Federal,
State, and local governments are all involved
in the regulation of Western water, for agricul-
tural and other uses, and thus affect use and
development of water-related technologies for
arid/semiarid agriculture. The broad types of
Federal tools available to influence use and
development of these technologies involve in-
stitutional action to develop an improved state-
ment of goals and priorities for Western water
use and agriculture, provide incentives, penal-
ize abuses, promote improved management,
equitably resolve conflicting claims and de-
mands, and provide more and improved infor-
mation.

In recent years, awareness has increased that
most of the West’s water-resource problems
transcend State boundaries and are extreme-
ly difficult in nature, involving a complex web
of physical, chemical, biological, economic,
legal, and sociopolitical issues. Often, they go
well-beyond the ability of a single agency, State,
university, or group of organizations to address
effectively. Western States have begun to take
impressive steps to increase their role in re-
gional interaction and water-resources plan-
ning and management (see examples in app.
C). However, they cannot handle all the prob-
lems alone. The need for an active Federal
commitment to water-related matters of broad
public concern and wide geographical jurisdic-
tion has become increasingly evident for sus-
tainable Western agriculture.

The following policy issues and options have
been identified by OTA as those most critical
for congressional action over the next few
years. They are grouped in three major cate-
gories (treating renewable resources as Sys-
tems, sustaining long-term productivity, and in-
volving users in decisionmaking) to parallel the
three fundamental findings of this assessment.
They are not listed in any order of priority.

Treating Renewable
Resources as Systems

This major action area is divided into three
categories:

1. how Western scientists, water users, uni-
versities, and the public-at-large can play
an expanded role in decisionmaking about
water and Western agriculture;

2. how congressional decisionmaking can be
strengthened; and

3. how other Federal and State Government
agencies can improve specific programs.

Issue 1. The Need for an Interdisciplinary
Program of Basic and Applied
Research on Arid/Semiarid-Water
Resources

The Nation’s universities, water users, and
private sector have a variety of research pro-
grams on water resources and water-resource
management and could provide unique serv-
ices in arid/semiarid-water resources research
and decisionmaking. At present, however,
links are often not made to broader national
or regional problems and there is a lack of a
national coherence and synthesis of universi-
ty water-related research. Progress in Western
water-resources research, both basic and ap-
plied, could benefit substantially by the crea-
tion of a broad coordinating mechanism to fo-
cus and interrelate the multidisciplinary talents
of the academic community and water users
with the resources of the private sector. The
Nation’s universities are especially important
to tap at a time when Federal assistance to
coordinate water planning and research has ef-
fectively disappeared.

Option: Congress could establish a National
Center for Water Resources Research to pro-
vide a coherent and coordinated mechanism
for the Nation’s university research programs
in water resources and water-resource man-
agement for problem-solving and policy-
making.
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The mission of this center could include:

1. Undertaking an interdisciplinary program
of basic and applied research on water re-
sources and water-resource management,
including strong programs in the natural
sciences, engineering, and social sciences,
such as resource economics and law as
they pertain to water-resources programs.
The center could further assist in the con-
duct of site-specific research being carried
out under State auspices.

2. Developing and providing advanced and
sophisticated research facilities on a scale
required to cope with the broad nature of
water-resources problems, and often not
affordable by single universities, to be used
by resident staff, innovative producers,
and university scientists.

3. Undertaking a program to develop and test
conventional and emerging technologies
for application to water-resources prob-
lems in United States arid/semiarid lands,
including problems of agriculture and its
sustainability in arid/semiarid lands, and
coordinating such efforts with existing
government research by USDA and State
agricultural experiment stations.

4. Serving as an objective, nonpartisan, and
continuing national source of information
for Congress when formulating public pol-
icy dealing with water resources, and as
a link to public agencies, water users, and
the private sector for application of re-
search findings.

This center could serve as a base for marshal-
ing university and private industry talents and
for augmenting, but not in any sense compet-
ing with, university work already underway.
Using the successful experience of the National
Center for Atmospheric Research (NCAR), an
institution created some 20 years ago by an act
of Congress, the center could be managed and
operated by a consortium of universities with
doctoral-level programs in water resources. An
essential aspect for effective operation is that
prime responsibility for program initiatives
reside with this consortium. This requirement
is in sharp contrast with “Government owned-

contractor operated” laboratories where pro-
gram initiatives commonly reside in the spon-
soring, mission-oriented Federal agency. This
contrasting approach for the center is impor-
tant, since the university community is closest
to the research and its potentials. In light of
this knowledge, plans and priorities designed
by the consortium would take into account na-
tional, regional, and State needs.

Issue z: The Need for Congress to Have
Reliable Ongoing Information
About the State of the Nation’s
Renewable Natural Resources

The assessment finds that existing data avail-
able for congressional decisionmaking is scat-
tered throughout the Federal Government in
a variety of forms. These data were not col-
lected with the intention that each piece would
be part of an integrated and self-consistent base
for Congress to use in making decisions affect-
ing resource sustainability, Moreover, existing
data on components of the resource base on
which agriculture depends are seldom synthe-
sized because the data may be in noncompati-
ble forms and no single agency has had the on-
going responsibility to seek compatibility or
synthesis.

Congress needs improved information for
setting near- and long-term goals for sus-
tainable use of Western water and agricultural
lands. This information should focus on con-
gressional needs and emphasize systems anal-
ysis of the natural resources on which agricul-
ture depends. Ongoing analysis and synthesis
of existing data bases could provide improved
information on the dynamics of the resource
system and how interactions (natural and
manipulated) among resource components af-
fect the sustainability of Western agriculture,

Option 1. Congress could develop a bipar-
tisan unit within the legislative branch with
the principle purpose to provide Congress
with ongoing quantitative evaluations of the
state of the renewable natural resource sys-
tem as a consequence of near- and long-term
congressional policies. The unit’s program
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should be interdisciplinary and multidisci-
plinary, with access to state-of-the-art computer
facilities to conduct comprehensive data anal-
ysis and synthesis from existing data sources
on specific topics requested by Congress. Such
aunit could identify data gaps important to
U.S. decisionmaking that affects the sustain-
ability of the renewable resource base. It would
require independence and flexibility to obtain
and interpret data in anonbiased fashion for
the entire Congress. Specific organizational
structure and legislative authority would have
to be developed to meet the unit’s defined
purposes.

The first step in considering this option
might be a workshop of interested and involved
congressional, executive, State, and local par-
ticipants to examine existing problems, the his-
tory of similar attempts and experiments in
data synthesis, and possibilities for action. This
workshop might be combined with the forma-
tion of a joint committee of members from rel-
evant House and Senate committees to plan
subsequent steps.

This option will require ongoing communica-
tion among the many branches of Government
to achieve an acceptable arrangement for the
new unit. Some individuals within Congress
and the executive agencies may question the
value of such a unit for a number of reasons.
In recent years, public concern has increased
over the growing size and cost of congressional
staffs. Others may claim that existing agencies
are competent and qualified to provide Con-
gress with the resource systems analytical ca-

pacity.

Option 2: As an alternative to option 1, Con-
gress could develop an executive branch unit
to provide ongoing quantitative evaluations
for congressional decisionmaking affecting
resource sustainability. On congressional re-
quest, this unit could coordinate, integrate, and
interpret existing information similar to that
noted for the legislative unit proposed in op-
tion 1, and report directly to Congress. Tra-
ditionally, Congress has turned to the executive
branch for answers to fundamental questions
involved with its policymaking, Existing ex-
ecutive agencies have personnel, equipment,

and many separate data bases; some career
staff have experience in aspects of water- or
agricultural-data collection and analyses, par-
tial funding might be available for this option
through redirection of existing funds from
lower priority executive activities, as deter-
mined by Congress.

Possible disadvantages of this option relate
to the adequacy of existing agencies to incor-
porate this function and the nature of executive
branch programs in general. The capacity of
existing executive agencies for long-term and
multidisciplinary resource systems planning is
seriously lacking, The placement of this sys-
tems capacity in the executive branch poses
concerns about continuity. Programs and pri-
orities in the executive branch change with ad-
ministrations. A small new executive unit is
unlikely to be in a secure position to provide
objectivity, coherence, and continuity, essen-
tial requirements for effective long-term data
syntheses. In recent years Congress has found
it necessary to develop inhouse expertise to
supplement executive branch input in areas re-
quiring focused analysis, integration of issues
or activities, and verification or clarification
of executive branch reports.

Issue 3. The Need to Integrate Water-
Related Agricultural Activities in
Government Agencies

Increased demands are being placed on the
arid/semiarid-agricultural resource base as
pressures grow from new and expanding water
uses. The complexity of the natural processes
in arid/semiarid agriculture requires an inte-
grated approach to resource manipulation in
order to cope effectively with these increasing
demands and to ensure a sustainable agricul-
ture, No longer can Western water-related agri-
cultural problems be trusted to one-problem/
one-solution procedures that have been relied
on chiefly in the past by government institu-
tions.

Federal agencies charged with implementing
congressional policies and programs need a
perspective that interrelates technological im-
pacts as they affect various components and
ultimately the agricultural system and long-
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term productivity of the region. The following
options are specific areas conducive to imme-
diate congressional action, All four are com-
patible.

Option 1. Congress, through the hearing
process, could initiate discussions with
USDA for the purpose of designing and es-
tablishing a high-level office to integrate and
provide coherence to water-related and agri-
cultural activities within the Department.
This office of resource coordination should be
placed at an appropriately high level—e,g., in
the Office of the Secretary of Agriculture—to
minimize confusion in organizational respon-
sibilities and to ensure coordination and inte-
gration of activities among all specialized agen-
cies of the Department. This office could have
responsibilities for analyzing programs of the
specialized agencies, for helping formulate a
systems perspective that integrates the agen-
cies’ resource programs, for minimizing nar-
rowness of focus and potentially conflicting ac-
tivities, and for overseeing implementation of
integrated programs in research, technology
development, and production in long-range
sustainable arid/semiarid agriculture. An office
at the level of the Secretary could emphasize
the importance of agriculture’s natural re-
source base and make visible the role of the De-
partment in protecting it. It could encourage
the Department to take advantage of the most
modern systems-analysis technology, technol-
ogy that has not commonly been used in agri-
culture.

Option 2: Congress could instruct Federal
land-management agencies responsible for
Western areas to increase efforts in water
resources and water-resources management
pursuant to their existing multiple-use re-
sponsibilities for managing natural resources
on public lands. Existing multiple-use stat-
utory guidelines prohibit optimization of single
measurable uses (e.g., timber and cows) at the
expense of less quantifiable uses (e. g., water-
shed and recreation), and they forbid practices
that impair long-term land productivity, This
option will entail a reorganization of agency
priorities such that more emphasis is placed
on long-term benefits from water management

and less emphasis is placed on short-term rev-
enue-producing benefits from grazing and
timber production. This is an area of con-
siderable importance for long-term Western
water-resources management and arid/semi-
arid agriculture because most Western surface
water-producing areas are on public lands.

Option 3: Congress could assist States to de-
velop and integrate computerized data bases
for the wide range of hydrologic data now
scattered among State and local agencies and
private industry. Such information is not be-
ing entered into Federal data storage systems
but is increasingly needed for effective wa-
ter-resources planning and management at the
regional, State, and local levels, Data bases
could be designed to ensure integration of
water quality and quantity data for systems
planning. Federal funds to States for water-
resources planning and coordination could be
allocated for State participation in this data
system. The private sector could share data and
give advice on the best available technology for
data storage, retrieval, and processing.

Option 4: Congress could expand mandates
of Federal agencies responsible for water-
project development and maintenance to take
into account needs of instream flow, a sub-
ject that has had inadequate and, in recent
years, reduced attention at the Federal level.
Some minimum instream flow requirements
are essential for rivers for dilution, hydroelec-
tric generation, and fish and wildlife habitat
protection. In many river systems of the West,
however, virtually the entire flow of the river
is committed already to various offstream uses.
In view of the geographic nature of river sys-
tems, an increased Federal role is needed to
help define and monitor instream flow require-
ments of Western rivers. The maintenance of
instream flows may make it possible to main-
tain acceptable water-quality levels in some
Western rivers without the need for greatly in-
creased water-treatment facilities. An im-
proved understanding of instream needs for
the multiple purposes of Western river systems
will also improve management information for
planning long-term requirements of the various
water users.



This option may raise additional burdens as
well. Traditionally, the Federal Government
has deferred to the States on matters involv-
ing local water rights. Virtually the entire flow
of many Western river systems is committed
already to various local offstream uses. If in-
stream flow requirements are to be met on
these rivers, some existing off stream uses
might have to be curtailed or discontinued.
Federal involvement will raise all the dif-
ficulties inherent in trying to coordinate and
respect these two governmental systems, the
longstanding States’ interests in local water
rights and the broader geographic and national
interests of the Federal Government.

Sustaining Long-Term Productivity

Issue 1. The Need for a Strong Federal
Role in Water Quality for
Sustainable Western Agriculture

Congressional action to maintain strong wa-
ter-quality standards, support pollution con-
trols, and strengthen water-quality research is
essential for protecting agriculture, the envi-
ronment, and the public health of the arid/semi-
arid West. Because of the West’s low or spo-
radic water-volume flows, the region cannot
absorb the levels of industrial, municipal, and
agricultural pollution possible for more water-
abundant regions. Without the maintenance of
a strong and committed Federal role, it is con-
ceivable that agriculture in some areas may go
out of production because of water-quality deg-
radation rather than loss of supplies.

Three options are particularly important, and
all are compatible for immediate congressional
action.

Option 1: Congress could maintain a firm
commitment under the Clean Water Act to
strong water-quality standards that are appli-
cable across the Nation in order to ensure that
economic burdens and benefits are evenly
shared among States and to avoid industrial
“shopping” for areas where water-quality
standards might be low. National water-
guality standards must be stringent in order to
protect the range of present and future interests
in water, some of which require the highest
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standards (e. g., for drinking-water purposes).
Existing requirements could be retained, and
any new or revised water-quality standards
could be made to enhance the quality rather
than allow degradation.

Option 2: Congress could refine national
nonpoint source policy under the Clean Wa-
ter Act and particularly under section 208 of
that act, and accelerate implementation of
controls on water pollution from nonpoint
agricultural sources. Knowledge exists to
reduce water pollution from agricultural non-
point (diffused) sources through the adoption
of improved management practices. Some of
these practices may involve costs that are dif-
ficult for economically disadvantaged farmers
and ranchers to absorb over the near term.
However, such costs may be far outweighed
by long-term benefits in reduced water-treat-
ment costs and public health problems and
thus justify Government assistance with imple-
mentation. As part of this action, Congress
could strengthen Federal support to State and
local efforts to achieve nonpoint source pollu-
tion reduction. Because the water-short West-
ern States face more concentrated contamina-
tion possibilities with any pollutant, progress
toward implementing control programs is es-
sential, Increased Federal support could come
in a number of forms, including providing in-
centives, assisting economically depressed
farmers to adopt better practices, and offering
technical and financial assistance for training
farmers and ranchers to implement control
measures.

Option 3: Congress could increase research
and monitoring of short- and long-term agri-
cultural and public health effects of Western
surface and ground water-quality deteriora-
tion. Little water-quality research has been
undertaken on a comprehensive areawide basis
or on related health and environmental impacts
of water-quality degradation, Existing stand-
ards may not adequately protect the public in
some areas, while others may be too stringent.
In view of the West’s low or sporadic water-vol-
ume flows, the prudent approach is to main-
tain high or more stringent standards for both
surface and ground waters and to support high
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levels of water-quality research to ensure long-
term protection of the public health and of the
environment on which agriculture depends.
Particular focus could be given to synthesis of
existing information, most of which is scat-
tered and contaminant-specific, and to re-
search on likely agricultural contaminants that
are detrimental to other uses and on contami-
nants from other uses that are detrimental to
agriculture. Such activities could provide val-
uable information for national and local pol-
icymaking to protect ground waters and sur-
face waters from contamination.

Issue 2: Protecting and Maintaining the
Long-Term Productivity of
Rain-Fed Agricultural Resources

Protecting the renewable resource base for
productive rain-fed agriculture in the arid/
semiarid West is a growing national concern,
especially since irrigated production in some
areas is likely to decrease because of water
problems. Two areas, in particular, have re-
ceived inadequate Federal attention in the past.
First, the problem of cultivating marginal or
unsuited lands (“plow-out”) has become par-
ticularly critical in the semiarid lands of the
Great Plains and in other States in the West
where the land is especially vulnerable to ero-
sion. Some Federal agricultural programs en-
courage cultivation of fragile lands and thus
contribute to resource degradation. Second,
dryland and rangeland research and technol-
ogy development have received scant Federal
support. This area is particularly important for
expanding the range and mix of opportunities
for productive Western agriculture on rain-fed
agricultural lands over the long term. The
following two options are important and com-
patible.

Option 1: Congress could withdraw those
Federal programs that induce conversion of
rangeland to uses not suited to that land and
thus cause resource degradation that ulti-
mately limits long-term productivity. One
method of achieving this could be to require
that applicants for Federal agricultural assist-
ance certify that their land is not new cropland
or, if so, to demonstrate that a conservation sys-

tem approved by the local conservation district
is, or will be, in place for the land to be put
into production. The land-capability classes
could be used as a guide for determining what
lands are unsuited for cultivation and thus in-
eligible for Federal assistance, except with an
approved conservation plan.

Option 2: Congress could direct that USDA
increase its R&D focus on rain-fed agricul-
tural systems—Dboth dryland and rangeland.
Significant opportunities exist to develop and
expand dryland and rangeland research into
broader areas of focus than now exist. In-
creased support is needed if this Nation is to
have the range of alternatives necessary to en-
sure flexibility in meeting anticipated and un-
anticipated future needs for agricultural pro-
duction in the West. As one means of imple-
menting this option, Congress could hold hear-
ings with USDA to examine that Department’s
existing field research stations. The purpose
would be to identify and convert appropriate
stations to facilities for testing and developing
technologies, based on an integrated resource
approach, to sustain or improve rain-fed agri-
cultural productivity of these arid/semiarid
lands over the long term. The work could be
made readily available to producers through
special pilot projects and field-days and
through the conventional extension programs,

Involving Users in Decisionmaking

Issue 1: Achieving Equity in Western
Water Availability and
Distribution

Lasting settlement of conflicts over Western
water use must involve principles of equity and
fairness for current users, for those whose
rights have yet to be developed, for those whose
communities and lifestyles might be affected
by major water shifts, and for new users with
economic power who seek to buy water sup-
plies, Already, perceptions are growing among
poorer farmers and American Indians that ex-
isting Western institutions responsible for
water distribution and development have not
treated them fairly. Without committed con-
gressional action, conflict, distrust, and litiga-



tion will probably increase and will severely
hinder effective water-resources planning and
management for sustainable Western agricul-
ture. Two kinds of congressional actions are
important and compatible here.

Option 1: Congress, in its leadership role
with reserved water rights, could increase its
efforts to address the complex long-term task
of resolving issues surrounding Indian re-
served water rights under the Federal re-
served rights doctrine by taking two initial
actions: 1) increase opportunity for ongoing
representation of Indian interests in both
Houses of Congress, and 2) provide a mech-
anism through legislation to protect reserved
rights and equity interests where the rights
are already fully appropriated; that is, by
compensating the reserved rightholder and by
eventually reallocating the water to that right-
holder. Because Congress has consistently left
these issues unresolved, piecemeal court deci-
sions have increased uncertainty for all parties,
and important Federal interests and economic
investments have been threatened. Resolving
reserved water-rights issues is an essential step
in the effective long-term planning and devel-
opment of sustainable Western agriculture.
Congress might consider a variety of ap-
proaches to increase its activity in negotiation
and representation of Indian water interests in-
cluding the appointment of a joint House and
Senate committee, a special committee or task
force to define more clearly appropriate future
action, or creation of an ongoing subcommit-
tee on Indian affairs,

Option 2: Congress could help to ensure that
equity and fairness are elements of any water-
resources distribution and reallocation deci-
sion for disadvantaged people, especially
poorer farmers, by establishing a Select Com-
mittee on Disadvantaged People and Renew-
able Resources to investigate and recommend
legislation to protect these interests. Among
he topics the committee could address are
nechanisms for: 1) educating Weslern dis-
idvantaged people about their stake in water
nanagement. and 2) bargaining collectively for
Nestern waler rights that mav be bought or
sold ina market framework. Such mechanisms
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could be important in helping disadvantaged
people increase participation in water-use and
reallocation decisions in the arid/semiarid re-
gion. They could thus have a more effective
voice in Western decisions involving major wa-
ter-use shifts that are likely to have significant
impacts on local lifestyles, economies, and
community patterns.

Issue 2. Understanding the Impacts of
Water Prices on Adoption of
Technology

Federal reform of water-project repaviment
plans and policies is underway. Reduced Fed-
eral subsidies will make Western water more
expensive for all users. Impacts on agriculture,
a major water user. could be significant. Some
agricultural users may become more efficient
in water use by adopting water-""saving™ tech-
nologies, while others may decide they cannot
operate profitably and will attempt to transfor
(sell or rent) their water rights. The outcome
for agriculture is not well understood or stud-
ied. To help ensure that reforms produce de-
sirable results, a careful study and documen-
tation of existing markets and anticipated agri-
cultural consequences is needed.

Option: Congress could seek the assistance
of the Congressional Budget Office (CBO) to
study the short- and long-term economic con-
sequences of reduced Federal water subsidies
and increased water-market activity on agri-
cultural users and others affected by agricul-
ture. A CBO analysis could help Congress:
1) understand the possible near- and long-term
ecconomic consequences of reforming water-
project repayment plans and programs for
Western agriculture and nonfarm economies:
and 2) provide guidance, monitoring, and as-
sistance with the transition 1o greater use of
water markets to the extent that is likely to re-
sult from reduced development subsidies.
While scattered studies are beginning to appear
on the economics of water in the West, CBO
could provide an objective, comprehensive syn-
thesis of available socioeconomic information
and a focused analysis of the Federal connec-
tion with the economics of Western water and
agricultural practices,
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Issue 3. Improving the Effectiveness of
Water-Related Technologies for
Sustainable Agriculture

Development and successful application of
water-related technologies depend, in part, on
the ability of the researcher and user to adapt
them to local conditions. This is a result of the
complexity and spatial and temporal variability
of the natural resource system on which agri-
culture depends. In addition, the researcher’s
perspective about effectiveness may vary from
that of the user. The former r-nay be concerned
with technical efficiency, while the latter is in-
terested in economic efficiency for farm or
ranch use. A gap appears to be growing be-
tween the researcher and user of water-related
technologies in Western agriculture in some
areas. Research for both onsite and offsite tech-
nologies commonly suffers from questions of
relevance and practicality for a particular agri-
cultural site and user.

Option: Congress could direct the establish-
ment of two user oversight groups specifically
focused on Western water and agriculture.
One user group could address onsite water-
conserving technology potentials and needs
and provide advice principally to USDA. The
other user group could focus on offsite water
augmentation technologies for downstream
agriculture. This second group could advise
Federal agencies responsible for those water-
related technologies (e. g., weather modifica-
tion, watershed management, snowmelt fore-
casting) applied upstream or in highland areas
offsite from arid/semiarid agriculture but hav-
ing potential water-related impacts for down-
stream or low-land agriculture. Each user
group could advise appropriate congressional
committees as well.

By making use of innovative producers and
by bringing the research to the farm or ranch,

this option could improve research/user inter-
action, an essential aspect of effective technol-
ogy development and adoption now serious-
ly lacking in many areas. User groups could
assist Congress to determine whether existing
programs are doing the job needed for sus-
tainable agriculture from the Western users’
perspective.

Concerns about this option relate to the pos-
sible effectiveness of the user groups. At pres-
ent, a National Agricultural Research and Ex-
tension Users Advisory Board (UAB) exists
pursuant to legislation in the Food and Agri-
culture Act of 1977, A recent OTA report* on
the food and agricultural research system
found this board’s effect on USDA research pri-
orities to be unclear. Other concerns are that
researchers who interact with user groups
would be taking time that might be spent other-
wise with laboratory or field work. Moreover,
the focus of particular users might be on short-
term economic solutions rather than long-
range issues involved with the development of
technologies for sustainable agriculture.

Precautions in establishing these groups will
be required to ensure that they effectively
represent the range of users’ views, include
long-range interests, and have the capacity to
evaluate and scrutinize Federal agency re-
search work. Congress could require that users
be nominated by representative agricultural or-
ganizations and have access, when necessary,
to scientific expertise independent of the
Federal agencies. Membership rotation could
ensure a flow of new ideas to minimize loss
of research time on new potentials.

*An Assessment of the United States Food and  Agricultural
Research System, OTA-F-1 55, December 1981.
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Chapter 1

Agricultural Production in the
western United States

Throughout the history of the United States,
agriculture has helped shape the Nation’s peo-
ple, prosperity, and outlook. Self-sufficiency in
agriculture served to transform a rural, agrar-
ian society into a largely urban, industrial one.
Internationally, American agriculture played
a vital part in supplying food to those in need
during periods of crises such as war, crop fail-
ure, and famine.

Today, agriculture continues to supply an
abundance of relatively low-cost food and fiber
to domestic consumers. Agricultural exports,
in recent years, have been especially valuable
to the domestic economy by creating a trade
surplus to offset, in part, the deficit in some
nonagricultural trade accounts. Agriculture
also provides a livelihood to workers directly
involved in agricultural production and in
related industries such as food processing,
farm equipment manufacture, and transporta-
tion of agricultural goods.

Arid and semiarid lands comprise about one-
third of the contiguous United States and are
an integral part of the Nation’s productive
capacity. Particular qualities of the area make
it especially suited to certain types of agricul-
ture. The climate, characterized by low humidi-
ty and many cloud-free days, is ideal for some
irrigated and nonirrigated crops such as wheat,
sorghum, cotton, potatoes, barley, and special-
ty crops such as fruits, nuts, grapes, and table
vegetables. In some areas where the growing
season is long, farmers can produce crops
throughout the year. Seed and nursery stock
production are also well-suited to the arid and
semiarid region because the area’s dry climate
discourages growth of plant pathogens.

The arid and semiarid region is well adapted
to animal production as well. Large acreages
of land not suitable for intensive cultivation
provide low-cost forage for animals that are
used for meat, hides, or wool.

In addition, Western agriculture extends the
diversity of agricultural production in the Na-
tion and further ensures that domestic consum-
ers have a reliable and varied food supply.
Moreover, it is an important component of
many local economies and contributes to the
perception of a Western lifestyle. Many pro-
duction technologies originated in U.S. arid
and semiarid regions and were then transfer-
red to more humid areas or to other countries.
Finally, in an age of increasing urbanization,
the wide expanse of open land, characteristic
of the region, offers visual amenities and num-
erous recreational opportunities and supports
a diverse and unique population of native
plants and animals.

Many forces threaten continued success of
this country’s agriculture, but one factor that
particularly threatens Western agriculture is
limited water. Water is essential for food and
fiber production, yet in much of this region,
low precipitation limits both plant survival and
growth. On land where precipitation is supple-
mented by water application, increasing com-
petition from municipal and industrial users,
diminishing ground water supplies, higher
pumping costs, and declining water quality
cloud the future of agriculture.

This chapter describes the character of
Western agriculture and discusses its present
features and future outlook. Other chapters ad-
dress the water issue explicitly as it relates to
agriculture.

29
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CHARACTERISTICS OF ARID/SEMIARID LANDS

No universal definition of arid and semiarid
lands exists for agricultural purposes. Defini-
tions based solely on total annual precipitation
fail to provide adequate information on its dis-
tribution throughout the year and on other cli-
matic elements—e. g., temperature, humidity,
wind, and intensity and duration of sunlight—
that characterize the arid and semiarid en-
vironment. Definitions based on vegetation
types, soils, animal distribution, or land use are
similarly limited in application. Arid and semi-
arid lands, as used in this assessment, are those
lands where crop-water requirements exceed
the plant-available water (growing season pre-
cipitation plus soil water stored in the root
zone) by a significant amount,

Arid and semiarid lands characteristically
have predominantly clear skies, high average
wind speed, and low relative humidity. The
average annual precipitation is generally 20
inches or less. In the continental United States,
the arid and semiarid area includes parts of the

Figure 4. —Arid and Semiarid Regions of
the United States
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D.C.: American Association for the Advancement
of Science, publication No. 74, 1963).

17 Western States that lie between the 100th
meridian and the Sierra Nevada and Cascade
Mountain ranges (fig. 4). Offshore are scattered
arid and semiarid areas on the Hawaiian Is-
lands, the Virgin Islands, and Puerto Rico. In
this assessment, the arid/semiarid lands of prin-
cipal focus will be those located in the 17
Western States. *

Table 2 presents the land area by State for
the 17 Western States. Because information on
agricultural production is tabulated and clas-
sified by State boundaries, production figures
for some areas (particularly in the Pacific and
Great Plains regions) include crops and live-
stock produced under humid and subhumid
conditions.

*Although some resource management and technology aspects
of this assessment apply generally to any arid or semiarid situa
tion, islands have unique natural resource characteristics and
agricultural capacity that vary by location and geology, A sepa-
rate study of arid and semiarid islands is suggested.

Table 2.—Agricultural Land in the Western States,
by State, 1978

Total land area

(rounded to Agricultural land

State million acres) (percent of total)
Great Plains:
Nebraska............ 49 93
North Dakota . . . ... .. 44 91
South Dakota . .. ... .. 49 89
Kansas.............. 52 89
Texas . .......ooovo... 168 80
Oklahoma . .......... 44 74
Mountain region:
Wyoming . ........... 62 78
Montana . ........... 93 70
New Mexico . ........ 78 69
Nevada.............. 70 67
Colorado . ........... 66 60
Arizona............. 73 59
Idaho ..., ........... 53 52
Utah................ 53 49
Pacific region:
Oregon. ............. 2 46
California. . .......... 100 35
Washington. . . ... .... 43 35
17 Western States . . . . 1,158 67
31 Eastern States . . . . 739 38
Total .............. 1,897 56

Note: Agricultural land includes cropland, grassland, pasture, and range.

SOURCE: H Thomas Frey, Major Uses of Land in fhe United States 1978, U.S.
Department of Agriculture, Economic Research Service, Agricultural
Economic Report No 487, 1982, appendix table 1
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FEATURES OF WESTERN AGRICULTURE

Natural features, including climate and
weather patterns, soils, topography, and vege-
tation, differ markedly across the West. These
natural features, in turn, influence the types
of agriculture that are practiced and the crops
that are grown. *

Western Agriculture
in the National Context

Agriculture (farming and ranching) is the
dominant land use in the Western United
States. On average, the 17 Western States use
about 67 percent of the land for agriculture
compared with 38 percent in the East, This per-
centage changes across the region and ranges
from about 90 percent of the land area in some
States of the Great Plains to less than 40 per-
cent in California and Washington (see table 2),

Unlike the Eastern States, a substantial
amount of land in the West is federally owned
(table 3), This percentage varies widely. In

« Appendix A presents more in formationon natural features,
andagricultural production i n the arid and sem ia rid region.

Nevada, for example, over 85 percent of the
land is federally owned. In contrast, approxi-
mately 1 percent of the land in Kansas and
Nebraska is federally owned. Much of the pub-
lic land is used primarily for livestock grazing;
a smaller portion is used primarily for timber
production, recreation, mining, or national se-
curity installations.

Products of Western agriculture constitute
a large share of the total income derived from
farming in the United States, In 1980, cash
receipts from marketing livestock and their
products and crops in the 17 Western States
accounted for approximately $59.3 billion, or
about 43 percent of the income derived from
farming in the United States (table 4).

The types of agricultural goods that produce
this income vary across the region and include
livestock products (e.g., meat, wool, hides,
milk, eggs, genetic material) and crops such as
wheat, barley, sorghum, cotton, hay, vegeta-
bles, field seed crops, fruits, and nuts. Within
the arid and semiarid area, there are regions
of crop specialization. In eastern Washington

Table 3.—Ownership of Land in the 17 Western States

Ownership
Federal Non-Federal
(000 acres) (000 acres) Percent Federal
17 Western” States . . . . . .. ... ... 368,108 - 789,503 32
3lEasternStates . . ................ 33,759 704,693 5

SOURCE U S Department o; Agriculture, Soil Conservation Service, 1977 National Resources Inventory, Basin Statistics, revised

February 1980, table 1

Table 4.—cash Receipts From Farm Marketing, 17 Western States, 1980°
(million dollars)

Agricultural product

State Livestock and products Crops Total

Total, 17 Western States . . . . ......... - $30,281 $29,0 $ 59,3
58 39

Total, United States . . .. .............. $69,209 $68,8 $138,0
06 15

aOther income derived from farming (e g Government payments and nonmoney Income) are not included in totals
SOURCE U S Department of Agriculture Economics and Statistics Service Agricultural Outlook, March 1981 AO-63 p 25
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Photo credit: USDA-Soil Conservation Service

Western agriculture
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Box B.—Numbers, Numbers, Numbers

Congress, executive agencies, States, farm organizations, and the public rely on agricultural
statistics compiled by numerous Federal agencies. One of the most well-known and widely used
sources of a variety of agricultural data is the Census of Agriculture, conducted every 5 years by
the U.S. Department of Commerce, Bureau of the Census. Among the statistics that the census
collects are: land use, number of farms, crops harvested, average size of farms, characteristics of
farmers, and farm production expenses.

The U.S. Department of Agriculture (USDA) also has a major responsibility for collecting and
tabulating information on soil and water resources, land use, world agricultural production and
trade, farm income and expenses, crop supplies, market prices, and crop use. Much of this infor-
mation is gathered independently by various agencies within the Department, but some data are
supplemented and coordinated with the Census of Agriculture and statistics from other executive
departments.

The large amount of agricultural data and the number of organizations that collect informa-
tion have led to some problems for data users. First, coordination of data between organizations
that collect similar information is sometimes difficult. Second, there is often a delay between the
time the survey is taken and when it is compiled, summarized, and published. Another problem
is the accessibility of information. Agricultural data are dispersed throughout various USDA agen-
cies and other departments. USDA makes an effort to compile these statistics, and each year the
Department publishes Agricultural Statistics. Information, however, focuses on agricultural com-
modities. Data on cropland and rangeland use, conditions of soil and water resources, and other
natural resources must be obtained from other sources, both within USDA and outside the
Department.

Finally, there are problems related to the nature of agricultural surveys. Data are collected and
tabulated along political boundaries, and it is very difficult to evaluate agricultural production under
arid/semiarid conditions v. humid/subhumid conditions in States where both climatic types exist.
Both the census and USDA have been criticized also because of the scope of their surveys. For
example, neither collects information on the extent of some agricultural practices such as organic
farming, “new crops, ” and livestock operations on public lands.

and Oregon, Idaho, and the Great Plains, for Table 5.—Selected Major Crops Harvested in the
example, large acreages of wheat, sorghum, 17 Western States, by Acreage, 1978
and barley exist. In California and other ir- Acreage  Percent of
rigated areas, farmers grow a wider mix of (000 national
products, including specialty crops such as Crop _ acres)  production
table vegetables, citrus fruits, wine grapes, and w:;airoz’g grain .., . ..o 46811 86
melons, and row crops such as corn and cot- Corn for grain or seed . . . . ... ...13870 ‘2‘3
ton. Wyoming, Colorado, Nevada, and Utah Sorghum  for grain or seed 11,620 %
derive a major portion of their agricultural in- COtON .+ vt 9,260 73
come from cattle and other livestock and their Barley for grain ., . . . . ..... 7512 84
. Oatsforgrain . ............... 4,487 44
associated products. Land in orchards . . . . 2635 o
. . . All vegetables harvested for sale ., 1,647

C_erta_u_n crops grown in the West constitute Field gseed crops . . . . . . . . 905 gg
a significant share of the total acreage and Irish potatoes ..., . . .. ...... 867 62
value of that crop for the entire Nation (tables Strawberries . . . . . .. ... . 21 46

SOURCE U S Department of Commerce Bureau of the Census, 1978 Census

5 and 6) For example, nearly 85 percent Of a” of Agriculture vol 1, ¢ h 2, tables 29-34, 1981
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Table 6.—Market Value of Major Agricultural Products
Sold, 17 Western States, 1978

Value Percent of national

Crop (million $) market
Livestock, poultry, and

other animal products .. .$27,461 46
Wheat forgrain . . . ......... 3,947 83
Haycrops................. 2,981 46
Fruits, nuts, and berries . . . . 2,834 61
Corn for grain or seed . . . . .. 2,689 19
Cotton.................... 2,657 78
Vegetables, sweet corn,

and melons . . .......... 1,973 60
Field seeds, hay, forage,

andsilage. .. ............ 1,343 58
Sorghums for grain or seed . 1,123 87
Irish potatoes ..., .. ....... 840 68

SOURCE U.S Department of Commerce, ‘Bureau of the Census, 1978 Census
of Agriculture, vol 1, ch 3, compiled from individual State tables, 1981

land used for wheat, barley, and sorghum pro-
duction in the United States is located in the
17 Western States. Most of the agricultural land
used for the production of cotton, orchard
crops, and field seed crops is also located in
the region,

Export markets, particularly those in Japan
and other countries in the Far East, provide a
significant source of income for Western pro-
ducers and represented about 30 percent of
cash receipts from farm marketing and about
40 percent of the total U.S. agricultural exports
in 1980 (table 7). The leading Western States
in terms of income derived from agricultural
exports are: California, Texas, Kansas, Nebras-
ka, and North Dakota. California, Texas, Kan-
sas, and Nebraska are also among the top 10
exporting States, by value, in the Nation. Texas,
for example, ranked first by value in exports
of cotton, grains, tallow, cattle hides, beef, and
live animals in 1980,

Western agriculture also generates employ-
ment in processing operations such as canning,
packing, and ginning, and in support services
such as equipment sales, transportation, and
farm and ranch supply businesses (table 8).
Many of these enterprises are rural-based and
are an important element of rural life (see
discussion of rural economies and agriculture

in ch. V].

Table 7.—Agricultural Exports in the 17 Western
States, by Value, October-September, 1979-80
and 1980-81 (million dollars)

Region 1980 1981
17 Western States . . . ... ... .. S $16,662 $17,656
Total United States . . . . .......... $40,481 $43,789
17 Western States,
percent of United States. . . ....... 4100 40%

SOURCE U S Department of Agriculture, Economic Research Service, Foreign
Agricultural Trade of the United States, March/April 1982, table 17.

Types of Agriculture in the
Arid and Semiarid Region

Agriculture is shaped by the natural environ-
ment—Ilandscape, climate, and soils. Produc-
tion technologies, landownership patterns,
distance to livestock and crop markets, eco-
nomic conditions, individual choice, and social
custom also influence agricultural production.

Agricultural production in the arid and semi-
arid region includes three broad types of agri-
cultural practices: rangeland agriculture,
dryland farming, and irrigation agriculture.
Each has a different level of resource use and
output (fig. 5). Rangeland agriculture occurs in
areas where the native vegetation—predomi-
nantly grasses, grasslike plants, forbs, * and
shrubs—are used commonly for grazing do-
mestic livestock. Such areas are generally un-
suitable for cultivation because they are too
cool, too hot, too arid, or have soils too shallow
or infertile to raise crops. Dryland farming is
crop production through cultivation of the
land. It relies on precipitation to supply plant-
water needs. Irrigation agriculture supple-
ments precipitation with additional water, pri-
marily providing water for plant growth that
is not normally supplied during the growing
season,

The proportion of land used for each prac-
tice varies greatly across the Western States.
Rangeland agriculture is the most land-exten-
sive practice, followed by dryland farming and
irrigation agriculture.

* Herbaceous plants other than grasses.
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Table 8.—Agricultural Services:*Number of Establishments,’
Gross Receipts and Payroll, by State, 1978

Number of Gross receipts Annual payroll

State establishments (in $000) (in $000)
Great Plains:

Texas ... . . . . o .. 2,436 $ 281,493 $ 96,476
Nebraska . . . . . . ... .. .. 554 48,494 14,385
Oklahoma . . . ............. 562 36,447 8,821
Kansas . .. ........... ... 754 41,937 8,599
SouthDakota . ............... 313 16,516 3,921
North Dakota . . . ............. 243 15,571 3,213
Mountain region:

Arizona . .................. 441 104,250 41,705
Idaho . . . . . . .. ... 352 45,853 10,503
Colorado . .. .............. 355 31,981 8,477
Montana . . .. ............ 238 13,528 2,971
New Mexico . . . . . 118 8,741 2,686
Wyoming .. ........ ..., 79 4,197 1,394
Utah . .................. , 98 5,905 1,120
Nevada, . ............ e 40 2,544 490
Pacific region:

California. . . ................. 3,043 1,034,223 452,186
Washington, . . . . .. ..., .. .. 387 78,732 24,904
Oregon. . ... ............. 331 31,197 8,943
17 Western States ., . ... ...... 10,344 1,801,609 690,794
United States . . . ............ 20,595 2,936,208 2,134,248

aAgricultural  Services CONSISt,of SOil preparation SErviCES, Crop SEIviCes, Velerinary Services for cattle, hogs sheep, goats,

and poultry, animal services (except veterinary) for cattle, hogs, sheep, goats, and poultry; farm labor; and management services
"Establishments having a dollar volume of business less than $2,500 are omitted.

