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Water use in the United States to the year 2040 is estimated by extending past trends in basic water-
use determinants. Those trends are largely encouraging. Over the past 35 years, withdrawals in
industry and at thermoelectric plants have steadily dropped per unit of output, and over the past 15
years some irrigated regions have also increased the efficiency of their water use. Further, per-capita
domestic withdrawals may have finally peaked. If these trends continue, aggregate withdrawals in the
U.S. over the next 40 years will stay below 10% of the 1995 level, despite a 41% expected increase
in population. However, not all areas of the U.S. are projected to fare as well. Of the 20 water resource
regions in the U.S., withdrawals in seven are projected to increase by from 15% to 30% above 1995
levels. Most of the substantial increases are attributable to domestic and public or thermoelectric use,
although the large increases in 3 regions are mainly due to growth in irrigated acreage. The most
important and uncertain assumptions necessary to make these projections are those about future
irrigated acreage. If irrigated acreage fails to drop in most Western basins, as assumed, withdrawals
may be substantially above these projections.
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Introduction

Water withdrawals to cities, farms, and other offstream
uses in the United States have increased over ten-fold
during the twentieth century in response to tremendous
population and economic growth. Further rapid growth
in population and income is almost certain to occur, plac-
ing additional demands on water supplies. As withdraw-
als to offstream users increase, more water is consumed,
leaving less water in streams. Streamflows have dropped
at the same time as additional instream uses have been
found by scientists studying the needs of aquatic plants
and wildlife and the hydro-geologic requirements of river
channels themselves, and as rising incomes and urbaniza-
tion have intensified calls for maintaining water-based
recreation opportunities and protecting water quality
(Gillilan and Brown 1997). These changes amplify the
importance of examining the future adequacy of the
nation’s water supply. As Congress recognized when it
passed the Forest and Rangeland Renewable Resources
Planning Act of 1974 requiring the Forest Service to peri-
odically assess anticipated resource supply and demand
conditions, with sufficient forethought necessary adjust-
ments may be anticipated and unnecessary costs may be
avoided.

The adequacy of a water supply depends on water
availability compared with water demand. This report
focuses on water demand, and estimates future water use
assuming that the water will be available. Comparison of
water-use estimates presented in this report with esti-
mates of future water availability is left to a later report.

In economic terms, demand is a price-quantity relation.
Unfortunately, such relations are difficult to specify for
some water uses and for large geographicregions contain-
ing numerous marketareas. Thus, an economic model was
not adopted for this study. Instead, demand, as used in
this report, refers to quantity requested. This quantity-
based approach leaves the effect of price unspecified but
not avoided. Because water and the resources needed to
manage it are scarce, price has played an important role in
determining the past quantities of water requested and
will continue to do so. In what follows, the implicit role of
price must be remembered.

Demand for water differs by region. Arid areas have
higher demands per user than do humid areas, all else
equal. Within aregion of homogeneous weather, demands
differ geographically depending on the availability of
arable land, reliance on thermoelectric power, and other
factors. The many potential differences among geographic
areas suggest that demand for water should be studied at
the smallest geographical scale possible. However, exist-
ing small-scale studies, often performed using different
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variables or methods, do not lend themselves to broad-
scale conclusions about regional or national trends.

Large-scale projections of water use in the U.S. were
attempted in 1961 by the Senate Select Committee on
National Water Resources, in 1971 by Wollman and Bonem
for Resources for the Future, in 1968 and 1978 by the Water
Resources Council, in 1973 by the National Water Com-
mission, and in 1989 by Guldin of the USDA Forest Ser-
vice. Comparisons of these forecasts have consistently
found large differences among them in projected water
use, and large discrepancies between projected and actual
water use (Viessman and DeMoncada 1980, Osborn and
others 1986, Guldin 1989). These differences highlight the
dangers of extrapolation and forecasting without a de-
tailed understanding of the determinants of water use
(Shabman 1990).

However, knowing the determinants of water use and
how they interact is only half the job of forecasting re-
source use. Accurate forecasts also require accurate esti-
mates of future determinant levels. Without the ability to
accurately forecast future levels of all independent vari-
ables, increasing model complexity by adding variables to
more accurately characterize past use may complicate the
forecasting effort, not enhance it.

Guessing about future water use is like most other
attempts to divine the future: the only thing we are quite
sure of is that the future will not turn out as we expect.
Accurate forecasts of future water use are impossible
because we know too little about future technological and
economic conditions. Thus, we must lower our expecta-
tions. What is possible is to project water demand assum-
ing a continuation of recent past trends in factors that
affect water use. Estimates of future possibilities based on
projecting past trends offer a starting point for considering
possible adjustments in water prices, management facili-
ties, and institutions. This study emphasizes projections
based on major water-use determinants (population, in-
come, electric energy production, irrigated acreage) con-
sidering information on 1960 through 1995 trends in wa-
ter-use efficiency. Recognizing the difficulty of forecast-
ing, the overall approach I take is to minimize complexity
so that underlying assumptions are relatively few, and
their impact on the results is obvious.

This report projects water demand to the year 2040. The
time horizon was selected based on the Forest and Range-
land Renewable Resources Planning Act, which mandates
that the Forest Service periodically prepare a management
plan for a period of roughly 45 years into the future. Of
course, the likelihood that a projection is accurate de-
creases as the time horizon of that projection increases.

The objective of this paper is to characterize past and
future water use in the U.S. A national perspective is first
adopted to present a basic understanding of water-use
trends. Then water use is described for large regions of the
U.S. to capture the major regional differences.
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Large Scale Water Use Data:
Sources and Definitions

Except for some early estimates of water use from the
Census Bureau, this report relies on water-use data from
the U.S. Geological Survey (USGS). The USGS has esti-
mated the nation’s water use at five-year intervals since
1950. These periodicreports, issued as the following USGS
circulars, represent the only consistent effort to document
water use for the nation: MacKichan (1951, 1957),
MacKichan and Kammerer (1961), Murray (1968), Murray
and Reeves (1972, 1977), and Solley and others (1983, 1988,
1993, 1998). The circulars cover instream use at hydroelec-
tric plants, withdrawals for delivery to offstreamlocations
such as farms and cities, and consumptive use, which is
the portion of a withdrawal that evaporates, transpires, or
is incorporated into an end product, becoming unavail-
able for use by others within the basin. The portion of the
withdrawal that is not consumptively used either returns
to the stream (return flow) or contributes to groundwater
storage. Of the offstream measures, the 1950 and 1955
circulars estimated only water withdrawal, but since 1960
both withdrawal and consumptive use have been esti-
mated. Because of an interest in both withdrawal and
consumptive use, this paper uses data found in the USGS
circulars published since 1960. Including the most recent
data, for 1995, the circulars used provide estimates for
eight separate years covering a 35-year span.

The USGS estimates water use from three principal
sources: groundwater, fresh surface water, and saline
surface water. This report focuses on freshwater use.
Unless stated otherwise, withdrawals and consumptive
use are presented for the combination of ground and
surface water.

Since 1955, the USGS water-use circulars have esti-
mated use for the nation’s major watersheds or large areas
of contiguous coastal watersheds, called water resource
regions (WRRs) (Water Resources Council 1978). Before
1970, the circulars aggregated data from the Texas-Gulf
region and the Rio Grande region (WRRs 12 and 13) into
what was called the Western Gulf region, and combined
the Upper and Lower Colorado regions (WRRs 14 and 15)
into a combined Colorado region. To have consistent
regions for all years, the 1960 and 1965 data for these two
larger regions were allocated to their respective WRRs
based on the proportions of population that resided in the
separate WRRs at that time.

Water use is summarized in this report first for the
United States as a whole and then for the 20 WRRs that
comprise the 50 states of the U.S. (in addition, a break-
down for the USDA Forest Service’s assessment regions
established pursuant to the Resources Planning Act is
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included in appendix 2). The WRRs are characterized by
relatively homogenous precipitation, climate, geography,
and water-use characteristics, although each unavoidably
contains areas of considerable heterogeneity in some vari-
ables (figure 1).

The USGS improved its water-use data gathering pro-
cedure before preparing the 1985 circular. In addition to
providing greater funding and more elaborate specifica-
tions to field offices collecting the data, the agency also
changed some of the categories for which water use was
summarized. Most of the changes resulted in more detail,
much of it related to reporting about public-supplied
water (involving delivery by a water supply entity such as
amunicipality or private water company serving multiple
customers). Before 1985, deliveries from public supply to
industrial and commercial users were grouped together,
and deliveries from public supply to domestic and public
uses were grouped together (the “public” in “domestic
and public” refers to governmental office use, public parks,
fire fighting, and losses in the public supply distribution
system). Also, before 1985, mining and self-supplied com-
mercial uses were grouped with self-supplied industrial.
After 1985, public-supplied domestic, mining, self-sup-
plied commercial, public-supplied commercial, self-sup-
plied industrial, and public-supplied industrial were pre-
sented separately. Categories that were separate from 1960
through 1995 were self-supplied domestic (rural), livestock,
self-supplied thermoelectric, and irrigation.

To obtain a small number of consistent categories for
use in this report, USGS data were combined in two ways.
First, self-supplies and public supplies were combined, as
the source of supply was not an important distinction in
this study. Second, the finer distinctions introduced in
1985 were not used, so that the categories were consistent
for the entire 1960 to 1995 period. The following water-
use’ categories were chosen:

« livestock (self-supplied),
+ domestic and public (public- and self-supplied),

+ industrial and commercial (public- and self-
supplied) and mining (self-supplied),

+ thermoelectric power (self-supplied),
« irrigation (self-supplied), and

 hydroelectric power.

1 Inthis report, the term water use is employed in a general way,
to indicate any use of water, whether instream or offstream, and
whether the offstream use is in terms of withdrawal or consump-
tive use. The USGS sometimes uses the term water use in a
more specific way, to indicate the sum of self-supplied withdraw-
als and public-supplied deliveries. In this report, both self-
supplied withdrawals and public-supplied deliveries are consid-
ered withdrawals. Also, when considering future years, the word
use sometimes means quantity requested.
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Figure 1. Water resource regions of the United States.

Except for hydroelectric water use, each of these catego-
ries can be expressed in terms of withdrawal or consump-
tive use.

Past water-use efficiency factors were computed using
the USGS water-use data and data on water-use determi-
nants. A ratio of the determinant to its respective quantity
of water withdrawn (e.g., domestic withdrawal per capita)
was computed for each use category. Projections of future
levels of these water-use factors were made specifically for
this study.

Total population was used as a determinant of future
livestock, domestic and public, industrial and commer-
cial, and thermoelectric water use. Historical population
data were taken from the Bureau of the Census (1992) for
the years 1960 to 1990 with the exception of the estimate for
1965, which was obtained from the Bureau of Economic
Analysis (1992). Population projections through 2040 for
the entire U.S. were obtained from the Census Bureau.?
These projections were disaggregated to the state level
using projected proportions from the Bureau of Economic

2 Bureau of the Census, U.S. Department of Commerce,
“Resident population projections of the United States: middle,
low, and high series, 1996—2050,"released March 1996, Wash-
ington, D.C.
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Analysis (1995). State-level projections were then disag-
gregated to the county level based on the distribution of
state population to counties in 1990. County figures for
past and projected future population were aggregated to
WRRs using the county allocations of the Water Resources
Council’s Assessment Sub-areas (Water Resources Coun-
cil 1978).% Past numbers of households, also investigated
for estimating changes in domestic and public use, were
taken from census records.

3 The USGS water-use circulars also list population by WRR.
These estimates were not used, however, because investigation
of trends showed a few large shifts from one time period to the
next, suggesting that some of the estimates, especially for
earlier years, may have been in error or that criteria for estimat-
ing population had changed. Because some of the USGS water
withdrawal estimates for those years were based, at least
partially, on the agency’s population estimates, the water-use
estimates for certain years may not correspond well with the
Census Bureau population estimates reported herein. Thus,
some estimates of per-capita water use shown in figures for
specific WRRs, especially in earlier years, may be in error. To
avoid related problems in projecting future water use, water-use
efficiency factors involving population estimates were computed
for the entire U.S.
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Personal income was also used to projectindustrial and
commercial water use. Historical data and projections for
income per capita were obtained from the Bureau of
Economic Analysis (1992 and 1993). As with population,
county-level historical data and projections on income
were aggregated to the WRR level using the county alloca-
tions of the Water Resources Council’s Assessment Sub-
areas (Water Resources Council 1978).

In addition to population, electricity production and
assumptions about the distribution of that production
among different types of generating plants were used to
project water use at thermoelectric plants. Historical data
on electric energy production for the entire U.S. from 1960,
and by WRR since 1985, were taken from the USGS water-
use circulars. Projections of future electricity production
were made specifically for this study.

Number of irrigated acres and estimates of withdrawal
per acre were used to project irrigation water use; histori-
cal data by WRR were obtained from the USGS circulars.
Projections of future irrigated acres and withdrawal per
acre were made specifically for this study. Table 1 lists the
variables used to project water withdrawals for the five
water-use categories.

The USGS water withdrawal estimates were sometimes
based on assumed relations with other more easily mea-
sured variables, such as population or irrigated acres,
rather than on actual measures of water diversion or
delivery. The degree of reliance on assumed relations of
withdrawal to other variables varied by water-use cat-
egory, by USGS state office, and by year (with more recent
estimates less likely to rely on assumptions). Any such
reliance precludes independent efforts using the USGS
data to discover what factors affected water use. Indeed,

Table 1. Variables used to project freshwater withdrawals.

Water use category Variable

Livestock Population
Withdrawal/person

Domestic & public Population
Withdrawal/person

Industrial & commercial  Population
Income/person

Withdrawal/dollar of income

Thermoelectric Population
Total kilowatt hours per person
Freshwater thermoelectric

kilowatt hours/total kilowatt hours
Freshwater thermoelectric

withdrawal/kilowatt hour

Irrigation Acres irrigated

Withdrawal/acre

Past and Future Freshwater Use in the United States

only to the extent that the assumed relations were accu-
rately specified can the USGS data be used to describe the
relations of past water use to factors affecting that use and
to project future water use. The limitations of the USGS
water-use data, plus the difficulties of projecting future
levels of each independent variable, are the principal
reasons for using simple models when projecting water
use for large geographical areas.

Past Freshwater Withdrawals in
the United States

This section briefly describes water use for 1995, then
depicts trends over the twentieth century, and finally
looks in more detail at trends for 1960 to 1995, all for the
U.S. as a whole.

Recent Water Use

USGS water-use data for 1995 indicate that, for the
United States as a whole, hydroelectric plants used 3160
billion gallons per day (bgd), which is nine times the sum
of all offstream withdrawals combined. The great majority
of this use occurs instream (although not without disrup-
tions to the aquatic environment). Looking at offstream
use only, withdrawals (the sum of consumptive use and
return flow/groundwater rechargein figure 2) totaled 340
bgd. The five categories of water use in figure 2 fall into
three groups. The first group consists of the 2 largest users,
agricultural irrigation and thermoelectric power, which
each withdrew about 130 bgd. The second group consists
of domestic and public use and industrial and commercial
use, which each withdrew roughly 35 bgd. The fifth use,
livestock, withdrew only about 5 bgd; however, much of
U.S. irrigation is used to produce feed grains and forage

140

120 +

100 + OReturn flow or ground water recharge
- 801 B Consumptive use
=d
2 g0+

40 -

20 | D D
0 # # # ‘

Livestock Domestic & Industrial &  Thermo-
public commercial electric

Irrigation

Figure 2. U.S. 1995 offstream water use.
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for livestock. The water use that most citizens think of as
water use, the domestic and public use category, accounts
for only 9% of total freshwater withdrawal.