SOURCE U S Department of Commerce, Bureau of the Census, 1978 Census of Agriculture, vol 3, table 23, 1981

Agricultural practices are dynamic. For ex-
ample, an area can shift over a period of years
from rangeland to dryland farming to irriga-
tion. If irrigation water becomes limited and
dryland agriculture is possible, a producer may
choose to switch to crops that require less ir-
rigation water, supply less than full water re-
guirements to a crop, revert to dryland farm-
ing, or reseed an area and use it for grazing
purposes. At the same time, a single farm or
ranch can combine different types of agricul-
tural practices. An individual can graze live-
stock on land not suited for cultivation but farm
other areas where the soils are more fertile and
where precipitation or irrigation water is suf-
ficient for crop production.

The way agricultural practices change over
time is evident in some of the Great Plains
States. In 1944, about 2 million acres of land
in Kansas, Oklahoma, Nebraska, and Texas
were irrigated; by 1974 this total had grown to
about 13 million acres (fig. 6), The shifts among

agricultural practices continue. Irrigated acre-
age in the southern Great Plains (primarily
Texas) decreased by over a half-million acres
between 1974 and 1979 because of depletion
of the Ogalalla aquifer and because of high-
energy costs (11). As a second example, in the
past 3 years, nearly 450,000 acres of grasslands
in Colorado (approximately 700 square miles)
that were previously used as range have been
plowed in preparation for dryland farming (I).
Another 700,000 acres of grasslands in South
Dakota (approximately 100 square miles) have
been plowed in the last 9 years (9). This trend
has alarmed Federal and State officials who
fear that this land is too fragile for intensive
cultivation* and that the “Dust Bow!” days of
the 1930’s will return if irrigation water is in
short supply or if a lengthy period of dry weath-
er occurs.

“Legislation has been introduced in Congress and in some

States with the intent of curbing this practice. See aso ch. XIlI.
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Figure 5.—Schematic of Western Agriculture

—

Mou
W ; /?.}\

gin Mea
g, Rangeland
Dryland Dryland\

Irrigation lrrigation

Intermediate
Valley

SOURCE U S Departments of the Intenior and Agrizulture. Environmental Protection Agency. frmgation Water Use and Management. Interagency Task Fon

(Washington DC - US Government Ponting Offiee 19790 po 34

Rangeland Agriculture

After the Western territories were acquired
by the Federal Government in the 1800’s, much
of the land was in the public domain. One value
that became apparent to early inhabitants was
its use for breeding and feeding domestic live-
stock, mainly sheep and cattle. Gradually, the
livestock industry advanced throughout the
Western region to supply settlers’ needs and
to fulfill the demand from Eastern States.

Rangeland is often classified by vegetation
type: grassland or prairie types, desert shrub,
chaparral, and understory herbage in both co-

Rangeiand

o Report

niferous and hardwood forests (fig. 7). The na-
tural productivity of a particular site varies
greatly throughout the region and depends on
precipitation, soils, and management.

In general, rangeland agricultural areas pro-
duce forage for livestock. In addition, many of
these areas are located in mountainous regions
where surface runoff provides water to streams
and rivers. Rangelands serve, too, along with
forests, as the most productive and largest hab-
itat for wildlife in the United States because
they are managed less intensively than are
other types of ecosystems. Federally owned
rangelands are mandated to be managed for
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Figure 6.—Irrigation Development in the Central and
Southern Great Plains, 1944-74
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multiple products—grazing, timber, mining,
water, and recreation.

Dryland Farming

The United States contains an estimated 350
million acres (546,000 square miles) of semiarid
land (2]. This area encompasses the Great
plains, eastern Oregon, eastern Washington,
northern and southern Idaho, parts of western
Colorado, Utah, and parts of the California
Valley. Some of this land is suitable for crop
production, especially using dryland methods.

In dryland farming, crops must be able to
grow and produce under conditions of low
precipitation. The number of crops currently
adapted is limited. Wheat and barley, sorghum,
millets, seed legumes (e. g., dry beans, dry peas,
and lentils), safflowers, and sunflowers are pro-
duced commonly. The choice of a crop is fur-
ther limited because some crops are adapted
narrowly to certain climatic conditions (e. g.,
seasonal distribution of precipitation, winter
and summer temperatures, and length of grow-
ing season).

The most extensive dryland crop area in the
semiarid region of the United States is planted
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Figure 7.— Vegetation Types in the Arid and Semiarid
Regions of the United States

E Prairie—Tall grass, parklands
D Steppe—Short grass. shrubs
E: Desert—Shrubs or sparse grasses b W)

- Warm continental—Seasonal forests, mixed
deciduous-coniferous forests

A R |
I ' arine—Coniferous forests

- Mediterranean—Annual grasses

SOURCE R. G. Bailey. Description of the Ecoregions of the United States
USDA. miscellaneous publication no. 1391, 1980

in wheat, which provides the highest cash in-
come of all dryland crops. The major produc-
ing areas include the Great Plains, eastern
Oregon, eastern Washington, and Idaho. De-
pending on climatic characteristics, different
classes of wheat (i.e., hard red winter, hard red
spring, durum, or soft white wheat) are grown
in certain areas.

Barley can be grown in many areas where
wheat is produced but tends to be less tolerant
of cold weather. Much of the dryland region
in California produces barley, and the crop is
used for animal feed or malt.
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Where wheat and barley production is lim-
ited by low precipitation or hot temperatures,
farmers can grow sorghum, millets, and seed
legumes. Grain sorghum is especially suited to
parts of the southern and central Great Plains,
where growing seasons are long. It can be used
for animal feed or grazed by livestock. Other
crops such as pinto beans, dry peas, lentils, saf-
flowers, and sunflowers are locally important.
For example, dry peas are grown in the Pacific
Northwest and sunflowers are produced in
North Dakota and western Nebraska.

Irrigation Agriculture

Irrigation agriculture accounts for roughly
50 million acres of agricultural land in the 17
Western States, or about 6 percent of the total
agricultural land in the region (table 9). Califor-
nia is the leading State in number of acres ir-
rigated, followed by Texas, Nebraska, Idaho,
and Colorado. In 1978 more than 80 percent
of the harvested cropland in Nevada, Arizona,
and California was irrigated; from 50 to 80 per-
cent of the harvested cropland in Idaho, Wyo-
ming, and Utah was irrigated.

Irrigation can have several purposes. Its pri-
mary aim is to supply water to plants so that
yields are not limited by insufficient water.
Other purposes include:

flushing soluble salts out of the sail,
thereby preventing their harmful effects on
plants;

preventing severe freeze or frost damage
to orchards, citrus nurseries, strawberries,
ferns, and subtropical fruits;

seed-bed preparation;

waste treatment of effluents from food
processing industries and municipal sew-
age facilities;

reducing heat stress in plants by wetting
the foliage; and

facilitating harvest of root crops (e.g., sug-
ar beets, potatoes) (6).

Irrigation is an economically important prac-
tice in the arid and semiarid region because
it allows crop production where it might not
otherwise be possible. Furthermore, with its
value in controlling soil water and in reduc-
ing the risk associated with crop production,

Table 9.— Nonirrigated and Irrigated Cropland,”17 Western States, 1977

Non irrigated
(000 acres)

State

All cropland

irrigated Percent of total

(000 acres)

cropland irrigated

Great Plains:

NorthDakota. . . .................. 26,835 78 <1
Kansas . .........ccoviuiinnnnnn.. 25,631 3,175 11
TeXAS o oo 22,510 7,929 26
SouthDakota.................... 17,684 472 3
Nebraska ........................ 13,794 6,905 33
Oklahoma . ...................... 11,073 710 6
Mountain region:

Montana. . ...........oiiiiii. 13,294 2,061 13
Colorado . . ................... 7,699 3,394 31
Idaho . ........... ... ... .. ...... 2,743 3,547 56
Wyoming . . ...ovvii 1,320 1,650 56
New Mexico . ................... 1,203 1,079 47
Utah............... .. ... ... 655 1,160 64
Arizona. .. ... 145 1,167 89
Nevada ......................... 4 1,103 100
Pacific region:

Washington . . .................... 6,179 1,772 22
Oregon . ... 3,139 2,009 39
California.............ccoviinn.. 1,920 8,153 81
Total, 17 Western States. . . . ....... 155,828 46,364 23
Total48 States . . .. ............... 357,027 55,594 13

aCropland Includes cultivated cropland, pasture, hay land, orchards, and vineyards.
SOURCE U S Department of Agriculture, Soil Conservation Service, 1977 National Resources Inventory. Basic Statistics, revised

February 1980. table 3
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Box C.—Rainfall and the Western Settler

One element that strongly shaped agriculture in the Western States was the environment, par-
ticularly limited precipitation. Explorers to the region in the early 1800’s noted that the West was
unsuited for farming operations and called it “A Great American Desert.” Some individuals who
later attempted to farm without irrigation affirmed this notion-the weather was unpredictable;
precipitation was often erratic, scant, and poorly distributed; and temperatures were extreme.

Despite the crop failures sustained by many farmers and the powerful presence of the cattle
industry, hopes for a more intensive type of agriculture than ranching remained alive. Some col-
orful myths developed that promised rain to the farmers:

.rain would follow the plow because evaporation would increase from worked soil,

. rain would follow the train because raindrops would form around smoke particles,

.rain would follow the telegraph because of electricity in the air,

.rain would follow a military battle (experiments were even conducted in Texas with explosives
and cannons—without success], and

. rain would follow settlement because the people were good and worthy with a destiny to
fulfill.

Farming practices in the West strongly reflect this past experience. Dryland farming techniques
eventually evolved that conserved precipitation during the winter months for use during the growing
season. Crops were selected that did well despite the low amounts of water. Water supplies were
developed (by reservoir and canal construction) to enable crop production in areas that would have

.39

little potential for farming otherwise.

farmers who irrigate generally have higher and
more stable yields than do dryland farmers, *
Moreover, such producers have a wider choice
of crops. ** These crops include corn, cotton,
wheat, sorghum, high-value specialty crops
such as fruits, nuts, berries, vegetables, sweet
corn, and melons, and field seed crops (table 10).

Structure of Western Agriculture
Farm Size and Ownership

Many factors influence farm/ranch size and
ownership patterns including natural re-
sources, availability of capital, export demand
for crops, availability of nonfarm employment,
commodity programs, credit availability, and
tax rules. * * * In the Western States, farms and

* Prederick and Hanson (5) compared yields among western
drvlandandirrigated cropsof corn, sorghum wheat, and cot-
ton tothe East. Irrigated crops had significantly higher yields
per 1( re than either drylandcrops or crops grown in the East.
For example, with irrigation, average yields for corn increased
from 48to 1 15 bushels per acre. In the East, average vields were
89 bushels per acre.

* * The wide selection of crops availableto irrigators is reflected
i n the fact that in California over 200 commercial crops are
grown.

* * *This discussionis largely from Schertz, et al. (10).

ranches tend to be larger than in the rest of the
United States; dryland farms and ranches tend
to be larger than irrigated areas.

For purposes of this discussion, the farming
regions are as follows:

1. the Great Plains include North and South
Dakota, Nebraska, Kansas, Oklahoma,
Texas, Colorado, Wyoming, and Montana;

z. the Southwest includes California, Neva-
da, Utah, Arizona, and New Mexico; and

3. the Northwest includes Washington,
Idaho, and Oregon.

Among the Western States, as in the rest of
the United States, there has been a trend
toward fewer but larger farms. In the Great
Plains in 1978, the average farm size was about
900 acres (over two times the national average
of 415 acres). Cash receipts per farm were
about $55,000 (the national average was about
$44,000). Most of the farms in the region were
less than 500 acres in size, but about one-fifth
(about 100,000 farms) were over 1,000 acres.
Over one-half of the farms were owned by an
individual or family; many operators also
rented land.
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Table 10.— Irrigated Acreage of Selected Crops, 17 Western States, 1978

Crop

Acres harvested Acres irrigated
(000 acres)

Percent of

(000 acres) crop irrigated

Hay Crops . ... .... ~

COMN . e
Cotton . . ..

Wheat . ......... ...
Orchardcrops . .. ...................
Sorghum . ....... .. ... .. ...

Barley .. ......... ...
All vegetables harvested for sale . . . ... ...

Irishpotatoes . . . . ......................

Fieldseedcrops . .. ..................
OatS . ..o
Strawberries . . ... ...

29,116 8,954 31
13,870 7,850 57
9,260 4,555 49
46,811 2,987 6
2,635 2,306 87
11,620 2,019 17
7,512 1,964 26
1,647 1,445 88
867 716 83
905 303 33
4,487 223 5
21 18 86

SOURCE US Department of Commerce, Bureau of the Census, 1978 Census of Agriculture, vol 4, ch 1, tables 9.13, 1981

Farm size in the Southwest, as measuredly
resources controlled and output per farm, far
exceeds the U.S. average. In 1978, average farm
size was 1,300 acres and cash receipts per farm
totaled about $130,000. Looking only at crop
production, the value of crops sold per farm
in the Southwest was 3 1/z times the U.S. aver-
age. Also of interest was the distribution of
farms and sales among size classes. In 1974 the
Southwest had a slightly higher proportion of
small farms (less than 180 acres) than did the
rest of the United States (reflecting specialty-
crop production); however, more than 55 per-
cent of Southwestern farms exceeded 1,000
acres, compared with 34 percent for the United
States, Three percent of all farms had more
than $500,000 in annual sales and produced 60
percent of the cash receipts from farming.

Corporate farms (both family held and non-
family owned) are another important feature
of the Southwest. In 1978 corporate farms con-
trolled nearly 20 percent of Southwestern farm-
land, Their role varies with crop and area. For
example, in the southern San Joaquin Valley
of California, conglomerates operate some
large producing-processing-marketing farms.
These farms produce a large variety of crops,
including tree fruits, nuts, and vegetables.

Characteristics of Northwestern farm pro-
duction are difficult to assess because of the
diverse crop-production capabilities in the
region. In 1978 average farm size was slightly
over 500 acres; however, farm size tended to

be much lower along the coastal areas than in
the intermountain irrigated area or dryland
farming region east of the Cascade Mountains.
Average farm sales were approximately $75,000.
A majority of farms were owned by an in-
dividual or family.

Role of Labor

Since World War 11, one of the most dramatic
shifts in agriculture has been the substitution
of capital goods (e. g., tractors and other farm
machinery, farm chemicals, and irrigation wa-
ter) for labor. On the Great Plains, for exam-
ple, fewer farms and the development of larger
tractors and other machinery have reduced
farm labor requirements and the number of
farmworkers. Over the period from 1960 to
1977, the number of farmworkers declined
from 1.25 million to 785,000. About one-fourth
of these workers were hired; the rest of the
labor force consisted of family farm labor.

Where high-value specialty crops are grown,
considerably more hired labor is used. For ex-
ample, in the Southwest in 1977, the bill for
hired labor totaled $1.9 billion, 26 percent of
the U.S. hired labor charge. Of the total farm
work force in the region, 69 percent was hired
labor, compared with 31 percent owner and
family labor. Comparable national totals were
reversed.

Much has been written about the hired labor
force in the Southwest. In general, it is char-
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acterized by its impermanence—80 to 90 per-
cent of hired labor work less than 150 days.
Furthermore, of all the occupational classes in
the United States, farm laborers are the least
educated. Male farm laborers between the ages

of 25 and 44 have an average of 9 years of
schooling (4). Many are minorities, and these
workers may find little alternative employment
outside of agriculture.

TRENDS

The long-term future of Western agriculture
is uncertain. The elements that have shaped its
past—natural resources, people, science and
technology, economics, and Government pol-
icies—will invariably affect its future. New con-
siderations, unknown or discounted as unim-
portant at present, may influence the future
direction of Western agriculture. Examples of
these elements include climatic change, in-
creased foreign and corporate ownership of
farmland, energy shortages, increased water
restrictions on agriculture, resource degrada-
tion, world food shortages or famine, wide-
spread crop failure (domestically or interna-
tionally), international conflicts, or other crises.

Irrigation agriculture raises particular con-
cern at present. The West supplies the Nation
with important foodcrops, especially perish-
ables, and most of these crops are irrigated. *
Furthermore, mild winter temperatures and
fertile soils give some areas of the region (e.g.,
California and Arizona) a virtual monopoly in
producing numerous specialty crops (e.g., al-
monds, walnuts, and wine grapes). However,
large tracts of land produce corn, sorghum,
alfalfa, wheat, and lesser grains that are pro-
duced in abundance elsewhere.** In recent
years, some of these commodities have been
in surplus. Moreover, decisionmakers at all
levels of government are concerned that the
water-short West may not be able to sustain
current levels of population growth, accom-

*For example, the U.S. Department of Commerce reports that
from 1973 to 1977, the 17 Western States supplied 55 percent
of fresh fruits and vegetables to 36 major U.S. cities (4).

**Many of these crops are fed to cattle and their increased
availability has been one of the most obvious factors in the
growth of the feedlot industry in Nebraska, western Kansas, east-
ern Colorado, and the panhandles of Texas and Oklahoma dur-
ing the last 25 vears.
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modate new energy and industrial develop-
ment, and maintain its irrigated acreage (see
discussion of completing uses in ch. V). In-
dividuals and groups that support environ-
mental conservation worry also about the
effects of irrigation on land, surface flows, and
wildlife. Depletion of ground water resources,
especially in the southern Great Plains, threat-
ens not only the well-being of agricultural pro-
ducers who use this water but also rural com-
munities that are agriculturally based. Further-
more, current use of easily tapped ground wa-
ter diminishes the possibility of using this
resource in the future. Added together, these
factors lead many analysts to believe that ir-
rigation in its present form will not continue
to make the contributions to agricultural
growth that it has in the past (5,8).

The social ramifications of irrigation are less
well understood and more difficult to assess,
but important questions nonetheless. Irrigation
agriculture often affects farm size and owner-
ship dramatically—changing land use patterns,
increasing land values, and limiting ownership
to large farmers and ranchers, outside in-
vestors, or corporations that can more easily
afford the high risks and high investments ir-
rigation often necessitates (7). Reliance on
migrant farm labor, especially in fruit and
vegetable crop production in the Northwest
and Southwest, raises questions about income
equity, housing standards for migrant workers,
and immigration policies (12).

A second set of issues affects agricultural
land and its competition with nonagricultural
uses: urban development, recreation, and
transportation. Estimates indicate that from
1967 to 1977, some 2 million to 3 million acres
of agricultural land (cropland, pasture, range-



42 o Water. Related Technologies for Sustainable Agriculture in U.S. Arid and Semiarid Lands

Box D.—Reducing Agricultural Surpluses

During the 1981 and 1982 crop years, U.S. and world grain production reached record levels.
Favorable weather contributed to this increase. At the same time, the demand for U.S. agricultural
products slowed, and domestic grain stocks ranged to new highs mainly caused by weak economic
conditions in the United States and in other parts of the world, financial instability in several coun-
tries, a strong U.S. dollar, market losses related to the Soviet embargo, continued East-West ten-
sions, and restrictive marketing practices in some foreign markets. For farmers in this country,
the high grain stocks meant reduced crop prices; in calendar 1982, average domestic prices for
wheat and coarse grains dropped to their lowest levels since 1979.

Following these events, the administration launched several programs to reduce stock, lower
Federal commodity payments, and bolster prices. In 1982, USDA offered farmers an acreage-reduc-
tion program in an effort to curb production. Under this program, farmers voluntarily agreed to
reduce the number of acres they would plant in a particular crop (e.g., corn, wheat, cotton) by
a specified percentage. In return, they became eligible for Federal price support benefits. However,
good weather and the late program announcement negated its intended effects.

For 1983, the program was expanded to include paid diversion (i.e., farmers who comply with
the voluntary acreage reduction may further reduce their acreage and receive cash payments), an
expanded export credit program, and a payment-in-kind (PIK) program. The novel PIK program
attracted much interest from the public. Under this program, farmers who removed from produc-
tion additional acres over what they agreed to take out under current acreage-reduction programs
received as payment a certain amount of the commodity they would have grown on these acres.
The commodity then became the property of the individual and could be disposed of in any way
the farmer wished. Crops of wheat, corn, grain sorghum, cotton, and rice were included in PIK.

Secretary Block, in detailing features of the program, noted, “We have a threefold objective
with PIK—reduce production, reduce surplus stockholdings, and avoid increased budget outlays
that would otherwise be necessary under price support programs.” Furthermore, he stated, “It
is unlikely our surplus will be substantially reduced any time soon by increased exports. PIK is
aimed at bringing supply more in line with demand.”

SOURCES: USDA Paymentin Kind Fact sheet, 1983. Remarks Secretary John R. Block, lan. 11.1983. Economic Research Service, World Agriculture Outlook
and Situation, WAS-3l, March 1983.

land, and forest) were converted each year to
nonagricultural uses (3). About one-third was
in active use. Two points become evident. First,
with current low prices of many farm commod-
ities (particularly grains and cotton), many
farmers are facing financial ruin. Some West-
ern farmers may leave agriculture, thereby eas-
ing the way for additional land conversion,
which may ultimately affect the Nation’s ca-
pacity to produce food and fiber. Second, ex-
pansion of urban areas often occurs at the ex-
pense of local agricultural land. Farmers may
decide to retire from agriculture or move their
operations to other lands, which may be less
productive and more erosive, and which may
entail higher production costs.

A third but related set of issues affects agri-
cultural practices in the region. Will the shift
from rangeland agriculture to dryland farming
or irrigation on privately owned lands create
another “Dust Bowl”? If these areas are con-
verted but later abandoned, how can they be
rehabilitated and made productive again, and
who should bear the costs of reclamation?

New technologies and Government policies
(including water, food, export, and agricultural
research policies) may drastically shape tomor-
row’s agriculture in the arid and semiarid
region. Traditional agricultural practices may
change. Irrigation, as it is practiced today, may
become less important; producers may move
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away from reliance on a single crop for their
income toward multiple-use of croplands and
rangelands. Some native plants and animals
may be used more intensively for food, fiber,
energy, and industrial feedstocks. Greenhouses

and fish enclosures may gradually become
more common, capturing the incoming solar
radiation and highly concentrating food pro-
duction over small areas of land.
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Chapter ni

Water Supply and Use iIn the
western United States

The existing relationship between water sup-
ply and use in the Western United States deter-
mines both the extent of the supply/use prob-
lem and the potential of any individual tech-
nology to alleviate current or anticipated prob-
lems. Regional water-use patterns, that have
evolved as a result of the spatial and temporal
variability of water supplies, are linked in a
complex fashion by the hydrologic cycle. The
understanding of the hydrologic cycle and of
current or potential water problems is inextri-
cably tied to the way in which relevant data
are collected and analyzed.

This chapter provides an overview of the ex-
isting water resources and current water uses

in the Western United States. It is the founda-
tion for assessing water-related technologies in
succeeding chapters. The purpose of this chap-
ter is: 1) to outline the major components of
the hydrologic cycle, their interrelationships,
and their variability as they are altered natural-
ly or technologically; 2) to discuss the adequacy
of data available on the quantities of water in
various components of the cycle and problems
of water-data acquisition and analysis; and
3) to evaluate, in the context of available data,
the nature of the supply and demand relation-
ships of the major river systems of the Western
United States. The chapter begins with a re-
view of the major Federal agencies dealing
with water.

SURVEY OF FEDERAL AGENCIES INVOLVED IN WATER

Various agencies within the Federal Govern-
ment have been involved in water and water-
resources management since the United States
was formed. Generally, these activities have
been oriented toward supporting the specific
mission and program of each agency.

Discontinued Federal Efforts

Water Resources Council: Established by the
Water Resources Planning Act of 1965 (Public
Law 89-90); produced a first National Water
Assessment in 1968, based mainly on data com-
piled and analyzed by major Federal agencies;
produced second National Water Assessment
in 1978 which updated information on the Na-
tion’s water resources and which attempted to
determine the adequacy of water supplies for
future use; agency functions essentially abol-
ished in 1981 with termination of funding.

National Water Commission: Established by
Act of Congress (Public Law 90-515) for a fixed

term; produced in 1973 a report to the Presi-
dent, Water Policies for the Future, that con-
sidered the Nation’s water-resource supplies
and uses and outlined several alternative fu-
tures and possible actions for water-resource
development to the year 2020; Commission ter-
minated with production of report.

Office of Water Research and Technology:
Established within the Department of the In-
terior; sponsored State programs of research,
development, and demonstration in the fields
of water and water-related resources general-
ly through State water research institutes; abol-
ished by Reagan administration in early 1980’s.

Ongoing Federal Efforts

Currently, Federal responsibility for water-
data acquisition, planning, and management
of particular relevance to this assessment in-
cludes the Departments of Agriculture (USDA),
Commerce (DOC), Defense (DOD), and Interior

47
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(DOI) and the Environmental Protection Agen-
cy (EPA). The key mission and water-related
activities of the principal agencies within each
Department are summarized below from Plans
for Water Data Acquisition by Federal Agen-
cies Through Fiscal Year 1983 (11),

Agricultural Research Service (USDA):
Conducts research on water-use technologies
for agriculture, analyzes data on agricultural
water use, and develops practices involving use
of soil, water, and air resources for agriculture.

Forest Service (USDA): Maintains respon-
sibility for water resources that are derived
from Forest Service lands, protects tributary
waters, and conducts water-resource research
relevant to the long-term productivity of forests
and rangelands.

Soil Conservation Service (USDA): Collects
water-related data, including snow data, for
downstream agricultural users and undertakes
soil, water, and related resource projects with
farmers, ranchers, and groups of individuals
to improve production and protect the resource
base.

National Oceanic and Atmospheric Admin-
istration (DOC): Includes the National
Weather Service; provides water data in sup-
port of basic hydrographic surveys, research,
water regulations, specialized users, and safe
navigation; conducts some weather modifica-
tion work.

U.S. Army Corps of Engineers (DOD):
Plans, designs, constructs, and operates water-

resource projects throughout the United States;
performs similar analyses for nonstructural
projects.

Bureau of Land Management (DOI): Man-
ages water resources on the public lands ad-
ministered by the Bureau and conducts inven-
tories and analyses of quality and quantity of
surface- and ground-water resources on public
lands.

Bureau of Reclamation (DOI): Plans and
constructs water projects in the 17 Western
States to provide flood control, water for ir-
rigated agriculture, municipal and industrial
water supplies, and hydroelectric generation;
involved in some weather modification work.

Fish and Wildlife Service (DOI): Responsi-
ble for overseeing national interests in the con-
servation of fish and wildlife and their habitat;
provides ecological expertise to water-resource
planning, development, and management ac-
tivities.

U.S. Geological Survey (DOI): Collects and
analyzes water data, operates the National
Water Data Exchange (NAWDEX) program,
and provides hydrologic information for the
use and management of the Nation’s water
resources.

U.S. Environmental Protection Agency:
Conducts research and demonstration projects
on water quality, monitors water quality, es-
tablishes and enforces water-quality standards,
and defines water pollution controls.

WATER SUPPLY: THE HYDROLOGIC CYCLE

present agricultural practices in the arid and
semiarid portions of the Western United States
are the result of complex interactions involv-
ing both the biophysical environment and hu-
man modification of and adaptation to that en-
vironment. Water is one of the primary limiting
factors in this environment, and it is general-
ly only where this limitation has been over-
come by rangeland, dryland, and irrigation

technologies that agricultural production has
been feasible.

In arid and semiarid areas, both temporal
and spatial inequities in the distribution of
water lead to shortages. These shortages may
be chronic for certain areas, such as the deserts
of the Southwest, or seasonal in areas that
derive the bulk of their water supply from the
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annual spring snowmelt and runoff. Water-
related problems are site-specific to some ex-
tent. This geographical aspect of the problem
varies with agricultural practices and depends,
to some extent, on which water processes are
involved.

The fundamental, unifying concept in the
study and understanding of water is the hydro-
logic cycle (fig. 8). The cycle is the conceptual
model that relates the interdependence and
continuous movement of all forms of water
through the vapor, liquid, and solid phases. It

may be considered the central concept in hy -
drology.

The components of the hydrologic cycle are:

precipitation: Water added to the surface
of the Earth from the atmosphere. It may
be either liquid (e.g., rain and dew) or solid
(e.g., snow, frost, and hail).

Evaporation: The process by which a lig-
uid is changed into a gas. In the context
of the hydrologic cycle, the most impor-
tant form of evaporation is probably that

Figure 8.—The Hydrologic Cycle

Precipitation

Surface

\{unoff

Water table

Spring
A A

Condensation

Transpiration

Evaporation

Ground water flow

Water passes continuously through this cycle from evaporation from the oceans into the atmosphere through
precpitation onto the continents and eventual runoff into the oceans Human use of water may modify this cycle at virtual-

ly every point

SOURCE H Hengeveld and C DeVocht Urban Ecology 6(1-4) 19, 1982
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which takes place from the seas and
oceans. This is the main source of water
on land areas.

Transpiration: The process by which
water vapor passes through a living plant
and enters the atmosphere.

Infiltration: The process whereby water
soaks into, or is absorbed by the surface
soil layers.

Percolation: The downward flow of water
through soil and permeable rock forma-
tions to the water table.

* Runoff: The portion of precipitation that
comprises the gravity movement of water
in surface channels or depressions. It is a
residual quantity, representing the excess
of precipitation over evapotranspiration
when allowance is made for storage on
and beneath the ground surface.

All water is involved in continuous cyclical
movement according to the hydrologic cycle.
Some of the water vapor in the atmosphere
gives rise to precipitation through complex
processes of condensation and freezing. Not
all precipitation reaches the surface of the
Earth. Some evaporates while falling and, more
importantly, some is intercepted by vegetation
or artificial structures and is then returned to
the atmosphere by subsequent evaporation.

The watershed, or river basin, is the funda-
mental geographic unit of hydrology. It is also
the fundamental biophysical unit within which
technologies to affect precipitation and runoff
must be assessed. A watershed is a land area
surrounded at its perimeter by highlands that
cause precipitation falling within the water-
shed’s bounds to flow generally toward its
center to form rivers or streams. In 1970, the
U.S. Water Resources Council divided the
United States into geographic units based on
the watershed, or river basin, for the collection
and organization of hydrologic data (12) (fig. 9).

Water reaching the surface of the watershed
follows one of three courses. First, it may re-
main on the surface as pools and surface mois-
ture that eventually evaporates back into the
atmosphere. Or it may be stored on the surface
in the form of snow until air temperatures are

high enough to allow melting and runoff. Stor-
age as snow is a common occurrence during
at least a portion of each year in much of the
Western United States.

Second, precipitation reaching the ground
may flow over the surface into depressions and
channels to become surface runoff in the form
of streams and lakes. It then moves by evapora-
tion back into the atmosphere, or by infiltra-
tion into the soil and toward the ground water
table, or by continued surface flow back into
the seas.

Third, falling precipitation may infiltrate the
surface and percolate to ground water. As
ground water, it is stored for periods ranging
from days to thousands of years. Ground water
can be removed naturally by upward capillary
movement to the soil surface and plant root
zone, by ground water seepage, or by runout
into surface streams, lakes, and oceans. Some
of it is removed by pumping from wells, in
which case it again arrives at the surface as ar-
tificial precipitation and follows one of the
paths described above.

Generally acceptable estimates of the
amounts of water passing annually through the
various phases of the hydrologic cycle for the
Western United States have not been found
in the literature. Based on estimates for the
United States as a whole, however, more than
1,500 million acre-ft of water are added to the
Western United States each year as precipita-
tion and the majority of this is consumed by
evapotranspiration (12). Approximately 500
million acre-ft constitute the measured stream-
flow from the region (e.g., 4,12) and 50 million
acre-ft of water are added annually to the
ground water reserves of the region.

Runoff is not uniformly distributed through-
out the Western United States. Streamflow to
the Pacific Ocean, primarily from the Pacific
Northwest region, is estimated to be over 335
million acre-ft annually, or nearly 70 percent
of the total for the entire region. Almost all of
the remaining surface runoff flows into the
Mississippi River and ultimately into the Gulf
of Mexico. In general, those areas with the low-
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Figure 9.—The Water Resources Regions of the Western United States
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The conterminous portion of the Western United States has been subdivided into 9 water resource regions, containing
52 subregions as defined by the water Resources Council (WRC) for the Second National Water Assessment. These are
shown below. The water resource regions in the Western United States: (10) the Missouri region, (11) the Arkansas-White-
Red region, (12) the Texas-Gulf region, (13) the Rio Grande region, (14) the Upper Colorado region, (15) the Lower Colorado
region, (16) the Great Basin region, (17) the Pacific Northwest region, and (18) the California region.

The water resources regions consist of either the drainage area of a major river, such as the Missouri region, or the
combined drainage areas of a series of rivers, such as the Texas-Gulf region. The second level of classification, the subregion,
consists either of an area drained by a river closed basin(s), or a group of streams forming a coastal drainage area. Ail
subregion boundaries are hydrologic (i.e., are located along watershed boundaries) except where discontinued at international
boundaries The subregions were reorganized by WRC in 1974 and 1978. They do not correspond to those in use by the
U.S. Geoogical Survey.

SOURCE U S Water Resources Council, The Nation‘'s Water Resources 1975-2000 (Washington, DC.: U.S. Government printing Office, 1978)



52 . Water-Related Technologies for Sustainable Agriculture in U.S. Arid and Semiarid Lands

Photo credit USDA So// Conservation Service

The most important source of renewable surface water supplies in the Western United States is the mountain snowpack.

This photograph of a snowpack in the Teton Range has an average depth of some 5 ft. When Western snowpacks melt

in the spring and summer they supply an estimated 70 to 100 percent (depending on location) of the total annual surface
runoff for all river basins except the Texas-Gulf region

est annual precipitation contribute runoff to
rivers only during sporadic summer thunder-
storms. The bulk of the runoff in the region
originates from the melting mountain snow-
pack each spring and summer. Following
snowmelt, runoff enters the river system of the
region, where it is often stored in surface reser-
voirs until the period of peak demand in late
summer.

The Components

The Western United States has a wide range
of hydrologic environments, both in terms of
the absolute amount of water in the various

hydrologic components and also in terms of the
interrelationships among the components.

Precipitation

The primary factor determining the amount
of precipitation that falls over the 17 Western
States appears to be topography (fig. 10). The
four broad north-south zones are generally
more uniform within themselves than are any
two adjacent east-west zones. These general
hydrologic zones are: 1) the mountain ranges
of the Pacific coast, consisting mainly of the
Sierra and Cascade Mountain ranges; 2) the in-
terior basins; 3) the Rocky Mountains; and fi-
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Figure 10.—Major Landforms of the
Western United States
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The total amount of precipitation and the form in which it
falls (snow or rain) are related more to the major landforms
of the region — i.e., mountains or plains—than to any other
factor

SOURCE Off Ice of Technology Assessment

nally 4) the Great Plains, which extend from
the eastern side of the Rocky Mountains to the
western edge of the more humid portions of
the continent, at approximately the 100th me-
ridian, or the Missouri River.

Air masses that carry atmospheric moisture
over the region move generally onto the west
coast of the continent and follow a west-to-east
path. As these air masses cross the Western
portion of the United States, they are forced
upward to cross each of the two major moun-
tain chains in their path. The forced, or oro-
graphic, rise produces a band of increased pre-
cipitation associated with each of the major
mountain chains. The subsequent descent on
the downwind sides of these chains produces
the two belts of generally deficient rainfall.

Precipitation amounts in the region vary
widely, depending largely on the geographical
location of a particular site with respect to
these mountain chains and on the location of
the major storm tracks (fig. 11). The percentage
of annual precipitation that falls as snow is
highest in the mountain ranges (fig. 12). The
snow/rain ratio is particularly important in
understanding the role played by precipitation
at a particular site. Snow represents a form of
natural storage during months of generally low
water demand and a natural release to surface
runoff at a time approximately coincident with
peak demand. Therefore, it is more important
to agriculture than is an equivalent amount of
rainfall received when demand is low or stored
at high cost.

The greatest amount of precipitation in the
Western United States occurs in the Pacific
Northwest, on the Olympic Peninsula, and on
the west slope of the Cascade Mountains where
amounts total over 100 inches per year. At the
opposite extreme, values of less than 5 inches
per year are recorded in some of the southwest-
ern deserts.

The annual regime of precipitation is highly
variable from one part of the region to another.
As much as half of the annual precipitation
may fall during the growing season in much
of the eastern portion. On the Pacific coast, the
distribution is reversed, and virtually all of the
total annual moisture falls during winter.

Evapotranspiration

Evaporation and transpiration are processes
that return water to the atmosphere. These
processes are controlled by the amount of
energy available to convert liquid water to
vapor and are limited also by the amount of
available water. The term “evapotranspiration’
is used to designate the loss of water from the
soil by evaporation and from plants by trans-
piration.

Values of evapotranspiration are more diffi-
cult to evaluate than those of precipitation be-
cause in many areas of the West total evapo-
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Figure 11.—Average Annual Precipitation of the United States
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Precipitation patterns closely reflect a region’s landforms, which are a primary factor in determining the amount of

water available for use in any given area,

SOURCE: H. Anderson, M Hoover, and K Reinhart, Forests and Water: Effects of Forest Management on Floods, Sedimentation and Water Suply, USDA Forest Service

General technical report PSW-18, 1976

transpiration is limited only by the available
water supply. Potential evapotranspiration is
the amount of water that would be lost if pre-
cipitation were unlimited. Throughout the in-
terior basins, the desert southwest, and much
of the southern portion of the Great Plains, ac-
tual evapotranspiration is a small fraction of
potential evapotranspiration.

Actual evapotranspiration is determined in
part by the seasonal distribution of precipita-
tion and in part by air temperature regimes.
If precipitation occurs largely during winter,
as is the case in the mountain ranges of the

Western United States and along the Pacific
coast, much of this precipitation runs off or in-
filtrates the soil, For most of the region, how-
ever, precipitation occurs during the summer,
when evapotranspiration is at a maximum, and
much of it is returned to the atmosphere with-
out affecting other components of the hydro-
logic cycle.

The timing of precipitation and evapotrans-
piration is important to agriculture in the
Western United States because of its effect on
available soil water and plant growth. Seasonal
variations in soil water, as determined by the
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Figure 12.—Average Annual Snowfall in the Western United States
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Maximum amounts of snowfall occur at the higher altitudes of the major mountain ranges and in the extreme northern
section of the country, a result of the increasing length of the winter season with altitude and latitude. This snowfall repre-
sents the primary form of natural water storage for the region

SOURCE U S Department of the Interior, Geological Survey, The National Atlas of the United States of America (Washington. D C U S Government Printing Office,
1970)
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balance existing between precipitation and
evapotranspiration for several selected stations
in the region, are shown in figure 13.

The average potential evapotranspiration in
the Western United States ranges from an es-
timated low of 15 to 20 inches in the high
mountains of the Pacific Northwest and north-
ern Rocky Mountains to a high of more than
60 inches in small isolated areas in the deserts
of Arizona and southern California (fig. 14). It
is less than 20 inches along the Canadian bor-
der and more than 60 inches in southern Tex-
as. Although potential evapotranspiration and
precipitation are independent climatic ele-
ments, potential evapotranspiration in arid
regions is greater because of the higher daytime
temperatures resulting from the absence of
clouds and rain. High values in the Colorado
and Gila Deserts and in the lower Rio Grande
Valley are examples. In the arid sections of the
Columbia River Valley between Washington
and Oregon, potential evapotranspiration is
more than 30 inches, whereas it is only about
20 inches at the same latitude in the Eastern
United States.

The variation of potential evapotranspiration
through the year follows a uniform pattern in
most of the region, It is negligible in the winter
months as far south as the Gulf Coastal Plain.
It rises to a maximum in July that ranges from
5 inches along the Canadian border to 7 inches
on the gulf coast. In some mountainous areas
and along portions of the Pacific coast, it does
not reach 5 inches in any month,

Infiltration and Percolation

Precipitation that falls on a surface and that
is not immediately returned to the atmosphere
by evaporation may infiltrate into the surface
soil layers. The amount of that which can in-
filtrate the surface layers is determined large-
ly by the permeability of those layers (the ability
to transmit water which is governed by the size
and geometry of the spaces within the soil or
rock layers) and the amount of water already
present in those spaces. Infiltration rates are
highest at the beginning of a rainstorm, grad-
ually decreasing with time until some relatively
constant value is reached. Some infiltrated wa-

ter will be retained near the surface by capillary
forces. Some will move by gravity flow either
toward adjacent stream channels where it will
appear as runoff or, more commonly, down-
ward by percolation to the water table where
it will enter into ground water storage,

All water that exists below the surface of
the Earth in interconnected openings (“inter-
stices”) of soil or rock may be called “subsur-
face water, ” That part of the subsurface water
in interstices completely saturated with water
is called “ground water. ” The upper surface
of the zone of ground water is known as the
“water table. ” Between the water table and the
surface of the Earth is the “zone of aeration, ’
where the interstices of the soil and rock may
contain some varying amount of water, less
than total saturation. The water table common-
ly rises and falls as the availability of water at
the surface varies with time (e.g., as a result
of climatic change) or as a result of ground-
water extraction practices.