Consumptive use in 1995 totaled 100 bgd, or 29% of
withdrawal (figure 2). Irrigation consumptively used 81
bgd. Consumptive use of the other four categories ranged
from 3 bgd for livestock and for thermoelectric plants to 7
bgd for domestic and public use. Consumptive use is
discussed in more detail in a later section.

Twenty-two percent of freshwater withdrawals in 1995
came from groundwater pumping; the remainder came
from surface flows. Groundwater withdrawals are de-
scribed in more detail in a later section.

Trends through the Twentieth Century

Growth in total U.S. water withdrawals during the
twentieth century has, until recently, consistently out-
paced population growth (figure 3). The changes in these
2 variables fall into 3 distinct periods. From 1900 to 1940,
population increased by roughly 1.7 million persons per
year while withdrawals increased by about 2.4 bgd per
year. From 1950 to 1980, population increased by about 2.4
million persons per year while withdrawals increased by
about 5.7 bgd per year. After 1980, total withdrawals
dropped (and then leveled off, as seen below), but popu-
lation continued to rise. Over the entire 1900 to 1990
period, population and withdrawal increased by 1.2% and
2.4% per year, respectively. Over the same period, total

Brown

withdrawals per capita increased by nearly a factor of
four, from about 475 gallons per day in 1900 to about 1350
gallons per day in 1990 (figure 4).

The dramatic increase in withdrawals during this cen-
tury is largely attributable to increases for irrigation and
thermoelectric cooling, which together account for 83% of
the total withdrawal increase from 1900 to 1990. Over this
90-year period, public supplies (domestic, commercial,
and industrial) plus rural withdrawals (domestic and
livestock) remained at roughly 12% of total withdrawals,
self-supplied industrial withdrawals dropped from 25%
to 6% of total, irrigation withdrawals dropped from 50% to
40% of total, and thermoelectric cooling withdrawals in-
creased from 12% to 40% of total.

1800
1600 -
1400 -
1200 +
1000 -
800 +
600 +

Gallons / person / day

400 t
1900 1920 1940 1960 1980

4 4 4 4 4 4 4
t t t t t t t

Figure 4. Total withdrawal per capita, 1900 to 1990.
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400 I Thermoelectric 400
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Census 1976, Council on 250 — T 250 8

i i Ne)
Environmental Que_lllty > 200 1 - Lo &
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circulars. Unlike else- E
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Trends Since 1960

Figure 3 shows a striking change in 1990, when total
withdrawals dropped for the first time in the century. As
that figure shows, the drop was not related to population
trends. Figure 5, which presents withdrawals at five-year
intervals since 1960 based on the USGS water-use circulars,
shows that the drop first occurred in 1985, and that it is
attributable to the top three categories: irrigation, thermo-
electric, and industrial and commercial. Solley et al. (1988)
suggested that the drop in 1985 was due partly to

» above average rainfall that year, which lessened
the need for irrigation withdrawals,

* an economic slowdown and lower commodity
prices,

* higher groundwater pumping costs as lifts had
continued to increase, and

* improved efficiency in water use.

Solley et al. also suggested, however, that the drop in 1985
was partially attributable to the improved process for
amassing the water-use data that was initiated by the
USGS for the 1985 report, and concluded that earlier
estimates may have been too high. A further factor, most
important for irrigation, is the subsidence of the era of

160

140 +

Irrigation
120 + Thermoelectric
100 +

80 T

bgd

60 1 Industrial & commercial

40 4

Domestic & public
20 1

Livestock |
0 i t t t T T

1960 1965 1970 1975 1980 1985 1990 1995

M

Figure 5. U.S. withdrawals by use category, 1960 to 1995.

Million reservoirs

1900 1920 1940 1960 1980

Figure 6. Cumulative number of reservoirs in the U.S., 1900
to 1990. (Source: Army Corps of Engineers and Federal
Emergency Management Agency 1992)
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large-scale, federally funded water developments. Dam
construction continues to increase the available water
supply, but the rate of change has greatly diminished after
peaking during the 1960s (figure 6).

The fact that the three major water uses changed little
between 1985 and 1995, although rainfall in 1990 was
below that in 1985 and economic conditions improved,
suggests thatrainfalland general economic conditions did
not play deciding roles in the dramatic 1985 drop in
withdrawals. Although higher pumping costs, improving
efficiency of water use, and the waning of the dam con-
struction era undoubtedly contributed to the 1985 drop,
such factors have had a gradual and continuing influence
over many years and thus, are unlikely to have been
wholly responsible for the abrupt 1985 drop. The change
inthe USGS'’s estimation procedure appears to have played
asignificantrolein thereported 1985 drop in withdrawals.
This possibility highlights the importance of focusing on
long-term trends rather than short-term shifts when using
the USGS water-use data.

The following subsections discuss trends in withdraw-
als for each of the five water-use categories shown in
figure 5, beginning with the smallest use category, live-
stock, and ending with the largest, irrigation. Next, trends
in hydroelectric water use are briefly described. Tables
Al.1to Al.5list withdrawals for the five water-use catego-
ries by decade beginning with 1960.

Livestock

The USGS's livestock water-use category consisted of
use by terrestrial animals (called stock, principally cattle,
hogs, sheep, and poultry) until 1985, when animal specialties
(principally fish farming) were moved from the industrial
to the livestock category. Once the ponds are established,
water is needed at fish farms to maintain pond levels.

Use by terrestrial animals was estimated by the USGS
largely based on numbers of animals served, with differ-
entanimal species assigned theirrespective average water
requirements. Use of water at fish farms was typically
estimated based on pond area and estimates of evapora-
tion and seepage. U.S. livestock withdrawals gradually
increased from 1960 to 1980 in response to increasing
animal numbers, then more than doubled in 1985 when
animal specialties were added (bars in figure 7).

Estimates of future stock numbers are unavailable, so
using animal numbers as the determinant of stock water
use was not promising. However, human population may
serve as a determinant because, given constant consumer
tastes, meat and egg consumption varies roughly with the
consumer population. Figure 8 shows total and per-per-
son withdrawals for stock. Withdrawal per person has
remained quite constant over the past 35 years, ranging
between 9 to 10 gallons per day (dots in figure 8).

Adding water use for animal specialties complicates
the picture, raising withdrawal per person to from 18 to 21

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-39. 1999
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Figure 7. Livestock withdrawal in the U.S.
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Figure 8. Stock withdrawal in the U.S. (Withdrawals for stock
and for animal specialties were not separated in the 1985
USGS water use circular.)

gallons per day since 1985 (dots in figure 7). The 3-gallon
per person per day change from 1990 to 1995 is attributable
to increased water use by animal specialties, suggesting
that per-capita water use in aquaculture may be growing.

Domestic and public use

Total U.S. withdrawals for domestic and public water
use (public uses and losses are about 15% of total domestic
and public withdrawals) consistently increased during
the 1960 to 1995 period, rising from 16 bgd in 1960 to 32 bgd
in 1995 (figure 5). The continued rise after 1985 contrasted
with the other three major uses, which all reversed their
prior upward trend (figure 5). One possible reason for the
continued rise in domestic and public withdrawal is that
these uses are relatively unresponsive to price.* Another
reason may be that the USGS estimates of domestic and

4 Numerous studies have shown that demand for domestic
water is relatively inelastic to price. This inelasticity may occur
because domestic uses are highly valued, to some extent
essential, and require little of a household’s or municipality’s
budget. See, for example, Williams and Suh (1986), Diaz and
Brown (1997, chapter 2), or Espey and others (1997).
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public water use have been partially based on population
estimates.