Ground water is not uniformly distributed
throughout the West. The major producing
aquifers are deposits of unconsolidated sands,
gravels, and clays located on preexisting out-
wash plains or in former lake beds and in the
basalts of the Pacific Northwest. In general, the
thickness of these aquifers ranges from tens of
feet to several thousand feet. Both the amount
of water they produce and the quality of that
water are extremely variable, even from well
to well within the same aquifer. The general
locations of the more important ground-water
resource regions of the Western United States
are shown in figure 15. A detailed discussion
of the individual ground-water resource re-
gions is contained in appendix B.

Surface Runoff

Surface runoff, as rivers or streams, generally
occurs only after the requirements of evapo-
transpiration and soil- and ground-water re-
charge have been satisfied. Where the require-
ments of either, or both, processes are in ex-
cess of annual precipitation amounts, no runoff
will take place, Water lost to evapotranspira-
tion is completely lost to runoff. Water that in-
filtrates into the soil or percolates to ground
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Figure 13.—The Relationship Between Precipitation and Potential Evapotranspiration

Monthly trends for selected stations in the Western United States show the effects of precipitation and potential

evapotranspiration on soil-water conditions. For all stations, precipitation exceeds evapotranspiration only during the
winter months. During the summer months, periods of soil-water deficits occur and may last up to 6 months.
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Figure 14.— Potential Evapotranspiration in the Western United States

The pattern of average annual potential evapotranspiration as calculated by Thornthwaite (1948). This figure is in-
cluded to illustrate a general pattern rather than the actual values for evapotranspiration over the region. Various technolo-
gies have been developed to measure total potential evaporation. Actual values will depend on the method of measure-
ment used.
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SOURCE: R. Thornthwaite, “An Approach Toward a Rational Classification of Climate,” The Geographical Review, vol. 28 (New York: American Geographical Society, 1948).
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Figure 15.—Major Ground Water Resource Regions of the Western United States
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water may ultimately appear as surface runoff
at some point distant from that at which it fell
as precipitation, This will be determined by the
amount of transpiration losses, which depletes
soil water, and by the ability of the rock for-
mations at a given location to transmit water.

Surface runoff in the Western United States
is highly variable, both from one river basin to
another and from one time of the year to an-
other. In terms of total volume of annual dis-
charge, the major river system of the region is
the Columbia River, which has a mean annual
flow in excess of 140 million acre-ft and rep-
resents nearly 36 percent of the total volume
of surface water available for the entire region.
The river system with the smallest annual dis-

charge volume is that of the Rio Grande River,
which has an estimated mean annual discharge
between approximately 1.3 million acre-ft/yr
(1.2 million gal/day] (4) and 6.0 million acre-ft/yr
(5.4 million gal/day) (12).

All rivers of the Western United States, ex-
cept those flowing through the Texas Gulf re-
gion, have their headwaters in the mountain
ranges of the region or in Canada (fig. 16). The
period of peak runoff coincides with the period
of spring snowmelt and generally occurs dur-
ing May or June. There are two exceptions to
this general pattern. First, rivers flowing into
the Pacific Ocean from the west side of the
Sierra and Cascade Mountain ranges in Wash-
ington, Oregon, and northern California have

Figure 16.—Average Streamflow for Major U.S. Rivers, 1941-70
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The rivers in the Western States originate in the mountains of Montana, Wyoming, and Colorado, with the exception of
the Red River in northern Texas and the Columbia River, which flows into the United States from the Rocky Mountains in
Canada. One cubic foot per second (cfs or ft'/s) equals approximately 2 acre-feet per day
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a peak discharge in January or February. Sec-
ond, the lower reaches of the Missouri and
Snake Rivers have a peak flow in March or
April, reflecting the contribution of meltwater
produced by the snow deposits of the plains.

The total amount of runoff contained in
streams during the spring and summer months
varies from over 90 percent of the annual total
for some small streams totally dependent on
the mountain snowpack to less than 15 percent
for streams originating in the Cascade Range,
where the contributions to flow are more uni-
formly balanced between winter rains and
spring and summer snowmelt. Figure 17 shows
the spatial pattern of the variations in areal
contributions to surface runoff in the Western

Figure 17.—The Spatial

United States. These values are the depth of
runoff produced annually and underscore the
importance of the mountainous portions of the
region in determining water supply,

For the Western United States as a whole,
surface runoff estimates vary, depending on
the data source (4,6,12). The range of estimates
is between 515 million and 550 million acre-
ft/yr (460 billion to 490 billion gal/day) for the
amount of surface runoff that passes through
the major river systems of the region.

Variability in the Hydrologic Cycle

Both human-caused and natural variations
in the hydrologic cycle affect the timing and

Pattern of Annual Streamflow

With the exception of the Rocky Mountains and the Cascade-Sierra Mountains, much of the Western United States
averages less than 1 inch of runoff or streamflow annually
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volume of available water in the Western
United States. It is important to recognize that
in the Western United States, very few areas
remain where the hydrologic cycle operates
naturally. Estimates of water availability in any
particular component of the cycle must take
into account human intervention at the specific
site. The impacts of this intervention may vary
from site to site. This is due partly to the par-
ticular nature of the human activity and part-
ly to the natural hydrologic variability of the
area. Thus, it is important to understand the
natural variability of Western water resources
as well as the variability when modified by
humans,

Human Intervention

The primary approaches to accommodate
natural variability of Western rivers have been:
1) construction of reservoirs to delay the sur-
face runoff; 2) development of ground water
resources; and 3) in limited cases, importation
of water from adjacent basins with greater nat-
ural supplies. It is estimated that in a natural
state the runoff from the 17 Western States
would be approximately 590 million acre-ft/yr
(12). Human modification of the river systems
of the region through the construction of stor-
age reservoirs and water diversions for off-
stream consumptive uses has reduced natural
runoff by approximately 100 million acre-ft/yr.
Other components of the hydrologic cycle have
also been affected by technological interven-
tion. Human withdrawals from ground water,
estimated to be nearly 70 million acre-ft/yr, af-
fect the amount of recharge required to main-
tain the natural equilibrium (12).

Natural Variability

For any given watershed, “wet” and “dry”
years are defined with respect to the long-term
average streamflow for that watershed. The
definitions are based on the percentage of time
that given flow volumes occur, as determined
by a statistical analysis of the available
streamflow record. For the Second National
Water Assessment (12), a “dry” year has been
defined in terms of the streamflow that would
occur, as indicated by a statistical analysis of

the data, 20 years out of every century, or 1
year out of 5. The volume of streamflow, as de-
termined in this way, would be much less for
a subregion that has a normally low volume of
streamflow than for one where this volume was
high. Where natural year-to-year variability of
streamflow is low, little difference in the flow
volume will exist between a “dry” year and a
“normal year. ” For those subregions with a
high annual variability, the “dry” year may be
a small fraction of the “normal” year flow
volume.

It is generally recognized that the annual and
seasonal variation in the flow of rivers in the
Western United States is significant, often
varying by as much as 10 times during a year
or during 2 succeeding years. For example,
figure 18 reflects the variability of the Upper
Colorado River, a pattern typical of Western
rivers. Because of such variability, the long-
term average annual streamflow volume is not
a particularly useful measure of the amount of
water that will be available for any given year.
Similarly, the monthly volume of flow fluc-
tuates widely, with that occurring during the
spring and summer months often representing
as much as 90 percent of the total annual flow
of many Western rivers (fig. 19). Because of the
extreme variability associated with both the
annual and monthly streamflow volumes,
water-management approaches that are based
on a long-term average annual flow will
generally be unrealistic for shorter time
periods, such as a single year or month dur-
ing a given year.

In determining the adequacy of existing res-
ervoir storage facilities to meet water demand
for agriculture during a series of dry years, it
is more useful to know the year-to-year fluctu-
ation of flow and the number of years that this
may be expected to drop below an acceptable
level than to know only the average flow for
some period of years. In determining the ex-
tent to which a river will meet seasonal needs
of irrigated agriculture, it is more useful to
understand the nature of the seasonal variabili-
ty of streamflow than to know the annual flow
volume. Most discussions of the adequacy of
water supplies in the Western United States
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Figure 18.—The Annual Variability of Steamflow Volume, Upper Colorado River, 1920-80
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have been developed in terms of annual mean
values [e. g., 4).

Estimates of future water availability, in-
cluding that for all types of agriculture, must
be based on some estimates of climatic trends.
Climatic fluctuations affect all components of
food-producing ecosystems, Changes in food
production can be caused by the effects of
weather on pests, pathogens, weeds, and crop
plants and by altering water-supply and water-
use patterns. Western agriculture has devel-
oped during a particularly warm period in re-
cent climatic history (7). Climatic records show
that climate has varied in the past, however,

and significant fluctuations have occurred in
recent history,

In addition to the natural variabilit of cli-
mate, there is growing speculation about hu-
man-induced climatic change. These include:
1) the decreasing pH (increasing acidity) of
rainfall, which may be caused by emissions
from burning fossil fuel; 2) the gradual in-
creases in the atmospheric fraction of carbon
dioxide (CO,) and other infrared absorbin,
gases, also largely a result of increased burn-
ing of fossil fuels; and 3) the associated changes
in water quality, quantity, and, specifically in
the case of the infrared absorbing gases, air
temperature increases.
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Figure 19.— Average Monthly Runoff, Clarks Fork, Yellowstone River

Natural seasonal variability in the volume of flow of most Western rivers is large. In come cases, the spring and early
summer snowmelt peak flow of Western rivers represents as much as 90 percent of the annual volume of flow of these
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Long-term agricultural planning and policy-
making must be undertaken with the knowl-
edge that some climatic change is inevitable.
The geographic extent of any changes in cli-
mate will be related to the frequency of the
change. Changes on the order of a few years
to a few decades will be more localized geo-
graphically than will those that persist for
decades. To the extent that the ability to predict
climatic trends is limited, so too is the ability
to determine continuing availability of water
for agriculture in the Western United States.
As stated in a National Research Council report
(5), “Our knowledge of mechanisms of climate
change is at least as fragmentary as our data. ”
An improvement in the existing data base, as
discussed in the next section, should be a first
step toward improving the ability to factor
climatic trends into agricultural planning.

Measurement

Water is in continuous movement through
the hydrologic cycle. A variety of measurement
techniques are required to monitor this move-
ment. While all hydrologic processes take place
over the surface area of a region, measure-
ments of elements of the hydrologic cycle such
as evapotranspiration or precipitation are
made at discrete points within that region. In
order to determine the volume of water in-
volved in these transfer processes, it is neces-
sary to combine the individual point measure-
ments into a spatial pattern from which volume
can be estimated.

Some of the problems inherent in all point
measurements may be illustrated by those
associated with determining the amount of rain
that falls at a point, The uncertainties involved
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in even this apparently simple measurement Only surface runoff may be measured as an
are illustrated in figure 20. In developing aver- areal value, since all the surface runoff from
age values representative of a particular place a region must pass through a surface-gaging
or time, the selection of the data to be included station. Thus, for surface water, the location
or excluded is critical. selected for the placement of the gaging sta-

Figure 20.— Potential Errors in Water Measurements

Errors can occur in the measurement of any of the components of the hydrologic cycle
and can affect the accuracy of the data.
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tion is critical. In many cases, the proximity
of a gaging station to the point of use deter-
mines the usefulness of the data obtained.

In addition to the uncertainties of point
measurements for estimating spatial volumes,
there are uncertainties in developing time
trends from estimates of selected time periods.
The amount of water in each of the solid, lig-
uid, and vapor phases changes naturally with
time. In order to reduce this continuous varia-
tion to terms meaningful for analysis, it is com-
mon to present data pertaining to elements of
the hydrologic cycle as averages for selected
time periods. Thus, concepts such as “mean
annual precipitation” or “mean monthly
streamflow” have been introduced to simplify
data manipulation. Ultimately, this simplifying
process has produced concepts such as ‘“the
average precipitation for Arizona” or the
“average runoff of the Upper Colorado River. ”
In both cases, a large amount of spatial and
temporal variation in the natural processes has
been condensed in order to compare the envi-
ronments of two or more hydrologic areas.

Also, as discussed above, various compo-
nents of the hydrologic cycle are modified by
human intervention. For example, as water is
stored in reservoirs or removed from the sur-
face or subsurface and applied to some use
such as irrigation, the fundamental natural
relationships are altered. Virtually all the
technologies discussed in this assessment are
designed to modify to some degree the distri-
bution of water within the natural hydrologic
cycle. The degree to which the hydrologic cy-
cle has been modified varies widely among the
river basins of the Western United States. This
human-caused variability further complicates
collecting, interpreting, and developing useful
averages from existing data.

In developing average values, short- and
long-term syntheses are prepared. Short-term
syntheses relate to daily, monthly, or annual
fluctuations and are referred to as “climate”
or as the *“hydrologic regime” of a region.
Climate is the average course or condition of
the weather at a place over a period of years,

as exhibited by air temperature, wind veloci-
ty, and precipitation. Taken together, these
simple measurements of complex processes of
water and energy transfer estimate the dispo-
sition of water among the various phases of the
hydrologic cycle. These short-term syntheses
are important in making decisions concerning
water availability and use from one year to the
next or from one growing season to the next.

Long-term syntheses involve the concept of
climate change over decades, centuries, or
longer. This type of synthesis uses the average
values developed from short-term data col-
lected over a few decades. Long-term change
is identified as the climate slowly becomes wet-
ter or drier, warmer or cooler. An example of
climate change that has been important for re-
cent water planning involves the value for the
average flow of the Colorado River used in the
Colorado River Compact (discussed in ch. V).
Runoff in this river during the period used to
determine an “average” flow for allocating the
waters of the Colorado River was higher than
the average annual flow that now exists. A
change in the climate of that river basin has
gradually decreased the flow of the river below
the value used in the allocation of water be-
tween the upper and lower basin States.

Decisions on water availability and use in the
Western United States must reflect uncertain-
ties associated with measurement. To some ex-
tent, all measurements of the elements of the
hydrologic cycle are estimates, As concluded
by another OTA assessment, estimates of water
volume or time-trends from point estimates
have varying degrees of reliability (8), The
reliability of these estimates will be determined
by: 1) the ability of an instrument to accurate-
ly measure the processes involved; 2) the ex-
tent to which the measurement site is repre-
sentative of the area in which it has been es-
tablished, and 3) where point-source data (e.g.,
precipitation measurements) are involved, the
number of gages that are combined to develop
the estimate, This reliability is also related to
the length of record and the assumption of no
climate change during the period of record.
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WATER PLANNING, DATA COLLECTION, AND ANALYSES

Evolution of the Federal Role

The Federal Government has been involved
in water-data collection and water-resources
planning and analyses since the formation of
the Nation. It intensified its activities with the
passage of the 1902 Federal Reclamation Act.
More than 20 major national studies or pro-
grams have been undertaken since then for the
purpose of defining and guiding Federal activi-
ty in this complex and important area (13).

Some of the more publicized programs have
occurred since the 1940’s when a major focus
was the development of multipurpose river
basin plans and the analysis of river basin prob-
lems. One reason that the Federal Government
became involved was that river basins and
aquifers (basic water-planning units) almost
always cover parts of more than one State and
require a broad regional geographic perspec-
tive. In 1943, the Federal Inter-Agency River
Basin Committee (FIARBC) was established as
a coordinating body for agencies involved with
preparing river basin surveys. After World War
11, FIARBC developed regional committees for
some of the major river basins, including the
Missouri and Columbia basins in the West. In
1959 Congress established a Senate Select
Committee on Water Resources. The work of
this committee was later translated into two
major acts, the Water Resources Research Act
of 1964 (Public Law 88-379) and the Water
Resources Planning Act of 1965 (Public Law
89-90), which has provided the basis for much
recent Federal involvement in water. The
Water Resources Council (WRC) created under
the latter act produced the first National Water
Assessment in 1968,

In the 1970’s, attempts continued to better
define a Federal role in water-resources plan-
ning. A National Water Commission, estab-
lished by an Act of Congress (Public Law
90-515), produced a report to the President and
to Congress in 1973, Water Policies for the
Future. This report outlined several alternative
futures and possible actions for water-
resources development to 2020 in light of the

Nation’s water-resource supplies and needs,
WRC produced a second national assessment
in 1978 that compiled data on the Nation’s
water resources to determine the adequacy of
water supplies for meeting anticipated future
needs in the 21 major water-resources regions
of the United States. Then, during the Carter
administration, an intensive review of national
water policy and several water-policy initia-
tives were begun, including increased attention
to water conservation and environmental qual-
ity.

The early 1980’s brought a major reversal in
Federal water involvement from that which
had developed over the past two decades, presi-
dent Reagan removed Federal sponsorship of
WRC, the river basin commissions (fig, 21), and
the State water research institutes previously
supported through DOI's Office of Water Re-
search and Technology. This action effective-
ly caused the demise of these institutions ex-
cept in a few cases where States have at-
tempted to assume full financial responsibili-
ty for operations.

These earlier broad-based Federal attempts
to integrate water-resource research, policy,
and planning have not been replaced. The
Reagan administration created a small Office
of Water Policy in DOI in 1982 to serve the
Department Secretary. Then in March 1983,
DOI announced that it would prepare annual
National Water Summary reports in a simpli-
fied and condensed form for decisionmakers
as an alternative to previous detailed national
water assessments.

Currently, no additional funds are available
for this activity. All costs for data collection
and analysis are to be absorbed within existing
budgets of the Department and of other agen-
cies that will be expected to volunteer staff and
equipment to respond to data requests. Also,
these summaries will not project future trends.
That function will be a responsibility of the in-
dividual States. According to the Department,
this program is in furtherance of the present
administration’s policy “that responsibility for
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Figure 21.— River Basin Commissions and Other Regional Water Agencies Abolished in 1981

Klamath River Compact Commission
(Calif,, Oreg,)

Upper Colorado River Commission
(Colo., N. Mex., Utah, Wyo.)

Great Lakes Basin Commission
(N. Y., Ind., lll., Ohio, Pa., Minn., Wis.)

New England Interstate Water
Pollution Control Commission
(Corm., Maine, Mass. N.H.,N. Y., R. 1, Vt)

Susquehanna River Basin Commission

(N.Y, Pa., Md us.) [\
Delaware River Basin Commission
rNJ N.Y., Del, Pa., US)

Interstate Sanitation Commission
(N.J., N.Y., Conn))
S G — > 6 Interstate Commission on
N the Potomac River Basin

Tahoe Regional Planning Agency \
‘(Calif., Nev.)

: Abolished Oct. 1, 1981

(Md., Va., W. Va. D.C., Pa)

Ohio River Valley Water
Sanitation Commission
(M., Ind., Ky., N.Y., Ohio, Pa., Va., W. va.}

SOURCE: K. C. Flynn, “Loss of River Basin Commissions Forces a Look at Alternatives, ” Journal WPCF, vol. 54, No 1, January 1982, p. 9.

water resources management rests with the
States” (9).

Data Collection and
Analysis Responsibilities

A fundamental barrier to any institutional at-
tempt to assess the nature and magnitude of
potential water-related problems facing West-
ern arid/semiarid lands is the nature and ade-
guacy of the water-resources data base. Basic
hydrologic processes are complex, and the data
required to evaluate water available at a par-
ticular point in the process are often unavail-
able in the form needed.

Responsibilities for water-related data collec-
tion, analysis, dissemination of information
based on those data, and planning are scattered
widely among a number of Federal and State
agencies. Most of the regionally useful data

have traditionally been collected by agencies
of the Federal Government (table 11). In recent
years individual States have begun developing
a data collection and interpretation capability
to fulfill local needs.

Among Federal agencies, the lack of a single
or coordinated mechanism for data collection
and analyses has produced a number of data
bases and interpretations with varying degrees
of compatibility. * Beginning in 1973, a national
confederation of water-oriented organizations
was formed to improve access to water data
(10). The resulting program, the National Water
Data Exchange (NAWDEX), became operation-
al in January 1976, with the U.S. Geological
Survey (USGS) having lead-agency responsibili-
ty through its Office of Water Data Coordina-
tion. NAWDEX can provide data directly or a
listing of those organizations responsible for
the data, together with a description of the

*For an analysis of water models, see the OTA assessment (8).
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Table 11.— Federal Water-Data Collection Agencies®

Government agencies Independent agencies
In-house data programs USDA DOC DOD DOE DOI EPA IBWC NRC TVA

Surface water . . .. ... .. ... .. X X X - X
Ground water. . . . . . ... ... ... X — X - X
Water quality . . . ............ X X X -
X —_

o
(@]
3

Wateruse. . . ............... X - |
Environmental impact . . . . . . . X
Ecology . . . . . . ... ... ... ..., X -
Management effects . . . . . . . . X —
Basin studies . . . . . . . . . . . ... X — —
Real-time sensing . . . ... ..... X X X -
Remote sensing . . .. ... ..... X X X

Data sensing . . . . .. ... ...... X — X
Instream use . . . . . . . . . . . . ... X = —
Water rights. . . . . . . . . . . . . . .. X — —
Floods . .. ................. — X -
Energy . . . . . . . . .. _ — —
Nuclear . . . . . . . ... ... ... .... _ — —
Precipitaton qualty . . . . . . . . . — — —
KEY UsDA—U S Department of Agriculture, DOC—Department of Commerce, DOD—Department of Defense; DOE—Department of Energy, DOIl—Department of the
Interior, DOT— Department of Transportation, Independent agencies” EPA— Environmental protection Agency; IgwC—international Boundary & Water Commission,

NRC—Nuclear Regulatory Commission, TVA—Tennessee Valley Authority. .
aFor the 1981.82 fiscal year, 26 Federal agencies, representing six departments and four Independent agencies, collected water resource data These efforts have pro.-

duced a diffuse data base, confused agency responsibilities for water measurements, and often introduced varying data collection techniques which produce data
Incompatibility

X X X X X X X
| > x x x x x x
| % x x x x x | x x x
XX | XX X x| X X X
|
X X x X
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|
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|
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|

x
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- X — ?
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SOURCE U S Department of the Interior, Geological Survey, Office of Water Data Collection. Plans for Water Data Acquisiton by Federal Agencies Through Fiscal
Year 1983 (Reston, Va 1982), p 7

characteristics of the data. Through NAWDEX, provides data storage and retrieval without ex-
it is possible to obtain basic data from several tensive analytical capabilities,

data systems: For the purposes of this assessment, OTA has

the Water Data Storage and Retrieval relied heavily on preexisting analyses, rather
(WATSTORE) System of USGS; than on the data base itself. These analyses,
the Storage and Retrieval (STORET) Sys- consisting of reports by the National Water
tem of EPA; Commission (6), WRC (12), and USGS (e.g., 4)
the Environmental Data and Information provide summaries of many pertinent aspects
Service (EDIS) of the National Oceanic and of the hydrologic regime of the Western United
Atmospheric Administration (NOAA); States.

the Water Resources Scientific Informa-
tion Center (WRSIC) of USGS; and
various State agencies, such as the Texas
Natural Resources Information System
(TNRIS), the Nebraska Natural Resources
Information System (NNRIS), and the
Utah Division of Water Rights.

There are, however, discrepancies among the
summarized data contained in these reports
(tables 12 and 13). For assessment purposes, it
has been assumed that these discrepancies
have arisen from the nature of the assumptions
made in the analysis of basic data and from the
use of different data bases rather than from

NAWDEX is asignificant improvement over faulty analytical procedures. It has not been
the previous method. It was formerly necessary possible to resolve these differences, and the,
to obtain the published lists of data from each can only be noted here, In some cases, these
responsible agency. However, it is still neces- discrepancies are great enough to make it dif-
sary to analyze any data obtained through the ficult or impossible to reach any firm conclu-

NAWDEX system, since the system mainly sion about the total availability of water for
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Table 12.—Estimates of Average Annual Runoff in the Western United States, 1975
(in billion gallons per day [bgd] and million acre-feet [maf])

Estimates of average annual runoff in the Western United States for 1975, show
a wide range of data. Published estimates for individual regions varied by more than
400 percent. Until discrepancies such as these can be eliminated, it will be difficult
to reach valid decisions on water resource management.

WRC USGS
Region bgd maf bgd maf ‘o WRC
10 Missouri ..o v oo e 44.1 49.4 54.0 60.5 122
11 Arkansas-White-Red . . . ... ... .. 62,6 70.1 73.0 81.8 117
12 Texas-Gulf . . ................. 28.3 31.7 32.0 35.8 113
13RioGrande . . ................ 1.2 13 5.0 5.6 417
14 Upper Colorado . . .. .......... 10.0 11.2 13.0 14.6 130
15 Lower Colorado . . . .. ......... 1.6 18 3.2 3.6 200
16 GreatBasin . . ................ 2.6 2.9 75 8.4 288
17 Pacific Northwest. , . .. ... ... .. 255.3 285.9 210.0 235.2 82
18 California . . .................. 47.4 53.1 62.0 69.4 131
Regions 10-18 . . ... ............ . 453.1 507.5 459.7 514.9 101

SOURCES: U.S. Water Resources Council, The Nation’s Water Resources 1975-2000 (Washington, D C. U S Government Print-

ing Office, 1978), vol. 3, table II-6.

C. Murray and E. Reeves, Estimated Use of Water in the United States in 1975, U.S. Geological Survey Circular

765, 1977, p. 18.

Table 13.—Estimates of Total Water Withdrawals in the Western United States, 1975
(in billion gallons per day [bgd] and million acre-feet [maf])

Estimates of total water withdrawals in the Western United States for 1975 were
made by the Water Resources Council and U.S. Geological Survey. A wide range ex-
ists in the data, a result largely of data selection criteria and assumptions used in the
interpretation of those data. Until these differences are resolved, it will be difficult to
reach an agreement on the nature of the water problems in the area.

WRC ___UsGs
Region bgd maf bgd maf ‘o WRC
I0OMISSOUN .« v v v e 38.0 42.6 35.0 39.2 92
11 Arkansas-White-Red . . . .. ... ... 13.0 14.6 15.0 16.8 115
12 Texas-Gulf................... 26.0 29.1 22.0 24,6 84
13RioGrande . . ................ 6.3 7.1 5.4 6.1 86
14 Upper Colorado . . . .. ......... 6.9 1.7 4.1 4.6 59
15 Lower Colorado . . ... ......... 8.9 10.0 8.5 9.5 96
16 GreatBasin .. ................ 8.0 9.0 6.9 7.7 86
17 Pacific Northwest. . . . ... ... ... 37,6 421 33.0 37.0 88
18 California . . . ................. 54.2 60.7 51.0 57.1 94
Regions 10-18 . ... ............... 198.9 222.9 180.9 202.6 91

SOURCES: US Water Resources Council, The Nation's Water Resources 1975-2000 (Washington, D C U S Government Print.

ing Office, 1976), Summary, vol 1, p. 25.

C Murray and E Reeves, Estimated Use of Water in the United States in 1975, US Geological Survey Circular

765, 1977, p. 19.

some water resource regions or about the re-
gional usefulness of a given technology de-
signed to increase water-use efficiency.

Some form of coordinating mechanism is es-
sential for collecting and synthesizing available
data and communicating results to a wide au-

dience. The necessity for such an organization
is doubly important inasmuch as water is an
extremely dynamic resource. Because of this
dynamism, both the data base and the assump-
tions applied to its interpretation must be con-
tinually tested if both are to remain relevant
to the solution of emerging problems.



Ch. /ll—Water Supp/y and Use in the Western United States 71

WATER USE IN THE WESTERN UNITED STATES

Relationship Between
Supply and Demand

Depending on the areas, from 70 to 90 per-
cent of the total annual surface runoff and
ground-water recharge in the Western United
States occurs during spring and summer. It is
derived largely from the melting of the moun-
tain snowpack of the region (e.g., 2). The con-
tribution of snowmelt may be as low as 30 per-
cent of the annual total flow in the mountains
of western Washington State, where the pre-
cipitation peak occurs as a result of rainfall
during the winter months, to as high as 90 per-
cent along tributaries of the upper Missouri or
Colorado Rivers.

Water is “consumed” when it is withdrawn
and used in such a way that it is no longer
available for additional uses. This means it has

been either evaporated, transpired, incorpor-
ated into products or crops, consumed by live-
stock or humans, or otherwise removed from
the water environment. Water is “used” but not
consumed when it is withdrawn and returned
to a river, as with irrigation return flows,
hydroelectric energy generation, or mainte-
nance of instream flow requirements,

According to USGS data, in 1975, water
withdrawn from surface and ground water
supplies in the Western United States averaged
3,000 gallons per person per day for a popula-
tion of 50.8 million people. The total withdraw-
al was approximately 170.7 million acre-ft. A
comparison of total water withdrawal, by State,
is shown in figure 22. Water use in the Western
and Eastern States is compared in table 14.

Figure 22.— Total Off stream Water Withdrawals, by States, 1980

Explanation
Range Percentage
(bgd) of Total
/] 0-7.9 25
—3 8.0-13.8 25
™ 139-179 25
W 130-540 25

SOURCE: W Soiley. E Chase. and W. Mann. Estimated Use of Water in the United States in 1980. U.S. Geological Survey circular 1001, 1983
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Table 14.—Per Capita Water Use in the Eastern and Western United States

These figures represent both water withdrawals and consumptive uses.

Contiguous United States
water resources regions

Eastern Western United States (50 States,
(9 regions = (9 regions = District of Columbia,
31 States)’ 17 States)® Puerto Rico, and Virgin Islands)
Population, in millions:
Total . .o 155.7 69.1 229.6
Served by public supplies . . ............... 123.5 58.1 186.1
Self supplied (rural) . . .. ................... 32.2 11.0 43.5
Per capita water use, In gallons per day:
Off stream use:
Total withdrawals . . .. .................... 1,600 2,900 2,000
Public supplies:
All USES . ... i 160 230 180
Domestic and public uses and losses’. . .. 100 150 120
Rural domestic US€’. ..................... 73 98 79
Irrigation ®. . ... 82 2,000 660
Self-supplied industrial . . ... .............. 1,300 660 1,100
Consumptive freshwater use’.............. 120 1,200 450
Instream use:
Hydroelectric power’. ..................... 8,900 27,000 14,000
Total off stream and instream use’. .. ..... 10,000° 30,000° 16, 000

gApproximate boundaries

Based on total population.

cBaseg on populaﬁoﬁ by public supplies
‘Based on rural population.

‘Totals may not add due to rounding.

NOTE’ All per capita data calculated from unrounded figures and rounded to two significant figures
SOURCE: W Solley, E Chase, and W. Mann, Estimate Use of Water in the United States in 1980, U S Geological Survey Circular 1001, 1983

Also according to USGS data, the per capita
consumption of water in the Western United
States averages 1,300 gallons per person per
day, or approximately 145 million acre-ft.
Eighty-five percent of the total withdrawals are
for irrigated agriculture. The amount of this ir-
rigation withdrawal that is consumed ranges
from over 80 percent in the Texas-Gulf Water
Resources Region to slightly more than 30 per-
cent in the Pacific Northwest and Upper Col-
orado River Water Resources Regions. The
average water consumed by irrigated agricul-
ture for the nine western WRC regions is 56
percent of that withdrawn (4,12). Aspects of
water supply, withdrawal, and consumption in
the nine water-resource regions of the Western
United States are given in table 15.

A variety of problems is encountered in de-
fining the amount of water actually available
for use in the Western United States. The most
obvious one is determining the total volume of
water that passes annually through the hydro-
logic cycle of the region. A second measure of

water availability, that of determining the quan-
tity of water that is used “consumptively,” and
thus made unavailable for any subsequent uses,
is becoming a less certain indicator of water
availability because, increasingly, noncon-
sumptive uses such as hydroelectric generation
or instream flow requirements compete with
consumptive uses such as irrigated agriculture.
It is apparent that the same unit of water can-
not generate electricity and concurrently be
used for irrigation. Increasingly, decisions
about the timing of storage and release of water
from regional reservoirs will be made in the
context of diverse and often conflicting uses.

Water Supply and Use Patterns

Annual Estimates of Supply

Attempts to estimate a “dependable” supply
for the purposes of water planning and man-
agement are partially subjective, involving the
relationship between supply and use at the time
of use. Total annual streamflow is not a useful
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Table 15.—Water Supply and Use, Including Off-Channel and Hydroelectric Generation, by Region

Water Normal Established Withdrawals Ground water Hydroelectric
resources Area Average runoff’ reservoir dependable all sources’ Consumption'withdrawn’ generation
region (000 ml?) Maf/yr Inches/year storage’(maf) supply®(maf) (maf) (maf) (maf) (maf)
10 515 60.5 2.2 83.4 33.6 43.7 17.9 13.4 160,0
11 265 81.8 6.0 30.3 22.4 26.9 10.7 10.6 70.0
12 175 35.8 3.9 23.5 19.0 19.0 7.3 5.7 8.7
13 136 5.6 0.8 7.8 3.4 5.3 2.7 2.1 1.2
14 110 14.6 2.5 10.2 14.6 9.5 2.6 0.2 18.0
15 137 3.6 0.5 61.3 2.2 9.7 5.5 5.0 43.0
16 185 8.4 1,0 3.8 10.1 8.4 4.4 1.8 6.2
17 271 235.0 16.0 54.8 78.4 38.1 13.4 9.2 1,700,0
18 120 69.4 9.0 40.0 31.3 60.5 28.0 23.5 83.0
Total 1,914 514.9 4,7 315.0 215.0 221.1 97.5 71.6 2.090.1
Percent of
conterminous
Us. 630/0 380/0 560/0 70 "/0 37 /0 44 710 57 "/0 73710 560/0

NOTE Partial figures may not add because of independent roun

ding.
aC. Murray and E Reeves Estimated Use of Water in the United Sta?es in 1975, U S Geological Survey Circular 765, 1975

bUS Water Resources Council, The Nation's Water Resources 1975-2000 (Washington, DC U.S Government Printing Office, 1978), vol 2, pt. IV, 1978, p 13
CW. Solley, E Chase, and W Mann, Estimated Use of Water in the United States in 1980, U S Geological Survey Circular 1001, 1983

indicator of water availability for most uses
because a considerable amount of seasonal and
year-to-year variation exists in the volume of
flow of the rivers of the Western United States.
Water supply at any point is a result of a com-
plex interaction between withdrawal activities
and return flows all along the system, involv-
ing some consumptive uses and some instream,
nonconsumptive uses. Moreover, these use pat-
terns are subject to change as the needs or
desires of society change.

Analyses of the adequacy of water supplies
are commonly based on the annual amounts
of consumptive water use and streamflow.
USGS has developed estimates of dependable
annual supply for the water-resource regions
(14), based on a statistical analysis of stream-
flow records and an evaluation of the degree
to which reservoir storage assists streamflow
in maintaining a satisfactory available supply.
These estimates do not relate specifically to the
needs of irrigated agriculture because they do
not reflect the relationship between supply and
use patterns during summer when demand for
irrigation water is at a maximum. They do,
however, serve as a useful first approximation
of water availability in the West.

According to the USGS statistical analysis of
streamflow and storage, the Missouri and Ar-
kansas-White-Red regions have moderately
large water supplies and favorable supply-to-

25-160 0 - 6 : QL 3

demand relationships. In the Texas-Gulf re-
gion, withdrawals are greater than the esti-
mated dependable supply and have exceeded
the flow in 90 years out of 100, and excess de-
mand is made up largely from ground water
and water reuse, Consumption of water in the
Rio Grande region is greater than dependable
supply, while in the Upper Colorado region,
supply exceeds demand. Both water withdraw-
als and consumption in the Lower Colorado re-
gion exceed the supply originating in that area.
Excess demand is met by inflow of water from
the Upper Colorado region, importation of sur-
face water, repeated withdrawals of water, and
ground water “mining.” Large ground water
withdrawals are characteristic of the Texas-
Gulf, Rio Grande, Arkansas-White-Red, Lower
Colorado, and California regions,

A slightly different approach to estimate
water supply and demand has been used by
another USGS scientist who defines a “relative
water depletion” index as the total consump-
tive use plus any water exported from each
basin, divided by the total supply (1). Ground
water mining was excluded from this USGS
calculation,

Bredehoeft found that for:

1. most of the lower Colorado River basin,
southern California, and most of Nevada,
depletion exceeds 100 percent of the an-
nual surface supply;
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2. south-central California, including the San
Joaquin and Owens Valleys, depletion ex-
ceeds 75 percent of the annual surface sup-
ply;

3. the High Plains of Colorado and west Tex-
as, depletion exceeds 75 percent of annu-
al surface supplies; and

4. much of New Mexico, depletion exceeds
75 percent of annual surface supplies.

A third comparison of water supply and use
in the Western United States is contained in
the Second National Water Assessment (12).
This assessment presents both annual aggre-
gate values of streamflow, total water use (in-
cluding instream flow requirements), offstream
consumption, and ground water mining for the
52 water-resources subregions of the West as
well as monthly values for each. In the Second
National Assessment, “use” is defined as the
total of all offstream consumptive uses plus

evaporation losses (from ponds and reservoirs)
and net imports of water. “Supply” is defined
as the streamflow volume that would occur at
the outflow point of each subregion if con-
sumption were eliminated, ground water over-
drafting were discontinued, and current water
transfer and reservoir practices were con-
tinued.

Based on the Second National Water Assess-
ment data for average year conditions, total
water use exceeds streamflow in 28 subregions,
which account for about 66 percent of the
West’s irrigated land (fig. 23). In most of the
other 24 subregions, there is little difference
between streamflow and total water use. Total
use is less than 75 percent of streamflow in one
subregion, northern California, where there is
limited agricultural potential,

In a year of below-average streamflow, the
imbalance between supplies and estimated

Figure 23.—Water Resource Subregions Where Total Water Use Exceeds Streamflows in an Average Year

Indicates subregions where total
water use exceeds streamtlow
in an average year.

1205

SOURCE: K. Frederick and J. Hanson, Water for Western Agricuiture (Washington, D.C.: Resources for the Future, Inc., 1982). (Original source: U.S. Water Resources
Council, The Nation's Water Resources 1975-2000 (Washington, D.C.: U.S. Government Printing Office, 1978), vol. 2, pt. }I, p. 4))
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total water use is more intense and widespread.
Shortfalls are more likely not only because sup-
plies are reduced but also because demand may
be higher, especially for irrigation to compen-
sate for reduced precipitation. In a dry year,
total water use exceeds streamflow in 48 of the
52 subregions. Four of the exceptions are in
the Pacific Northwest region, and the other is
in the northernmost subregion of the Califor-
nia region. In eight of the subregions, use is
more than twice the dry-year streamflow.

Monthly Estimates of Supply

The use of annual aggregates to determine
the water-supply/use patterns of the Western
United States often obscures the seasonal na-
ture of many of the shortages that characterize
the area. A more reasonable indicator of ade-
guacy would relate water supplies to water
needs of humans, animals, and plants during
periods of maximum need. Currently, the
shortest period for which data are readily
available is 1 month. While this is longer than
most living organisms can survive without
water, it approximates more closely a realistic
indicator of water-supply adequacy. An inspec-
tion of the Second National Water Assessment
data suggests that there are at least three ma-
jor water-supply/use patterns in the Western
United States. These are subregions where:
1) streamflow exceeds offstream uses during
every month of the year; 2) streamflow exceeds
offstream uses during summer months only,
when irrigation withdrawals reach their peak;
and 3) streamflow is exceeded by offstream
uses during every month of the year.

The Second National Water Assessment
found that in 26 of the 52 water-resources
subregions of the Western United States, off-
stream water use exceeded 90 percent of the
average monthly supply during at least 1 month
each summer (table 16). These subregions are
generally located in the areas also identified
by USGS sources (1,4) as experiencing water-
supply problems. Those areas experiencing at
least 1 month of a water-supply deficit during
each summer are southern California; the Great
Basin; portions of Arizona, New Mexico, Col-

orado, Nebraska, Kansas, Texas; and the Snake
River Plain in southern ldaho.

Consumptive Uses of Surface Water

Consumptive uses of water account for more
than the amount being renewed on an annual
basis in approximately 40 percent of the water-
resources subregions of the Western United
States during at least some portion of each
year, For much of the Western United States,
August is the month of maximum offstream
consumptive use. In August, generally, stream-
flow volumes have diminished significantl,
from the peak flows of springtime snowmelt.
Based on August values of offstream consump-
tion and total streamflow taken from the Sec-
ond National Water Assessment (12), figure 24
shows that for all of the water-resources
regions of the West (excluding the Pacific
Northwest), consumption of water is estimated
to be about 90 percent of total streamflow dur-
ing the month of August and goes as high as
395 percent of streamflow in the Brazes River
subregion in Texas (12). * Water consumption
of many of the subregions of the West actual-
ly exceeds 90 percent of streamflow during
more than 1 month of each year (see table 16).
This suggests that there is currently no excess
surface water during August in the Western
United States, since even in the Pacific North-
west water that is not used off stream is re-
quired for instream hydroelectric generation.
In some areas, no excess surface water exists
during other months as well. A variable per-
centage of this water consumption is based on
reuse of surface waters and ground water with-
drawals depending on the water-resources re-
gion. If it is assumed that ground water
withdrawal is not sustainable because of “min-
ing” and rising energy costs, current patterns
of Western water consumption and use are
probably not sustainable.