Therise in domestic and public withdrawal was prima-
rily caused by population growth, but populationincrease
is not the whole story. As seen in the light bars of figure 9,
per-capita domestic and public withdrawal also steadily
increased, from 89 gallons per day in 1960 to 122 in 1990.
This increasing per-capita water use may be largely attrib-
utable to a decrease in average household size (Schefter
1990). As shown by the dots in figure 9, people per house-
hold (i.e., per occupied housing unit) decreased from
about 3.4in 1960 to 2.7 in 1990.° A minimum level of water
use per household, especially for lawn and garden water-
ing, is largely unrelated to household size, causing per-
capita use to rise as household size drops.

Other factors probably contributing to the increase in
per-capita domestic water use include the conversion of
older or rural households to complete plumbing, and an
increase in the use of appliances such dishwashers, wash-
ing machines, swimming pools, and lawn sprinkler sys-
tems. These changes are consistent with theincreasing real
incomes experienced in many areas of the U.S. over the
past 30 years.

The consistent growth in per-capita domestic and pub-
licwithdrawals since atleast 1960 may have ended, as per-
capita withdrawals dropped from 122 gallons per day in
1990t0120in 1995 (figure 9). This change may be the result
of several factors. First, the drop in number of persons per
household may have ended; it dropped by 1.3% per year
in the 1970s, 0.4% per year in the 1980s, and by only 0.03%
per year from 1990 to 1995 (dots in figure 9). Second, the
conversion of older or rural houses to modern plumbing,
another cause of the previous rise in per-capita with-
drawal, is nearly complete. Third, many public suppliers
have begun encouraging conservation by:

+ adding meters to unmetered houses,
+ educating customers about conservation, and

+ altering pricing structures to discourage excess
use.

5 The decrease in household size may be due to various
demographic trends such as increasing longevity, decreasing
fertility rate, and increasing divorce rate.

6 These changes are also consistent with decreasing real
domestic water prices. Supporting this notion, Schefter (1990)
reported a drop in the average real price for domestic water
across the U.S. from 1968 to 1984. However, he was unable to
include sewer prices, which may have been rising at the same
time as utilities worked to establish separate wastewater pricing
schemes. Thus, it is unclear to what extent changing water
prices caused the increase in withdrawal per capita.
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Fourth, new plumbing fixture standards, promulgated in
the Energy Policy Act of 1992, have taken effect.” Despite
these reasons for a trend reversal, it is too soon to be sure
whether the recent change in per-capita use trend will
persist.

To the extent that the increase in domestic withdrawal
per capita was caused by conversion to complete plumb-
ing and use of more water-using appliances, we would
expect withdrawal per household to also have risen. How-
ever, although withdrawal per household grew from about
300 gallons per day in 1960 to 326 in 1995, estimates for
1970 and 1990 are slightly higher than the 1995 estimate
(dark barsin figure 9). The overall 35-year record suggests
anincrease, but the 1970 estimate, especially, sheds doubt
onthetrend.® Because of the confusing data on withdrawal
per household, it was decided to not use number of house-
holds in the projection of domestic and public use and
thus, to focus only on population and use per capita.
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Figure 9. Domestic and public withdrawal in the U.S.

Industrial and commercial use

Total U.S.industrial and commercial withdrawals show
a gradual rise from 1960 to 1980, then the sharp decrease
in 1985 discussed earlier (figure 5). Only about 2.3 of the 13
bgd drop from 1980 to 1985 is attributable to moving
animal specialties to the livestock water-use category.
Since 1985, total withdrawals have remained at about 36

bgd.

7 Section 123 of the Energy Policy Act of 1992 (Public Law 102-
486) set standards for the “maximum water use allowed” for
certain types of fixtures manufactured after January 1, 1994. For
example, lavatory faucets were restricted to 2.5 gallons per
minute at a water pressure 80 pounds per square inch, and
gravity tank-type toilets were restricted to 1.6 gallons per flush.

8 The 1970 data pointis open to question; examination of trends
in number of households versus population shows that the 1970
estimate of number of households is questionably low.

Past and Future Freshwater Use in the United States

Although industrial and commercial withdrawals in-
creased from 1960 to 1980, withdrawals per unit of output
in all major industrial sectors decreased during that pe-
riod (David 1990). Because of the great variety of outputs
of the industrial and commercial sectors, relating water
use to units of physical output was unrealistic for this
study. Instead, an economic measure of total output, per-
sonal income, was used. Withdrawals per dollar of total
personalincome declined steadily, from 24 gallons in 1960
to 7 gallons in 1995 (bars in figure 10). The drop in with-
drawal per dollar of income is largely attributable to
changes in the type and quantity of industrial and
commercial outputs, such as a shift from water inten-
sive manufacturing and other heavy industry to service
oriented businesses, and to enhanced efficiency of water
use. Efficiency has improved in response to factors such as
environmental pollution legislation (e.g., the Clean
Water Act of 1972 and its amendments), which regu-
lated discharges and thereby encouraged reductions in
withdrawals, and technological advances facilitating
recycling.” The most recent data show that the rate of
decrease in water withdrawal per dollar of income has
slackened somewhat (bars in figure 10).
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Figure 10. Industrial and commercial withdrawal in the U.S.
per dollar of income. (Per-capita income in 1990 dollars.)

Thermoelectric use

At thermoelectric power plants (mainly fossil fuel and
nuclear plants), water is used principally for condenser
and reactor cooling. Freshwater withdrawals increased
steadily through 1980, declined substantially in 1985, as
mentioned, and have increased only slightly since then
(figure 5). Withdrawals of saline water, not shown in

% As David (1990) points out, the environmental pollution
legislation essentially raised the cost of withdrawing water to
industrial users. In response to this price rise, industries lowered
withdrawals per unit of output by modifying production pro-
cesses and increasing recycling of withdrawn water.

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-39. 1999
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figure 5, have equaled roughly 30% of total water with-
drawals at thermoelectric plants since 1960.

In contrast to the recent leveling off of total withdraw-
als, production of electricity at freshwater thermoelectric
plants has continued to rise (dots in figure 11). Indeed,
freshwater withdrawal per kilowatt hour (kWh) produced
has declined steadily, and in 1995 it was only 42% of its
1960 value (bars figure 11). This improvement in the
efficiency of withdrawals has allowed thermoelectric en-
ergy production using freshwater to increase by 322% for
a mere 78% increase in withdrawal. The improved effi-
ciency has occurred partly by greater reuse of withdrawn
water; during the 35-year period, consumptive use by
thermoelectric plants increased by a factor of 14 (although,
as seen in figure 2, consumptive use is still a small fraction
of withdrawal). Thelatest dataindicate a leveling off of the
rate of decrease in withdrawal per kilowatt hour (bars in
figure 11).
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Figure 11. Thermoelectric freshwater withdrawal per kilowatt
hour in the U.S.

Irrigation

U.S. withdrawals for irrigation steadily increased from
1960t0 1980, then declined in 1985, with additional smaller
decreases since then (figure 5). The decreases since 1985
are not a simple function of irrigated acreage changes, as
overall irrigated acreage rose from 57.2 million acres in
1985 to 57.9 million acres in 1995 (dots in figure 12).
Instead, a geographical shiftinirrigated acreage occurred.
The arid and semi-arid West, where the vast majority of
irrigation occurs, is experiencing a decrease in irrigated
acreage that began in the early 1980s, as farmers sell some
of their land or water to cities, industries, and rural domes-
tic users, or as pumping costs cause marginal lands to be
removed from irrigation. At the same time, farmers in the
East are relying more on irrigation water to supplement
precipitation during dry times, to reduce variability in
yields and product quality (Moore and others 1990). This
phenomenon is depicted in figure 13, where the East is
WRRs 1 through 9 and the West is WRRs 10 through 18.

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-39. 1999
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Figure 14. Depth of irrigation withdrawal in the U.S.

The drop in irrigated acreage in Western regions, which
tend to use relatively large amounts of water per acre, and
rise in irrigated acreage in Eastern regions, which use
relatively less water per acre, is partly responsible for the
nationwide drop in water application per acre that began
in 1985 (bars in figure 12).

The recent downward trend in withdrawal per acre
(figure 12) is also attributable to a decrease in per-acre
water applications. Application rates dropped in the East
and West from 1980 to 1985, and they have continued to
drop in the West (figure 14). The portion of withdrawal
that is consumptively used is one indication of irrigation
efficiency; improved methods withdraw less water for a
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given amount of plant transpiration. From 1985 to 1995,
consumptive use increased from 47 to 59% of withdrawal
in the West. If these estimates are accurate (note that
measures of consumptive use rely on a good deal of
educated judgment), they corroborate the drop in with-
drawal per acre. Improved irrigation efficiency may be a
response to factors such as the waning of the era of
publicly-funded dam and canal construction, higher prices
for water from publicly-funded projects, increasing
groundwater pumpinglifts,and improved irrigation tech-
nology (Moore and others 1990).

Hydroelectric use

Water use for hydroelectricenergy generation increased
from about 2 x 10" gallons per day in 1960 to about 3.3 x
10 in 1975, but this category of water use has remained
rather constant since then. Total kilowatt hours produced
shows the same pattern (dots in figure 15). Water use per
kilowatt-hour produced has remained roughly constant
since 1965, averaging 4.1 thousand gallons per kWh (bars
in figure 15).
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Figure 15. Hydroelectric water use per kilowatt hour in the
u.s.

Projection of Freshwater
Withdrawals

The following projections of withdrawals are based on
estimates of future population and income provided by
the Bureau of the Census and Bureau of Economic Analy-
sis and on explicit assumptions about rates of change in
other factors affecting water use developed specifically for
this study. In some cases (e.g., industrial and commercial
withdrawal per dollar of income), these future rates of
change extend consistent past trends. In other cases (e.g.,
domesticand publicuse per capita), recent abrupt changes
in past trends have made trend extrapolation problematic.

10
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In either situation, assumed rates of future change in other
factors affecting water use do not reflect a detailed model,
economic or otherwise. Rather, they were chosen to main-
tain the visual continuity of the trend, as will be apparent
in subsequent figures, or to reflect conjecture in light of
recent trend shifts. Extension of past trends is justified on
the assumption of continuation of the fundamental forces
affecting past changes.

Extending past trends in other factors affecting water
use usually required a diminishing rate of change.
Computationally, estimates of future levels of these fac-
tors were specified by applying an annual rate of change
(i) to the quantity (Q) of the prior time period. Quantity for
year n was computed as: Q_=Q, , [{1 +1 ), where t is time
period in yearsand i, =i , ({1 + d)!, where d is an annual
change in i chosen to maintain continuity of the prior
trend. Whenn=2000,t=5,Q , is theestimate for 1995, and
i, is the recent historical trend." When n = 2010, 2020,
2030, or 2040, t = 10, and Q , and i , are the projected
quantity and rate, respectively, of the prior time period.
Rates i and d were selected separately by water-use factor.
Rate of change (i) was positive, negative, or nil depending
on the prior trend. Except in cases where i is 0 and d is
immaterial, decay (d) was always negative, in keeping
with the observation of diminishing rate of change (see,
for example, figures 10 and 11). The results of this ap-
proach are apparent in subsequent figures.

Annual rates of change (i) for most uses were specified
only at the national level, considering that the fundamen-
tal forces affecting future rates of change in withdrawal
are not localized." Thus, rates of change (i) for livestock
and domestic and public withdrawals per person, indus-
trial and commercial withdrawal per dollar of income,
thermoelectric withdrawal per freshwater kilowatt hour,
and total kilowatt hours per person were specified for the
entire U.S. These rates were then applied at the WRR level
to 1995 estimates of Q, ,. Agricultural irrigation was con-
sidered subject to more region-specific forces than the
other factors. Thus, as seen below, rates of change (i) for
acres irrigated were specified at the WRR level, and rates

2 The following cases are exceptions to setting Q, , for n = 2000
equal to the 1995 value: 1) when the 1995 estimate showed a
distinct shift from 1990, Q, , was usually set equal to the mean of
the estimates for years 1990 and 1995; 2) for irrigation with-
drawal per acre, the 1985 to 1995 mean was used to lessen the
temporal effects of weather, except in Alaska where, because of
missing data, only the 1990 and 1995 rates were averaged.

11 Also, the withdrawal estimates reported by the USGS at the
WRR level, especially for earlier years, exhibit some unusual
shifts. Because so much time has passed and personnel have
changed, explanations for some of these shifts are difficult to
obtain. These shifts complicate analysis of trends of water-use
factors such as domestic withdrawals per capita. Using aggre-
gate U.S. data alleviates such data problems.

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-39. 1999
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for withdrawal per acre were specified separately for the
Eastern and Western portions of the U.S.

Projection of National Withdrawals

This section describes water-use projections and the
assumptions behind those projections for the five water-
use categories, beginning with the smallest withdrawal
category. Figure 16.1, .2, .3 depicts projections for all
categories at the national level. In this and subsequent
figures, dark bars indicate past withdrawals and light bars
indicate future withdrawals; similarly, dark dots show
past levels of related factors and light dots show future
levels.

Asexplained, population is a variable in the projections
of four of the five withdrawal categories. Population growth
has gradually lessened in percentage terms, from 1.3% per
year in the 1960s, to 1.1% in the 1970s, to 0.9% in the 1980s.
The Census Bureau’s middle series projections (figure
16.1) show U.S. population increasing at annual rates of
1% during the 1990s, 0.8% from 2000 to 2010, and about
0.7% thereafter. This consistent growth rate is apparent in
figure 17 and in the top 2 graphs of figure 16.1, which show
total U.S. population increasing along a nearly straight
line, rising from 263 million in 1995 to 370 million in 2040,
a 41% increase.

The population projections are based on assumptions
about three factors: life expectancy, fertility, and immigra-
tion. The Census Bureau estimates high, medium, and low
levels for each factor. The middle series projections use the
three medium-level assumptions, which are an average
life expectancy of 82 years, an average fertility rate of 2.245
births per woman, and a netannual immigration of 820,000
persons.'? Likewise, the high series projections use the
high-level assumptions for each factor, and the low series
projections use the low level assumptions for each factor.
Mixing, for example, low and medium level assumptions
for the three factors can produce intermediate projections
(not used herein). The Census Bureau does not present
confidence limits about these different estimates. As seen
in figure 17, by the year 2040 there are considerable differ-
ences among the series. The low and high series show
changes in total population from 1995 to 2040 of 9% and
74%,respectively, in comparison with the41% increase with
the middle series.

The following sections on the five water-use categories
report results based on the middle population series (fig-
ure 16.1). For comparison with figure 16.1, estimates using
other population series are presented in figures 16.2 and
16.3, with accompanying text at the end of this section.

2 For details, see the 1996 Census Bureau release in footnote 2.

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-39. 1999
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Figure 17. Population projections for the U.S.

Livestock use

Livestock withdrawals per person were assumed to
remain constant at the 1995 level of about 21 gallons per
day. This assumption allows for shifting human tastes
within the livestock category, consisting, as mentioned
earlier, largely of beef, pork, lamb, chicken, eggs, and
farm-grown fish. The assumption ignores the implication
of the 1990 to 1995 increase in withdrawal per capita for
aquaculture (figure 7), which is that additional increases
may be in store, because in this case a single year’s change
is assumed to be insufficient to indicate a trend. Total
livestock withdrawal in the U.S. is projected to rise from
5.5 bgd in 1995 to 7.7 bgd in 2040 (figure 16.1).