The monthly patterns of water supply and
offstream use for several selected subregions

“Total streamflow is defined as a “computed flow that includes

effects of consumption, water transfers and evaporation from
manmade reservoirs, but not ground [i. ater overdraft.
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Table 16.—Western Water Resource Subregi

ons Where Off stream

Use Exceeds Total Streamflow

Region Subregion Months during which off stream use
number number Name exceeds g0 Of total streamflow
10 MISSOURI:
01 Missouri-Milk-Saskatchewan . —
02 Missouri-Marias . . .. ......... —
03 Missouri-Musselshell . . . ... ... —
04 Yellowstone . .. ............. —
05 Western Dakotas . .. ......... —
06 Eastern Dakotas . . ........... —
07 North and South Platte . . . . . . . June-September
08 Niobrara-Platte-Loup . . . . .. ... July-September
09 Middle Missouri . . .. ......... —
10 Kansas.................... . July-August
11 Lower Missouri . . ............ —
1 ARKANSAS-WHITE-RED:
01 Upper White . . . ............. —
02 Upper Arkansas . . . .......... June-July
03 Arkansas-Cimmaron . . ........ July-August
04 Lower Arkansas . . .......... . August
05 Canadian.................. . July-September
06 Red-Washita . . ............. . July-September
07 Red-Sulphur . . . ............. —
12 TEXAS-GULF:
01 Sabine-Neches . . ............ —
02 Trinity-Galveston Bay . . . ... .. —
03 Brazes.................... . July-September
04 Colorado (Texas) . . .. ........ June-September
05 Nueces-Texas Coastal . .. ... .. —
13 RIO GRANDE:
01 Rio Grande Headwaters . . . . .. July-August
02 Middle Rio Grande. . . ........ June-October
03 Rio Grande-Pecos . .. ........ March-September
04 Upper Pecos . . .............. April-September
05 Lower Rio Grande . . . ........ March-August
14 UPPER COLORADO:
01 Green-White-Yampa . . .. ...... —
02 Colorado-Gunnison . . ... ..... —
03 Colorado-San Juan. . ......... —
15 LOWER COLORADO:
01 Little Colorado . . .. .......... —
02 Lower Colorado Main Stem . . . March-October
03 Gila. . ......... ... .. . January-December
16 GREAT BASIN:
01 Bear-Great Salt Lake . . . ...... July-August
02 SevierLake . ............... . June-September
03 Humboldt-Tonopah Desert . . . . February-December
04 Central Lahontan . . . ....... .. August
17 COLUMBIA:
01 Clark Fork-Kootenai . . ........ —
02 Upper/Middle Columbia. . . . . .. —
03 Upper/Central Snake . .. ...... —
04 LowerSnake ................ —
05 Coast-Lower Columbia . . . .. .. —
06 PugetSound ................ —
07 Oregon Closed Basin . . ... ... —
18 CALIFORNIA:
01 Klamath-North Coastal . . ... .. —
02 Sacramento-Lahontan . . . ... .. —
03 San Joaquin-Tulare . . ... ..... June-October
04 San Francisco Bay. . . ........ July-August
05 Central California Coast . . . . . . June-September
06 Southern California . . .. .... .. April-November
07 Lahontan-South . . . .......... April, July-September

SOURCE’ U S Water Resources Council, The Nation's Water Resources 1975-2000 (Washington, D.C U S Government

ing Office, 1978), vol 3, app Ill, table IlI-5.

Print-
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Figure 24 . —Ratio of Off stream Consumptive Use to Streamflow During August

Current water use exceeds 100 percent
of streamfiow during August

Current water use exceeds 80-100 percent
of streamflow during August

SOURCE U S Water Resources Council The Nation's Water Resources 1975-2000 (Washington, D.C. U.S. Government Printing Office 1978)

in the Western United States are shown in
figure 25A, B, and C. These rivers are, respec-
tively:

1. the Yellowstone, a tributary to the Mis-
souri, which has its headwaters in the
northern Rocky Mountains;

2. the North and South Platte Rivers, which
originate in the Colorado Rocky Moun-
tains and flow eastward through Nebraska
to enter the Missouri River; and

3. the Gila River, which drains the south-
western portion of Arizona and includes
the metropolitan areas of Tucson and
Phoenix within its watershed.

The monthly supply/demand relationships
for the Yellowstone River in southwestern
Montana are typical of many of the rivers of
the Pacific Northwest and northern Rocky

Mountains, where water supplies normally ex-
ceed withdrawals during all months of the
year. For the North and South Platte Rivers in
Colorado, Wyoming, and Nebraska, supply ex-
ceeds withdrawal only during the winter
months. During the irrigation season, from
April through August, offstream demand ex-
ceeds the supply available from these rivers
during each month. The deficit is made up by
pumping ground water. This pattern is typical
for a majority of the water-resources subre-
gions of the Western United States. The most
extreme imbalance between suppl,and off-
stream demand is represented by the Gila
River, which is characteristic of those in the
Southwestern tier of States. Here, offstremn de-
mand exceeds supply during every month of
the year, a situation made possible only by the
reuse of surface water supplies and by exten-
sive ground water “mining, ”
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Acre-feet (x 105)

Figure 25.— Monthly Relationship Between Water Supply and Use for Three Western Rivers

30| -

[

l

l
l
I
|

\\/Supply
/
1ol - lll \‘ Use
/ -
- ~
o T O A O O |
J FMAMUJ J A S ON

A. The Yellowstone River, a tributary to the Missouri
River. This pattern is typical of manyn the northwestern
portion of the Western United States.
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B. The North and South Platte Rivers, tributaries to the
Missouri River in the central portion of the Western
United States. Use of water in this subregion exceeds
supply during a portion of each year. This deficit is made
up by pumping ground water.
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C. The Gila River in Arizona. Water use exceeds the
renewable supply during every month of the year in this
river basin. This is made possible only by the extensive
mining of ground water.

SOURCE Office of Technology Assessment, 1982, from U.S Water Resources Council, 1978
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Offstream demand in excess of surface water
supply in the southwestern United States has
become a difficult social and economic prob-
lem. An extensive social infrastructure has
developed in that region based largely on in-
vestments that depend on a reliable water sup-
ply. In these regions, surface supplies often do
not meet demands and ground water must be
tapped, From a hydrologic point of view,
ground water use in excess of ground-water
recharge cannot be sustained into the future,
either because of declining volumes of water
in the aquifers of the region or increasing
pumping costs to extract the water. These fac-
tors are contributing to shifts in water-use pat-
terns in the Southwestern United States. (See
app. B for further graphics on variability
among the water resource regions in spatial
and temporal availability of water and in the
use of that water.)

Nonconsumptive Uses of Surface Water

A number of nonconsumptive instream uses
are as important as consumptive uses but are
not often generally considered in determining
the supply/use relationship for an area. These
are instream requirements for habitat mainte-
nance and waste assimilation, hydroelectric
generation, recreation, and the maintenance of
commercial fisheries.

Instream uses, “ . . . that amount of water
flowing through a natural stream channel
needed to sustain the instream values at an
acceptable level” (12), are particularly difficult
to define or quantify. The first attempt to ac-
complish this was made by the Second Nation-
al Water Assessment, largely based on mini-
mum streamflow levels required for mainte-
nance of fish and wildlife populations and for
navigation, where applicable.

An example of the economic and social
desirability of maintaining sufficient instream
flow for the support of fish habitat involves the
salmon fishing industry of the Pacific States
of Washington, Oregon, and northern Califor-
nia. The anadromous (primarily salmon) fish
runs of the rivers draining into the sea have
national as well as regional importance be-

cause they support a commercial fishery, an
extensive sports fishery, and an Indian fishery.
Damage to this fishery, either by a diminution
of instream flows or by undesirable water-qual-
ity changes, will have both serious economic
and social effects.

Other instream uses also exist that have a
direct impact on human activity. An important
instream flow use involves waste assimilation
and dilution. It is common practice to dis-
charge municipal and industrial wastes into
streams with less than complete, or tertiary,
treatment (3). Approximately 50 percent of the
water used in irrigation returns to the river
degraded in quality. Without some minimum
level of streamflow, the water quality of return
flows will become, in effect, the water quality
of the stream. While this will have an effect on
fish and wildlife, it also will mean that the
water will require extensive and expensive
treatment before being suitable for human do-
mestic use.

A third instream use in a number of the
water-resources regions of the Western United
States involves hydroelectric generation, This
use requires that water be “spilled” from a
reservoir. If this spillage is to be consistent with
the energy demands of the region supplied,
reservoir water levels cannot be allowed to fall
below some minimum level. If an optimum
reservoir level is to be maintained, the spillage
must be approximately equal to the amount of
water flowing into the upstream end of the
reservoir. In the case of the Pacific Northwest
Water Resources Region, for example, present
patterns of hydroelectric generation require
that a monthly average of 140 million acre-ft
of water (1.7 billion acre-ft/yr, or more than 12
times the annual flow of the Columbia River)
be discharged from the reservoirs of the region
to generate the energy being produced there,
Without cumulative inflows to these reservoirs
of 140 million acre-ft/month, hydroelectric
generation must decrease. Thus, this instream
use requires acertain volume of water with
relatively little room for equivocation. Other
uses such as irrigated agriculture, which might
require reservoir water, would be detrimental
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to the hydroelectric use at the point that agri-
cultural demands cause reservoir drawdown
and decreased power generation.

Fourth, outdoor recreation activities, while
somewhat more difficult to quantify, are im-
portant instream uses. According to the Second
National Water Assessment, in 1975 there were
592 million water-related outdoor recreation
activity “occasions” * in the 17 Western States.
On a per-capita basis, this is 11.8 occasions per
capita in those States compared with a per
capita average of 8.4 occasions in the Eastern
United States. Most of the water-related recrea-
tional activities in the water-short Western
United States center on reservoirs and the free-
flowing streams of the region. In both cases,
some minimum level of instream flow is re-
quired to maintain a reservoir pool level
suitable for recreational purposes. A minimum
instream flow is necessary specifically to main-

_* Participation by a person 12 years or older in a specific ac-
tivity without regard to the duration of the activity.

tain flows during late summer in unregulated
streams and to maintain recreational activities
below dams on regulated streams.

There are no simple measures of instream
flow requirements. To a certain extent, these
must reflect the current level of development
within a given river basin or along a given
stream reach. Water use has already exceeded
average annual streamflow in the Southwest-
ern and Great Plains subregions of the West-
ern United States. For these areas, adding
another use in the form of instream flow re-
guirements is largely academic.

The issue of instream uses and their priori-
ty was raised but not resolved in the Second
National Water Assessment. An acceptable def-
inition and quantification of these important
uses should be of the highest priority for eco-
nomic, social, and environmental reasons, Be-
cause these uses have national as well as re-
gional and local significance, this area needs
national as well as regional and local attention
(see also ch. V).

FUTURE ENERGY DEMANDS FOR WESTERN WATER

Water availability is commonly noted as one
of the key factors for the successful develop-
ment of Western energy resources. Some areas
of the northern Great Plains and the Rocky
Mountain region already are experiencing eco-
nomic activity as the result of energy develop-
ment. Surface waters from both the Upper Col-
orado River Basin and Upper Missouri River
Basin, as well as ground waters in these areas,
have been described in a number of studies for
purposes of water availability for Western en-
ergy development. *

Water requirements of energy facilities vary
considerably. For example, coal-fired electric

*See previous OTA reports on: Increased Automobile Fuel Ef-
ficiency and Synthetic Fuels. Alternatives for Reducing Oil Im-
ports, OTA-E-186, September 1982; An Assessment of Oil Shale
Technologies, OTA-M-118, JUNE 1980; The Direct Use of Coal:
Prospects and Problems of Production and Combustion, OTA-
E-86, April 1979; and A Technology Assessment of Coal Slurry
Pindlines, OTA-E-60, March 1978. Also see Science and Public
Policy Program, University of Oklahoma, Energy From the West:
A Technology Assessment of Western Energy Resource Develop-
ment, 1981, University of Oklahoma Press.

power generation requires more water than
synthetic fuel technologies and more water
than slurry pipelines to produce an equivalent
amount of energy. High-Btu coal gasification
consumes more water than either coal liquefac-
tion or in situ oil shale production, but less than
some oil-shale conversion methods. Water re-
guirements for shipping coal by slurry pipe-
lines are less than for some conversion facili-
ties.

projections of actual water demand from
Western energy development are difficult and
depend on numerous assumptions about West-
ern law, needs of existing users, economic
value of the water to be used, the specific site
and time of development, and the technology
used. Studies on individual energy resources
have concluded that sufficient quantities of
suitable water may be physically available or
could legally be made available for certain
kinds of energy development. The quality of
water required for some energy uses may be
lower than that required for agriculture.
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No definitive estimate of the cumulative ef-
fects of Western energy development for agri-
culture is available, however. The difficulty
with providing such an estimate is due, in part,
to complex and dynamic legal, institutional,
political, and economic issues involved. More-
over, data on water availability, current uses,
and future demands are incomplete. The im-
pacts of water demand for energy hinge on the

quality of water required and future local,
State, and Federal roles in programs to make
water available for energy development. Inter-
national activities also will influence the
Western energy industry. The energy-specific
studies generally recognize that on a site-
specific basis, some Western agricultural areas
could experience significant impacts from in-
creased water use for energy.

CONCLUSIONS

Both the spatial and temporal availability of
water for agricultural uses in the Western
United States are related to variations in the
components of the hydrologic cycle. It should
be recognized that the use of a technology to
produce a change in any single component of
the hydrologic cycle to create additional water
or water savings will inevitably affect other
components of the cycle. A detailed analysis
of the existing hydrologic regime at the site of
technological modification will help to deter-
mine the extent to which that modification will
affect the desired change (e. g., in increased sur-
face runoff, decreased evapotranspiration, and
increased soil-water storage). It will also help
to define possible adverse impacts on other
components of the cycle.

Evaluating the potential of a given technol-
ogy for either producing additional water or
conserving supplies will be difficult unless the
guantities of water now involved are defined
more accurately. Both the reliability and avail-
ability of water-resources data present prob-
lems for site-specific hydrologic analysis. Esti-
mates of annual streamflow volume now vary
by as much as several hundred percent, de-
pending on the river basin and the source of
the estimate. Additional cooperation and coor-
dination among the involved Federal and State
agencies would help to resolve water-data prob-
lems and discrepancies. Consideration should
be given to using a lead agency concept for
various data-related activities.

It is inevitable that both short- and long-term
fluctuations in climate affecting water availa-
bility in the Western United States will
continue in the future. Short-term variations
in water supply lasting a single season or year

have traditionally been a factor in planning and
management of the water resources of the re-
gion. Changes in the water supply associated
with long-term changes in the climate are less
commonly considered in either planning or
management. The past several decades have
been particularly favorable for agricultural
development. It must be assumed that present
levels of agricultural production are at least
partly the result of this, Short-term fluctuations
in water supply can be accommodated in man-
agement and planning schemes by a statistical
analysis of trends in the recent past, However,
because there is no reliable method for predict-
ing the nature of long-term trends, water use
and planning over the long-term should tend
toward conservative estimates of future avail-
ability.

The most important source of renewable sur-
face water supplies in the Western United
States is the mountain snowpack. This snow-
pack accumulates during the winter months in
both the mountains bordering the Pacific
Ocean and the Rocky Mountains in the interi-
or. When it melts in the spring and summer
months, it supplies an estimated 70 to 100 per-
cent (depending on location) of the total annual
surface runoff for all river basins except the
Texas-Gulf region. Traditionally, the approach
to the study of water resources in the Western
United States has been one that emphasized
problems related to meeting demand rather
than those associated with the sources of

supply,

Relatively little research attenion has been
given to the snowpack, either in terms of the
spatial and temporal variations of volume of
water stored each year or the rate at which sur-
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face runoff is produced during the melt sea-
sons. Technologies such as weather modifica-
tion and streamflow forecasting to improve
reservoir management would benefit consid-
erably from an increased understanding of the
snowpack as the dominant source of the re-
newable surface water supplies. The snow
survey program of the USDA Soil Conserva-
tion Service has produced a valuable data base
that would greatly facilitate this research.

Based on the available estimates of water
supply and use, almost half of the Western
United States is experiencing water-supply
problems in relation to demand. In much of the
Southwest and southern High Plains, the total
available surface supply is used in some way

annually, and ground water is being with-
drawn faster than its recharge rate in order to
sustain the levels of use that have developed.
Ground water mining can only be considered
a short-term solution to water-supply problems,
since diminishing reserves and increasing
energy costs may gradually make the pumping
of ground water prohibitively expensive,
Where water supply is not entirely consumed,
competing nonconsumptive uses, such as in-
stream flow requirements or hydroelectric
generation, are increasingly creating schedul-
ing conflicts for offstream uses. Water-quality
problems may prove to be an even more critical
factor affecting patterns of future Western
water use.
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Chapter IV
Water Quality

Water-quality deterioration in the Western
United States would have significant impacts
on water use, Although agriculture is the pri-
mary user of water in the region, water-qualit,
problems are associated with all uses,

This chapter presents an overview of two
aspects of water quality of the Western United
States: 1) the impacts that water quality has on
agriculture and 2) the impacts that agriculture
has on water quality. While the chapter is not
an exhaustive consideration of all the water-
qguality implications for water supply and use
in the Western United States, it does illustrate
the broad nature of the problem and some of
the more salient public health implications.

The discussions of this problem in the
literature, on which this chapter is based, are
fragmentary, and it is apparent that legitimate
differences of opinion exist concerning the
seriousness of the problem. Water planners and
managers must be aware of these different in-
terpretations but must also understand that, at
least locally, water pollutants and their as-
sociated health problems have been detected
in the region. With the increasing water usage
indicated by present trends, these pollution and
health problems can only worsen without con-
certed action on the local, State, and Federal
level.

WATER QUALITY IN ARID AND SEMIARID REGIONS

Water quality defines the physical, chemical,
and biological attributes that affect the suitabili-
ty of water for agricultural, industrial, and do-
mestic uses as well as for recreation and wild-
life habitat. These attributes are closely linked
to the physical availability of water, the extent
to which the available resources are used, and
the nature of the water-quality changes that use
produces. Water quality is determined both by
the nature of the pollutant and the concentra-
tion of that pollutant in the water.

No water problems are unique to the arid and
semiarid portions of the Western United States.
The more limited amount of water available in
this environment, however, has the potential
to increase the severity of any that do exist. For
example, arid and semiarid environments are
commonly characterized by high natural levels
of salinity in the soil owing to the imbalance
between precipitation and evaporation which
decreases natural leaching, The sporadic run-
off that characterizes these environments will

often contain high concentrations of both sus-
pended and dissolved solids which are added
to the perennial river system. It is estimated,
for example, that natural sources account for
about two-thirds of the total annual dissolved
salt carried by the Colorado River. For portions
of this river, this represents values that may ex-
ceed 1,500 parts per million (ppm) total dis-
solved solids, or three times the recommended
level for municipal drinking water.

The fact that there is less total water available
in arid and semiarid environments means that
each unit of water must be more fully used, re-
sulting in the development of patterns of reuse
in which each unit of water must be used con-
secutively as it moves through a river system.
Thus, water may be withdrawn from the river
and partially consumed by irrigation; the re-
turn flow may be stored in a reservoir where
it will ultimately be used to generate hydroelec-
tric energy; and then, following release, the
water may be withdrawn by a municipality for

85
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domestic consumption. The return flows from
each of these sequential uses have increasing
levels of pollutants and may ultimately have lit-
tle reuse potential without significant treat-
ment (35). While continued reuse of stream-
flows for irrigation without treatment has be-
come a necessity in many of the water-short
areas of the Western United States, the gradual
buildup of salts and agricultural chemicals in
the soils and in the water itself could ultimately
prove to be more detrimental to agriculture and
other water users than will increasing water
shortages.

Traditionally, the streams, lakes, rivers, and
ground water of the Western United States
have seemed a convenient and seemingly in-
expensive and inexhaustible dumping area for
human and animal wastes and residues from
industry and municipalities. Many water-
quality problems have been identified in the
Western United States; most on a site-specific
basis, depending on the type of pollutant and
the nature of the ground and surface water
system into which it is introduced. Experts
disagree about the nature or extent of existing
water-quality problems and about related pub-
lic health aspects. Based on available evidence,
however, concern is justified.

The kinds and amounts of impurities in
water depend on a number of environmental
factors, such as source of water and physio-

geographic characteristics of the environment
through which the water moves, and on the ef-
fects of human activity on water quality. In
practice, it is difficult to separate water-quality
from water-quantity problems in the Western
United States. The development and use of the
region’s water resources have generally tended
to decrease the volume of water in both sur-
face and subsurface sources and to increase
the concentration of both natural and human-
caused contaminants. The ability of Western
water resources to assimilate the increased
levels of contaminants that might be produced
by urban populations, industrial activities, and
use of agricultural chemicals is more limited
than in the humid Eastern United States be-
cause of lower total volumes of water. Because
of the interconnected nature of ground and sur-
face water supplies, contamination of one will
eventually affect the quality of the other.

In discussing water quality in relation to agri-
cultural development, two major issues arise.
On the one hand, agricultural use requires cer-
tain standards of water quality. Under condi-
tions of water scarcity, waste products concen-
trating in surface or ground water supplies can
appreciably diminish the availability of suitable
water for agricultural use. On the other hand,
agriculture itself contributes waste products to
the environment affecting water quality and its
suitability for other uses.

THE EFFECTS OF WATER QUALITY ON AGRICULTURE

Technologically, water of any quality can be
made suitable for any use. However, to neutral-
ize or remove certain types of pollution from
water is prohibitively difficult and expensive.
The extent of improvement a water supply will
require and the associated costs usually repre-
sent the rationale in assessing the comparative
worth of alternative supplies.

“Water quality” in agriculture relates pri-
marily to farmstead water supply, livestock,
watering, and irrigation. Understanding the
significance of a great variety of water constit-
uents regarding tolerance limits for various

uses is far from complete. However, the pro-
visional threshold tolerance levels available for
many water constituents may serve as guides
in evaluating the suitability of water for par-
ticular uses. In 1963 the California State Wa-
ter Resources Control Board published the first
“Water Quality Criteria” for various uses, in-
eluding agriculture (33). In 1968 the Federal
Water Pollution Control Administration pub-
lished “Water Quality Criteria” in which con-
siderable emphasis was given to water-quality
requirements in agriculture, In 1976 the Envi-
ronmental Protection Agency (EPA) contrib-
uted “Quality Criteria for Water. ” In 1977 the
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National Research Council of the National
Academy of Sciences published “Drinking Wa-
ter and Health, ” which summarized the state
of knowledge on the effect of various drinking-
water constituents on human health.

Domestic Use on Ranches and Farms

The requirements for water quality for do-
mestic use by a human population in an agri-
cultural setting should not be different from re-
quirements for drinking-water quality else-
where. However, water available on farms and
ranches is usually in a raw state, while water
in the cities is treated to make it suitable for
human consumption. Thus, farm and ranch
water must be of such quality that it can be con-
sumed without, or with minimal, treatment.
Because water used by individual households
in rural areas is not subject to routine quality
inspections as are public water supplies in the
cities, there is very little information on the
quality of drinking water available to rural pop-
ulations. Some rural drinking-water supplies
have become polluted. For example, analysis
of water in California during 1979 revealed that
some 100 water-supply wells contained trace
amounts of DBCP (dibromochloropropane),
formerly a widely used pesticide and a sus-
pected carcinogenic compound (47)

Livestock

It is usually accepted that water that is safe
for human consumption may be used safely by
stock, but that some stock can tolerate water
of a somewhat poorer quality. According to
Heller (25,26), the maximum concentration of
salts that can be tolerated by certain domestic
animals is about 15,000 milligrams per liter
(mg/1), but this limit is believed to be too high
for food-producing animals. The maximum ac-
ceptable salinity level for livestock drinking
water suggested by EPA (50) was 3,000 mg/| of
soluble salts.

In general, the types of pollutants in water
that are of potential significance to livestock
are mineral salts, organic wastes and algae,
microbiological pathogens and parasites, pesti-
cides, herbicides, and radionuclides, Livestock

water can be contaminated in many ways,
either directly from natural sources or indirect-
ly; e.g., agricultural fertilizers may stimulate
algae “bloom” in the water so that it becomes
unsuitable for animal watering. Various water
pollutants may cause either loss of livestock by
death or by reduced reproduction,

Irrigation: Salts and lons

The quality of water used in irrigation is very
important. It is known that water retained in
soil (so-called “soil solution”) tends with the
passage of time to become progressively more
saline. This process is believed to be responsi-
ble for the failure of many irrigation projects
throughout the history of civilizations (7).

Using an inferior quality water for irrigation
can affect soil by changing soil structure
(permeability and aeration), and plants through
the presence of phytotoxic substances in water
or through the modification of processes that
limit the water uptake by plants, Moreover,
some constituents of irrigation water of no par-
ticular significance to plants themselves, but
significant to animals and humans, can be ac-
cumulated by crops.

An evaluation of water suitability for irriga-
tion based solely on water characteristics has
limitations because more factors are involved.
First, the “soil solution” is usually several times
as concentrated as the water applied (in some
cases it may be as much as 100 times more con-
centrated). Second, plants vary widely in their
tolerance to salinity (see ch. IX, table 67). Third,
soil types, climatic conditions, and irrigation
practices and drainage conditions are of impor-
tance and vary widely. Well-drained soil can
support growth of satisfactory crops even if the
water applied to it is not of the best quality.
However, poorly drained soils favor buildup
of undesirable constituents, even if the constit-
uents are present in rather small quantities in
the water.

The characteristics of water most often con-
sidered in determining the suitability of water
for irrigation use are: 1) the total concentration
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of salts in water (measured in mg/l or as the
specific conductance, in micromhos); 2) the
proportion of sodium to calcium and magnesi-
um (often in percent); and 3) boron, chloride,
and sulfate content in mg/I (table 17). Each of
the characteristics varies relatively independ-
ently. Thus, water, adequate in all other re-
spects, may not be suitable for irrigation be-
cause of a specific single adverse water-quality
factor.

Soils in arid and semiarid regions have spe-
cific salt-accumulation problems. Such soils
have been formed under limited precipitation
conditions and scarce vegetation. Infrequent
infiltration by rainwater causes the soils in
such areas to be more shallow and saline. In
order to maintain a steady state, salt accumula-
tion in the process of irrigation should be bal-
anced by equally effective salt removal, a dif-
ficult practice to accomplish. In most cases,
salt removal may succeed only in moving the
problem downstream to the next point at which
water is withdrawn for irrigation application.

The proportion of sodium to other cations*
in water is used to indicate the relative activi-
ty of sodium ions in exchange reaction with

*Positively charged ions,

soil, Sodium hazard increases if water has a
large concentration of bicarbonate ions. Alka-
line water will act to dissolve the organic ma-
terial in the soil, The effect is known under the
general term of “black alkali,” referring to the
characteristic black-grayish color of the af-
fected soil. Because of these considerations, the
RSC* index (residual sodium carbonate) was
suggested as an additional criterion for irri-
gation water. Water containing more than 2.5
mg/|1 of RSC is probably not suitable for irriga-
tion; with RSC in 2.5 mg/l, water is marginal,
and with RSC lower than 1.25 mg/I, water is
probably safe (53).

While trace quantities of boron in water are
essential for plants as a micronutrient, an ex-
cess of this element can cause plant injury. The
information on tolerance of plants to boron as
well as several other trace elements is pre-
sented in table 18,

Irrigation With Wastewater

In conditions of water scarcity, the reuse of
wastewater in irrigation has been considered
as a possible way to stretch available resources.

*RSC = (CO3-- + HCO -%_— (CA+ ++ Mg + +), lonic con-
tent in milliequivalents perliter.

Table 17.—Summary of Classifications of Irrigation Waters

% Na
Na x 100
Na+Ca+Mg+K

Class as meq per liter Boron, in mg/l

Chlorides
in meg/l

EC x 10°at 25° C
Specific conductivity
(concentration

of ions)

Total salts
in mg/l

Sulfates
in meqg/l

| Less than 30-60°/0 Boron recommendation Less than 2-5.5 Less than 4-10 Earlier papers

for water of this class
is generally accepted

(most recent
work favors a

Up to about 700
suggested limit of
about 500, but more

60°/0 limit) as less than 0.5 mgl/l; recently 1,000 has
however, tolerant plants been accepted
will not be injured by
1-1.5 mgl/l
Il 30-75% 0.5-2.0 mg/l although 2-16 4-20 500-3,000 350-2,100
for tolerant plants
water with boron up to
3.35 mg/l may be
satisfactory
Il More than More than 2 mg/l al- More than 6-16 More than More than More than
70-75% though water with more 12-20 2,500-3,000 1,750-2,100

than 1.0 may be highly
unsuitable for sensitive
plants

SOURCE J E McKee and H W Wolf, Wafer Quality Criteria, California State Water Resources Control Board, 1963
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Table 18.—Trace Element Tolerances for
Irrigation Waters

For short-term use
on fine textured

For water used
continuously on

Element all soils (mgll) soils only (mg/l)
Aluminum . . . . . 1.000 20.00
Arsenic . . .. ..... 1.000 10.00
Beryllium . .. ..... 0.500 1.00
Boron........... 0.750 2.00
Cadmium ... . . . .. 0.005 0.05
Chromium . . . . . 5.00 20.00
Cobalt........... 0.200 10.00
Copper........... 0.200 5,00
Flourine . . ... ... 0) 0)
Iron............ 0 0)
lead ............ 5.000 20,00
Lithium . .. ... ... 5.000 5,00
Manganese . . . . . 2.000 20.00
Molybdenum . . . . .. 0.005 0.05
Nickel . ........... 0.500 2.00
Selenium . ........ 0.050 0,05
Tin. ..ol 0 ()
Tungsten ., . . ..... 0) 0
Vanadium . . . . . . 10.000 10.00
ZinC ... 5.000 10.00

SOURCE J E McKee and H W Wolf, Water Qualify Criteria, California State
Water Resources Control Board, 1963

However, the safety and desirability of land
application of wastes has been a controversial
issue, The divergence of opinion in this mat-
ter was reflected by participants of the Fourth
National Groundwater Quality Symposium in
1978. At this symposium Wright and Rovey
(both private sector water engineers) character-
ized such a practice as beneficial, arguing that
“land application of treated wastewater can
provide unique opportunities not only for a
final high level of waste treatment, but for rea-
sons of nutrients as well. ” To support this con-
clusion, the authors presented several exam-
ples of land application of treated municipal
and industrial wastewater with no detectable
impact on ground water quality (57). In agree-
ment, Sheaffer, the president of a company that
works with wastewater reuse, suggested that
“land treatment systems provide an opportuni-
ty to view sewage treatment as an investment
in the production of food and fiber. ” It “pro-
vides our nation with a positive program to
deal with a negatively perceived material, sew-
age” (41).

On the other hand, Johnson, chairman of the
National Drinking Water Advisory Council and
vice president of an environmental engineer-

25-160 0 - 7 : QL 3

ing company, characterized land application
of waste as “an accident waiting to happen. ”
He indicated that research has not been done
to give assurance that natural interaction of
wastewater and soils will remove to acceptable
levels potentially harmful contaminants. He
cited several examples where sewage effluents
penetrated the ground to the water level,
“There is a great deal to be learned, ” he said,
“‘about the fate and transport of contaminants
below the surface; the practices that represent
the greatest threat to this national resource; and
the economics of alternative ways of dispos-
ing of wastes in a manner more protective of
the environment, ” Johnson quoted California
State studies in 1976 that concluded that “areas
of uncertainties regarding health effects can-
not be resolved because basic scientific knowl-
edge is lacking” (29).

A 1979 report by the United Nations World
Health Organization (WHO) warned that the
application of wastewater to land, whether for
agricultural irrigation or as a method of treat-
ment for disposal, poses a possible risk of virus
contamination of ground water. The report em-
phasized that “concern about hazard from vi-
ruses caused by this practice has only recent-
ly been raised, and available information re-
mains limited. ” Concentration of enteric vi-
ruses in human feces was reported to be as
high as 10°to 10°PFU/g (plaque-forming units
per gram) (56), Raw sewage and wastewater
usually contain a large number of enteric vi-
ruses of human origin, Although sewage treat-
ments reduce virus contamination to varying
extents, significant numbers of viruses survive
treatment.

Because viruses in wastewater that is applied
to land can survive in the environment for a
considerable period of time (27), the application
of inadequately treated effluents and sludge to
land poses the risk of potential public health
problems, According to the 1979 WHO report,
deposition of significant concentrations of
viruses on the soil might be a health hazard via:

¢ direct virus infection of farmworkers and
their contacts,

¢ virus contamination of crops destined for
human consumption,
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virus contamination of the drinking-water
source (surface contamination by runoff
or ground water contamination by perco-
lation),
dissemination of viruses by insect vectors
or animals in contact with contaminated
soil, and

- virus dissemination by the air when
sprinkler irrigation is u-seal.

An improved understanding of factors that
influence virus retention and inactivation in
soil and of factors controlling virus migration
through soil is critical in managing wastewater
land-treatment systems. According to studies
by Gerba, et al. (19), virus retention in soil is
believed to occur mainly by the mechanism of
adsorption, * which, in turn, is controlled by
a number of variables; e.g., soil composition
and ionic content, pH, moisture content, tem-
perature, rates of wastewater application,
strength of sewage (19,27). Moreover, adsorp-
tive behavior of viruses and their survival were
also demonstrated to be strongly type- and
strain-dependent. Hurst, et al. (27), reporting
this observation in 1980, stated:

The fact that [adsorptive capacity] signifi-
cantly affected virus survival is of great impor-
tance. This finding indicates a dilemma insofar
as virus inactivation during land treatments is
concerned. On one hand, concern for public
health would, of necessity, require that land
treatment sites be developed on soils with high
virus adsorptive capacity. This is required to
minimize the possibility of viruses applied to
soil reaching groundwater. On the other hand,
virus survival is likely to be greatest in those
soils that would be most effective in prevent-
ing groundwater contamination.

*Adherence of one particle, ion, or molecule to the surface
of another.

Heat

Water-temperature increases can result from
industrial water use and from water impound-
ment, Such increases have a direct effect on
the efficiency of water as a coolant and an in-
direct influence on aquatic life and on water
chemistry. A change in water temperatures, by
itself, has little effect on the agricultural uses
of water. However, changes in water tempera-
ture may produce associated water-quality
changes which will render the water less de-
sirable for a variety of agricultural uses. For
example, an increased water temperature in-
creases the volubility of all substances in-
cluding those that may be harmful to agricul-
ture. With higher water temperatures the dis-
solved oxygen content is lowered, increasing
the possibility of eutrophication, including the
production of anaerobic decomposition prod-
ucts and increased algae growth, when suffi-
cient nutrients are present. Pathogenic orga-
nisms will survive for longer periods of time
at higher water temperatures, thus increasing
the risk of disease transmission both to and
from agricultural areas.

Radioactive Substances

The possibility of the uptake and transloca-
tion by plants of the radioactive material from
fallout—in particular strontium, cesium, bari-
um, and iodine—has been identified in some
literature (33). Radioactive material can be
picked up by rivers as they cross areas of
uranium mining (7),Uranium mining exists in
several States—e. g., Utah, New Mexico, Ari-
zona, and Texas. Some streams used for irri-
gation purposes either cross through uranium
districts or originate within the uranium dis-
tricts (9,55). Ground water can also be contam-
inated in the process of uranium exploration.

THE EFFECTS OF AGRICULTURE ON WATER QUALITY

Agriculture contributes its share of water pol-
lution, both from point and nonpoint sources, *

« Point pollution comes from sources that can be pinpointed;
nonpoint pollution comes from diffuse sources. See app. E.

The impact of agricultural wastes such as sed-
iments, dissolved salts, and bacteria on water
guality has been given comparatively little at-
tention until recently (14,51). Within the past
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several decades the use of agricultural chem-
icals (pesticides and fertilizers) has become
widespread in the West, and a sizable feedlot
industry has been created with massive con-
centrations of livestock, poultry, and the result-
ant waste products. These kinds of activities
raise serious concerns about Western water
quality,

Suspended Sediments

The greatest mass of waste resulting from
agricultural activity in terms of quantity is
probably the material eroded from cultivated
land. The total quantity of sediment produc-
tion in the United States is appreciable, esti-
mated to be as much as 6.4 billion tons per year
(11). Waterborne sediments are solid particles
of various sizes composed of inorganic and or-
ganic materials eroded from soil and rocks,
products of plant and animal decomposition,
and debris of human activity.

Much sediment and erosion results from
poor agricultural management practices ac-
cording to a report prepared by the Department
of Agronomy at Cornell University (14). The
problem is magnified by numerous individual
farmers who, either for lack of knowledge,
carelessness, or economic necessity, do not
practice proper methods of erosion control,
manure application, or agricultural chemical
application.

Although there is no evidence that common
suspended sediments or solids affect health
directly, they can affect health indirectly. Spe-
cifically, clays are very adsorptive and can pro-
vide a transport mechanism for viruses, bac-
teria, and various toxic substances into drink-
ing-water supplies. Pesticides and fertilizers
bind to soil particles and are later mobilized
by erosion and transported by runoff. Paraquat
and Diquat (herbicides) and phosphorus (fer-
tilizer) are examples of chemicals that can be
transported by clay particles (36). Viruses and
bacteria tend to concentrate in the bottom sed-
iments of lakes, rivers, and estuaries (22,32,36],

Some organic pollutants that do not adsorb
readily on pure clays adsorb on clay-organic
complexes in the sediments. Water treat-merit

is usually capable of removing most of the
suspended material; in cases when it is not,
such material may be ingested, Pollutants
bound to clay particles may be released into
the water or into the digestive tract of humans
and animals.

Other problems commonly reported in asso-
ciation with waterborne sediments come from
agriculture. These include impairment of
drainage, reduction of reservoir storage capaci-
ty, and increased need for dredging of water-
development projects. Waterborne sediments
increase costs of water clarification for in-
dustrial use and potable water delivery. Coarse
sediments cause abrasion of turbine blades in
power-generation facilities and clogging of in-
jection wells, Economic losses to commercial
fisheries can result from the effects of sediment
on spawning grounds.

Plant Nvutrients and Fertilizers

Nutrient transport from cultivated land and
feedlots is among the most frequent problems
associated with agricultural activity. While ele-
ments such as phosphorus and nitrogen are es-
sential nutrients for any terrestrial or agquatic
ecosystem, the overenrichment of water bodies
with these same chemicals may bring about
an uncontrolled algae “bloom” and excessive
growth of aquatic plants. This growth leads to
problems in waterways and canals and inter-
feres with water recreation and other beneficial
uses of water. Decaying water plants reduce
the quality and length of the useful life of farm
ponds, lakes, and reservoirs.

Phosphorus

According to some experts, phosphorus may
be one of the most limiting nutrients in aquatic
habitats. Agricultural sources of phosphorus
include fertilizer and runoff from animal feed-
lots. Phosphorus, unlike nitrogen, does not
readily leach out of soil. Soil can hold large
guantities of this nutrient in a fixed state. Ero-
sion and sediment transport is the primary way
in which phosphorus is introduced into water
bodies. phosphorus commonly is present in
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greater concentration in the bottom sediments
of a water body than in solution.

Some research has shown that algae “bloom”
can exist at phosphorus concentrations in
water as low as 0.1 ppm. However, such algae
could not sustain itself for long at this initial
concentration unless phosphorus were resup-
plied at least 15 times throughout the growing
season (14). It is believed that the amounts of
phosphorus moving off the land as fertilizer
may not be sufficient to support the algae
“bloom” experienced in farm ponds, lakes, and
reservoirs, Runoff from barnyards, animal
feedlots, and domestic sewage also contribute
phosphorus to water.

Nitrogen

A second nutrient and potential water pol-
lutant is nitrogen. Nitrate contamination is
likely to be of importance where rural water
supplies are concerned. Major sources of nitro-
gen-containing wastes are drainage from ani-
mal feedlots, irrigation reuse water, waste-
water from municipalities and industries, solid
waste dumps, and septic tanks. An important
nonpoint source is runoff from fertilized land
(chemical or manure) (36). It has also been sug-
gested that some nitrates in ground water are
of a natural origin—i.e, indigenous to some geo-
logical deposits—e.g., tertiary and quartenary
sands (18). The origin of excessive nitrates in
shallow wells is a subject of debate. Several
recent reports from the United States and Eng-
land have suggested trends of increased ni-
trates in water attributed principally to the in-
creasing use of organic and inorganic fertiliz-
ers in areas of arable farming and to changes
in methods of farming (16,24,58).

IMPACTS ON HUMAN HEALTH

An excessive intake of nitrate or nitrite leads
to the development of methemoglobinemia. *
The effect has been well documented in hu-
mans, and a similar effect has been observed
in animals exposed to high doses of these
chemicals (36).

*Presence of methemoglobin (a chemically altered hemoglobin
which does not combine with 0Xygen) in the blood results in
% ark1)?5|§j iblmsh discoloration due to deficient oxygenation of

e bloo

Evidence implicating nitrate, nitrite, and N-
nitroso compounds in the development of can-
cer in humans is circumstantial. Several epi-
demiological studies of certain geographical/
nationality groups have provided data that are
consistent with the hypothesis that exposure
of humans to high levels of nitrate and nitrite
may be associated with an increased incidence
of cancers of the stomach and esophagus (see,
e.g., 2,13,59), In none of these studies was there
a direct attempt to investigate actual exposures
of nitrate, nitrite, or N-nitroso in individuals
who developed cancer, however. In most of the
studies, several other plausible causative agents
were also identified (36).

Many N-nitroso compounds are clearly car-
cinogenic in many species of laboratory ani-
mals, suggesting that they should be considered
as possible human carcinogens. However, the
value of these tests in making predictions of
the nature or extent of risk to humans is un-
known (36). It has been recommended that ex-
posure to the precursors of N-nitroso com-
pounds—especially nitrate and nitrite—and to
preformed N-nitroso compounds be reduced
(36), A thorough discussion of pathology asso-
ciated with N-nitroso compounds is available
in a publication of the International Agency for
Research on Cancer (28).

IMPACTS ON ANIMALS

Cattle, sheep, goats, horses, swine, and birds
are farm animals susceptible to nitrate poison-
ing which occurs when nitrate is ingested
faster than it can be reduced and incorporated
into proteins. In such a situation, nitrite is then
absorbed into blood where it converts hemo-
globin into methemoglobin, This reaction re-
duces the oxygen-carrying capacity of blood,
and the animal then experiences oxygen dep-
rivation and may die by asphyxiation. Other
consequences are spontaneous abortion, re-
duced production of milk, and signs of vitamin
A deprivation.

Dissolved Salts

A favorable mineral salt balance in the soil
is essential for human survival and for suc-
cessful functioning of agriculture. Water that



evaporates from the soil surface or is tran-
spired by the plants is salt-free, and thus salt
residue tends to be left behind not only in the
soil but also in any water flowing through the
field. As a result, the irrigation return flow
usually has a much higher salt burden than
does the incoming water.

Wadleigh (51) has suggested that irrigation
does not actually produce waste in the form
of dissolved salts nor add much to this salt
burden by the application of chemical fertiliz-
ers. He suggests that irrigation transfers the salt
loads in a more concentrated form into return
flows from irrigation. The increased salt bur-
den of irrigation drainage water renders the
water of receiving streams and rivers less suit-
able for downstream users. Progressively high-
er salt concentrations of irrigation return flows
may render receiving waters unfit as a potable
water supply or for other uses.

Sodium is one of the salts that may buildup
in relatively high proportions in irrigation
return flow as water on the field evaporates.
The impact of sodium excess on nonagricul-
tural uses of water—in particular, water desig-
nated for human consumption—has not re-
ceived widespread recognition. Sodium is a
life-essential element, and the amount that can
be tolerated by healthy people is believed to be
considerable. For people suffering from some
illnesses, however, excessive intake of sodium
(salt) is undesirable, and might be harmful.
These illnesses include congestive heart failure,
hypertension, liver cirrhosis, renal disorders,
adrenal hyperfunction, and possibly certain
complications of pregnancy.

The U.S. Public Health Service limits the
total dissolved solids in water destined for
human consumption to 500 mg/1 and the chlor-
ide content to 250 mg/1. A report of the Nation-
al Research Council (38) indicates that over 6
million people in the United States are on phy-
sician-prescribed salt-restricting diets. When
drinking water contains sodium in a concen-
tration greater than 20 mg/I1, compliance with
restricted diets of 1 g or less daily becomes dif-
ficult. In view of this fact, the American Heart
Association (1) recommended that the amount
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of sodium in water for use in salt-limiting diets
shall not be in excess of 20 mg/l. White, et al.
(52), found that many municipal water supplies
are unsuitable for patients on severely re-
stricted sodium-salt diets. Drinking water con-
taining sufficient sodium to interfere with the
aims of salt-limiting diets had been reported
by Krishnaswami (31), Cech, et al. (10), and
Gonzales, et al. (21).

Animal and Other Organic Wastes

The tendency in animal husbandry toward
huge confinement-type operations with feed-
lots containing thousands of cattle and hogs
and hundreds of thousands of poultry creates
massive and serious waste problems. It has
been estimated that domestic animals produce
over 1 billion tons of fecal material a year and
animal liquid sewage amounts annually to 400
million tons (51). Together with other wastes,
such as animal carcasses, the total amount of
waste products from animal husbandry is esti-
mated to be around 2 billion tons per year;
about half of this is generated in concentrated
confinement-type operations.

One of the problems in coping with animal
waste stems from its high biochemical-oxygen
demand (BOD), the amount of oxygen neces-
sary to decompose organic material present in
water, A feedlot of 10,000 cattle may produce
a sewage-disposal problem equal to that of a
city of more than 160,000 people. The major
differences are that sewage from a city of this
size would be diluted in about 8 million gallons
of water, while feedlot wastes are undiluted.
Also, most cities are served by some form of
sewage treatment facilities, while often feedlots
are not. Table 19 provides estimated popula-
tion equivalents of the fecal production by ani-
mals expressed in terms of BOD.

Other sectors of agricultural manufacturin,
are also known to contribute wastes with high
BOD, These include fruit canning; sugar refin-
ing, fermenting, and distillation; animal slaugh-
terhouses; meat processing; dairy cleaning;
wool processing; and cotton manufacturing
(51). Also, runoff of decaying products from
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Table 19.—Population Equivalent of the Fecal
Production by Animals in Terms of
Biochemical Oxygen Demand (BOD)

Relative
BOD per
Fecal unit of waste Population
Biotype G./cap./day (Ib) equivalent
Man............ 150 1.00 1.00
Horse........... 16,000 0.105 11.30
COW .. ..ovvvnnn. 23,600 0.105 16.40
Sheep........... 1,130 0.325 2.45
Hog............ 2,700 0.105 1.90
Hen............. 182 0.115 0.14

SOURCE E. H. Wadleigh, Wastes in Relation to Agriculture and Forestry, USDA
Miscellaneous Publication No. 1085, 1988

plant residues on farms and ranches contrib-
utes organic materials to the receiving water
bodies.

Oxygen-demanding wastes act to impair the
guality of the receiving water. Common effects
are depletion of oxygen in bacterial decomposi-
tion of organic wastes, changes of conditions
in the water from aerobic to anaerobic (putrid),
characteristic foul odor, and algae “bloom,”

Water-Treatment Problems

Undesirable effects on water supplies from
the overload of oxygen-demanding organic
wastes is comparatively well recognized. Re-
cently, however, other problems related to high
organic content in receiving water have been
identified. When such water is subjected to
chlorination at water-treatment plants, some
exotic compounds are synthesized by chlorine
interactions with organics (4,40). The com-
pounds so formed are collectively known as
trinalomethanes (chloroform, bromoform, bro-
modichloromethane, and dibromochlorometh-
ane). Some of these compounds are recognized
animal carcinogens and suspected human car-
cinogens.

The cancer-causing potential of one of these
trinalomethanes, chloroform, was suggested as
early as 1945 by Eschenbrenner from studies
with mice. These results were confirmed later
by the National Cancer Institute (37) which
reported that chloroform induces certain kinds
of tumors in male and female rats. The carci-

nogenic properties of arelated compound, car-
bon tetrachloride, were demonstrated also with
rats and mice, and a possible accumulation of
this compound in blood plasma was reported
by Dowty and associates (15).

The mutagenic properties of two other tri-
halomethanes (bromoform and dibromochloro-
methane) were demonstrated by Simmon and
Poole (43) and by Theiss, et al. (46). Brungs (5),
in assessing the effect of chlorination of waste-
water effluents on aquatic life, concluded that
the end-product compounds created after chlo-
rination of wastewater are often entirely dif-
ferent from the original material and are more
toxic.

In 1974, EPA undertook the National Organ-
ic Reconnaissance Survey that included 80
U.S. cities (45). Chloroform was detected in the
drinking water of 95 percent of those cities. It
was concluded that trihalomethanes were
probably present in almost all drinking water
disinfected with chlorine. They are more like-
ly to occur in higher concentrations when sur-
face water is the source of raw water because
the organic content of raw water is high,
when prechlorination is used, and when the
dose of chlorine required to disinfect water is
high.

Several epidemiological studies have been
carried out to address the association between
chlorination and cancer mortality (see, e.g.,
9,30,44). Comprehensive reviews have been
written by Wilkins, et al. (54), Shy and Struba
(42), and Crump and Guess (12), While differ-
ences of opinion with respect to existing evi-
dence are still considerable, prudence dictates
increased efforts to reduce the organic load in
water destined for drinking. In February 1978,
EPA amended the National Interim Primary
Drinking Water Regulation by setting a max-
imum contaminant level (MCL) at 0.1 mg/1 for
trinalomethanes in community water systems
serving populations greater than 75,000 per-
sons and by specifying trihalomethane moni-
toring requirements for smaller communities.
To meet these regulations, some cities have to
remove or reduce the content of precursor-
organics in raw water prior to its treatment
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with chlorine, which means that the burden of
dealing with the high organic load falls on
municipalities.

Waterborne Infectious Diseases

Agricultural wastes also are important poten-
tial sources of infection, Leachates from barn-
yards and feedlots carry animal-disease agents.
Residues and litter from crops, orchards, and
forestry operations are often sources of plant
diseases and breeding places for insects.

Many animal diseases are infections shared
by humans and other vertebrates. Table 20
shows selected diseases of worldwide distribu-
tion and/or relevance in the United States. The
list is by no means all inclusive. It is, however,
illustrative of a number of diseases shared by
animals and humans for which water is known
or suspected to be the route, or one of several
routes, of transmission.

Agricultural Chemicals

According to a recent FDA report, more than
300 exotic chemical compounds are in use in
the agricultural sector of the United States and
other countries (39). The word *‘pesticide” en-
compasses categories of chemicals such as:

* insecticides—agents designated to control
insect pest infestations of plants, animals,
and humans;

¢ herbicides or defoliants—chemicals desig-
nated to control undesirable plants in the
vicinity of beneficial plants (including
aquatic plants);

¢ fungicides—chemicals used for control of
fungal growth;

¢ rodenticides—chemicals that control ro-
dents that would otherwise consume farm
products;

e fumigants—gases or aerosols used to con-
trol pest organisms in the soil or in build-
ings; and

® larvicides and molluscicides—agents that
control undesirable larval or mollusk pop-
ulations in terrestrial or aquatic environ-
ments,

Historically, the use of pesticides has been
of great value to society. For example, pesti-
cides have helped control insect carriers of
various communicable diseases (typhus, malar-
ia] and have increased the agricultural output
of food, Tschirley (48) has pointed out that de-
spite intensified and accelerated research on
alternative methods of pest control, there will
probably be some continuous need for chemi-
cal pesticides. He has stated that “agricultural
scientists cannot conceive of producing an ade-
guate supply of food, feed, and fiber on the
acreage now used for agriculture without ju-
dicious use of pesticides. ”

The unauthorized or careless use of pesti-
cides may, and has been known to, cause harm.
For some pesticides the margin of error is very
small (48). Acute effects from unintended ex-
posure to a large dose of toxic chemicals have
been recognized. Quite another matter is the
guestion of the impact of chronic human ex-
posure to trace levels of pesticides distributed
in the environment. This issue is much more
complex, sensitive, and unsettled.

When pesticides are applied, it is very dif-
ficult to avoid an exposure of nontarget orga-
nisms in the vicinity. Some chemicals decom-
pose readily and rapidly in the soil and thus
are of little concern. Others, however, tend to
persist for an appreciable length of time and
become widely distributed in the environment,
across land, water, and air.

Some resistant and fat-soluble pesticides tend
to concentrate in animal tissues and to magnify
biologically in the successive steps in the food
chain. The concern over such persistence and
accumulation in the environment and also in
tissues of fish, birds, wild and domestic ani-
mals, and humans has brought notoriety to one
group of insecticides, the chlorinated hydrocar-
bons. Other agricultural chemicals may be con-
taminated with a toxic byproduct of manu-
facture, dioxin, Many chemicals, currently
banned, may continue to reside in the environ-
ment, being carried by and deposited in water
which is then applied to other uses, The follow-
ing discussion is illustrative of the concern in
this complex and difficult area over past and



Table 20.—Selected Infections and Infestations Shared by Humans and Vertebrate Animals

Principal Known
animals involved geographical Probable means
Disease Causative organism bacterial diseases distribution of spread
Anthrax Bacillus anthracis Cattle, sheep, goats, horses, and Worldwide Occupational exposure (hand
wild herbivorous animals dead animals) occasionally
recreational exposure, from
wounds or insect bites. Rarely
airborne or food borne. Water-
borne in animal to animal
transfer
Brucellosis Brucella abortus Cattle Worldwide Occupational exposure. Food-
Brucella melitensis Goats and sheep borne. Waterborne in animal
Brucella suis Swine, caribous to animal transfer
Brucella canis Dogs
Melioidosis Pseudomonas Rodents, sheep, goats, horses, Asia, Australia, East India, Exposure and ingestion.

Salmonellosis

Staphylococcus

Streptococcus
infections

Tuberculosis

Tularemia

pseudomallei

Salmonella spp.
(2,000 serotypes)

Staphylococcus spp.
Streptococcus species. Some
species host-specific and only
accidentally are the cause of
disease in humans
Mycobacterium bovia

swine, nonhuman primates, and
kangaroos

Poultry, swine, cattle, horses,
dogs, cats, wild animals and
birds, reptiles, amphibia, and
crustacea

Domestic animals
Domestic animals

Cattle, nonhuman primates

Rabbits, dogs, cats, rodents, and

sheep

South America, and United
States

Worldwide

Worldwide
Worldwide

Worldwide, except for coun-
tries that have eliminated the
disease in cattle

Circumpolar in northern
hemisphere of America,
Europe and Asia

Organism lives in soil and
water

Ingestion, occupational and
recreational exposure. Wound
infection

Ingestion and contact
Ingestion and contact

Ingestion, inhalation, and oc-
cupational exposure
Organism is capable of surviv-
ing in water

Occupational (hunters) and
recreational exposure to
water, insect bites, and
ingestion

SOURCE Abstracted from Cech, 1983 Original source” U S Department of Health and Human Services, Public Health Service, Centers for Disease Control, Center for Infectious Diseases and the Off Ice of Biosafety
Atlanta, Ga and the University of Texas School of Public Health, Health Science Center, Houston, Tex. Revised in 1982. Courtesy of Professor James Steele, D V M
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present uses. A number of new products enter
the agricultural market every year.

Chlorinated Hydrocarbons

Chlorinated hydrocarbons include Aldrin,
Dieldrin, Endrin, Chlordane, Heptachlor, Oxy-
chlordane, and Heptachlor Epoxide. (These
compounds are grouped under the common
term “cyclodienes.”) Tables 21 and 22 illustrate
pesticide concentrations reported in animal
milk and human milk. Cyclodiene insecticides
have been recognized as animal carcinogens.
NAS (36) has characterized this group as “the
most hazardous of all pesticides because of
their persistence, fat storage, and central nerv-
ous system target site. ” In conclusions and rec-
ommendations on cyclodiene pesticides, the
NAS report states:

The cyclodiene insecticides—particularly the
persistent expoxides, Dieldrin, Endrin, Hep-
tachlor Epoxide, Oxychlordane—present the
greatest hazards of all residual pesticides in
water. At low dosages, they are highly active
hepatocarcinogens and have a dangerous ef-
fect on the central nervous system of man and

Table 21 .—Organochlorine Insecticides in lllinois
From Cow’s Milk (ppm)

Insecticide 1971 1972 1973 Average
Chlordane . . . . 0.02 0.04 0.06 0.05
DDT......... 0.05 0.02 0.03 0.03
Dieldrin . . . . 0.08 0.04 0.08 0.07
Heptachlor . 0.03 0.03 0.05 0.05
Lindane . . . .. Trace 0.02 0.03 0.02

Note Of 200 Samples analyzed, 87% were positive for chlordane, 92% for dieldrin,
93% for heptachlor, and 81% for lindane

SOURCE A Curely and R Kimbrough, “Chlorinated Hydrocarbon Insecticides
in Plasma and Milk of Pregnant and Lactating Women, Arch Environ
Health, vol 18, 1969, pp 156.164

Table 22.—Pesticides in Human Milk

Concentration, ppm

Insecticide Mean Range

Dieldrin . . . . . . . . . 0.0073 0.0029-0.0146
Heptachlor epoxide. ., . . . . 0.0027 <0.0001-0.0044
DDT-T ..., 0.0027 0.0404-0.1563

SOURCE A<Curley and R Kimbrough, “Chlorinated Hydrocarbon Insecticides
in Plasma and MI | k of Pregnant and Lactating Women, ' Arch. Environ.
Health, vol 18, 1969, pp 156-164

higher animals, leading to apparently irrevers-
ible changes in encephalographic and behav-
ioral patterns, , ..

and further:

In light of the above and taking into account
the carcinogenic risk projections, it is sug-
gested that very strict criteria be applied when
limits for Dieldrin, Heptachlor, and Chlordane
in drinking water are established.

According to NAS (36), perhaps 600 million
pounds of these compounds have been dis-
persed into the soil, air, water, and food of the
United States during the last several decades,
and little is truly known about the fate of these
compounds. It is recognized, however, that
they are very stable compounds and, because
of certain properties, become widely distrib-
uted throughout the environment.

Traces of these insecticides and their stable
byproducts have been found in water nearly
everywhere in the United States. The follow-
ing average concentrations were reported by
Breidenback and coworkers in 1967 (5):

Aldrin, <0.001-0.006 parts per billion (ppb)
Dieldrin, 0.08--0.122 ppb

Endrin, 0.008-0.2144 ppb

Heptachlor, 0-0.0031 ppb

Heptachlor Epoxide, 0.001-0.008 ppb.

Samples of finished drinking water taken in
the late 1960’s and early 1970’s from the Mis-
sissippi and Missouri Rivers were positive for
Dieldrin, Endrin, and Chlordane. Surveys of
drinking water have identified traces of cyclo-
dienes in public water supplies in Miami, Seat-
tle, Cincinnati, New Orleans, and other cities.
Water treatment apparently is incapable of
totally removing these pesticides even with ac-
tivated carbon filters (36).

pesticides are regulated under the Federal
Insecticide, Fungicide, and Rodenticide Act
(FIFRA). This act, as Tschirley (48) pointed out,
is essentially a “labeling law, ” It allows the re -
istration of so-called *“economic poisons” by
the U.S. Department of Agriculture [USDA) in
situations where products are designated for
interstate commerce. It further allows the sei-
zures of unregistered or insufficiently labeled
pesticides. In 1972 an amendment to FIFRA
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was passed, giving EPA the authority for con-
trol over end-uses of pesticides.

The cyclodiene insecticides Aldrin and
Dieldrin were banned by EPA on October 1,
1974. Chlorodane and heptachlor registrations
were suspended for use on agricultural crops
on April 1, 1976. DDT was another chlorinated
hydrocarbon insecticide in widespread use
from World War Il until its ban in 1972. *
Because of its slow biodegradation and high-
fat volubility, this chemical also became wide-
spread in the environment. DDT has been de-
tected in milk and many other food products.
Table 23 shows daily dietary intake estimated
for an average 16- to 19-year-old U.S. male in
the period 1965-70. The significance of these
residues in the environment is not adequately
known.

Dioxin

Contamination of irrigation water with her-
bicides was reported by the Federal Water
Pollution Control Administration in 1968. In
recent years the herbicide of phenoxy-type
2,4,5-T and also 2,4,5-TP (Silvex) have received
much attention, mainly in connection with
their associated chlorinated dioxin, TCDD (or
2,3,6,8 -tetrachlorodibenzo-p-dioxin). By itself,
2,4,5-T (or 2,4,5 -trichlorophenozyacetic acid)
herbicide is only moderately toxic. However,
it is now known that manufacturing of 2,4,5-T
herbicide is accompanied by formation of an
extremely toxic byproduct, TCDD, or dioxin,
and that this dioxin may be present as a con-

*DDT and DDT-related products, DDD (2,2 -(p-chloropheny |)-1,
1-dichloroethane) and DDE (2,2 -bis-(p-chlorophenyl)-1,
1-dichloroethylene) are collectively known as DDT-T.

Table 23.—Pesticides in Diet

Daily dietary intake, mg

6-yr
Pest icicle 1965 1966 1967 1968 1969 1970 average
DDT...... 0.031 0.041 0.026 0.019 0.016 0.015 0.025
DDE...... 0.018 0.028 0.017 0.015 0.011 0.010 0.017
DDD...... 0.013 0.018 0.013 0.011 0,005 0.004 0.011
DDT-T . . . .. 0.062 0.087 0.056 0.045 0.032 0.029 0.053

SOURCE" nNational Academy of Sciences, National Research Council, Drinking
Wafer and Heallh (Washington, D C U S Government Printing Office,
1977)

taminant of technical grade herbicide 2,4,5-T
and also Silvex.

The President’s Scientific Advisory Commit-
tee (Panel on Herbicides) moved in 1971 that,
in the future, production of 2,4,5-T herbicide
shall not contain more than 0.1 mg/kg of diox-
in as a contaminant (it has not been feasible
to produce 2,4,5-T herbicide totally free of diox-
in), Existing stock manufactured before 1971
was allowed to be marketed only if dioxin was
limited to 0.5 mg/kag,

According to the Council on Scientific Af-
fairs of the American Medical Association Ad-
visory Panel on Toxic Substances (3), at one
time as much as 70 ppm of the dioxin TCDD
was present in the commercial formulation of
these herbicides. Since manufacturers have be-
come aware of the problem, products contain
dioxin impurities at levels normally below 0,01
ppm. Dioxin maybe generated during incinera-
tion of some chlorinated compounds in indus-
trial and municipal wastes and by burning veg-
etation treated with phenoxy-type herbicides,

Dioxin is not particularly soluble in water,
but it binds tightly to clay particles and thus
can be carried into water by sediment trans-
port. This compound is toxic at extremely low
levels, much below the reliable limits of detec-
tion, Dioxin “may well be one of the most tox-
ic substances known to man, ” according to the
Advisory Panel on Toxic Substances of the
American Medical Association (3). Symptoms
of exposure to dioxin have been reported as
chloracne, impaired liver function, nephropa-
thy, irritation of gastrointestinal tract, depres-
sion, and irritation of nervous system (36).
Pathological changes in the liver, peripheral
nerves, blood-forming organics, and the retic-
uloendothelial system (3) have also been noted,

In assessing the situation with regard to tox-
icity and the long-term health effects of diox-
in, the Advisory Panel on Toxic Substances
formed by the Council on Scientific Affairs re-
ported that “although data from studies on ex-
perimental animals tend to support some of
these claims, it is not certain that the animal
data are extrapolatable to man” (3). The coun-
cil therefore recommended a continuation and
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expansion of the studies of exposed or allegedly
exposed persons to alert all physicians through
American Medical Association publications to
the possible adverse effects and signs of diox-
in exposure and to enlist their cooperation in
the collection of vitally needed information.

DBCP

Another example of recent concern over
agricultural chemicals that may still be pollut-
ing the water supply and affecting humans is
DBCP (dibromochloropropane)—an agricultur-
al chemical widely in use prior to 1977. In 1977
it was reported that DBCP had caused infer-
tility in male factory workers exposed to it.
Studies initially conducted in the agricultural
chemical plant in Lathrop, Calif., and later in
three other DBCP manufacturing plants, found
atotal of 100 cases of abnormally low-sperm
counts (49). In September 1977, DBCP was
banned from manufacturing and agricultural
application in the United States.

According to Glass and associates (20), work-
ers who applied this chemical in the field situa-
tion were probably the largest group of people
exposed to this nematocide. Glass pointed out
that prior to the ban on DBCP in 1976, several
thousand independent farmers and profession-
al pesticide applicators in California alone ap-
plied more than 1 million pounds of this chem-
ical to more than 50,000 acres of land.

Public Health Effects

In 1977, the NAS National Research Coun-
cil reported that alarge number of synthetic
organic compounds had been detected in
drinking water in the United States. From the
compounds known to be present in water, a
fraction were selected for detailed review of
their health significance. Among compounds
selected for scrutiny were 55 pesticides and 74
nonpesticide organic chemicals. It was indi-
cated that some of the pesticides studied had
not been observed in drinking water but were
included because of their widespread and
heavy use.

Of the pesticides studied, 23 compounds
were identified for which positive data on car-

cinogenesis existed. These compounds are
listed in table 24. The category of confirmed
animal carcinogens included such well-known
pesticides as Dieldrin, Heptachlor, Chlordane,
DDT, Lindane, B-BHC, Aldrin, Kepone, and
several others, The insecticides Endrin and
Heptachlor Epoxide and the fumigant Bis (2-
chlorethyl ether) were classified as “suspected
animal carcinogens. ”

In this NAS study, data to estimate risk from
human exposure varied widely. For some com-
pounds it was possible to estimate acceptable
daily intake (table 25); for others it was not
possible (table 26), As a result of its assessment,
NAS (36) concluded that:

The potential for existing concentrations of
organic pesticides and other organic contami-
nants in drinking water to adversely affect

Table 24.—Categories of Known or Suspected Organic
Chemical Carcinogens Found in Drinking Water

Highest observed
concentrations in
finished water,

Compound wliter
Human carcinogen:

Vinyl chloride . . .. ...... ... . ... .. ... 10
Suspected human carcinogens:

Benzene .. ..... ... .. .. .. L. 10
Benzo (@) pyrene . . ....... ... ... ... D
Animal carcinogens:

Dieldrin . .................... e 8
Kepone.......... ... ND
Heptachlor . . . . ... .. ............ D
Chlordane. . ........................ 0.1
DDT .ottt D
Lindane (-BHC) . ................... 0.01
BBHC . ... D
PCB (Aroclor 1260) . . .. .............. 3
ETU

Chloroform .. ....................... 366
aBHC . ... ... ... ........ D
PCNB..... ... . ND
Carbontetrachloride . . .. ............, 5
Trichloroethylene . . . ................ 0.5
Diphenylhydrazine 1
Aldrin. ... o D
Suspected animal carcinogens:

Bis (2-chloroethyl) ether. . ... ......... 0.42
Endrin............. .. ... ... ... ... 008
Heptachlor eposide . . .. ............. D

D = Detected but not quantified, ND= Not detected

SOURCE National Academy of Sciences, National Research Council, Drinking
Water and Health (Washington, D C U S Government Printing Office,
1977)
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Table 25.—Organic Pesticides and Other Organic Contaminants in Drinking Water, Concentration,

Toxicity, ADI, and Suggested No-Adverse-Effect Levels

Maximum dose

Maximum producing no Suggested no-adverse-effect
observed observed level from H,0, pg/liter
concentrations adverse effect, Uncertainty = ADF assumption

Compound in H,0, pgl/liter mg/kg/day factor® mg/kg/day 1 2
24D .. 0.04 12,5 1,000 0.0125 87.5 4.4
245T . . o 10.0 100 0.1 700 35.0
TCDD ..ot 1o 100 t°© 7 x 10 * 35 x 10 °
245TP ... ... detected* 0.75 1,000 0.00075 5.25 0.26
MCPA . ................. 1,25 1,000 0.00125 8.75 0.44
Amiben . ........ ... ..., 250 1,000 0.25 1,750.0 87.5
Dicamba . ............... 1.25 1,000 0.00125 8.75 0.44
Alachlor . ............... 2.9 100 1,000 0.1 700.0 35.0
Butachlor . .............. 0.06 10 1,000 0.01 70.0 35
Propachlor . . ............ 100 1,000 0.1 700.0 35.0
Propanil. . ............... 20 1,000 0.02 140.0 7.0
Aldicarb . . .............. 0.1 100  0.001 7 0.35
Bromacil . ............... 12.5 1,000 0.0125 87.5 44
Paraquat................ 8.5 1,000 0.0085 59.5 2.98
Trifluralin (also for

Nitralin and Benefin . . . . detected 10 100 0.1 700.0 35.0
Methoxychlor . . .. ........ 10 100 0.1 700.0 35.0
Toxaphene .. ............ 1.25 1,000 0.00125 8.75 0.44
Azinphosmethyl . . .. ...... 0.125 10 0.0125 87.5 44
Diazinon . ............... 0.02 10 0.002 14.0 0.7
Phorate (also for

Disulfoton) . .. ......... 0.01 100  0.0001 0.7 0.035
Carbaryl. ................ 8.2 100 0.082 574 28.7
Ziram (and Ferbam). . ... .. 12.5 1,000 0.0125 87.5 4.4
Captan.................. 50 1,000 0.05 350 17.5
Folpet.................. 160 1,000 0.16 1,120 56.0
HCB.................... 6.0 1 1,000 0.001 7 0.35
PDB.......coiiiin. 1.0 13.4 1,000 0.0134 93.8 4.7
Parathion (and Methyl

parathion) . ............ 0.043 10  0.0043 30 15
Malathion . .............. 0.2 10 0.02 140 7.0
Maneb (and Zineb) . . ... .. 5.0 1,000 0.005 35 1.75
Thiram.................. 5.0 1,000 0.005 35 1.75
Atrazine. .. .............. 5.1 21.5 1,000 0.0215 150 7.5
Propazine ............... detected 46.4 1,000 0.0464 325 16.0
Simazine................ detected 215.0 1,000 0.215 1,505 75.25
Di-n-butyl phthalate . . . .. .. 5.0 110 1,000 0.11 770 38.5
Di (2-ethyl hexyl) . .. ...... 30.0 60 100 0.6 4,200 210.0
Hexachlorophene . . . . . ... 0.01 1 1,000 0.001 7 0.35
Methyl methacrylate . . . . . . 1.0 100 1,000 0.1 800 35.0
Pentachlorophenol . . . . . .. 14 3 1,000 0.003 21 1.05
Styrene ........... ..., 1.0 133 1,000 0.133 931 46.5

aUncertainty factor—the factor of 10 was used where good chronic human exposure data was available and supported by chronic oral toxicity data in other species,
the factor of 100 was used where good chronic oral toxicity data were available in some animal species, and the factor 1,000 was used with limited chronic toxicity data.

bAcceptable Daily Intake (ADI)—Maximum dose producing” no observed adverse effect divided by the uncertainty factor.

cAssumptions Average weight of human adult = 70 kg, Average daily intake of water for man = 2 liters

120% of total ADI qssignmenl to water, 80% from other sources.
2.1% of total ADI assigned to water; 99% from other sources
dDetected but not quantified

SOURCE National Academy of Sciences, National Research Council, Drinking Water and Health (Washington, D C US Government Printing Office, 1977)



Table 26.—Organic Pesticides and Other Organic
Contaminants Found in Drinking Water, With
Insufficient Data on Chronic Toxicity to Calculate
an Acceptable Daily Intake

Highest concentration in

Concentration finished water, pg/liter

Acetaldehyde . . ... ... ... 0.1
Acroleina . . . . . ... ...

Bromobenzene . . . . ... ... .. detected’
Bromoform ... . . ... ... ... .. detected
Carbon disulfide . . . .. ....... detected
Chloral . . . . .. .. ...... 5.0
Chlorobenzene . . . ... ..... 5.6
Cyanogen chloride . . .. ...... 0.1

1, 2-Dichloroethane . . .. ... .. 21.0
2, 4-Dichlorophenol . . . ... ... 36.0
2, 4-Dimethylphenol . . . ... ... detected
e-Caprolactam . . . . . . . .. detected

Hexachloroethane. . . .. ...... 4.4

o-Methoxyphenol . . . . . .. .. detected
Methyl chloride . . .. ........ detected
Methylene chloride . . . . . . 7,0
Phenylacetic acid . . . ....... 4.0
Phthalic anhydride . . . . . .. detected
Propylbenzene ... . . . ... ... <5.0
t-Butyl alcohol . . . ... ... .. 0.01
Tetrachloroethane. . . . . . . 4,0
Tetrachloroethylene . . . ... ... <5.0
Toluene . . ................ 11.0
Trichlorobenzene . . .. ....... detected
1, 1, 2-Trichloroethane . . . .. .. 1,0
Nicotine . . . ................ 3.0
Methomyla . . . ............

Cyanazine ................. detected
Xylene ............. ... ... <5.0

aNot detected in finished drinking water
bDetected detected but not quantified

SOURCE" National Academy of Sciences, National Research Council, Drinking
Water and Health (Washington, D C U S Government Printing Office,
1977)
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health cannot be answered with certainty at
this time. The key issue is whether or not cer-
tain organic chemicals found in very low con-
centrations can cause or increase the rate of
cancer development in man. Even t hough
several of these chemicals have demonstrated
carcinogenicity in laboratory animals, the ex-
trapolation of such results to man remains dif-
ficult for a number of reasons.

Among the reasons for uncertainty was the
difference in dosage: the doses at which tests
are conducted are many times greater than the
concentrations of the same chemicals found in
drinking water. Therefore, risk at low levels of
exposure is derived, out of necessity, by extrap-
olation from high doses. “There is no real
hard evidence, “ it was said, “that low-level ex-
posure to the same chemical produces cancer, ”
The 1977 report summarized NAS’s position
on pesticide use as follows:

Demonstration that a pollutant is carcino-
genic, and application of nonthreshold risk
estimates to it, do not imply that its use must
be prohibited. Such a prescription might itself
give rise to even greater risks to health or
other disadvantages. In some cases, a net risk
must be estimated, and society must attempt
to use the pollutant in such a way as to
minimize risk and maximize benefit.

DATA COLLECTION

Water-Quality Monitoring

The only coherent nationwide information
on water quality is provided by a monitoring
system established by USGS in 1975. The Na-
tional Stream Quality Accounting Network
(NASQAN) is an assemblage of monitoring sta-
tions located in different river basins and sub-
basins, The size of the network is increasing
and now numbers over 500 stations, of which
approximately half are in the Western United
States. The same data have been collected on
the same pollutants since the inception of the
network.

The stations included in the NASQAN net-
work were established to measure the amount
of surface water flowing out of a watershed.
For this reason, they are not necessarily located
where water is used. In some cases, the water-
sheds which the stations were established to
monitor are located upstream from major pol-
lution sources, In other cases, the station may
be located substantiall downstream of such
sources, For those pollutants that do not de-
grade or otherwise change in the water, down-
stream monitoring locations may be adequate.
However, some water pollution problems are
quite localized. For example, the depletion of
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oxygen in a stream near the point where mu-
nicipal sewage or agricultural organic wastes
enter may produce serious problems near the
point of discharge and be undetectable by the
time the river reaches a NASQAN station.
Moreover, NASQAN stations do not measure
all pollutants. Most toxic organic chemicals,
such as those used as pesticides, are not meas-
ured. In many cases, monitoring equipment
may not be able to measure low concentrations
of pollutants which nonetheless may have a sig-
nificant effect on water quality and long-term
implications for human and animal health.

Additional information on water quality is
collected by State water pollution authorities.
The usefulness of this information, however,
is limited because of variations in State pro-
grams and monitoring procedures and because
the data often cannot be easily obtained. One
useful source of State-generated information
is the set of reports that State authorities are
required to submit to EPA every 2 years under
section 305(b) of the Clean Water Act.

No systematic, comprehensive monitoring of
ground water quality exists, Federal legislation
adopted subsequent to the Clean Water Act has

addressed ground water contamination from
selected sources, principally hazardous waste
sites. But this legislation (the Resource Con-
servation and Recovery Act, or RCRA, and
the Comprehensive Environmental Response,
Compensation, and Liability Act, “Superfund”
program) lacks clearly stated ground water-
qguality objectives.

The Safe Drinking Water Act contains a pro-
vision that allows the Federal Government to
attempt to prevent pollution of specific aquifers
designated as the sole source of drinking water
supplies. Since its passage in 1975, nine aqui-
fers have been designated as sole-source aqui-
fers. Approximately 12 additional aquifers are
in various stages of investigation for inclusion,

In 1979, EPA began to integrate its various
legislative authorities for ground water quali-
ty into a coherent ground-water protection
strategy. In a draft published in 1979, the Agen-
cy has proposed water-quality goals for ground
water and alternative means of achieving those
goals. The success with which these goals are
met is clearly related to the effectiveness of
a ground-water quality-monitoring program,
which has yet to be established,

CONCLUSIONS

To evaluate the relationship between water
quality and agriculture in the Western United
States, it is necessary to consider: 1) the effects
of agricultural uses on water quality for other
uses, and 2) the effects of water quality on vari-
ous agricultural uses. In some cases, these are
linked in that an agricultural water use may
create a quality problem that affects succeeding
users, including agricultural users. In other
cases, water-quality changes that are deleteri-
ous to agriculture may result from nonagricul-
tural water uses or simply from the processes
that determine natural water quality.

The types of possible water pollution are
varied and can arise from different uses, They
can be summarized in eight general categories:

1. municipal sewage and other oxygen-
demanding wastes,

2. infectious agents,

3, synthetic organic chemicals,

4. inorganic chemicals and mineral sub-
stances,

5. sediments,

6. plant nutrients,

7. radioactive substances, and

8. heat.

The highest quality water required in agri-
culture is for domestic farm consumption.
Almost all of the water used in this way is taken
from water wells, The quality of this water is
not routinely monitored, nor is it subject to any
routine treatment prior to use, as is the case



with municipal domestic water supplies. The
guality of this water source is particularly sus-
ceptible to degradation because of the many
potential sources of contaminants in the farm
environment.

Water that is safe for human consumption
can also be used by livestock, but some stock
can tolerate water of a somewhat poorer qual-
ity. It is suspected that many animal diseases
can be transmitted by contaminated water.
Water for livestock use can either be polluted
by natural sources, such as a high natural
mineral content of the water or a deficiency
of some necessary mineral, by algae “blooms”
associated with the discharge of agricultural
fertilizers into the water, or by the presence of
diseased animals.

The quality of water used in irrigation is very
important. Also important is the way in which
this irrigation water is applied to the soil and
the characteristics of the soil itself. As some
water applied in irrigation is lost to evapotran-
spiration during the growth of plants, the salts
contained in that water are left behind in the
soil. If this situation is not eventually corrected
by the application of additional water to leach
the salts out of the soil and return them to the
river, this salt buildup will ultimately restrict
agricultural productivity. The return flows
from this leaching process raise public health
implications for downstream drinking-water
users.

Present knowledge of water constituents and
associated tolerance limits for various users is
far from complete. Some tolerance levels are
available, however, for evaluating the suitabili-
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ty of water for particular uses. Increased re-
search efforts would contribute to improved in-
formation on water-quality aspects of agricul-
tural water use.

The possibility of supplementing irrigation
water supplies in some areas with municipal
and industrial wastewater is receiving in-
creased attention. The suitability of such water
for agriculture depends on its level of con-
tamination and the type of treatment it re-
ceives. The most serious reservations concern-
ing this practice have to do with viruses and
heavy metals, which are particularly difficult
to remove by existing water treatment. There
is concern that viruses may remain viable in
the water or the soil for long periods of time
and pose a significant health threat to both
humans and animals.

Water contamination resulting from agri-
cultural practices involves many natural and
chemical nonpoint sources of pollution that are
particularly difficult to detect and treat. The
exact effect of any single practice will be large-
ly determined by the nature of the substance
introduced into the water, the concentration
at which it is introduced, and the natural
capacity of the soil-water system to deal with
that substance, Effects may range from in-
creased sedimentation to complicated chemi-
cal reactions from synthetic agricultural pes-
ticides that are suspected of causing serious
human health problems ranging from cancer
to nervous disorders. In all cases, more effi-
cient management of potential sources of water
pollution from agriculture will do much to de-
crease the severity of the impacts.
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Chapter V

Institutions Affecting Western
Agricultural Water Use

Distribution and use of Western water re-
sources for sustainable agriculture are sub-
scribed by two institutional forces: first, water
laws that establish rights and duties with re-
spect to the use of water and, second, in recent
years, economic institutions that allow water
to be transferred between users and uses.
These institutions and their associated rules in-
fluence the adoption of water-related technol-
ogies and effective water management for sus-
tainable Western agriculture, The Western
agricultural water user is, at best, moderately
uncertain about water use because it is unclear
how these rules might change as demands in-
crease,

This chapter first describes the major ele-
ments of western water law as they affect
water use in agriculture, In light of growing
demands on existing supplies and few oppor-
tunities to acquire new inexpensive water,
water economics is receiving increased interest
as a vehicle for reallocating water among com-
peting demands. The chapter next highlights
some of the factors contributing to increased
demand for Western water and then examines
factors affecting the feasibility of water markets
and the impact of economics on the adoption
of water-related technologies for sustainable
Western agriculture.

WESTERN WATER DEVELOPMENT

History

In the early days of the United States, when
Western lands were owned in a proprietary
capacity by the United States, a precondition
to settlement and development of the water-
sport west was a secure water supply. Farmers
and soiree miners diverted water through net-
works of small river dams and canals for use
on distant lands. Other settlers and miners
located along streambanks claimed rights to
water in those streams. In early conflicts, the
courts generally followed local rules and
custom and ruled against riverbank (riparian)
settlers on the grounds that they did not legal-
ly meet the riparian doctrine’s fundamental re-
quirement, ownership of the land.