Domestic and public use

Domesticand public withdrawals were projected based
on population and per-capita withdrawal. Specifically,
domesticand public withdrawals were projected as: popu-
lation (dwithdrawal / person).

After consistently increasing for at least 30 years at
annual rates of 1.5% during the 1960s, 0.9% during the
1970s, and 0.8% during the 1980s, withdrawal per person
dropped by 0.3% per year from 1990 to 1995. This change
might be ignored as too recent and too small to indicate a
major shift in the prior trend. However, several factors
listed above (the end of the drop in household size, the
completion of conversion to modern plumbing, and the
growing impact of conservation measures) suggest that a
significant trend change may be occurring.

It is impossible to say what will happen to per-capita
domestic and public withdrawals in the future. Trends up
to 1990 suggest continued growth, but recent changes
suggest future decreases. Given this conundrum, it is
assumed here that future per-capita withdrawal will
remain constant at 121 gallons per day, equal to the
midpoint between the 1990 and 1995 levels (figure
18). National domestic and public withdrawals are thus
projected to increase at the same rate as population,
from 32 bgd in 1995 to 45 in 2040, a 42% increase,

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-39. 1999
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Figure 18. Projected domestic and public per-capita with-
drawal.

assuming the middle population protection series (fig-
ure 16.1)." Alternative assumptions about per-capita with-
drawal are examined in the sensitivity analysis section.

Industrial and commercial use

Industrial and commercial withdrawals were projected
based on estimates of future population and income and
assumptions about the rate of change in withdrawal per
dollar of income. Specifically, withdrawals were projected
as: population [dollars of income / capita) [{withdrawal
/ dollar of income).

The Bureau of Economic Analysis projects per capita
income, in 1990 dollars, to increase from $19,001 in 1995 to
$27,103 in 2040 (dots in figure 19), which is equivalent to
a growth rate of about 0.8% per year. Withdrawal per
dollar of income, which dropped at annual rates of 2.5%
during the 1960s, 2.3% during the 1970s, and 6.1% during
the 1980s, but by only 1% from 1990 to 1995, was assumed
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Figure 19. Projected industrial and commercial withdrawal
factors.

13 This percentage increase is slightly higher than the 41%
increase in population because the constant rate of future per-
capita withdrawal was, in accordance with the method followed
when a recent trend shift occurred, set equal at the midpoint
between the 1990 and 1995 levels, 121 gallons per day, rather
than at the 1995 level of 120 gallons per day.
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todropata gradually decreasing rate of from 2% to 1% per
year from 1995 to 2040. This assumption continues the past
trend of conversion to more efficient processes and greater
levels of water recycling. Given this assumption, with-
drawal per $1000 of income, which dropped from 24
gallons in 1960 to 7.4 gallons in 1995, continues dropping
but at a lower rate, reaching 3.9 gallons in 2040 (bars in
figure 19).

Total industrial and commercial withdrawals are pro-
jected to remain quite stable, rising from 37 bgd in 1995 to
39 in 2040, a 5% increase, assuming the middle series
population projections (figure 16.1). Thus, the decreasing
withdrawal per dollar largely compensates for the contin-
ued increases in population and per-capita income. On a
per-capita basis, industrial and commercial withdrawals
are projected to decrease from 140 gallons per day in 1995
to 106 in 2040 (per-capita withdrawals by decade are listed
in table A1.7).

Thermoelectric power use

Withdrawals at thermoelectric plants were projected
based on estimates of future population and assumptions
about the rate of change in energy use per person and in
water use per kilowatt hour produced, plus an assump-
tion about the proportion of total energy production that
will occur at freshwater thermoelectric plants. Specifi-
cally, freshwater withdrawal for electricity production
was estimated as: population [(total kWhs / person) U
(freshwater thermoelectric kWhs / total kWhs) (fresh-
water withdrawal / freshwater thermoelectric kWh).

Total energy use (thermoelectric plus hydroelectric)
per person rose from about 4200 kWh per year in 1960 to
about 11,400 in 1995 (dots in figure 20); this rise proceeded
at annual rates of 6% during the 1960s, 3% during the
1970s, 1.1% during the 1980s, but only 0.4% from 1990 to
1995. In keeping with this decreasing trend, future total
energy use was assumed to increase by an annual rate
decreasing from 0.6% to 0.14% from 1995 to 2040 (dots in
figure 20), bringing total energy use per person to 13,040
kWhs per year in 2040. This rate of increase reflects a balance
between development of more energy using conveniences,
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Figure 20. Projected electric energy withdrawal factors.
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which would lead to greater energy use per person, and
improvements in energy efficiency of all such conve-
niences, which would lead to less energy use per person.

Further, it was assumed that generation at hydroelec-
tric plants remained constant at the 1995 level (it has been
quite stable since 1975, figure 15) so that all increases in
production occurred at thermoelectric plants, and that the
allocation of thermoelectric energy production between
freshwater and saltwater plants remained constant at the
1995 level."* Given these two assumptions, which were
applied at the WRR level, and given the projected increase
in total electric energy consumption described above,
annual use of energy generated at freshwater thermoelec-
tric plants, which increased from 2493 kWhs per person in
1960 to 7917 in 1995, was assumed to reach 9,421 kWhs per
person in 2040. This trend, along with the expected popu-
lation increase, produces the increases in total annual
energy production at freshwater thermoelectric plants
depicted in figure 16.1 (from 2.1 (10 kWhs in 1995 to 3.5
(10" in 2040).

Freshwater use per kilowatt hour produced at thermo-
electric plants decreased at annual rates of 2.7% from 1960
to 1985 and 2.0% from 1985 to 1995. In keeping with this
apparent leveling off of the rate of decrease, future water
use per kilowatt hour was assumed to decrease by from
1.3% to 0.6% per year from 1995 to 2040. Given this rate of
decrease, water use per kilowatt hour produced at fresh-
water thermoelectric plants, which decreased from 60
gallons per kWh in 1960 to 23 in 1995, reaches 16 gallons
per kWh in 2040 (bars in figure 20). This trend, along with
the increase in electricity production, causes total fresh-
water withdrawal to rise from 132 bgd in 1995 to 143 in
2040, a 9% increase, assuming the middle series popula-
tion projections (figure 16.1). Thus, the decreasing with-
drawal per kilowatt hour is projected to only partially
compensate for the increases in electricity production
required to accommodate the growing population and
per-capita energy use. On a per-capita basis, thermoelec-
tric freshwater withdrawals are projected to decrease from
504 gallons per day in 1995 to 389 in 2040.

Irrigation

Many factors affect agricultural irrigation withdraw-
als. Irrigation is a lower-valued use of water at the margin
than most other uses, so that withdrawals for irrigation in
water-short areas are partially a function of water use in

14 |n 1995, about 10% of electric energy production in the U.S.
occurred at hydroelectric plants (this percentage varied from 1%
in WRRs 5 and 7 to 89% in WRR 17), and about 20% occurred
at saline water thermoelectric plants (this percentage varied
from 0% for most inland WRRs to 91% in WRR 20). The
remaining electric energy production (70%) occurred at fresh
water thermoelectric (this percentage varied from 1% in WRR 18
to 99% in WRRs 5 and 7).

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-39. 1999
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more highly valued uses.” In addition, irrigation water
use isa complicated function of population, as population
growth both increases demand for crops and, via urban
expansion, decreases availability of irrigable land. Other
factors affecting irrigation include energy prices (espe-
cially their effect on pumping costs), irrigation technolo-
gies, international markets for agricultural crops, chang-
ing tastes for livestock (nearly half of Western irrigated
land is used to produce feed and forage for livestock),
federal agricultural policies, instream flow concerns, and
precipitation variations. Because accounting for all these
factors is problematic, a simple approach was adopted for
estimating future irrigation withdrawals that sets with-
drawal equal to irrigated acreage [(Xwithdrawal / acre).
Future acreage and withdrawal per acre were estimated
by extrapolating past trends.