Perhaps more important, water was already
being used consumptively far away from the
stream to meet the needs of farming, mining,
and other purposes in this arid/semiarid region,
In contrast to the humid and water-abundant
Eastern United States, it became increasingly

important in the West to ensure that upstream
diversions would not deplete supplies on which
downstream investments depended. Thus be-
gan an early judicial recognition of the right
of the first user [or appropriator) of surface
water in western lands to have the superior
right to that water. “First in time, first in right”
became the local rule.

Gradually, Federal programs became directly
involved in shaping the character of Western
agriculture and water use. Two Federal laws
had particular impact on early Western agri-
cultural and water development. First, the
Desert Land Act of 1877 severed water rights
from the public land and granted each State
the right to adopt its own system of water law
to govern the appropriation of nonnavigable
waters. In the act, Congress also recognized
that farmers in the arid/semiarid western lands
could not operate successfully on the 160-acre
parcels of land provided by the Homestead Act
of 1862 and so granted full title to 640 acres

109
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Box E.—John Wesley Powell’s “Blueprint for a Dryland Democracy”

John Wesley Powell, chronicler of American Indian languages, explorer of the Colorado River,
and one of the most prominent Government scientists of his age, knew the West intimately. He
watched with dismay as Western settlement followed Eastern models. In 1878, he presented a revolu-
tionary plan to the United States Congress. It proposed to tailor agricultural development to the
unique features of these dry lands.

As Wallace Stegner, a major American historian described it, Powell’s plan had several impor-
tant provisions regarding the size and shape of homesteads and their ownership. Stegner wrote:

Water was the true wealth in a dry land; without it land is worthless or nearly so. And if you
control the water, you control the land that depends on it. In that fact alone was the ominous threat
of land and water monopolies. To prevent this-or to stop it for it was already beginning to happen,
Powell made two proposals. One was that each pasturage farm should have within its 2560 acres
twenty acres of irrigable land with a water right that was inseparable from the land. , . . Instead
of rectangular parcels, therefore, Powell proposed surveys based on the topography, letting farms
be as irregular as they had to be to give everyone a water frontage and a patch of irrigable soil.

The second part of Powell’s proposal suggested that national surveys, conducted by a central Govern-
ment scientific agency or settlers themselves, would choose irrigation or “pasturage” for their
regions. Stegner wrote that “In either case, a homesteader would have a guaranteed water supply.”

Powell’s proposals were debated in Congress in 1878 and 1879. They were defeated by power-
ful Western delegations, Powell’s scientific enemies, and the special interests of the day. Powell
went on to suggest other far-reaching plans for the development of the arid West. But the Nation

never fully used the insights of this man who understood “the unity of drouth.”
SOURCE: Wallace Stegner, Beyond the Hundredth Meridian: John Weseley Powell & the Second Opening of the West (Lincoln, Nebr.: University of Nebraska Press,

1082).

of land after 5 years of residency if a portion
of the land were developed for irrigation within
a specified period. Second, the Carey Act of
1894 granted 1 million acres of public land to
each State containing arid lands on condition
that the State provide for the necessary rec-
lamation.

Under these laws Congress deferred to West-
ern State appropriation doctrines for local nor)-
navigable water use. Since then, Federal water-
related agencies have generally been required
to comply with State laws in the appropriation
of such water. *

Water Projects

The progress of water development in the
Western United States has had a fundamental
impact on the development of Western agricul-

"‘See, for example, the Federal Reclamation Act of 1902, which
requires the Secretary of the interior to secure project waters
in accordance with local law.

ture and on the kinds of water-related technol-
ogies developed and adopted. As more indi-
viduals became involved, mutual water com-
panies or water cooperatives were formed to
reduce conflict and ensure a fair distribution
of water. Mutual irrigation companies fre-
quently became formal corporate entities under
State charters, with stock being issued to their
members as evidence of proportionate voting
rights in the election of company directors.
Many other groups elected officers on the same
voting basis as in formal corporations but oper-
ated as associations rather than as formally
registered corporations. In some areas large-
scale irrigation projects were organized and
supported by foreign capital, primarily from
the British (24). Today, many of the Western
mutual irrigation companies are still signifi-
cant water institutions, some having been
transformed into major water management and
power-generating organizations.

As the need for water increased, the trend
in water-management development was for an
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increasing government role. Early State legisla-
tion authorized the creation of water supply
and irrigation districts and provided formal
organization and power to the districts to raise
revenue for constructing water-conservation
facilities such as dams, reservoirs, canals, and
diversion structures. A further shift occurred
with the passage of the Federal Reclamation
Act of 1902 (Public Law 57-161). The features
of large-scale construction projects called for
a strong role by the Federal Government in par-
ticular, for substantial financial resources,
technical expertise, and a geographic perspec-
tive convenient for interstate river basins,

The 1902 Act provided for Federal subsidies
to irrigators through a number of activities.
First, it set up a revolving fund for irrigation
development from moneys raised through the
sale of public lands, Funds were to be used in
constructing storage and power dams and for
canal systems required for irrigation, Second,
settlers were to receive their lands free in much
the same way as under the Homestead Act (a
5-year residency requirement) but were to re-
pay the costs of structures built by the Govern-
ment within 10 years. Gradually, Federal sub-
sidies were further extended to irrigation farm-
ers in the form of interest-free loans for capital
facilities, longer repayment periods, low inter-
est rates, contributions to irrigation construc-
tion costs by other beneficiaries (especially
power users), and a repayment formula that at-
tempted to consider the irrigator’s ability to
pay.

The politics of these and other federally sub-
sidized projects has been called “distributive,”
reflecting a political process whereby each ele-
ment in an omnibus package is carefully de-
signed to provide local benefits to a variety of
community, user, and political interests (17).
Congressional vote-trading determined who
would get the initial Federal projects. This dis-
tributive process involved both upstream and
downstream States in the arid/semiarid West.

Growth in some areas was made possible in
part through the consent of upstream users
who, under less growth pressure at the time,
believed they would eventually receive Feder-
al assistance for water development (15). The
apparent cost-free benefits to local communi-
ties provided incentives for sponsorship by the
principal local political interests, and actual
costs were distributed among general taxpay-
ers. Clear standards for judging the long-term
desirability of these projects based on costs and
benefits to the Nation, were largely absent in
these early decisions (18).

“Principles, Standards, and Procedures” (re-
placed in 1983 by the new “Economic and En-
vironmental Principles and Guidelines”) were
developed pursuant to the 1965 Water Re-
sources Planning Act to guide the planning and
design of projects. The application of these cri-
teria has led to conclusions that many projects
are uneconomic and unjustified, Federal fi-
nancing arrangements for water projects have
been under attack particularly regarding the
planning, design, and actual construction of
projects whose costs are not adequately recov-
ered (31). The fiscal criticism focuses on the
overall costs to Government, including the
costs of Government borrowing, and whether
this should remain a priority in light of other
Government concerns.

Reforms of existing Federal water-project re-
payment laws and practices that include more
equitable cost-sharing arrangements and
greater cost recovery from water users are
underway and are likely to continue over the
next several years (32). From its peak in 1965,
Federal spending for water projects has gen-
erally declined (see fig. 26). Moreover, ex-
penditures for water resources appear to be
shifting away from massive new construction
projects and toward rehabilitation and more
efficient management of existing public works
(27).
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Figure 26.—Federal, State, and Local Spending for
Water Resources, 1960-82°
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Bureau of the Census, U.S. Congressional Budget Off Ice. Public
Works Infrastructure  Policy — Considerations  for  the  1980's
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WESTERN WATER LAW

Water’s special nature as both a natural re-
source and an essential social good has always
made it subject to some public regulation to
protect public interests. Until laws were de-
veloped, settlement of disputes over water
rights was left to private means, often vicious
and brutal. Early on, a clear interest developed
to channel private grievances to public institu-
tions, thereby bringing some order and equity
to the process of water use and distribution.

The major State and Federal law doctrines
that have developed to regulate water are
fundamental in guiding decisionmaking on
water distribution and use in the arid/semiarid
West. They define the extent of a water user’s
rights as well as the extent of duties or con-
straints on those rights. The doctrines are key
factors influencing decisions about the adop-

tion of water-related technologies for sustain-
able agriculture.

The concept of priority in accordance with
the date that use began gave birth to the term
“prior appropriation” to describe the most
common water-use system in the Western
States. The fundamental principles established
under this arrangement have been followed
since its recognition by early courts. They are:

1. that water in its natural course is the prop-
erty of the public and is not subject to
private ownership;

2. that a vested right to use the water may
be acquired by appropriation and applica-
tion to beneficial use;

3. that the person first in time is first in right;
and
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4. that beneficial use is the basis, measure,
and limit of the right (6).

This doctrine creates the right of private use
of a public resource under certain conditions
where the use has been declared to be a public
one. Generally, a use is public when it is ap-
plied to a beneficial purpose, defined initially
in State constitutions and statutes to be domes-
tic, municipal, stock watering, irrigation, and
certain industrial and power uses. More recent-
ly, it has also been defined in a few States (e.g.,
Colorado and Montana) to include instream
flow (see app. C). Some State laws give a pref-
erence to one sector of use over another. His-
torically, in most Western States, strong rural
representation has ensured agriculture a high
position as a beneficial user.

An acquired water right in the Western
States has two legal characteristics. First, the
right is a real property right to use the resource,
a right which if defined can be sold, be-
gueathed, or otherwise transferred so long as
approved by the State water authority, a nec-
essary condition to protect other appropriators.
Second, it is a right to be exercised only when
the water authorized for diversion under the
right is available and applied to a “beneficial
use. ” The water applied must also be “reason-
able” for that use. If the rightholder cannot put
it to reasonably beneficial use, the water re-
mains a public resource to be passed to other
appropriators, However, if the rightholder can
beneficially use the water, it remains an indi-
vidual’s personal property while diverted with-
in his/her delivery system and until it is re-
turned back to the natural system (stream or
aquifer).

State Level

States are involved with water regulation
through their implied constitutional powers to
create property rights and to protect and reg-
ulate their citizens through their police powers.
State water law regulates use, not ownership,
of water by granting and administering rights
for use contingent on conformity with certain
conceptions of “public interest” as developed
by the political process.

The development of State water-law princi-
ples was influenced by early court decisions,
some reinforcing and others frustrating local
custom. Because of its reliance on precedent,
the judicial arena has been slow to reflect con-
temporary scientific understanding of water as
it operates in a dynamic, interconnected, sur-
face-subsurface system, Western State legisla-
tures and related local water institutions have
had to become increasingly active in attempts
to meet changing needs and resolve conflicts
over use. While early legal doctrines remain the
backbone of current State water law, innova-
tive experiments also are underway in some
States to adapt these principles to be more re-
sponsive to the increasing demands on limited
supplies (discussed in app. C).

Surface and Ground Water Law

Major bodies of water law at the State level
have developed for surface-water instream
sources and ground water. Historically, each
has been treated separately under the law and
generally without regard to natural intercon-
nections existing within the hydrologic cycle.
The point at which water was diverted from
its natural state and brought under control de-
termined the legal classification (26).

The historical development of water law per-
mitted each Western State to formulate solu-
tions that fit local needs. Although each ac-
cepted the major concepts of prior appropria-
tion, various State laws developed significant
differences in their substantive and administra-
tive aspects, Some with more humid areas in-
tegrated certain riparian rights with prior ap-
propriation doctrine and developed “mixed”
systems. Some “pure” appropriation States that
had rejected the entire regime of riparian rights
still applied some riparian concepts. The ripar-
ian doctrine of the water-abundant East was
gradually entirely replaced by the appropri-
ation doctrine in other States. Figure 27 iden-
tifies the general system of surface water law
under which each of the 17 Western States op-
erates,

Several States have adopted additional rules
to protect water needs of users within a water-
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Figure 27.—Surface-Water Law Systems in
the Western States

R

Appropriations and
riparian rights

SOURCE G. E Radosevich, Western Water Laws and lIrrigation Return Flow,

EPA.600/2-78-180 (Ada, Okla U S Environmental Protection Agency,

1978)

shed or river basin from future shortages
caused by out-of-basin diversions and uses.
These “basin of origin” statutes (see table 27)
have taken a variety of approaches, from those
that authorize inhabitants within the basin to
reclaim water for future needs, to others that
restrict transfers outside the basin to water that
is determined to be surplus.

Ground water rights and legal systems devel-
oped more recently in the western States,
owing in part to reliance on surface supplies
for the early settlements and in part to a lack
of knowledge about subsurface supplies and
the technologies to develop them. As knowl-
edge of ground water increased and as subsur-
face supplies were in greater demand, and
public regulation of withdrawal and use
became more important. For legal purposes,
ground water has commonly been divided into

two classes: 1) underground streams which
flow in known and definite underground chan-
nels, and 2) percolating waters which flow
beneath the surface of the earth in no known
or identifiable natural channels. These legal
classes are often at variance with scientific
evidence, since in many areas no natural dis-
tinctions actually exist. All ground water is
presumed in law to be percolating water, rather
than an underground stream which would be
considered in law essentially the same as sur-
face water.

For ground water, each Western State
adopted and modified basic surface doctrines
to fit its perceived needs. Four major legal doc-
trines developed. A few States took the English
view of absolute ownership of ground water
somewhat parallel to the riparian view of sur-
face water—i.e., the owner of the land owned
all of the water within or under it because this
water was deemed to be part of the soil. The
consequence was that a landowner had no lia-
bility for any use made of ground water even
though that use might damage others (8). As
it became more evident that ground water
moved in subterranean aquifers and use of, or
interference with, such water could affect other
landowners, this common law rule was later
modified in some States to limit the landowner
to reasonable use.

Other doctrines developed with the growth
in knowledge about the interconnection of
ground and surface waters. Some Western
States adopted the doctrine of correlative rights
whereby each landowner was held to have
rights in a common aquifer in proportion to the
land overlying the aquifer. Many States applied
the appropriation doctrine to ground water, re-
quiring that rights could only be acquired by
withdrawing the water and applying it to a ben-
eficial use. Figure 28 identifies the basic
ground water doctrines used by the 17 Western
States; most States have modified these basic
theories to some extent by legislation (e.g., the
Arizona Ground Water Management Act, 1980
[Ariz. Rev. Stat. (45-512))).

Recently, challenges to the validity of two
State ground water statutes have raised con-



Table 27.—A Summary of Western Water Law

1 2 3 4 5 6 7 8 9 10 1n 12 13 14
Legal Water Law Doctrines Evidence Criteria Preference Water Water ) Basin
feature Surface Ground Ownership of water Basis of of of use Date of Appurtenance r|g_htS quality Forfeiture Drainage of
State waler water right allocation allocation (order) priority registry in rights of rights® rules ongin
1-ARIZ PA R.U b Public Permit BU BU 1.2.3-4-5 DOA Strict Original Case 5 yrs %E L§‘ Yes
2 CAL PA & C R People Permit’ B&R U B&R U 12- DOA Unlimited Current Case + 5 yrs <1914 Yes
post 1914 Statute 3 yrs >1914
3-COLO PA PA Public SW. - BU BU 1-2 over 5 S W None Original Case e CcL Yes
decree 1st step (compu- (modi-
GW- G W terized) fied)
permit DOA
4.1DA PA P.A State License B.U 1 cfs/50 1-2 DOA Unlimited Current Case 5 yrs CL
acres (Limited)
5.KAN PA & P A People Permit BU l1to2 1-2-5-6-3 D.O.A Case + 3 yrs CcL
R* acre-ft/ Statute
acre
6 MONT PA PA. State Permit B.U 1 miners None DOA Original Case ne CE
feet per (Limited)
acre
7.NEB PA & R.UPublic Permit BU 1 cfs/70 12 over5 DOA Case 3 yrs CE Yes
R* acres or 3
acre ft/
acre
8-NEV PA P.A Public Permit BU Conditions None DOA Original Case 5 yrs C.L.
& needs
9-NM PA PA Public Permit BU BU & None DOA Original ~ Case Tyrs+1 CcCL
good agr yr after
practices _ notice
10-N D PA P.A.  Public Permit BU 1 cfs/80 1-2 & 56 DBU Case 3yrs R.D.
acres
11 .OKLA PA & PA. - Permit* B.U B U None DOA Strict Current Case 7 yrs R.D Yes
R.’
12-ORE P A & P A “Public Permit B U 'B u“ 1-2-4 - D.O.A Strict Original Case 5 yrs CL.
R?
13-sD PA & P A People License B U. 1 Cfs/70 1-. D.O.A. Original Case 3 yrs C.L
R* acre or 3
acre-ft/acre
14-TEX P’g & A0 state Permit’ BU BU 1524 DBU Current Case 10 yrs cL Yes
3-7-6
15.UTAH PA PA Public Permit BU Nature of 12 D O.A. Current Case 5 yrs CE
use
16.WASH PA & PA Public Permit ~ BU Reasonably None DBU & Current Case 5 yws “C E
R* necessary D O A. for (compu-
& B.U permits terized)
17 wyo PA P.A State Permit B U. 1 cfs/70 1-5 D O.A. Strict Original Case 5 yrs “Undecided
acres
KEY

A 0 —absolute ownership, B U —beneficial use, B &R U —beneficial and reasonable use, C E —
common enemy C L —civil law, C R —corrective rights D O A —date of application, D B U —date
of beneficial use G W —ground water, P A — prior appropriation R — riparian, R D —reasonable
discharge R U — reasonable use S W —surface water

Column 7

1 - domestic and municipal
5— manufacturing and Industrial 6—recreation 7— navigation

2—agricultural

(irrigation),

3—power,

4—mining,

Column 9 Original —initial filing recorded Current —user must notify agency of name use place
etc transfers unlimited

aAll States recognize loss by abandonment
Lack comprehensive ground water laws.

~E - flood waters, C L. natural flows
-Different types, not for 1914 rights, riparlan rights, and percolation ground water
eTen years Isevidence of abandonment

In mining districts 4 over 2 and 5

gAll new water by prior appropriation

SOURCE Adapted from: G E Radosevich, Western Water Laws and Irrigation Return Flow, EPA-600/2-7&180 (Ada, Okla.: U.S. Environmental Protection Agency, 1978)
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Figure 28.—Ground-Water Law Systems in
the Western States

California

. Appropriation
Common law riparian D Resonable use

aOklahoma has many characteristics that also place it in the correlative rights

Correlative rights

category

SOURCE: Adapted from G. E. Radosevich, Western Water Laws and Irrigation

Return How, EPA-600/2-78-180 (Ada, Okla.: U.S. Environmental Protec.

tion Agency, 1978).

cern about some of the traditional precepts of
Western water law, In particular, the U.S. Su-
preme Court in Sporhase, et al., v. Nebraska
(25), and the U.S. District Court in El Paso v.
Reynolds (10), decisions addressed the legal
grounds of two States, Nebraska and New Mex-
ico, to protect their scarce water supplies.
While noting a State’s public interest and equi-
ty concerns over water, these courts declared
water an “article of commerce” and held un-
constitutional State antiexport statutes that
placed an undue burden on interstate com-
merce. Because their scope or potential impact
is unclear, these cases have increased the con-
fusion about a Western State’s proper role in

protecting and conserving vital water re-
sources for its own citizens in times of severe
shortage. Conceivably, the impacts are region-
wide (29]. Several other Western States have
laws similar to that declared unconstitutional
in the Sporhase, et al., v. Nebraska case.

Water Quality Under Traditional
Doctrines

Water-quality considerations are noticeably
absent in a majority of the surface and ground
water doctrines of the Western States. The one
exception is California, which has a statute
making water quality a specific element of a
water right. A California user can make the
same demands on an agency to protect an in-
terest in water quality as that in water quanti-
ty entitled under the water right (24).

An implied right of water quality exists under
the doctrine of prior appropriation. In theory,
water-right holders should be entitled to the
qguality of water existing at the time of its ap-
propriation. In practice, however, if an indi-
vidual believes a water right is being impaired
because of upstream pollution, the only re-
course in most cases will likely be a lawsuit
based on common law doctrines of nuisance
and trespass. Only a few courts have protected
irrigation users from upstream polluters, and
these cases have usually involved extreme in-
stances of water degradation. Most of the cases
relating to such pollution occurred in the early
1900’s (24).

The extent to which an individual State
water-right holder might be able to revive either
appropriation or common law doctrines for
water-quality purposes is questionable. Unless
strict controls exist, water-quality deterioration
will probably increase as development and
water use intensify in the West. Some States
more than others may experience severe water-
qguality problems and thus threaten an indi-
vidual user’s right.

Administration of Western Water Rights

In most of the West, rights to use water are
regulated and administered on a comprehen-
sive basis. Table 27 summarizes the adminis-
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trative approaches developed by each of the 17
Western States to oversee the system of water
rights, Commonly, a State officer, often desig-
nated the “State Engineer, ” holds one of the
most powerful positions in State-level water in-
stitutions. This officer keeps records of water
use, receives and approves applications for
new water uses, appoints river commissioners
or water masters to supervise the distribution
of water in accordance with water rights of
record, and institutes court actions to deter-
mine and adjudicate both surface and ground
water rights.

The prominent approach used for providing
evidence of a Western water right is the per-
mit system (table 27, column 4). In some States,
the final water right may be called a license or
certificate. A few States have different classes
of permits to enhance their ability to allocate
and regulate the use of water among competing
interests.

In the West, most States have well-estab-
lished procedures governing the transfer of
water rights (7). A water user or a purchaser
of a water right generally is entitled to change
the point of diversion, place, and nature of use
of the right. However, as a procedural matter,
before such a change maybe made, the owner
of the right must file a change application with
the State water-rights administrator. The pur-
pose of the change application is to give notice
to other water users on the system of the
changes proposed and to allow the administra-
tor to determine whether or not the change can
be approved without impairing other existing
rights on the same watercourse. The general
rule in most States is that an appropriator is
entitled to rely on stream conditions substan-
tially as they were when that individual made
an appropriation, and any change that is pro-
posed cannot adversely affect other existing
water rights (7). The question of impairment
usually arises in connection with return flow.
This is particularly true with respect to irriga-
tion uses where it is common for some of the
irrigation water to return to the watercourse
as return flow or seepage. If this is the case,
and the return flow makes up a portion of the
downstream water rights, the upstream irri-

gator is not allowed to diminish that return
flow by changing his/her water right. However,
subject to the caveat that a proposed change
cannot impair other water rights, most States
have adopted a fairly liberal policy with respect
to proposed changes.

An unrestricted policy with respect to water
transfers has caused a few States to reevaluate
their historic practices in this area. For exam-
ple, the Wyoming Legislature has provided that
when considering a change application the
State Engineer may consider: 1) the economic
loss to the community and State as a result of
the discontinued use, 2) the extent that such
economic loss would be offset by the new use,
and 3) whether there may be another source
of water available to satisfy the new use. These
criteria supplement the traditional considera-
tion of whether or not there would be impair-
ment of other rights. This legislation thus
allows for at least some modest evaluation of
the public interest in determining whether the
proposed change should be approved. Mon-
tana has taken a more restrictive step in an ef-
fort to protect large agricultural rights in that
State. The Montana Water Code prohibits a
transfer of an irrigation right to an industrial
use if the quantity of water involved exceeds
15 cubic feet per second. This provision ap-
pears to have been designed to preserve the
agricultural industry in that State (7).

Administration of Western water rights has
become particularly complicated regarding al-
location of those rights. In practice, water is
allocated not only on the basis of traditional
water law doctrines that have developed for
naturally flowing and underground water but
also on the basis of contractual arrangements
between water districts and water supply agen-
cies. A Federal or State agency may have con-
structed a dam for water storage, with entitle-
ment to this water being defined by agreement
with a water district. Thus, the specific amount
delivered to an individual farmer may be
unique to the given water supply system and
not be defined entirely by strict application of
a priority-of-use system. For example, an in-
dividual farmer may receive water defined by
combined flow and storage rights and also have
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access to water in an underground aquifer.
Many irrigation farmers in the West have all
three types of water. Identifying what a partic-
ular user can get, when, and how becomes
complicated. In addition, in some States per-
mits are issued for single purposes, so consol-
idated records may not be available to identify
the amounts allocated to and uses approved for
a particular individual.

Owing to lack of information, ineffective
monitoring, and disagreement on the meaning
of the standard, the doctrine of reasonable
beneficial use has not proven to be a signifi-
cant constraint on water use. The definition
of reasonable use depends on the availability
of water, methods of diversion, and purpose
of use, and is subject to uncertainty until the
specific facts and circumstances are examined.

More fundamental to influencing adoption
of “water-saving” technology for Western
agriculture is the requirement of use as the
basis of a water right under the doctrine of
prior appropriation. This concept may discour-
age water conservation because it emphasizes
either using the full allocation of water or los-
ing the right to the unused portion. It is fre-
guently argued that those who operate more
efficiently and thus save water or who salvage
water that would otherwise go to “waste” have
no assurance that they will be the beneficiaries
of such socially responsible conduct (18).

Federal Level

Constitutional authority exists for Federal
water control and regulation through the com-
merce, property, and general welfare clauses

Box F.-” Today’s Decisions On Water Will Shape Future™

The following was excerpted from an article by W. W. Lessley, chief water judge for Montana,
who retired at the end of 1982 after 33 years on the bench:

Three great rivers flow through the state--The Yellowstone, the Clark Fork and the Missouri.

Because o

this fact, we are truly the Treasure State and seldom face loss of water; but now new

forces move toward our water. The great need of sister states and those states farther to the south
of us for our water is a threat to our complacency concerning this resource. The possibility of Federal

concern and even intervention gives us pause.

If we were asked today by any court or administrative body to show the amount of water we
have and the beneficial use we make of it and our great need for it, we could not do those simple

things.

The reasons for this are many. Approximately 76 percent of our water and water rights are what
we call “use rights.” There era no records anywhere except the use of these rights over a great number
of years. Many of them rest in the far territorial and early history of our state, and the memories
of those on which we rely are now gone. The rest of the percentage is divided between appropriated
rights and decreed rights. The appropriated rights, in many instances, are faulty in record or can-
not be found in our courthouse records. The decreed rights are uncertain because some water users
were never informed when judicial action was in process and the inadequacy of the handling of

the tidings.

“Now we face the future with water, but for how long? We have strength. We are at the head-
waiters. Every rancher knows [w]hat that means even on a simple irrigation ditch, let alone on the

great Missouri.

_ But we have weaknesses. We have great expanse of territory but few people and few represent-
atives in the Halls of Congress. The lower basin states have many people and that means many
senators and representatives and clout in the Congress!

The future lies ahead. Those who can only see the water we now have and are smug about our

water really don’t think of these things,

SOURCE: Bozeman Daily Chronical Centennial Edition, Mar. 30, 1983.
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of the Constitution. The Federal Government
is involved directly in water issues in the
Western United States through the Federal doc-
trine of reserved water rights, water quality and
environmental protection legislation, and inter-
state and international compacts.

The Doctrine of Reserved Water Rights

Under the doctrine of reserved water rights,
the Federal Government acts as public trustee
to ensure adequate water supplies to fulfill the
purposes of national parks, forests, Indian
reservations, and other Federal lands. Water
rights become “reserved” by implication when-
ever Federal land is withdrawn from the public
domain and reserved for some specific use or
purpose: It is now generally settled that when
a Federal reservation occurs, enough unap-
propriated water is reserved to accomplish in
a reasonable manner the present and future
purposes for which Congress made the reser-
vation [Winters v. United States, 207 U.S. 565
(1908), commonly known as the “Winters” doc-
trine]. The water so reserved must come from
the watercourses arising on or flowing across

the Federal lands set aside for the reservation.
Federal reserved water rights are vested as of
the date of the reservation, whether or not the
water is actually put to use. These rights are
superior to the rights of those acquired after
the reservation date.

Perhaps the most significant of the reserved
water rights, for purposes of Western agricul-
ture, are those held by Western Indian tribes.
Approximately 400,000 American Indians live
on over 200 reservations in the West (table 28).
Their situation is hardly distinguishable from
that of other rural poor, except for one impor-
tant difference: the unique status of the Federal
reservation.

In recent years, attention has been drawn to
guantification of these rights as non-Indian
development has expanded in the West and
pressures have increased on existing supplies.
Opinions differ about whether quantification
is desirable for Indian rightholders. On the one
hand, these rights include those for future
needs and opportunities; it may be unreason-
able to require that such needs be quantified,

Table 28.—Indian Reservations and Rural Populations by Region and State

Rural population

Number of Total Number of Percent of total Mean income

Regions reservations Modulation acres population (household)
California . . . ... o 76 6,824 502,712.68 22.7 $7,123
Intermountain:

Idaho . ... ... 4 4,849 683,505.23 NA

MONEANA . . .o oot 7 24,137 5,870,984.49 80.2 $5,872

OregON .« .« v 4 2,718 821,945.32 43.3 $7,191

Washington . . .. ......... ... ... 22 18,238 2,779,045.40 48.2 $7,200
Southwest:

ANZONa . . . o 17 173,412 24,710,019.26 82.4 $4,335

Colorado . . ..o 2 2,144 902,897.00 NA NA

Nevada . . . ... 23 4,886 1,171,699.55 NA

New Mexico . . . . . . . . . . . .. ... .. .... 24 30,125 3,463,637.50 81.7 $4,617

Utah . .o 4 1,961 1,133,730.31 65.1 $4,189
Northern Plains:

NorthDakota . .. .........cviuiiinnnnea.. 4 16,735 2,143,046.07 86,5 $5,332

SouthDakota . ...........coiiiiiinnnn... 8 29,119 5,962,418.35 70.5 $4,556

WYOMING .« v oot e 1 4,435 1,886,556.00 NA NA
Southern Plains:

Kansas . . ... e 4 3,009 26,476.00 NA NA

Nebraska. ........... ... ... ... ... . . . 3 2,601 72,672.85 NA

OKlahoma . . . . ... 27 81,264 1,644,913.12 48,9 $5,389

1220 2 1,000 4,473.00 15.2 $7,373

NA = data not available

SOURCE Finan, et al , 1982 Original source U S Department of Commerce, Federal and State Indian Reservations (Washington, D.C. U.S Government Printing Office,
1974), and 1970 Census of Population Subject Reports American Indians (Washington, D C U.S Government Printing Office, 1973)
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particularly because technological oppor-
tunities may change and because the very na-
ture of reserved rights entails some uncertain-
ty. Furthermore, as the result of a 1983 U.S.
Supreme Court decision in Arizona v. Califor-
nia (I), new concerns have been raised that
guantification, once made, may not be changed
at a later date to meet redefined needs because
developers will have relied on the initial quan-
tification in their investment decisons, On the
other hand, some quantification has been urged
by both Indian and non-Indian interests to in-
crease certainty for developers.

The Federal role in these issues is complex,
and many tribes are finding it increasingly dif-
ficult to rely on the Federal Government to act
on their behalf. In one role, the Federal Govern-
ment finances water-storage projects and allo-
cates water supplies from such projects primar-
ily to non-Indians. In another role, the Federal
Government acts as public trustee for Indian
users. Thus, at any one point in time Federal
officials may be representing competing inter-
ests: farmers and ranchers v. the Indians. As
a result, the Western Indian community has in-
creasingly perceived that its interests are not
being fairly and fully represented (15, 21).

Indians defend some claims for water that
at present cannot be put to full use. Most of
that water would go to agriculture and, in fact,
the quantification of Indian rights is predicated
on agricultural uses. Legal questions have been
raised whether their water rights are restricted
to agriculture or can be transferred to nonagri-
cultural and non-Indian uses. Most Indian
groups do not have a tradition of, or sufficient
resources to begin, large irrigated farms. These
problems have been exemplified by the Nava-
jo Indian Irrigation Project, where pressure to
guantify water claims preceded clear plans re-
garding water use (9). In the absence of such
planning, Southwestern Indians have consid-
ered several options, including the sale of par-
tial allotments to their municipal, industrial,
and agricultural competitors.

Other claims—owing to the historical unique-
ness of the reservations—focus more specifical-
ly on present threats to Indian water use and

livelihood from non-Indian development off
the reservation. In several areas of the West,
non-Indian uses of both surface and ground
water off the reservation either have damaged
or threaten to damage Indians on the reserva-
tion. The Pyramid Lake Paiutes in Nevada, for
example, sued the State, the Truckee-Carson
Irrigation District, and some 13,000 other water
users for lowering the level of the lake so that
a principal economic activity, fishing, became
unfeasible. The Papago Indians in Arizona
have requested a solution to the depletion of
reservation ground water supplies by munici-
pal, agricultural, and mining sources, and the
Fort McDowell Indians of Arizona objected
vigorously to a Bureau of Reclamation plan to
build the Orme Dam that would force them to
abandon traditional lands. On the Umatilla res-
ervation in Oregon, Indian fishermen lost their
fishing rights with the construction of the
Dalles Dam on the Columbia River, and have
sued to regain them.

Until recently, few incentives have existed
for the quantification of Indian water rights,
Throughout the history of water-project devel-
opment, Congress and the executive branch
have seldom taken reserved rights into account
in development, Both the Colorado River Com-
pact and the Upper Colorado River Compact,
for example, are silent on Indian claims to
water, The assumption was that such rights
would be satisfied within the quantities allo-
cated to each basin and to each State.

Now, increased pressures on existing sup-
plies has brought this issue into sharp focus,
in many cases through litigation (table 29). Pur-
suant to Federal law, States can negotiate for
the Federal Government on these matters.
Some States (e.g., Utah, Arizona, and Montana)
are negotiating with Indian tribes to seek set-
tlement of claims. However, the evidence is not
yet available as to whether these experiments
will provide equity and fairness to all parties
and will avoid future litigation.

Efforts to settle conflicts involving Indian
claims have failed, both legislatively and ad-
ministratively, at the national level. Ironical-
ly, Federal mechanisms for participation and
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Table 29.—Status of Settlement of Western Indian Claims

This table summarizes the decisional and settlement processes used in the river basins, or sections of basins, where
there have been significant clashes between Indian and non-Indian claims to water. A few cases have not matured to the point

where the parties have initiated any formal process,

and these are omitted from the table.

Regulatory
commission | $dministrativc
Litigation | proceeding decision Negotiation | legislation
Arizona:
Main stem of Colorado River below Hoover Dam. . . . . . . . .. - - - —
Lower Colorado River between Grand Canyon
and Lake Mead . . . ... .. ... — - - -
Kanab Creek within Lower Colorado River Basin . . . . . . . — - - —
Little Colorado River . . . . ... .. .. . - - - -
Gila River Watershed, except Santa Cruz Basin . . ... .. .. - —
Salt RiVer . .. . - - -
Santa Cruz Basin . . ... . . . - -
Groundwater Basin in Gila River Basin
(Ak-Chin) . .. - - - - §
Transbasin diversion from Colorado River
to GilaWatershed . . . ........ ... ... . .. . . . . ... . . ... . - - -
California:
San Luis Rey River. . . ... ... . s - .
White RIVer . . .. ... — - —
Klamath River . . .. .. ... . - .
Colorado:
Animas, Mancos, Los Pines, La Plata and
other tributaries of San Juan River . . .. ................. - - -
Idaho:
Rapid River in Salmon River System . . . ... ... ........ S - - -
Kootenai River . . ... ... . . . — - -
Montana:
Tongue River, Yellowstone Basin . . . ... .............. [« - - -
Big Horn River, Yellowstone Basin . . . .. ............... - - -
Milk and St. Mary Systems. . . . . ... ... ... .. - - -
Big Muddy, Poplar, Milk and Missouri
Rivers (Fort Peck) . . . ... ... S - - -
Flathead River System . . ... ... ... ... ... .. .. ..., . - - -
Flathead Lake . . .. ... ... .. . . . . . - - -
Marias River . . . ... . S - —
Nevada:
Groundwater Basin in Walker River Basin... . . . . .. ... .. - - -
Owyhee River . .. ... ... .. . e — - -
Duckwater Valley and Muddy Creek Basins . . . .. ... ... — -
South Fork of Humbolt River . . . .. ................... — -
Truckee and Carson Rivers . . .. ... ... G -
Clear Creek, tributary of Carson River . . . ... ... ....... — -
New Mexico:
San Juan River, within Upper Colorado
River Basin . . ... .. . . . [« - - - -
Nambe—Pojoaque—Tesuque River System,
tributary of RioGrande . . . .. ....... ... ... ......... Q - - -
Santa Cruz River system and Rio de Truchas,
tributaries of Rio Grande . . . .. ... ................. [« - - -
Rio Grande del Rancho, Rio Pueblo de Taos, Rio
Chiuito and Other tributaries of Rio Grande . . . . . . . . .. - - - -
Chama River and tributaries between El Vado
Dam and confluence with Rio Grande . . . ... ......... - - -
Bonito, Hondo and Ruidoso Rivers,
tributaries of Pecos River . . . . ......... ... . ........ S - - - -
Santa Clara River, tributary of Rio Grande. . . . . ... ..... Q - - -
Chaco River, part of San Juan River drainage . . . ... ... .. - -
Rio Puerco (west), tributary of Little Colorado
River in Lower Colorado Basin . . . . ... .............. - -
RioGrande . . ... ... . — -
Rio San Jose, within Rio Grande Basin . . . ... ......... — -

25-160 0 - 9 : QL 3



122 . Water-Related Technologies for Sustainable Agriculture in U.S. Arid and Semiarid Lands
Table 29.—Status of Settlement of Western Indian Claims—Continued
Regulatory
commission | Administrative
Litigation | proceeding decision Negotiation | legislation
Oregon:

Williamson River in Klamath River Basin. . . ........... .
Umatilla River, tributary of main stem
of Columbia. . . . ... ... . —

South Dakota:
Missouri River and tributaries in
western South Dakota . . .............. ... ... ...... .
Lake Andes . . . .. .

Utah:
Duchesne River and Tributaries, Green
and White Rivers . . . . ... ... . . . —

Washington:
Yakima River Basin . . . .. ... ... ... .
NoName Creek . . . ... ... . . . i .
Chamokane Creek . . .. ... ... .. .. .. .
Groundwater Basin (Lummi) . . ... ... ... ... ... . e
Skagit River, and tributary, Copper Creek . . . . . .. .. ... ..
White River,
Western Washington rivers containing traditional

fishing grounds of tribes signatory to any of

fivetreaties . . . .. ... ... .
Payallup River . . ... .. ... .
Quinault, Queets and Raft River Systems . . . ..........
Skokomish River System . . .. ......... . ... .. .. ... ... ~
Dungeness, Skagit, Snohomish, Stillaguamish,

Pilchuk, Snoqualmie basins, and off-shore sites

in Strait of Juan de Fuca and Puget Sound

Wyoming:
Big Horn River . . . .. ... .

SOURCE: John A. Folk-Williams, "What Indian Water means to the West:" Water in the West,

vol. 1, Sante Fe Western Network,

negotiation with Indian interests have been
severely reduced in recent years. Unless the
Federal Government establishes a full commit-
ment to resolve the issues surrounding Federal
reserved rights and a focal point for negotia-
tion, uncertainty and confusion for Western de-
velopment, including Western agriculture, will
continue.

Water-Quality Regulation

As noted above, in the 1800’s the Federal
Government chose to defer to the States on
matters of control and development of local
water supplies. In the mid-1900’s, however,
there was a gradual shift back toward more
Federal regulatory interest in water. This oc-
curred in the area of water quality, an aspect
of Western agricultural water use that affects
both the quality of water needed in agriculture

and the quality returned to the natural system
after agricultural use (see ch. IV).

Federal involvement in water quality control
has moved State agencies forward in water-
quality regulation. A significant example of
Federal action that has had major impact on
State programs was the passage of the Federal
Water Pollution Control Act of 1972, amended
by the Clean Water Act of 1977 (together com-
monly referred to as the Clean Water Act, Pub-
lic Law 92-500). Through the combination of
two mechanisms, a permit system for point
sources of pollution and instream standards of
water quality, the U.S. Environmental Protec-
tion Agency and the States are obliged to im-
pose restrictions on effluents entering a stream,
They are also to undertake steps necessary to
ensure that water-quality standards are met.

Nonpoint source pollution, especially from
agriculture in the form of salts and agricultural
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chemicals, received more attention with the
passage of the Clean Water Act. Section 208
of that act authorized and directed the Secre-
tary of Agriculture to establish programs to im-
plement “best management practices” on
farms and ranches to control nonpoint source
pollution from agriculture. Technical assist-
ance and financial support were initially pro-
vided. Now, with Federal assistance effectively
eliminated, most States rely on voluntary ac-
tion and cooperation to achieve nonpoint pollu-
tion reduction.

Interstate and International
Agreements

Interstate and international agreements deal-
ing with Western river systems are important
attempts to recognize politically the regional
nature of surface water regimes and the need
to manage them as total units. Existing agree-
ments define some framework for water use
by different parties of interest. At the same
time, uncertainty has been created by the po-
tential constraints of some of the provisions as
water quality and quantity limits are reached
and strict enforcement measures become nec-
essary to ensure compliance. These interstate
and international agreements affect all Western
water users. As compliance becomes a matter
of increased concern, these agreements will in-
fluence decisions about the kinds of water-
related technology acceptable for meeting com-
pact water quality and quantity obligations ef-
fectively. The major Western agreements are
noted below.

Interstate Compacts

The major provisions of the Colorado River
Compact of 1922 are (28):

1. It divides the river system into the Upper
and Lower Basins and allocates 7.5 million
acre-feet per year (maf/yr) to each basin for
beneficial consumptive use. The Lower Ba-
sin is also given authority to increase its an-
nual use by 1 million acre-feet (maf).

2. It does not recognize a specific obligation
to provide water to Mexico. However, a
framework is established whereby any fu-

ture obligation would be shared equally be-
tween the Upper and Lower Basins.

3. The Upper Basin is prohibited from reduc-
ing the flow at Lee Ferry to below an aggre-
gate of 75 maf in any 10-year period. The
Upper Basin is not to withhold water, nor
is the Lower Basin to demand water that
cannot reasonably be applied to domestic
and agricultural uses,

The Boulder Canyon Project Act of 1928 pro-
vided for the construction of Hoover Dam and
its powerplant and for the All-American Canal.
Its major provisions were:

1, It suggests a specific framework for appor-
tioning the water supplies allocated by the
compact of 1922 among the Lower Basin
States of California, Arizona, and Nevada,
(The States did not adopt this framework,
but it was later imposed on them by the Su-
preme Court decision in Arizona v. Califor-
nia, 376 U.S. 340 [1964].)

2. It requires California to reduce its annual
consumption to 4.4 maf plus not more than
half of the surplus water provided to the
Lower Basin. (This requirement was met
through the California Limitation Act of
1929.)

3. It authorizes the Secretary of the Interior to
investigate the feasibility of projects for ir-
rigation, power generation, and other pur-
poses.

In the Upper cColorado River Basin Compact
of 1948 the Upper Basin States apportioned the
water allocated under the compact of 1922, The
negotiators recognized the problem inherent
in allocating water on a strict-quantity basis be-
cause of flow fluctuations from year to year,
As a result, water was apportioned on a per-
centage basis to all States except Arizona, Ma-
jor provisions of the compact are (28):

1. Arizona is guaranteed 50,000 acre-ft/yr,
The remaining water is apportioned as
follows:
® Colorado: 51.75 percent
¢ New Mexico: 11.25 percent
¢ Utah: 23.00 percent
.Wyoming: 14.00 percent.

2, It recognizes that new reservoirs will be
needed to assist the Upper Basin in meeting
its delivery obligation to the Lower Basin.
The compact provides that charges for
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such evaporative losses be distributed
among the Upper Basin States. Each State
is to be charged in proportion to the frac-
tion of the Upper Basin’s water allocation
consumed in that State on a yearly basis,
and its maximum consumptive use is to be
reduced accordingly.

3. It provides for the division of water be-
tween pairs of States on a number of spe-
cific rivers.

Being in a position to use water available
under these compacts has been a problem for
some States. For example, the 1922 Colorado
River Compact legally guaranteed the State of
California 4.4 maf of Colorado River water an-
nually. Yet California has used approximately
5.7 maf every year because it has had the phys-
ical structures to convey and use the extra
water, while other States have not had this
capacity. The Central Arizona Project (CAP),
a massive water system which will lift the
water almost 2,000 ft in elevation and carry it
over 300 miles to make use of Arizona’s share,
should make its first delivery in 1985 to Phoe-
nix, shifting water away from California users
to Arizona users. *

International Agreements

In the Mexican Water Treaty of 1944-45 the
United States promised the Republic of Mex-
ico that 1.5 maf of water will be delivered to
Mexico every year through the Colorado River.
This provision was part of the negotiations
over apportionment of water from the Rio
Grande, Tijuana, and Colorado Rivers. The
States in the Upper and Lower Colorado Basins
were apportioned 7.5 maf for each group of
States.

The treaty with Mexico had not been made
when the Colorado River Compact was signed.
But article Ill(c) of the compact provides that
if the United States recognizes any Mexican
rights in the river, these rights would be filled
“first from the waters which are surplus over
and above the aggregate amount” allotted to
the Upper and Lower Basin States (1.5 maf plus

*For a discussion of the major social, economic, and political
issues surrounding the CAP, as well as a physical description
of the project, see ref (14).

whatever the Lower Basin States have been
able to use, up to 1 maf/yr).

If the surplus is not adequate to fill the obliga-
tion to Mexico, the “burden of such deficien-
cy shall be equally borne by the Upper and
Lower Basin . . . .“ In short, if the “surplus”
waters of the Colorado River are less than 1.5
maf annually, existing rights in the United
States could be cut short to make up the dif-
ference owed to Mexico. Moreover, under in-
ternational agreement with Mexico, the quali-
ty of the 1.5 maf was to be improved through
the Water Salinity Control Project at Yuma,
Ariz. (see ch. VII for discussion of desalting
techniques).

The Columbia Treaty of 1964 concluded two
decades of study and negotiation by the United
States and Canada for joint development of the
Columbia River basin. For the United States,
large quantities of Canadian storage were ac-
quired to meet certain flood-control objectives
in the Northwest States and to provide power
through the Bonneville Power transmission
system to the Pacific Northwest, California,
and to the Southwest. When enacted, its focus
was not principally on irrigation, a domestic
matter within the concept of multiple-purpose
development of U.S. rivers. Eventually, the
treaty may restrict the entry of new agricultur-
al users, since such users would have junior
rights to existing power rights and hydroelec-
tric power requirements may not be compati-
ble with timing needs of new users. In this
sense, hydroelectric power will become a com-
peting use for new irrigation farmers.

Implications for Sustainable
Western Agriculture

State and Federal water-law doctrines have
helped define general rights and duties. As
demands for the limited resource have grown,
however, uncertainties have increased about
the specific meaning of these rights regarding
more intensive water use, potential new users,
and opportunities for water transfers and re-
allocation. A substantial part of the uncertainty
concerns the nature of the water right held by
an individual. For example, in California,
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which has attempted to quantify water rights,
appropriative rights acquired before 191+1 are
not required to be recorded, Post-1914 rights
were, until 1969, recorded regarding flow rate
and seasonal restrictions but omitted total
guantities. Even where water rights have been
recorded, the quantities of water claimed may
be exaggerated, thus largely destroying the
utility of the record (12). In addition, uncertain-
ties about the quantities of water involved with
Indian and other Federal reserved water rights
cloud the titles of many recorded private ap-
propriative rights, and Federal commitment to
negotiate and resolve these issues is lacking.

Problems have also grown regarding the ar-
tificial separation of water into legal classes.
Surface and ground water rights are adminis-
tered along different well-established doctrines,
as discussed above. Nevertheless, these sur-
face-subsurface waters are connected physical-

ly and interact both quantitatively and quali-
tatively. Rights in atmospheric moisture, a rela-
tively new legal area, are poorly defined be-
cause interception technologies are relatively
new, although a few States have begun to claim
sovereign rights to atmospheric moisture (see
ch. VI). If precipitation makes its way to the
ground as diffused surface water, the runoff
may become subject to other types of water
rights before it reaches the streamcourse or
ground water. In some States, use of diffused
surface water (not yet concentrated in a chan-
nel) impounded for certain purposes by a land-
owner must be secured through special proce-
dures. No State has gone so far as to actually
appropriate diffused surface water (26). *

e For a thorough discussion of the impacts of Federa agricul-
tural production programs on soil and water resource manage-
ment in general see the OTA assessment: Impacts of Technolo-
gy on U.S. Cropland and Rangeland Productivity, ch.VI, OTA-
F-166, August 1982.

SOCIOECONOMIC FACTORS AFFECTING
WESTERN WATER INSTITUTIONS

The social and demographic trends that char-
acterize the West have been shaped by eco-
nomic opportunities and institutional forces.
Such opportunities have been and continue to
be conditioned by the distribution and avail-
ability of water resources.

Demographics

In many ways, unmanaged population growth
constitutes a major long-run threat to agricul-
tural growth and development in the West. Peo-
ple increase demands not only on water sup-
plies but also on space. Since cities grow more
easily on level terrain, farmers and urban de-
velopers compete for the same valleys. Popu-
lation increases promote commercial and in-
dustrial sectors of the economy, which in turn
attract more people in search of jobs. Much of
the West is fully involved in this spiral, and
local conflicts over land and water use are
becoming commonplace.

Regional population-growth patterns have
shifted in the past three decades. Figure 29
compares the rate of growth for the 17 Western

Figure 29.-Popuiation Rate of Change of the
17 Western States Compared to the U.S. Population,
Rate of Change, 1930-80
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SOURCE: Office of Technology Assessment staff, from U S. Department of
Commerce, Bureau of the Census, 1980 Census of Population and
Housing, advance reports

States with that of the entire United States. All
four U.S. census regions gained population in
each of the intervals between the last three cen-
suses (fig, 30). The Western census region (note
that this region does not include all 17 Western
States) grew fastest, although its population in-
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Photo credits: USDA-Soil Conservation Service

Suburban growth of Santa Clara County, Calif., during 28-year period (April 1950 to April 1978). Photo (top shows the
area that was predominantly agriculture now covered with highways, housing developments, and industry (bottom)
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Figure 30.—United States: Census Regions and Divisions
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Components of Population Growth in Regions and Divisions: 1950-80 (numbers In millions)

Population Population Net Population Net Population
Regions and divisions 1950 1960 migration 1970 migration 1980
Northeast.................... e S 39.5 44.7 + .3 49,0 + .3 49.1
New England . . ...... ... ... ... . . . 9.3 10.5 + .0 11.8 + .3 12.3
Middle Atlantic. . .. ........ ... . . 30.2 34.1 + .3 37.2 + .0 36.8
Northcentral . .. ... ... . . . 44.5 51.6 -1 56.6 - .8 58.9
East Northcentral . . .............. .. .. .......... 30.4 36.2 + .7 40.3 - .2 41.7
West Northcentral . .. .......................... 14.1 15.4 - .8 16.3 - 6 17.2
SoUth . .. 47.2 55.0 -1.4 62.8 + .6 75.3
South Atlantic . . ........ ... ... . 21.1 26.0 + .6 30,7 +1,3 38.9
East Southcentral . .. ........ ... ... . .. . ... ... 115 12.0 -1.5 12.8 -7 14.7
West Southcentral . . .......... ... ... ... ... . ... 14.5 17.0 - .6 19.3 - .0 23.7
WSt .« o 19.6 28.1 +3.8 34.8 +2.9 43,2
Mountain . . . ... ... . e 5.1 6.9 + 6 8.3 + 3 11.4
Pacific. . ... .. 14.5 21.2 +33 26.5 +25 31.8

SOURCES'’ Bureau of the Census, 1950-70, Revised Estimated of the Population of States and Components of Change, Current Populali& Reports Series P.25, Nos.
3-4 (1985) and 460 (1971). Bureau of the Census, 1970-80, 1980 Census United States Summmary Final Population and Housing Unit Counts (Advance Reports)

PHC 80 V-1, 1981, table 1.
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crease dropped from 39 percent in the 1950’s
to 24 percent in the 1970’s. The Pacific divi-
sion within this region grew faster in the 1950’s
and 1960’s, while the Mountain States attracted
more population growth in the 1970’s (23).
State-by-State percentage change in population
for the 17 Western States is indicated in table
30,

By 1980, the population of the South and
West exceeded that of the two northern regions
for the first time. California was the most pop-
ulous State, with 23.7 million people—far ahead
of second-place New York, with 17.6 million
(23),

For the period 1970-80, population growth
in the West was above the national average
with the exception of the Dakotas, Kansas, and
Nebraska (table 30). For California, Texas,
Arizona, and New Mexico, the increases were
dramatic. Since the natural increase in popula-
tion (births minus deaths) is relatively constant
throughout the country, the large total in-
creases in the West have been due to positive
net migration: from 1970 to 1976, 623,000 for
California; 543,000 for Texas; 356,000 for Ari-
zona; 237,000 for New Mexico; and 1,849,000
for the entire West.

Both push-and-pull factors explain the pop-
ulation flux to the West. Climate certainly car-

ries significant influence. perhaps equally im-
portant is the reluctance of many to endure the
inconveniences of city life and the popular per-
ception that Western cities and towns offer a
rural-like setting and relaxed lifestyle without
a loss of necessary services. Industry seeks
what is referred to as “unexportable ameni-
ties.” A warm, dry climate extends the use-life
of capital goods and reduces shutdowns from
adverse weather. Also, a growing population
of employable persons ensures both a labor
force and a demand for manufactured items.
Commercial interests respond to urban popula-
tion changes by developing the service sector.
As a consequence, from 1970 to 1977, the West
experienced an increase in nonagricultural
employment three to four times higher than the
national average (table 31). And whereas man-
ufacturing employment in the United States ac-
tually declined over the same period, most
Western States registered a dramatic increase,
The broadening of job opportunities that ac-
companies the growth of industry and business
promotes a regional image of abundant em-
ployment, thus drawing larger migrant flows.

Population trends for the 1980’s indicate that
the population shift to the South and West will
continue but will not accelerate as it did in the
1970’s. The question is more open, however,
regarding the movement to nonurban areas.

Table 30.— Percentage Increases in Population for the 17 Western States and United States, 1930-80

State 1930-40 1940-50 1950-60 1960-70 1970-80
ANZONA . . . 14.6 50.1 73.7 36.3 53.1
California. . . . ... 21.7 53.3 48.5 27.1 18.5
Colorado . . . 8.4 18.0 32.4 26.0 30.7
Idaho . .. e 17.9 121 13.3 6.9 324
Kansas. . ..o -4.3 5.8 14.3 3.2 51
MONtaNA . . . . 4.1 5.6 14.2 2.8 13.3
Nebraska . . ... -4.5 0.7 6.5 5.2 5.7
Nevada. . . ..o e e 21.1 45,2 78.2 71.6 63.5
NEW MEXICO . . v v vttt et e et e e 25.6 28.1 39.6 6.9 27.8
North Dakota . .. ... -5.7 -3.5 2.1 -2.2 5.6
OKlahoma . . . .o -2.5 -4.4 4.3 9.9 18.2
(=TT o A 14.2 39.6 16.3 18.3 25.9
South Dakota . . . ... .o -7.2 15 4.3 -2.2 3.6
=)= 10.1 20.2 24.2 16,9 27.1
Utah .o 8.4 25.2 29.3 18.9 37.9
Washington. . ... ... 111 37.0 19.9 19.6 21.0
WYOMING .« . o et 11.2 15.9 13.6 0.6 41.6
17 S AS . . ottt 9.2 25.8 29.4 19.4 22.4
Total United States . . . . ... .. . 7.3 145 185 134 11.4

SOURCE U.S. Department of Commerce, Bureau of the Census, 1980 Census of Population and Housing, advance reports, from Statistical Abstract '81, p, 10.
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Table 31.-Population and Employment Change by Region and State

Percent change in

Net migration

Percent change in employment

Population population 1970-76 1970-77

Regions 1976 1970-76 Number Percent Nonagricultural Manufacturing
California...................... , 21,510,000 7.8 623,000 31 20.6 71
Intermountain:

Idaho. .. ... 831,000 16.5 64,000 8.9 442 29.5

Montana....................... 753,000 8.4 25,000 3.7 21.3 -2.5

Or€QON .« . oo e 2,329,000 11.3 159,000 7.6 25.2 10.8

Washington . . .. ................ 3,612,000 5.8 64,000 1.9 17.1 3.9
Southwest:

AHZONA . .. 2,270,000 27.9 356,000 201 43.7 20.3

Colorado . ..................... 2,583,000 16.9 237,000 10.7 32.3 18.6

Nevada . ........oooouunnneoo... 610,000 24.8 91,000 185 445 62.0

New MexiCO . . . . ovooeeeeeee. 1,168,000 14.9 67,000 6.6 37.6 46.6

Utah . .o 1,228,000 15.9 35,000 3.3 32.7 32.7
Northern Plains:

North Dakota. . . . ............... 643,000 41 -4,000 -0.6 34.1 4.9

South Dakota . .. ......oouvvun.. 686,000 3.0 -9,000 -1.3 21.1 31.0

WYOMING .« o oo oo 390,000 17.4 37,000 11.3 45.9 95
Southern Plains:

Kansas . ..........cooouviiinn. 2,310,000 2.7 -13,000

-0.6 25.7 24.2

Nebraska . ..................... 1,553,000 4.5 11,000 0.8 18.5 5.3

Oklahoma . ... ..., 2,766,000 8.1 107,000 4.2 25.3 19.9

TOXAS . oo 12,487,000 115 543,000 4.9 32.3 17.6
Total United States . . . ... ......... 214,659,000 5.6 2,857,000 1.4 8.6 -1.3

SOURCE Flnan, et al, 1982. Original source: Bernard L. Weinstein and Robert E. Flrestine, Regional Growth and decline in the United States (New York: Praeger Publishers,

1978)

Photo credit Jack Schneider, ISP

Skyline of Denver, Colo., 1974—a Western metropolis at the hub of growth and urban development
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During the first half of the 1970’s, one of the
major demographic surprises was a reversal of
the rural-to-urban population flow, the first
time this had occurred since the beginning of
the century. This outmigration appears to be
to counties adjacent to major metropolitan
areas, however, and not to rural counties more
removed from urban areas.

A panel of experts assembled by the Popula-
tion Reference Bureau has projected continued
rapid migration to the Mountain States (Ari-
zona, Colorado, Idaho, Montana, Nevada, New
Mexico, Utah, Wyoming) in the 1980’s. While
some of this population movement will be re-
lated to mining activities, most will be related
to resort-retirement growth and suburbaniza-
tion. According to these experts, “diminishing
water supplies will eventually restrain popula-
tion growth in the West, but not yet in the
1980’s” (23). In the meantime, recent popula-
tion increases in the West are related, for the
most part, to nonagricultural activities. Region-
al water-use priorities that traditionally favored
agriculture may be affected by this trend to a
more urban/suburban voting population.

Rural Economics and
Western Agriculture

In much of the West, as in the rest of the
United States, the farm population is compara-

tively low. Western farm population has
dropped to about 3 percent of the total popula-
tion, close to the 1981 national average (table
32). The ratio of agricultural income to nonagri-
cultural income averages somewhat less than
3 percent in the southern half of the West and
7.5 percent in the Plains area (30). Agriculture
itself directly supports a small population;
however, as a regional activity it has become
an integral part of local economies. Agriculture
contributes to such local and regional activities
as grain-elevator operation, transportation, and
food processing. In Texas, for example, every
dollar of farm sales leads to more than $3.40
in the Texas economy (5).

A large, complex economy such as that of the
United States is made up of thousands of sub-
economies. In the 50 United States, there are
over 3,000 counties and approximately 20,000
municipalities, most with populations of less
than 2,500 people (3). These small towns are
primarily agricultural service centers and are
highly dependent on the agriculture that sur-
rounds them.

The irrigation of agricultural areas in the
West has changed the productivity of their
resources and hence their economic bases. Ir-
rigating large parts of Arizona has changed that

Table 32.—Total and Farm Population of the United States: 1920-81 (numbers in thousands)

Farm population

Year Total resident population Number of persons’Percent of total population
Current farm definition-

198 . . 224,064 5,790 2.6
1980 . .t 221,672 6,051 2.7
1979 . 219,611 6,241 2.8
1978 . o 217,771 6,501 3.0
Previous farm definition

198 . 224,064 6,942 3.1
1980 . ..t 221,672 7,241 3.3
1979 . o 219,611 7,553 34
1078 . 217,771 8,005 3.7
1077 215,966 7,806 3.6
1976 . o 214,282 8,253 3.9
1975 ... e 212,542 8,864 4.2
1970 . o 203,235 9,712 4.8
1960 . ..o 179,323 15,635 8.7
1950 . . 150,697 23,048 15.3
1940 . ...l e 131,669 30,547 23.2
1930 . . 122,775 30,529 24.9
1920 . . 105,711 31,974 30.2

aOfficial census counts, except 1975-81, which are estimates.

bFarm population estimates for 1920 to 1970 from Farm Population Estimates, 1910-70, U.S Department of Agriculture, Statistical Bulletin No. 523 July 1973; five-

quarter averages centered on April beginning 1980. See app A.

SOURCE U S Department of Commerce, Bureau of Census, “Farm Population of the United States” 1981, " November 1982, p 1
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area from one that produced cattle to an area
that produces citrus crops, cotton, and other
high-valued commodities. The irrigation of
some parts of southern California has per-
mitted that area to switch from essentially no
agricultural production to an area that pro-
duces many of the Nation’s winter vegetables.
Irrigating Washington State’s Columbia basin
has changed that region from extensive cattle
grazing to the highly intensive cultivation of
hay, sweet corn, and potatoes.

These changes, however, are not made in a
vacuum. Once the major change occurs in agri-
culture, the effects spread to nonfarm parts of
the society and the economy. Reactions to
change in an economic base are site-specific,
A cattle-producing area that suddenly has
water to irrigate some of its hay-producing land
may not change at all. A desert that is made
to produce many labor-intensive crops will
change demonstrably. In the latter case, near-
by towns-as well as the farms—grow, develop,

Box G.—Economic Impacts of Irrigation on the West

The Grand Valley trade area in western Colorado has been irrigated by Bureau of Reclamation
projects for many years. A 1963 study of the area showed that water was used on 3,999 farms (95.9
percent of all farms) and that nearly all of the cropland as well as some of the hay-producing land
was irrigated (Struthers, 1963, in Barkley, 1983). In 1960 the 273,000 irrigated acres helped pro-
duce agricultural commodities valued at $27.6 million-38 percent of the area’s total product.
Agriculture was also estimated to be responsible for 18 percent of the “linked” or secondary employ-
ment in this area. This amounted to 1,026 persons who produced processing services valued at
over $18 million. The analysts responsible for the study also estimated that agriculture was respon-
sible for 7,500 to 10,000 jobs in the general sectors of the local economy. The entire influence of
irrigated agriculture is summarized in ratios showing that for each dollar of income originatin,
in agriculture, an additional $1.97 to $2.68 is generated in the local nonfarm sector.

The Columbia Basin Irrigation Project in central Washington was planned almost since the
Bureau of Reclamation was formed in 1902 (Corssmit and Barkley, 1975, in Barkley, 1983). The
irrigation components of the project became a reality in 1950, and by 1970 over 500,000 acres were
irrigated using water supplied by the public project. The land that came under irrigation had
previously been of little agricultural value and had been used almost exclusively for grazing cattle
and sheep. After two decades of development, the area was reaching economic maturity, which
involved massive expenditures by Federal, State, and local governments. By 1970 the Federal
Government had invested $6.6 million in nonproject costs in the area (in addition to the direct
costs of water delivery), the State and county governments had invested $258 million, and the many
local governments had invested $25 million. In addition, utility companies serving the expanding
populations invested $198 million. This represents a total investment of $8,032 per capita that was
required to install an “appropriate” amount of social overhead capital in the area.

The High Plains area of eastern Colorado began to switch from dryland farming to irrigated
farming in the 1960’s. The development was carried out by individual farm operators who sunk
wells into the Ogallala aquifer. Development was quite rapid. In 1966, 366 wells Were registered
with the State Ground Water Commission. By 1970, at least 2,000 wells were registered and in
use (Rohdy, et al., 1971 in Barkley, 1983). The development occurred in a sparsely populated region
and centered on towns that were quite small. The effects of irrigation farming are quite extensive
and can be shown as “business multipliers,“ indicating the increase in nonfarm business that ac-
companies each dollar of economic activity in irrigated agriculture. The results of a 1973 study
show that there was 77 cents of nonfarm business generated for each dollar of economic activity
on irrigated farms.

sources: P. Barkley, “The Sustainability of Rural Non-Farm Economics in Water Dependent Agrricultural Areas! OTA commissioned paper, isss.
C. W. Corssmit and P. W. Barkley, “Water Resource Development Related Social Overhead Capital Expenditures in the Columbia Basin 1950-1970,”
paper presented at the annual meeting of the American Agricultural Economics Association, Columbia, Ohio, 1975. In: Barkley, 1983.
D. D. Rohdy, D. B. Tanner, and P. W. Barkley, “Secondary Economic Effects of Irrigation on the Colorado High Plains,” Colorado State University
Experiment Station Bulletin s4ss, June 1971. In: Barkley, 1983.
Robert E. Struthers, “The Role of Irrigation Development in Community Economic Structures,” U.S. Department of the Interior, Bureau of Reclama-
tion, February 1963.
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and change. Lifestyles and business patterns
are affected. The growth requires the com-
mitment of personal, social, and capital re-
sources that, once put in place, are very hard
to move (3).

Because of such investments, the possibili-
ty that irrigation may end in some areas of the
West is generating increased attention. Irri-
gated agriculture could be diminished for a
number of reasons. The availability of afford-
able water supplies could change (see ch. X),
as in parts of Texas over the Ogallala aquifer,
or competition could cause water to be shifted
from agricultural to other users who can pay
more, as in parts of Arizona and Colorado.
Similarly, irrigation could damage the soil with
salt buildup over time (see ch. VIII) to the
degree that some areas cannot be economical-
ly farmed, as in parts of New Mexico and Cali-
fornia.

Where competition diminishes agricultural
use of water (e.g., when large energy com-
panies buy major water rights), the economy
of the area may remain strong even though par-
ticular patterns of community life and business
may be changed as shifts take place away from
an agricultural to an industrial/mining econ-
omy. Such change may have serious and in
some cases negative social effects (even with
the emergence of a stronger economy) on
others in the local community who may not
have chosen to elect that change. Other areas
may be able to remain in irrigated agriculture
only with large subsidies in water or energy.
Thus, social costs are also incurred, this time
by the taxpayer.

These varying consequences underscore the
importance of taking into account short- and
long-term effects on local farm and nonfarm
economies of public investments made in West-
ern water use and agriculture. The question in-
creasingly asked is whether new investments
can generate a sustainable Western agriculture
that is relatively stable for social and econom-
ic growth over the long term or whether the
investments will be more productive in another
sector of the economy.

Competition for Western Water

Water supplies can be used to support farm-
ing, mining, industry, urbanization, or combi-
nations of these activities. The socioeconomic
character of a region is influenced substantially
by which of these activities enjoys the greatest
relative control over water resources. Tradi-
tionally, agriculture has been dominant in es-
tablishing and maintaining the particular flavor
of Western living and, to a large extent, has
defined the economic, political, and cultural
legacy of the region (11). In the past, federally
subsidized water has placed irrigated agricul-
ture in a favorable competitive position with
other uses of water. Changes in Federal fund-
ing policies may affect the competitive advan-
tage of irrigated agriculture and have ramifica-
tions for future agricultural production and the
kinds of water-related technologies attractive
to the producer. As Western populations ex-
pand in nonfarm sectors, greater demand is
placed on land and water resources formerly
used by farmers and ranchers (table 33). Deci-
sions about who will get water may increas-
ingly be affected by the “value” or “cost” of
the water and by which competing users will
be willing and able to pay. Major competitors
for Western water are noted below.

Western Indians

As discussed in detail earlier in this chapter,
some Indian claims are being defended in agri-
cultural and nonagricultural uses, including in-
stream uses such as fishing. The American
Indian is a potentially large group of com-
petitors. While quantification of many of their
claims is unsettled, the potential impact of the
amounts involved on all other existing rights
created after the establishment of their reser-
vations is substantial.

Energy and Mining Uses

One of the largest industrial developments
affecting recent water policy in the arid/semi-
arid region is the growth of the energy industry
(2). Although the west coast and other urban
centers have developed a diversified manufac-



Ch. V—Institutions Affecting Western Agricultural Water Use .133

Table 33.—Projections of Changes in Total Cropland and Irrigated Farmland by State, 1975-2000

Change in percent of cropland

Acres of irrigation farmland (1000 acres)

Regions 1975-1985 1985-2000 1975 1985 2000
California.......................... - 20/0 - 5% 8,495 9,132 9,854
Intermountain:
Idaho...................... e +17/0 -1% 2,989 3,351 3,400
Montana . ............oiuuiinnn... +1°710 +1% 2,010 2,967 2,904
Oregon . . ..o -1% -1% 1,742 1,987 2,096
Washington ., . . ............. ... +1°10 -1% 1,421 1,809 2,013
Southwest:
Arizona . .........c. - 30/0 - 60/0 1,207 1,112 1,057
Colorado . ........... ... . ... ... +1°10 +1% 3,313 3,156 3,375
Nevada ..............cvvveinn... 39% 38% 828 737 773
NewMexiCo . ..................... -1% -1% 956 877 816
Utah . ... 1% +1% 1,056 979 1,062
Northern Plains:
North Dakota. . . .................. f 1% £ 1% 94 126 230
SouthDakota . .................... -1% -2% 218 274 380
WYoming . ..o ooe e 2% 1% 1,731 1,818 1,874
Southern Plains:
Kansas . ..........c.coiuiiiin.. 7% 8% 2,044 2,618 2,823
Nebraska ........................ +1% +1% 4,315 4,858 5,118
Oklahoma........................ +1% 1% 566 580 589
TOXAS o oo et e +1% -1% 7,414 6,886 6,170

SOURCE: Finan,et al, 1982 Original source US. Water Resources Council, TbeNation's Water Resourcces, 1975-2000, vol 2,pt lll, tableilP29, 1978

turing sector, energy development has been the
principal industrial force in such areas as the
northern Great Plains and Rocky Mountain
States, and both boom towns and company
towns dot Western maps. The relatively recent
surge of the energy industry, particularly coal
and oil-shale mining, has brought increased
economic opportunities to many Western
areas.

Most estimates of demand for water for en-
ergy production, slurry-line transportation, and
cooling purposes conclude that energy demand
for water on a regional scale is relatively small
compared with that of irrigated agriculture.
However, on a site-specific basis, increased
water use to meet energy demand in such areas
as the Rocky Mountain States will have a sig-
nificant impact on the availability of water for
other purposes, especially for agriculture (18).
Ultimately, the quantities of water "’required”
for energy production at a particular site will
be affected by the cost the producing industry
must pay for that water and associated restric-
tions put on its use (see ch. I1l). Much of the
future of energy production in the West hinges
on the ability of energy-producing firms to bid
water away from irrigated agriculture (16) (see
discussion in app, C on the value of water in
alternative uses).

The competition for water between farms
and mines also raises arguments over the de-
sirability of development paths and the kinds
of practices used by each. asextractive opera-
tions, mines are limited by the quantity, quali-
ty, and world price for mineral products, and
the rise and fall of boom towns underscore the
cyclical nature of this activity. Mining opera-
tions use land and water as short-run inputs
and with full awareness of their eventual deg-

Photo credit: © Ted Spiegel, 1982

Mining Wyoming soft coal. Proposals to transport in
slurry pipelines to Eastern markets would require
extensive off stream water resources
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radation or depletion. Farms and ranches may
be perceived to use land and water on a more
permanent and beneficial basis; however, some
present Western agricultural practices are
degrading land and water both (see e.g., chs.
VI, VIII, and X).

Municipal and Other Industrial Uses

Municipalities and nonmining industries use
a relatively small fraction of the total amount
of water used in the West. In table 34 this frac-
tion is compared with agricultural use for some
States of the West. Municipal and industrial
water users are in a relatively favorable posi-
tion with respect to future water supplies, ow-
ing to their superior financial capacity. In
many areas, municipalities have developed re-
liable supplies of water and have supplemented
these supplies by water from public projects.
As compared with some agricultural users,
they are accustomed to paying at a level closer
to full cost of development, transportation, and
purification. Federal law—and State law in
States such as California-requires municipal
and industrial users to pay their fully allotted
costs. Costs may rise substantially, but urban
and industrial water users will probably make
minor financial or lifestyle adjustments to ac-
commodate these changes.

Municipal and industrial users are increas-
ingly interested in future water policy, par-
ticularly with respect to new water-develop-
ment projects. Some communities still see
growth as both a likely and desirable trend and
foresee the need for additional water to per-
mit such growth to occur. Municipal and in-
dustrial leaders fear drastic shortages such as
those in the severe drought of 1977-78. The ef-

forts of southern Californians to promote the
Peripheral Canal and its accompanying works
are evidence of this concern for seeking a
margin of safety in drought situations.

Moreover, surface water diversions used to
develop additional irrigated acres may increas-
ingly compete with opportunities to develop
hydropower for municipalities and industry.
Whittlesey, et al. (33), studied the economics
surrounding the irrigation/hydropower trade-
off the Pacific Northwest and concluded that,
using present low values for irrigation water,
most new irrigation developments in the Pacif-
ic Northwest represent a net loss for the econ-
omy of that region. Instead water use is heavi-
ly weighted in favor of hydropower generation
because of the tremendous power-producin,
potential of the many dams on the Columbia
River.

Resource Protection Uses

Agriculture must face competition and con-
straints on water use from interests concerned
with environmental protection and resource
conservation. Such interests have been suc-
cessful in limiting access to new sources of
water by placing some water sources in a pro-
tected status-e. g., in the wilderness and scenic
rivers classification. The requirements for min-
imum streamflow standards have placed a new
limitation on consumptive use (see ch. ).

In those areas where underground aquifers
are being “mined,” as in Arizona and the Cen-
tral Valley of California, pressure exists to im-
pose limitations on the levels and rates of with-
drawals and thus reach a sustainable balance

Table 34.—Rate of Change in Water Use as Percentage of Total Water Use, Municipal and Industrial (M&I)
v. Irrigation (Irrig.) Purpose in Selected States

1955 1960 1965 1970 1975 1980

Arizona (M&I) .. ............. 30/0 4% 60/0 80/0 10% 10%
(rrig) oo 960/0 94% 94% 930/0 90°"/0 890/0
North Dakota (M&I). . ........ 630/0 3070 39% 650/0 780/0 74710
(rrig.) oo 300/0 49% 45%0 290/0 180/0 21 %
California (M&l) . . ........... 250/0 41% 40% 300/0 300/0 300/0
(rrig,) o oo 75%0 580/0 600/0 690/0 690/0 690/0
Texas (M&l) .. .............. 390/0 380/0 41%0 600/0 57% 580/0
(rrig) oo 590/0 59710 56% 37% 41% 4010
Nebraska (M&I) . . ........... 220/0 270/0 20710 200/0 14% 91/0
(rrig) oo 7710 690/0 780/0 780/0 780/0 780/0

SOURCE U S. Government Survey, Estimated Use of Water in the United States, publications for 1955-80 (Washington, DC.: U.S. Government Printing Office, 1955-80).
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Photo credit: USDA-Soil ConservatlonService

Idaho wilderness, an example of water resources in a natural
state. Here, beaver dams provide natural water control

between extraction and recharge. In Arizona,
this pressure—Ilargely from urban and indus-
trial interests—has already resulted in legisla-
tion that will impose a “duty of water” on agri-
culture—in effect, a limitation on the quantities
of water that may be used in growing various
kinds of crops. The director of the Arizona
Department of Water Resources has been given
extraordinary authority to define the limita-
tions under which water may be used and
powerful tools of enforcement to achieve these
legislative ends (see app. C). Other Western
States (e.g., Colorado and New Mexico) have
specific statutory policies authorizing the min-

ing of those ground water acquifers with little
or no natural recharge capacity

Resource protection issues have broad impli-
cations for the West. Traditional water use and
development relationships have been substan-
tially altered in recent years by a broadening
of interests related to water resources and
changing institutional goals with respect to
Western water development. At the national
level, environmental values have gradually
gained a more prominent level among public
priorities. The relative primacy of Federal
development agencies such as the Bureau of
Reclamation has been challenged. Legislation
has been enacted to strengthen the role of other
agencies or to create new agencies, such as the
Environmental Protection Agency. These poli-
cy developments have altered the missions of
traditional agencies by placing them in the con-
text of a broader decisionmaking structure. A
most notable example is the passage of the Na-
tional Environmental Policy Act (Public Law
91-190), which requires Federal agencies to
prepare environmental impact statements prior
to undertaking new projects. Support at the
local level has grown for retaining water re-
sources in a natural state. In addition, the tradi-
tional sentiment that “development” (inferring
“growth” in quantity) is a positive value is no
longer uniformly held. Indeed, major new wa-
ter-project developments may increasingly en-
counter significant opposition and competition
from distinct elements of the general public.

THE ECONOMICS OF WESTERN WATER

The market system allows property to be
bought and sold, and thus transferred between
uses and users. It forms the basis of the eco-
nomic system in the United States and as such
can be subsumed under the general heading of
economics and, with respect to water, the eco-
nomics of Western water.

A market depends on the rights of ownership
and the legal conditions for exchange. The
owner of a good as simple as a pitchfork has
complete rights to that pitchfork and can sell

it to a neighbor. Rights of ownership transfer
with the sale. The pitchfork will be sold if its
present owner feels the value of the money ob-
tained in exchange equals or exceeds the value
of the pitchfork. All well-functioning markets
operate in this fashion. Exclusive goods—goods
that have well-defined and perfected rights at-
tached to them—are exchanged whenever dis-
positions about their relative values differ,

If rights in water were as straightforward and
secure as rights in pitchforks (or even rights
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in land), a highly developed and organized
water market would emerge. Irrigators would
purchase water from industries if irrigated
crops were worth more to farmers than water
for cooling or dilution was worth to industri-
alists. Public utilities would purchase water
from householders if the value in power gen-
eration was higher than the value of water for
green lawns and kitchen gardens. Wheat farm-
ers would purchase irrigation water from corn
farmers if the value of wheat exceeded the val-
ue of corn by an amount sufficient to make the
transaction worthwhile.

A Market for Water

Although there are some areas where the
market does allocate water among uses and/or
users, market exchanges of water are not the
rule. Attempts have been characterized as
“rudimentary” and unorganized (4). An impor-
tant exception is found in the Colorado-Big
Thompson project area of northeastern Col-
orado, where a relatively sophisticated market
has evolved (see app. C).

Valid reasons exist for the lack of water
markets. Many derive from legal and institu-
tional factors affecting water use and exchange
that have evolved in the West, as discussed
earlier in this chapter. The appropriations doc-
trine assumes a sequence through time. “Prior
rights” for a particular use may impede an in-
dividual’s ability or desire to sell. The doctrine
of beneficial use may establish a hierarchy of
uses inconsistent with water moving to its most
economical use. The riparian doctrine and the
doctrines of correlative rights tie water to other
resources or to a particular geographic territory
and impede its transfer to other uses and users.

Other factors that hinder the formation of an
orderly market for water include the physical
characteristics of water, its variety of uses,
water’s use as a public good, external or third-
party dependence on water, and the recent
emergence of water as a scarce, and hence
“economic, ” factor of production (34). The dif-
ficulties associated with measuring use, loca-
tion, and quality compound the problem of
identifying water, assigning rights to it, and
selling it in an orderly market.

Physical Characteristics

The physical barriers to establishing a water
market stem from the fact that water changes
its form and location as it passes through the
water cycle. Water changes from solid to liquid
to gas and moves from high locations to low
locations. Because it is difficult to identify
specific units of water, the ability to assign and
enforce property rights is more limited than a
well-functioning market might require. Assign-
ing clear title to atmospheric moisture may, for
example, interfere with assigning rights to sub-
sequent rainfall. Also, most water users con-
sume only a part of the water that comes to
them. Water used to generate hydroelectric
power may not be diminished (consumed) in
the process but will be moved in location. Even
water that is allocated to irrigation is not en-
tirely consumed by plants; some seeps back
into the water channel as return flow. Often
the returning water picks up soluble salts and
other chemicals as it moves through soil and
back into streams. Thus, the return flow is
lower in quality than the water originally ap-
plied by the irrigator; it is now a different
commodity.

Multiple Uses

Some water is, and can only be used for a
single purpose, A farmer whose remote wind-
mill pumps water for a flock of sheep is pump-
ing single-purpose water. A municipality
pumps potable water to residential areas, and
much of this is not available for reuse at a later
time or in another plan. That portion of irriga-
tion water consumed by growing plants can-
not be recaptured for a second use. Many of
the major uses of water, however, are not con-
sumptive uses and require only that water be
relocated or prevented from being relocated.
Recreation is a good example. Water flowing
through swift mountain streams or impounded
in the lake behind a major dam is used for
swimming, boating, fishing, and for its esthetic
appeal. The same water may be released in
order to generate electricity or maintain the
flow of a stream. While it is conceivable that
power users could organize and offer a price
for water used in generating electricity, it is
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impractical to think of swimmers organizing
in order to purchase the “swimming rights”
that go along with a major water impound-
ment, The major (and minor) users of water
have interests in water, but no identifiable and
merchantable rights. Thus, the market fails to
allocate properly the water used for several
purposes.

Public Goods

A public good (sometimes referred to as a col-
lective good) is a good that can be used “within
reasonable limits” simultaneously by many
people, More than this, no one person’s use de-
tracts from the quantity available for other peo-
ple to enjoy. A city park is a public good. One
person can use it without reducing the amount
of park-use time available to a second, third,
or tenth person. Many water uses have public
goods characteristics. Recreation is one exam-
ple, navigation is a second (another boat can
go up the Columbia River), and flood protec-
tion, which is not a water use but is a kind of
water control that inhibits other uses, has
public goods characteristics.