Because some of the factors affecting irrigated acreage
vary considerably by region, such asavailability of irrigable
land and competition for water, acreage changes were
estimated at the WRR level, as described in the section on
WRR projections. This approach yields a projection of U.S.
irrigated acreage increasing gradually from 57.9 million
acres in 1995 to 62.4 million acres in 2040 (figure 16.1).

Withdrawal per acre varies considerably from year to
year at the WRR level because of weather. Thus, time
trends of withdrawal per acre at the WRR level are often
erratic. To avoid this localized phenomenon, withdrawal
per acre was investigated for 2 large regions: the East and
the West. As seen in figure 14, the decrease in withdrawal
per acre in the West has been consistent from 1980 to 1995,
whereas in the East there has been no consistent trend
since 1985. In the West, withdrawal per acre, which fell at
annual rates of 1% from 1980 to 1985 and 0.1% from 1985
to 1995, was assumed to continue falling at a rate of from
0.08% to 0.04% per year from 1995 to 2040. Given these
rates, withdrawal per acre in the West, which dropped
from 3.10 feet in 1980 t0 2.91 feet in 1995, drops to 2.84 feet
by 2040 (figure 21). In the East, withdrawal per acre was
assumed to remain constant. These rates of decrease in
withdrawal per acre, 0% per year in the East and 0.08% to
0.04% per year in the West, were applied to a beginning
rate in each WRR set equal to the mean for the years 1985,
1990, and 1995. The overall drop in withdrawal per acre in
the West from this 1985 through 1995 mean to the year
2040 is 2.9%.

The aggregation of the results of applying the estimates
of acreage and withdrawal peracreatthe WRR1evel yields
a slightly decreasing level of total withdrawal for the U.S.,
dropping from 134 bgd in 1995 to 130 in 2040 (figure 16.1).
Ona per-capita basis, irrigation withdrawals are projected

15 One indication of the relatively low marginal value of agricul-
tural water is that most of the recent water trades in the Western
states have been from agriculture to municipal and industrial
uses (Saliba 1987).
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Figure 21. Projected withdrawal per irrigated acre in the West.

to decrease from 514 gallons per day in 1995 to 354 in 2040
assuming the middle series population projections.

Net change in total withdrawal

The graph at the bottom of figure 16.1 shows the net
change in projected total withdrawal in comparison with
the 1995 level, assuming the middle series population
projections. Projected total withdrawal increases by 24
bgd (7%) from 1995 to 2040. The largest increases are in the
domestic and public (13 bgd) and thermoelectric (11 bgd)
sectors. The livestock and industrial and commercial sec-
tors each contribute another 2 bgd, and irrigation de-
creases by 4 bgd. On a per-capita basis, total withdrawals
are projected to decrease from 1301 gallons per day in 1995
to 992 in 2040.

Holding the overall increase below 10% of total 1995
withdrawals, in spite of the 41% increase in population, is
largely attributable to 1) the improving efficiencies projected
for the municipal and industrial and thermoelectric sec-
tors, and 2) the reductions in total irrigation withdrawal.

Table 2 compares results based on the middle popula-
tion series with results based on the low and high series
projections. In contrast to the 7% increase in total with-
drawals from 1995 to 2040 with the middle series, the low

Table 2. National withdrawal projections for alternative
population series, expressed as change from 1995 to 2040
(percent change in parentheses).

Low series Middle series High series

Population (millions) 24 (9%) 107 (41%) 195 (74%)

Withdrawal (bgd)?2
Livestock 1 (9%) 2 (41%) 4 (75%)
Domestic & public 3 (10%) 13 (42%) 24 (76%)
Ind. & commercial —6(-17%) 2 (6%) 12 (32%)
Thermoelectric —22(-17%) 11 (9%) 48 (36%)
Irrigation -4 (—3%) -4 (—3%) -4 (—3%)
Total —29 (-8%) 24 (T%) 83 (24%)

2 bgd - billion gallons per day

15
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and high series yield changes in withdrawal of -8% and
24%, respectively (table 2, figures 16.2 and 16.3).

These national projections ignore the site-specific na-
ture of water availability and use, and thus mask regional
variations in withdrawal trends. Most importantly, they
failtodepict the significant variations in population growth,
thermoelectric power expansion, and irrigated acreage
changes across regions of the country. To gain a more
realistic picture of projected water use, projections at the
regional scale are examined.

Projections for Water Resource Regions

Estimates of population and per-capita income were
aggregated from the county level to the WRR level. Table
3 lists the 1995 population and per-capita income esti-
mates, and the percentage changes in these variables pro-
jected for 1995 to 2040. Population and per-capita income
are projected to increase in all regions. Population in-
creases range from 26% to 75% and per-capita income
increases range from 32% to 47%. The largest increases in
population are expected in the South and West.

Past and Future Freshwater Use in the United States

Asdescribed above, rates of change in efficiency factors
were computed at different geographical scales. For live-
stock, domestic and public, industrial and commercial,
and thermoelectric withdrawals, national-level rates were
used; for irrigation withdrawal per acre, East/West-level
rates were used; and for irrigated acreage, WRR-level
rates were applied. These rates of change in factors affect-
ing withdrawals were applied at the WRR level to begin-
ning levels set equal in most cases to the 1995 level (note
exceptions in footnote 10).

For irrigated acreage, the WRR-specific rates of change
were chosen to extend recent trends and are always as-
sumed to gradually decrease over time. The effects of these
rates of change on WRRirrigated acreage are listed in table
4 and depicted in the plots of irrigated acres in each of the
20 parts of figure 22. The mean 1985 through 1995 applica-
tion rates are also listed in table 4. As described above,
application rates were projected to remain constant in the
East and to drop in the West by 2.9% by the year 2040.

Figure 22 presents past and projected withdrawal lev-
els and related water-use determinant levels for the five
water-use categories. Figure 22 reveals numerous anoma-

Table 3. Population and per-capita income for water resource regions.

Annual per-capita

Population income (1990 dollars)
Percent Percent
1995 change 1995 change
(millions) 1995-2040 ($1000) 1995-2040
Water resource region
1. New England 134 38 22.9 34
2. Mid Atlantic 42.4 29 23.0 37
3. South Atlantic-Gulf 37.6 55 17.6 42
4. Great Lakes 23.5 26 19.9 38
5. Ohio 21.1 30 17.0 42
6. Tennessee 4.3 42 15.6 42
7. Upper Mississippi 22.8 33 18.9 41
8. Lower Mississippi 7.3 33 15.0 45
9. Souris-Red-Rainy 0.7 26 15.8 42
10. Missouri Basin 10.3 40 18.3 43
11. Arkansas-White-Red 8.7 37 16.4 47
12. Texas-Gulf 15.9 44 18.2 44
13. Rio Grande 3.1 47 125 45
14. Upper Colorado 0.7 57 155 44
15. Lower Colorado 5.3 70 17.2 41
16. Great Basin 2.4 75 15.7 47
17. Pacific Northwest 9.9 53 18.2 40
18. California 32.3 52 21.3 39
19. Alaska 0.6 54 20.9 35
20 Hawaii 2__ 58 _ _ __ __ _ 205 32 _ _
United States 261.2 41 19.3 39
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Figure 22.7. Withdrawal projections for Upper Mississippi
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Figure 22.8. Withdrawal projections for Lower Mississippi
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Great Basin (WRR 16)
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Pacific Northwest (WRR 17)
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Figure 22.17. Withdrawal projections for Pacific Northwest
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lies that were notapparentin the aggregated data of figure
16. For example:

« in WRR 1, livestock withdrawal in 1985 is unusu-
ally high;

+ in WRRS5, irrigation withdrawal in 1980 is unusu-
ally high;

+ in WRR 7, domestic and public withdrawal in
1970, and industrial and commercial withdrawal
in 1980, are unusually high;

* in WRR 8, industrial and commercial withdraw-
als in 1970, 1975, and 1980 are unusually high;

* in WRR 9, industrial and commercial withdraw-
als in 1975 and 1980 are unusually low;

« in WRR 13, thermoelectric withdrawals in 1960
and 1965 are unusually high, and industrial and
commercial withdrawals in 1980 are unusually
low;

+ in WRR 14, livestock, domestic and public, and
industrial and commercial withdrawals in 1980
are unusually high, and irrigated acreage in 1970
is unusually low;

Brown

« in WRR 18, thermoelectric withdrawals in 1985
drop precipitously; and

« in WRR 19, livestock withdrawals in 1985 are
unusually high.