Public goods are hard to value and hard to
price. One user may know that his/her use has
value and will bring an increase in utility, but
that user also knows that if someone else will
pay the bill, he/she can get the good for free.
The user will then be what is called a free rider.
Water-resource management is full of free-ride
problems, all of which contribute to the dif-
ficulty of organizing a well-balanced market in
which water can be purchased by potential
users and sold by those who no longer have use
for the resource.

External Effects

In economic terms, “externalities” are unin-
tended consequences of an exchange or a pro-
duction process. Some, such as the black-lung
disease suffered by thousands of coal miners,
are quite harmful. Others, such as the social
benefits stemming from an educated populace,
are valuable. All have one characteristic: if the
primary economic activity is altered, the exter-
nal effects are altered, too. Water use is filled
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with externalities. Towns grow up around irri-
gation projects. Aluminum is smelted near hy-
dropower dams. Marinas are installed near res-
ervoirs. Owners and participants of these ex-
ternal activities eventually develop a vested in-
terest in the present allocation of water and can
act to impede the orderly functioning of a
market, Alternatively, the possibility of large
beneficial external effects may lead some in-
dustries or groups of individuals to ask for
water reallocations that are not consistent with
the highest and best economic use of the re-
source.

Recent Emergence of Scarcity

While the idea seems anachronistic, the true
economic scarcity of water is a relatively new
phenomenon in the arid West. Most crop-
related agriculture in the West is enhanced by
irrigation, In early years, water was known to
be available, but large expenditures of capital
and labor were required to move it from moun-
tains and rivers to arable land. The market,
then, was not for water but for the other re-
sources needed to convey water. No market
was needed; there was generally enough water
for all reasonable uses.

These complexities—the physical character-
istics of water, the multiple-use problem, water
as a public good, external effects, and the re-
cent emergence of water as a scarce resource—
have impeded the organization and develop-
ment of a well-functioning market. Even
though a market may help water allocation
among uses and users, no general market has
emerged. However, few economists will argue
against a market for water. An organized way
of trading or exchanging rights to this resource
could help ensure that the net social product
accruing from use of the resource would in-
crease. This option has received increased at-
tention at the State level and within some
Federal agencies.

Proponents of a market argue that if a market
does not exist, allocation of water will be left
to a governmental entity. Values will have to
be set so that priority of use can be established
to determine who will use the limited supplies
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and government will do this through the politi-
cal or legislative system instead of the market
system (see, e.g., Arizona’s legislative approach
to ground water reallocation, app. C). Accord-
ing to these proponents, government inter-
vention has historically failed, especially when
trying to “correct” market failure; therefore,
the market system should be given an increased
opportunity to participate in the water alloca-
tion process. At the same time, a need for
special mechanisms and safeguards to protect
third parties and address other issues peculiar
to water is generally recognized.

Water Economics in a
Nonmarket Setting

Economics and economic reasoning play an
important role in the water-allocation decisions
made by individuals, groups of users, and gov-
ernments. These decisionmakers often use sur-
rogate or artificial prices to help guide deci-
sions about who will have access to water and
how it will be used. In the absence of freely
operating markets, the government has often
been the decisionmaker and has established
regulations to guide water use. Many decisions
are reached only after determinations of the
value of water have been made and after these
values have been processed through an analyt-
ical process known as benefit-cost (or, frequent-
ly, cost-benefit) analysis.

Water Value

The economic value of water is relevant only
when explicit recognition is given to quanti-
ty, location, quality, and time of supply of the
water that is being evaluated—i. e., the hydro-
logic system must be considered in terms of
its interactions with climate, land, ecosystems,
and pertinent social and economic systems,
This intricate set of relationships is further
complicated by the highly variable nature of
water supplies and the importance of sequen-
tial uses (multiple uses) of water as it flows
from upper watersheds to its eventual destina-
tion in the sea or freshwater system. The value
of water is highly site-specific and varies direct-
ly with local conditions of supply and demand

for the resource in a particular use. Even
though these supply and demand conditions
do not often work themselves out in a market
setting, they form the basis for evaluations
using surrogate prices.

Benefit-Cost Analysis

Nonmarket resource-allocation decisions can
be made by using benefit-cost analysis (22).
Water-resource planning and decisionmaking,
in fact, represent two of the initial practical ap-
plications of benefit-cost analysis, and water
may still be the resource most widely allocated
on the basis of benefit-cost evaluations.

The benefit-cost framework is based on the
same principles found in any well-functioning
market system. It assumes consumer sover-
eignty and accepts the existing distribution of
purchasing power as given. The main analyti-
cal problem posed by this method is derivation
of a set of prices that are close estimates of un-
distorted market values when there is no clear
and well-articulated market value for the re-
source, Once’ determined, these prices can be
used as a guide in many water-allocation
decisions.

The process of estimating water values uses
the concept of willingness to pay as a basic in-
dicator of economic value. Willingness to pay
reflects the dollar amount that a rational, ful-
ly informed consumer would be willing to
spend in lieu of doing without the commodity
or service. Willingness to pay for water is the
maximum amount a farmer would be willing
to pay for an extra acre-foot of irrigation water
or the maximum amount a group of fishing en-
thusiasts would be willing to pay to keep water
flowing in a mountain stream.

Varying from one water use to another, will-
ingness to pay has an important influence on
demand for water. Some uses for water are
very intense, and people are willing to pay high
prices to satisfy this need. People are less in-
clined to pay high prices for less intense uses
of water. Household water falls into the former
group; water for boating falls into the latter.
Willingness to pay for water is also very re-
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pensive to the quantity supplied. A household
can use only a given amount of water for cook-
ing, washing, and watering the lawn. If more
is made available, willingness to pay for the
added water falls rapidly to low levels. Once
a crop has received “enough” irrigation water,
additional water may have a negative value. In
formal terms, significant increases in the sup-
ly of water for a particular use will have a
negative effect on the price (or value) of water
at the margin.

Methods of Valuing Water

A number of methods and conceptual bases
can be used to generate estimated prices for
water (boxes H and 1). No method is correct
or incorrect in the abstract. A particular meth-
od may be better or worse for a specific pur-
pose. Many methods are correct or acceptable
in the restricted context of a local- or private-
planning decision but have limited applicabili-
ty in valuing water from a national, long-term
policy perspective. This is because once a
method is chosen, it may yield different values

for water at different sites, depending on what
is being done with the water, when, and how.

Many estimates of water values appear in
both popular and technical literature. The
range of the empirical results demonstrates the
problems of trying to place values on water for
national water planning and policymaking.
One of the most complex problems is assign-
ing values that are comparable in concept,
place, form, and time. The numbers below
summarize the results of a range of available
contemporary studies on water values. The
estimates are for lacre-ft of water devoted to
a given use in a particular year. This type of
estimate is often referred to as a point estimate,
since it considers only the primary value of
water at a single point within a limited (given)
period in time. The studies from which these
numbers are taken are discussed in more detail
in appendix C.

The range of point-value estimates for West-
ern, consumptive uses is (34):

In agriculture ... ... ... .. .$7 10 $80/acre-ft
In industry ... ... ... .. .$0 to $1,600/acre-ft
In domesticuse. .. ... $150 to $250/acre-ft

Box H.— Estimating Water Prices for Use in National Policy:
An Overview of Methods

Since the market does not price water directly, economists have developed several methods

to estimate water values:

+ Ex post statistical analysis of water-user behavior.—This method applies conventional sta-

tistical analysis to water-consumption patterns of various users. It has an advantage over
some other techniques in that it relies on actual willingness to pay for water.

Change in net income.-This procedure defines the value of water as the incremental addi-
tion to profits arising from an incremental application of water. Its results are somewhat
deceiving and often incorrectly applied.

Alternative cost—Water is valued as costs saved by employing a water-intensive produc-
tion plan rather than the most economically reasonable labor- and capital-intensive produc-
ing plan. This approach is sensitive to assumptions about such factors as technology and
interest rates.

Direct observation of markets.-This technique is rarely available or suitable for water-policy
analysis because of limited reliable markets.

Consumer surveys.—The value of water is calculated by asking consumers to place values
on changes in water supply or quality for certain public goods-such as recreation or pollu-
tion abatement. Estimates are potentially useful, but not always perfect substitutes for price.

SOURCE: R. Young, “Allocating the Water Resource: Market Systems and the Economic Value of Water,” OTA commissioned paper, 1982.
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Box I.—Economic Theory and Its Realization:
Some Technical Problems in Setting Water Values

Economic methods that estimate the value of water are designed to establish an artificial but
useful price for water in a particular use, at a particular site, and at a given time. The various
approaches depend on the concept of ceteris paribus, which means that other economic variables
are kept equal while the price of water is estimated. Although useful conceptually, these methods
are subject to several limitations, noted below:

Indirect effects resulting from water development. —When major water developments oc-
cur, other economic changes are generated at local, regional, and national levels. Water values
should be adjusted to reflect these perspectives.

Marginal v. total value.-Like other inputs in crop production (e.g., labor and fertilizer), the
value of water is its contribution to output. In setting water prices, the incremental use of
water and its effect on net product should be evaluated in lieu of weighing total water costs
against total output.

Changing water values during crop-production cycle.—The value of agricultural water varies
during the crop-production cycle. Emergency, short-term values, for example, are generally
higher than prices estimated for long periods of time. During a drought, a farmer maybe
willing to pay a high price for water. Conversely, if rainfall is plentiful or if the farmer chooses
not to plant a crop, the value of water is lower.

Comparing values in place, form, and time.—Water is a bulky commodity that may need
to be transported, treated, or stored before used. The investments needed to carry on these
processes should be considered in the water-valuation process.

Measuring quantity: water diverted or water consumed.—Qbviously, the quantity of water
supplied is an important determinant of its cost. However, large differences in price will
result, depending on whether water values are calculated by the amount of water that is
withdrawn or whether water consumption rather than diversion is considered. No set rules
or conventions exist.

Annual rental value or future income.—Where a water user rents water annually, the value
of the water is limited to the rental payment. If, however, the user owns the water and has
a water right, its value is usually much higher and consists of its present value and its future
expected annual value. To reconcile these two concepts, interest rates and annual returns
should be considered in setting water values.

SoURcE; R. Young, 'Allocating the Water Resource: Market Systems and the Economic Value of Water.” OTA commissioned paper, 1982.

The range of point-value estimates for Western,
nonconsumptive, instream uses is (34):

Hydropower generation .$3.30 to $30/acre-ft

Waste-load dilution . . .. .$1.30 to $15/acre-ft
Recreation ., . ... .... . $2.00 to $13/acre-ft
Fish habitat , ......... . Less than $1/acre-ft
Navigation, . ... ... . No acceptable estimate

Figures as varied as those above make it dif-
ficult to place a “true” value on this resource
and illustrate their limited use in evaluating na-
tional water policy. Instream use values pose
a special set of problems. While economic anal-
ysis and accounting procedures can be used
to value the products of instream uses, such

as hydroelectric power, it is difficult to develop
adequate values for the public uses (public
goods) of the water. This problem has become
more serious with the passage of time. Many
people now want to use water for such public
uses as recreation, boating, waste dilution, and
esthetic charm. However, the market does not
provide access to values for these uses, and
analysts have not been entirely successful in
developing surrogate values. The value of
water in instream uses is very hard to deter-
mine because of:

1. public goods problems associated with
many instream uses,
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2. multiple-use problems, and

3. a lengthy national water policy tradition
that assumes that water used for hydro-
power and water used for navigation
should be free (34).

Economic Efficiency and the
Adoption of Water-Related
Agricultural Technology

Agricultural and nonagricultural users re-
spond to economic conditions in their attempts
to become efficient. A farm unit will be eco-
nomically efficient when it maximizes its prof-
its (13). Efficiency occurs in relation to a
number of factors affecting farm operations.
In the last 20 years, new irrigation and engi-
neering technologies have led to increased
engineering and economic efficiencies in ir-
rigation. In almost all cases, the purpose of
such technology has been to conserve non-
water inputs—principally energy and labor, In
other words, becoming economically efficient
in irrigation may or may not have saved water.
In most areas the actual conservation of water
has been a byproduct of shifts in the produc-
tion system caused by changes in the relative
prices of inputs (19),

This is not surprising, given the artificially
low price that most irrigators pay for water.
Even in the case of the Ogallala aquifer, in-

creased pumping costs, not increased water
prices, have been responsible for the increased
marginal cost of water to a user. Also, subsidies
have reduced the cost of water to some users
and thus the amount the user could gain in the
sale of that water. This has allowed the levels
of demand for water to remain relatively high
and the incentive to sell for economic gain
relatively low. When water subsidies occur,
water use may be economically efficient from
the point of view of the individual user, but it
will not be efficient from society’s point of
view, since society (the subsidizer) pays some
of the individual’s costs.

Changes in Prices Paid for
Nonwater Inputs

Irrigated crop production is an energy-in-
tensive activity in which the cost per unit of
output is greater than it is for dryland produc-
tion in the same locale. The irrigation farmer
is thus very sensitive to energy prices. Table
35 indicates expected pumping costs per acre-
foot of water, assuming a number of alternative
energy prices and water depths. Since the
1960’s, the price of natural gas has risen from
some $0.50 per thousand cubic feet to over $3
per thousand cubic feet—a sixfold increase in
pumping costs, In the 1960’s, it cost $6.07 to
lift an acre-foot of water 250 ft. By the early
1980’s, the cost for the same lift was $36.49 per
acre-foot,

Table 35.—Cost per Acre-Foot of Water to Pump at Alternative Depths,
Given Selected Natural Gas and Electricity Prices

Energy use®
Depth Natural gas Electricity Natural gas price ($/000 ft) Electricity price (¢/kwWh)
(ft) (000 ft) (kWh) 0.50 1.00 1.50 3.00 5.00 0.01 0.03 0.05 0.10
$/acre-ft

50....... 5.36 154.2 2.68 5.36 8.04 16.09 26.81 1.54 4.62 7.70 15.40
100....... 7.05 259.6 3.53 7.05 10.58 21.16 35.27 2.60 7.80 13.00 26.00
150....... 8.75 265.1 4.37 8.75 13.12 26.24 43.73 3.65 10.95 18.75 36.50
200....... 10.44 470.5 5.22 10.44 15.66 31.31 52,19 471 14.13 23.55 47.10
250 ....... 12.13 580.0 6.07 12.13 18.20 36.39 60.66 5.80 17.40 29.00 58.00
300 , 13.82 681.4 6.91 13.82 20.74 41.47 69.12 6.81 20.43 34.05 58.10
350....... 15.52 786.9 7.76 15.52 23.27 46.55 77.58 7.87 23.61 39.35 78.70
400....... 17.21 892.3 8.60 17.21 25.81 51.62 86.04 8.92 26.76 44.60 89.20

aCalculated based on equations in D Kletke, R Thomas, and Harry P Mapp, Jr ,

ciency with natural gas 65 percent.

SOURCE: R Lacewell, “Economic Efficiency of Agricultural Water Use in the West, ”

“Oklahoma State University Irrigation Cost Program, User Reference Manual,” Oklahoma
State University, Department of Agricultural Economics Research Report P.770, 1978 Pressure was assumed to be 45 pounds per square inch (PSI) and pumping effi-

OTA commissioned paper, 1982
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The overall effect of rising energy costs on
irrigation from ground water sources cannot
be determined from general estimates. Higher
pumping costs will probably mean less pump-
ing and therefore less irrigation. Specific
results depend on the nature of the aquifer,
relative crop prices, and prices of other inputs.
Nevertheless, as the cost of pumping water in-
creases relative to crop prices, there is an
economic incentive to apply less water per acre
of the crop.

In some areas, rising energy costs have
severely affected irrigated agriculture. A 450-
percent increase in natural gas prices between
1972 and 1975 caused cotton production to
diminish from 200,000 acres to 20,000 acres in
the Trans Pecos area of Texas (5). On the
whole, however, energy price increases are not
projected to have such dramatic effects on
cropping patterns [16].

Other input costs may affect the adoption of
water-related agricultural technologies as well.
In the late 1960’s and 1970’s, for example, use
of sprinkler systems expanded significantly in
the Western United States. This shift to a new
technology for applying water was seldom
made for the purpose of “saving water. ” Ex-
isting gravity-flow irrigation systems were
often converted to sprinkler systems in order
to save labor, as well as energy. In some cases,
sprinkler rather than gravity-flow irrigation
systems were installed to ensure either the ef-
ficient use of inputs such as chemical fertili-
zers or the use of a highly sophisticated and
intensive farming system (19).

Increased costs of inputs relative to crop and
livestock prices have implications for the struc-
ture of irrigated agriculture in the West in that
they will reduce net farm income per unit of
land. Thus, each farmer who maintains pres-
ent agricultural practices may require more
land to maintain a given level of living, sug-
gesting the need for larger farms. Irrigation
may not disappear from the West over the next
few decades, but the organization and struc-
ture of irrigated farming is likely to undergo
continual adjustment.

Changes in Prices Received

Profitability of irrigation is affected as much
by crop prices as by input costs. The level of
demand for water will be influenced by the
amount of crop in production and by the prices
received and expected for the crop. As crop
prices increase, potential profits will increase,
motivating the producer to plant more acreage
which in turn will increase the consumptive
use of water, assuming no increased prices for
the water. If significant increases occur in any
combination of actual water prices, delivery
costs, application costs, and perceived user
costs for water, crop prices received can have
a significant impact on the demand for water.

Moreover, if real prices for crops decline,
there will probably be some loss of irrigated
acreage. Even though the impact of crop prices
on the economic viability of irrigated agricul-
ture may be as important as costs of produc-
tion, there is one main difference: an individual
farm cannot influence crop prices, whereas an
individual farmer may be able to have some in-
fluence on costs of production by manipulating
technologies and improving management.

It is likely that changes in relative prices and
availability of nonwater inputs will continue
to influence the adoption of new technology
for water application. To foresee the impact of
new water-application technology on water
use, it will be necessary to have a sound
understanding of the farming system. Predic-
tions about water use cannot be made by con-
centrating on the single input of irrigation
water, and public policies that ignore this fact
can be successful only as long as there is plen-
ty of water to meet the demands for water.
Once water becomes more scarce relative to
demand, perceived costs to the water user will
have to increase to maintain a socially efficient
rate of water use, The rate of water use will
be determined by the entire farming system
and will involve the adjustment of rates of use
for many inputs in addition to the cost of water.
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CONCLUSIONS

Decisions about water rights and their ad-
ministration have developed along political
boundaries, usually the State unit. Water law
has developed to solve particular problems on
a sector-by-sector basis. For example, tradi-
tional western water law was designed first to
ensure miners a water supply. Then agricul-
ture became the dominant sector of interest,
greatly influencing the law’s growth. In the
early 1900’s, municipal and industrial users
were granted certain rights under law. In the
1960's and 1970's, water-quality programs were
developed. As a result, application of tradi-
tional water law has raised difficulties among
users and among States sharing a common
body of surface or ground water. It has also
made water planning and management prob-
lems more severe as it developed without
regard to natural resource boundaries.

Markets for Western water have been slow
to develop. A number of reasons related to the
physical nature of the resource, public goods
characteristics, externalities, perceived
absence of scarcity, and social values have
been the cause. Allocations of water are made
through complex sets of institutions, legal
restrictions, and government regulations.
while these provide order and regularity to the
delivery of water, they do not always encour-
age or alow water to be put to its best use for
the general public interest.

Economics and economists play a central
role in evaluating water and water projects.
They use a number of tools to make determina-
tions of the price or value of water. These tools
are very specific, and each can yield a flawed
estimate of water value. Moreover, the aggrega
tion of estimates into a cohesive set of values

for a whole region or watershed may result in
errors. Care must be taken in the choice of
method, and all results, regardiess of method
used in determination, must be accompanied
by explicit documentation of the assumptions
required by the analysis.

The United States and particularly its arid
and semiarid West is entering a new era with
respect to water and water use. As demands
for water for nearly all purposes increase and
as the true scarcity of the resource is recog-
nized, pressure may mount to shift water to
new uses and users. The rules of economic ef-
ficiency support these arguments. Making such
changes, however, must be viewed in a broader
context than that of the primary or first use of
the water. whether the water is used for irriga
tion, navigation, recreation, or hydropower,
that water generates primary, secondary, and
tertiary outcomes. Transferring water to a new
use may have a profound effect on the support-
ing resources and on the people left behind as
well as those who benefit. Equity and fairness
concerns related to such effects on existing
users and new users increasingly will be raised.

In the past two decades, States have begun
to shift from the traditional water-allocation
role to one involving more water-resource plan-
ning and management. An active State role will
become increasingly necessary for resolving
growing conflicts over water use because of the
associated social effects of choices made. Fed-
eral institutions will also need a strong and
committed long-term role in water-resources
planning and management to protect national,
regional, and individual interests in this vital
resource.
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Chapter VI

Technologies Affecting
Precipitation and Runoff

Most of the water used by agriculture in the
Western United States originates as precipita-
tion, then runoff. The hope exists that large
amounts of additional water could be made
available by altering these processes a small
amount. A variety of technologies have been
developed either to increase or predict the sur-
face runoff from watersheds of the Western
United States. These include augmentation
methods such as weather modification (“cloud
seeding”), watershed management through
vegetation removal or replacement, and
streamflow forecasting. Each of these has been
supported by Federal research, and interest in
each remains high.

This chapter illustrates the interrelated na-
ture of these technologies and assesses the

degree to which they increase or manage pre-
cipitation and surface runoff for the region's
agriculture. The chapter is based on the exten-
sive research literature about the United States
and similar hydrologic environments through-
out the world. A definitive regionwide assess-
ment of these technologies cannot be made
here, Their effects on distant downstream
users may be difficult to measure, their results
may not be applicable to large geographic
areas, and few data syntheses exist. Consider-
able disagreement persists, then, regarding the
potential of these technologies as well as the
legal and institutional ramifications of their
application.

Box J

“If we lived in a desert and our lives depended on a water supply that came out of a steel tube,
we would inevitably watch that tube and talk about it understandingly. No citizen would need
to be lectured about his duty towards its care or spurred to help if it were in danger. Teachers
of civicsin such a community might develop a sense of public responsibility, not only by describ-
ing the remote beginnings of the commonwealth, but also how that tube got built, how long it would
last, how vital the intake might be if the rainfall on the forested mountains nearby ever changed
in seasonal habit or amount. It would be a most unimaginative person, or a stupid one, who could
not see the vital relation between the mountains, the forests, that tube and himself. ”

SOURCE: Isaiah Bowman, “Headwaters Control and Use-Influence of Vegetation on Land-Water Relationships,” Proc. Upstream Engin. Conf. Washington, D.C.,

pp. 76-95, 1937.

THE WATER SETTING

In the Western United States, a watershed
may be as large as that of the Missouri River
basin, with a surface area of at least 500,000
square miles (mi’), or as small as an ephemeral
tributary to that river, with a surface area of
only a few tens of acres. Watersheds in the
Western United States, at their largest geo-
graphic scale, encompass a wide range of cli-

mates, geology, soil and vegetation types, and
land use practices. Even the smallest water-
sheds are seldom homogeneous in al of these
factors.

Water may leave a watershed in a variety of
ways. The most obvious is surface runoff as a
river or stream. Water also may leave a water-
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shed by percolating to ground water. The ex-
tent to which this occurs is dependent on the
ability of the soil and rocks of the basin to
transmit water. Over much of the Western
United States, the primary means by which
water leaves the watershed is by evapotranspir-
ation (ET). ET is generally greatest in the arid
and semiarid portions of watersheds and least
in high-altitude mountain watersheds. Thus,
ET may account for amost al of the precipi-
tation falling on a watershed in an arid portion
of the Lower Colorado River Basin, while it
may account for only a small fraction of the
precipitation falling in an alpine environment
at the headwaters of that river.

Each year, an estimated 1.5 billion acre-ft of
water are added by precipitation to the water
supplies of the Western United States. Of this
amount, approximately 500 million to 550 mil-
lion acre-ft form the surface runoff of the re-
gion, 50 million acre-ft enter into the ground
water reserves, and the major portion is re-
turned to the atmosphere by evaporation or
transpiration from vegetation. The bulk of the
surface runoff is derived from the melting
mountain snowpack, which produces an esti-
mated 70 percent, or 350 million acre-ft, of the
runoff of the region (table 36).

Table 36.—Variable Percentage of Surface Runoff
From the Mountain Snowpack

Estimated snowmelt fraction of the total annual surface
runoff for those Western States where melting mountain
snowpack is the principal source of surface runoff.

Snowmelt fraction of

State total annual streamflow
Arizona . ............. ... ... 0.74
California................... 0.73
Colorado . ................... 0.73
Idaho .. .................... 0.67
Montana . ................... 0.70
Nevada ..................... 0.65
New Mexico . . ............... 0.71
Oregon. . ..., 0.67
Utah........... ... ..ot 0.74
Washington. . . ............... 0.67
Wyoming . ... 0.74
0.70

SOURCE P Castruccio, H. Loats, D. Lloyd, and P Newman, Application Systems
Verificatlon and Transfer Project, Volume VII: Cost/Benefit Analysis
for the ASVT on Operational Applications of Satellite Snow-Cover
Observations, National Aeronautics and Space Administration
Technical Paper 1828, 1981

Channeled surface runoff, as occurs in rivers
or streams, is of three major types. perennial
runoff, which flows throughout the year; inter-
mittent runoff, which occurs each year during
certain seasons; and ephemeral runoff, which
only occurs following an event such as a heavy
rainstorm, While both intermittent and ephem-
eral runoff contribute at times to the flow of
the perennial rivers and streams of the region,
they do not constitute a dependable water-sup-
ply source, except for specialized local uses.
Intermittent and ephemeral runoff characterize
much of the valleys and plains of the Western
United States, while the perennial rivers almost
aways have their headwaters in the mountain
ranges of the region. The amount of ET will
be determined by the amount of available en-
ergy required by this process, the seasonal
distribution and amount of precipitation, and
the nature of density of the vegetal cover,

The ratio between the amount of precipita-
tion falling on a watershed and the amount
leaving the watershed as surface runoff deter-
mines the “runoff efficiency” of that water-
shed. As the runoff efficiency increases, greater
amounts of precipitation become surface run-
off. Runoff efficiency for any given watershed
is determined by complex interactions among
precipitation, evaporation, and soil-moisture
recharge. The demands of evaporation and soil
moisture recharge, which must be met before
any surface runoff can occur, are relatively
constant from year to year, while precipitation
may be variable. The interactions among these
hydrologic elements are complex and generally
small percentage changes in a single element,
such as precipitation, will not translate directly
into a proportional change in surface runoff.
Runoff efficiency in the Western United States
varies greatly, from as little as 10 percent in
a hot desert environment (where most of the
precipitation rapidly evaporates) to as much as
90 percent in a humid maritime climate. Tech-
nologies designed to increase surface runoff by
changing some element of the hydrologic cy-
cle to increase runoff efficiency must be con-
sidered in terms of the wide range of hydro-
logic regimes which characterized the region.

Any volume of additional runoff produced
by modification of a particular watershed will



eventually move through the entire river sys-
tem to the sea or ground water, or be removed
by evapotranspiration. The ability to measure
any increased volume by the application of
technology will diminish as one moves farther
from the point of application and as the water
is incorporated into the normal, increasing vol-
ume of the river system. Thus, the impact of
the application of any watershed-management
technology that produces additional surface
runoff will be most easily measured near the
point of application.

Information on impacts of watershed-man-
agement technologies that attempt to increase
usable runoff or to improve management of
that runoff has been derived largely from ex-
perimental watersheds, These technologies in-
clude: 1) precipitation augmentation by weath-
er modification (cloud seeding), 2) remova or
replacement of vegetation to reduce evapotran-
spiration or to increase snow captured onsite,
3] management of surface water runoff through
modification of the surface permeability and
landscape to store water or direct it to selected
areas, and 4) water-supply forecasting, The im-
pacts of any technology designed to ater the
hydrologic cycle within a watershed will be af-
fected by the basin's preexisting water regime,
the relationship among the elements of the ba
sin’s hydrologic cycle, and the portion of the
watershed to which they are applied.

It is useful to consider the major elements
of a watershed in order to understand the kinds
of specific technologies that might be applica-
ble to increase surface runoff or to improve the
ability to manage or forecast the natural or
modified runoff. A number of classification
systems have been proposed. For timbered wa-
tersheds, the U.S. Forest Service has proposed
a classification scheme based on the dominant
vegetation present (e. g., 14). A similar concept,
based on vegetation type, has been used to de-
scribe rangeland watersheds where brush or
grasses, rather than timber, are dominant (e.g.,
11), For development of streamflow runoff fore-
cast models, classification is commonly based
on the dominant form of precipitation—i.e.,
rain or snow—while weather-modification
technologies are generally classified in terms

Ch. V/I—Technologies Affecting Precipitation and Runoff . 151

of the dominant meteorological process con-
trolling precipitation. Fundamentally, each
technology has developed its own approach to
the classification of watersheds without refer-
ence to the other relevant watershed-manage-
ment technologies.

To compare technologies that modify or fore-
cast runoff from watersheds, a simple but use-
ful classification based on altitude above sea
level and major topographic features was used
in this assessment. In this scheme, watersheds
of the Western United States may be viewed
as being either “highland” watersheds, those
associated with the mountain ranges of the re-
gion, or “lowland” watersheds, which are
found primarily in the adjacent valleys and
plains. While such a system does not complete-
ly describe the range of application for any
single technology, it enables comparisons be-
tween the technologies considered. In addition,
it corresponds approximately to the most re-
cent classification scheme proposed by the
Forest Service for delineating the ecoregions
of the United States (3).

The highland-lowland classification used
here is based primarily on major terrain fea-
tures and vegetation types. In essence, the
highland watersheds are located in mountain
ranges and have a vegetative cover character-
ized by apine tundra at their highest elevations
and montane coniferous forests at lower eleva-
tions, Lowland watersheds consist of valleys
and plains adjacent to these mountains. Some
conifers, such as pinyon-juniper stands may be
present in the lowlands, but the dominant veg-
etation is deciduous trees or brush and grass-
lands (figs. 31 and 32).

Latitude and position on the continent affect
the type and density of the vegetative cover in
both types of watersheds. The highland water-
sheds are marine, as in the Pacific Northwest;
mediterranean, as in California; or continen-
tal, as in the Rocky Mountains. Lowland water-
sheds are prairie, in the eastern portion of the
Western United States; steppe, between the
Coastal Ranges and the Rocky Mountains and
immediately to the east of the Rocky Moun-
tains;, or desert, in the Southwestern United
States (fig, 33). In each case, a distinctive



152 . Water-Related Technologies for Sustainable Agriculture in

Figure 31 .—Vegetation Zones in the Mountains and
Plains of Western North America

This diagram shows general conditions that might be
expected in the Central Rockies of Utah. To the north, south,
east, or west of this region, vegetation may change. For
example, to the north and east, the pinyon-juniper zone is ab-
sent; in the east, an oak-mountain mahogany zone Is present
between the grassland and northern conifer forest.

Alpine<g
12,000 tundra Highland
Northern watersheds
§ 10,0001 ig?éf;r Lowland
b h
® 8000 watersheds
b
~ 6,000
Grasslands
4,000
PN Desert

SOURCE Biological Sciences Curriculum Study, Biological Sciences: An Eco-
logical Approach, BSCS Green Version, 4th ed (Chicago Rand McNally
& Co 1978)

vegetation type and hydrologic regime have
developed in response to precipitation and
temperature patterns (3),

A highland-lowland distinction is useful in
relating both the form and seasona hydrologic
behavior of water and the varied environments.
The highland portion of each watershed is cold
and humid relative to the surrounding low-

U.S. Arid and Semiarid Lands

lands. Much of the annual precipitation falls
as snow during winter and becomes liquid wa-
ter for runoff, evapotranspiration, or infiltra-
tion into the soil during spring and summer,
The lowland portion of each watershed is
warmer and drier. Rain is much more common
here and snow melts more quickly during the
winter or early spring than in the highlands.
Snow does not accumulate to the depths com-
mon in highland areas. Generally, the amount
of precipitation of any form decreases with
decreasing altitude.

Highland watersheds generally give rise to
perennial streams or rivers. Lowland water-
sheds are characterized more often by either
intermittent or ephemeral runoff, While both
forms of runoff are variable to some extent,
both seasonally and annually, perennial
streams will be less so. In addition, perennial
streams and rivers are more likely to be region-
ally significant in their importance as water-
supply sources, while intermittent and ephem-
era streams are more likely to have a local, site-
specific importance, Technologies to affect sur-
face runoff must be designed with these char-
acteristics in mind.

Figure 32.—Approximate Aptitudinal Ranges of Major Vegetation Types in the Upper
Colorado River Basin (water resources region 14)
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The diagram shows the various ecological communities contained within highland and lowland watersheds.

SOURCE F Branson, G Gifford, K Renard, and R Hadley, Range/and Hydrology, Society for Range Management, Range Science

Series No 1 (Dubuque, lowa” Kendall/Hunt Publishing Co ,

1981)



Figure 33.—The Spatial Distribution of Highland
and Lowland Watersheds Over the Western United
States
Highland watersheds are primarily mountains and consist
of northern conifers or alpine tundra biomes. Lowland water-

sheds are characterized by a variety of grasslands or shrub
ecological communities

Lowland watersheds (Pinyon-juniper,
grasslands, desert, etc.)

E Highland watersheds (alpine tundra
and northern conifer forests)

SUUHLE. H Anderson, WM Hoove' and K Heinhart, “Forests and Watec Et-
tects of Farest Management on Floods, Sedimentation and Water

Supnly - USDA Forest Service General Technical Apt PSW-18. pp
82 87.1976

The major biophysical environments that
may be present in combination or singly in a
watershed are the: 1) alpine tundra, 2) montane
forest, and 3) grasslands or shrublands. The al-
pine tundra is that portion of a mountain range
above timberline (the upper limit where tree
growth occurs) and is found in most major
mountain ranges of the Western United States.
The montane forest environment extends from
the timberline at the lower edge of the alpine
zone to the base of the mountain. Grasslands

25-160 0 - 11 :QL 3
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and shrublands exist on the low-altitude plains
and hills extending out from the foot of the
mountains. Across these three environments,
various land use practices, including timber
harvesting, rangeland agriculture, or crop pro-
duction, mav be practiced in some combina-
tion. In general. the annua snow/rain ratio and
runoff efficiency will decrease from the apine
environment to the grasslands.

The choice of an appropriate watershed-
management technology to affect surface
runoff is influenced by al these watershed fac-
tors. The appropriate technology should be
designed for the principal form of precipita-
tion and the percent of surface area in each of
the major biophysical environments affected.
Transition zones may occur where the snow/
rain precipitation ratio or biophysical en-
vironments are mixed. In these areas, no single
technology may be clearly preferred, General-
ly, technologies that have been developed to af-
fect surface runoff for onsite or offsite use are
specific to a particular set of characteristics in
highland or lowland watersheds.

The highland and lowland watersheds, pri-
mary water-producing areas of the West, large-
ly are on public lands, As such, Federal agen-
cies responsible for managing these lands will
play an important role in affecting the future
of water use on arid/semiarid lands, whether
through active or passive involvement, Pur-
suant to their multiple-use responsibilities,
these agencies have the mandate to include wa
ter resources and water-resources management
within their multiple-use objectives, The mul-
tiple-use concept already is embodied in a num-
ber of Federal laws including the Multiple-Use,
Sustained-Yield Act of 1960 (Public Law 86-
517) and the Federal Land Policy and Manage-
ment Act of 1976 (public Law 94-579). Existing
multiple-use statutory guidelines prohibit op-
timization of a single measurable resource (e.g.,
timber and cows) at the expense of less quan-
tifiable uses (e. g., watershed and recreation),
and they forbid practices that impair continued
land productivity (9).
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Photo credit: USDA-Soil Conservation Service

Watersheds in the Western United States may be either “‘highland' areas, consisting of the major mountain ranges ot
the region, or “lowlands,” the surrounding plains and valleys. Highland watersheds consist of montane forests and,
above them to the summits of the ranges, the alpine zone. Lowland watersheds are characterized by
sparcer forests, shrublands, or grasslands

THE TECHNOLOGIES

Weather Modification

Introduction

Weather-modification technologies, often
called “cloud seeding, " owe their scientific
beginning to one initial experiment that dem-
onstrated that an artificial ice-nucleating agent
such as solid carbon dioxide induces the for-
mation of ice crystals in air supersaturated
with water vapor with respect to ice (19). The

ice crystals grow quickly to precipitable size
and fall from the cloud as precipitation that
might not have occurred naturaly. All modern
cloud-seeding technologies have developed
from this discovery.

Cloud seeding works in two ways. First, ar-
tificial nuclei may stimulate small cloud par-
ticles to coalesce. Second, cloud seeding with
ice nuclei or solid carbon dioxide (dry ice) may
induce freezing and cause the production of



large numbers of ice particles, which proceed
to grow to precipitable size. In the first case,
known as “warm seeding,” waterdrops maybe
introduced into a cloud to start a process that
might otherwise take longer. Because modify-
ing a cloud might entail a substantial mass of
water in the form of individual drops, finely
divided salt or a water-attracting chemical mist
is usually used instead. In experiments, for ex-
ample, a concentrated water solution of am-
monium nitrate and urea has been sprayed
from an aircraft into a cloud in the form of
droplets about 0.20 millimeters (mm) in diam-
eter. Within a minute, the nitrate and urea
droplets grew by gathering condensation from
the vapor to a ().5()-mm size, a factor of 15 in
mass. The 0.50 mm drops were large enough
to start a process that may have produced
drops 5 mm in diameter only 20 minutes later,

The second method, seeding by dry ice or
silver iodide, requires that the clouds being
seeded be at temperatures below freezing. If
dry ice is used, it has the effect of inducing a
massive, rapid cooling that freezes the super-
cooled water droplets in the cloud. In contrast,
silver iodide particles are good nuclei for ice
formation because of the close resemblance of
their crystal structure to that of ice (21), Which-
ever seeding material is used, the result is the
production of ice crystals that, it is argued, will
increase the precipitation efficiency of air
masses known to contain significant amounts
of supercooled water droplets.

Water-attracting particles and ice nuclel can
be introduced into the air mass in different
ways. In the first field experiments, dry ice was
dispersed from a small airplane (19) and silver
iodide was generated at the ground. Ground-
based generators are considered to be effective
in the absence of a strong temperature inver-
sion, which inhibits convection, and in moun-
tainous terrain, where orographic processes
are generally present. Silver iodide is aso often
released from aircraft with the aim of placing
the nucleating agent directly into selected por-
tions of clouds containing liquid droplets.

Cloud-seeding technologies have been tested
primarily in two major air mass types: 1] winter
orographic air masses, and 2) summer cumulus
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air masses. Orographic air masses are those
that are forced to rise by their passage across
mountain ranges and are often associated with
major winter frontal systems. Cumulus air
masses are those that commonly form during
the summer months as warm moist air rises
owing to surface solar heating, though they
may also occur in post-frontal situations in
winter, The seeding of orographic air masses
generaly is undertaken to increase the amount
of snow stored in the highland mountain water-
sheds during the winter. Seeding cumulus
clouds to increase precipitation has the pri-
mary objectives of increasing soil water, of in-
hibiting hail formation in lowland watersheds
during the summer, or for direct crop rainfall
in areas of small grains, corn, and so}’bean
production.

APPLICATION TO MOUNTAIN CLOUD SYSTEMS

Three decades ago, Bergeron (4) concluded
that the main potential for causing considera
ble artificial precipitation might be found with-
in certain types of air masses as they are forced
to rise over mountain ranges. This conclusion
was based on the argument that there was more
water in the clouds than was being released as
precipitation. Considerations assumed a steady
and often substantial formation of liquid water
for an extended period of time in a fixed loca
tion and the probable accumulation of “releas
able but unreleased” cloud water at levels with
temperatures below 00 C. Generally, the basic
criterion for determining whether or not a
seeding potential exists is the natural precipita-
tion efficiency of the clouds—orographic or
otherwise. The measure of precipitation effi-
ciency is the percentage of the total water in
the cloud system that actually reaches the
ground. Seeding would not be required where
the efficiency is high, On the other hand, seed-
ing may or may not be of value when the nat-
ural precipitation efficiency is low.

While precise numerical values are difficult
to achieve, a useful basis for evaluating precip-
itation efficiency is the comparison between
water removal by growth of ice crystals and
the supply of liquid water in the cloud. To il-
lustrate this idea, the following processes have
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been compared for a broad range of cloud tem-
peratures. the average rate of formation of lig-
uid water, the average rate of consumption of
this cloud water by ice-crystal growth that
would occur from natural concentrations of
primary ice crystals, and actual average rates
of precipitation observed at ground level. Stud-
ies show that, with cloud-top temperatures of
—20 o C or colder, the observed actua precip-
itation corresponds closely to the rate at which
liquid water becomes available in the clouds.
In the main, such clouds should have a high
natural precipitation efficiency with little cor-
responding potential for seeding.

When cloud-top temperatures are warmer
than —20 °C, natural precipitation efficiency
should be low. For these 