Explanations for these unusual entries are often difficult to
obtain, especially for earlier years. Some of the entries may
be errors, but most probably havelogical explanations (for
example, in WRR 18, the decrease in thermoelectric with-
drawal in 1985 is related to a switch from fresh to salt
water). The purpose here is not to explain every entry, but
rather to look at overall trends. Nevertheless, the anoma-
lies highlight the importance of not placing too much
importance on individual data entries.

Water withdrawal projections by WRR are shown in
figure 22 and summarized in tables 5 and 6 and in tables
Al.1to Al.6. All WRRs show increases in withdrawals for
livestock and domestic and public uses, in keeping with
the assumptions of increasing population in all regions
(table 5). On a percentage basis (table 6), the 1995 to 2040
increases in livestock and domestic and public withdraw-
als are most pronounced in the Western regions and in the
South Atlantic Gulf region, where the greatest population
increases are expected. Six regions show decreases in

Table 4. Assumptions about future irrigation in the water resource regions.

1985-1995 mean
withdrawal

Water resource region (feet per acre) 2

Irrigated acres

Percent
1995 change
(in thousands) 1995 to 2040

1. New England 1.40
2. Mid Atlantic 0.84
3. South Atlantic-Gulf 1.37
4. Great Lakes 0.63
5. Ohio 0.46
6. Tennessee 0.90
7. Upper Mississippi 0.49
8. Lower Mississippi 1.70
9. Souris-Red-Rainy 0.69
10. Missouri Basin 2.08
11. Arkansas-White-Red 1.64
12. Texas-Gulf 1.33
13. Rio Grande 4.59
14. Upper Colorado 4.96
15. Lower Colorado 5.06
16. Great Basin 3.87
17. Pacific Northwest 4.44
18. California 3.44
19. Alaska 0.46
20 Hawail _ _ _ _ _ _ _ _ _ _ _ 660 __ _
United States 2.64

103 0
328 16
3,552 32
556 27
222 107
44 104
1,054 35
5,730 44
168 35
13,163 0
6,117 =14
4,279 -14
1,264 -19
1,709 23
1,257 11
1,607 -5
7,030 -19
9,539 -4
1 0
R 86 _ 24 _ _
57,857 3

2 For Alaska, the mean was computed for 1990 and 1995.

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-39. 1999
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Table 5. Change in withdrawal from 1995 to 2040, middle population series, in million gallons per day.

Domestic Indust. & Thermo-

Water resource region Livestock & public commercial electric Irrigation Total

1. New England 7 412 -18 167 -18 550
2. Mid Atlantic 39 1,456 -208 140 -5 1,422
3. South Atlantic-Gulf 223 2,521 807 3,936 919 8,407
4. Great Lakes 18 866 —481 185 79 668
5. Ohio 43 593 -91 381 85 1,010
6. Tennessee 86 168 87 1320 23 1,684
7. Upper Mississippi 84 385 =17 742 135 1,330
8. Lower Mississippi 333 298 73 262 4,410 5,377
9. Souris-Red-Rainy 5 17 -2 2 51 73
10. Missouri Basin 169 524 51 1,100 —783 1,061
11. Arkansas-White-Red 147 397 85 354 -1,751 —768
12. Texas-Gulf 91 1,157 150 914 -1,290 1,023
13. Rio Grande 17 198 23 3 -1,922 -1,682
14. Upper Colorado 31 70 13 38 2,068 2,219
15. Lower Colorado 28 641 145 27 -407 433
16. Great Basin 65 353 123 9 7 558
17. Pacific Northwest 804 797 389 1,705 -3,718 -24
18. California 235 2,306 262 100 —-1,956 947
19. Alaska 0 29 12 12 0 53
20 Hawaii _ _ _ _ 5 _ _ _ _®__ __ 9 _ _ _ 14 __ __6 _ __ _4_
United States 2,430 13,275 1,411 11,411 —4,142 24,386

Table 6. Percent change in withdrawal from 1995 to 2040, middle population series.

Domestic Indust. & Thermo-

Water resource region Livestock & public commercial electric Irrigation Total

1. New England 38 38 -2 10 -12 15
2. Mid Atlantic 29 29 -6 1 -2 7
3. South Atlantic-Gulf 55 55 17 22 19 26
4. Great Lakes 26 26 -8 1 25 2
5. Ohio 30 30 -2 2 81 3
6. Tennessee 42 42 6 19 48 19
7. Upper Mississippi 33 33 -1 4 28 6
8. Lower Mississippi 33 33 2 4 54 27
9. Souris-Red-Rainy 26 26 -5 5 58 29
10. Missouri Basin 40 40 6 12 -3 3
11. Arkansas-White-Red 37 37 7 8 -19 -5
12. Texas-Gulf 44 44 9 12 -23 6
13. Rio Grande 47 47 13 17 -32 -25
14. Upper Colorado 57 57 20 26 29 30
15. Lower Colorado 70 70 27 42 ) 5
16. Great Basin 75 75 36 39 0 9
17. Pacific Northwest 53 53 14 443 -14 0
18. California 52 52 11 49 -7 3
19. Alaska 54 54 10 39 1 25
20 Hawaii 88 _ _ _ _s8__ __ 7 __ _ 2 ____Mm_____.5_
United States 41 42 6 11 -3 7

28 USDA Forest Service Gen. Tech. Rep. RMRS-GTR-39. 1999
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withdrawals for industrial and commercial uses (ranging
from 1% to 8%), despite the expected increases in eco-
nomic activity, because of the assumed increase in effi-
ciency of industrial and commercial water use. In the other
14 regions, population and per-capita income increases
overwhelm the increasing efficiencies of water use to
cause projected increases in industrial and commercial
withdrawals of from 2% to 36% (table 6).

Withdrawals for thermoelectric plants are greater in
2040 than in 1995 in all regions (table 5). However, with-
drawals in about half of the regions peak in 2020 or 2030
(figure 22). The largest percentage increases occur in re-
gions of greatest population increase and where produc-
tion at freshwater plants is currently relatively less impor-
tant (where a large portion of current production occurs at
hydroelectric plants). The very large percentage increase
in the Pacific Northwest is attributable to the fact that
hydroelectric dams now provide 89% of the region’s elec-
tricity production, a far greater percentage than forany other
region. With the assumptions of constant hydroelectric
production at the 1995 level and constant proportional allo-
cation of thermoelectric production between freshwater
and saltwater plants, production at freshwater thermo-
electric plants must increase substantially to accommo-
date the required increase in total electric energy produc-
tion in the Pacific Northwest of 87% from 1995 to 2040.

Irrigation withdrawals are projected to increase in 9
regions, decrease in 10, and remain constant in 1 (table 5).
Only three regions experience substantial volume increases
in withdrawal (the South Atlantic-Gulf, Lower Missis-
sippi, Upper Colorado regions), although in percentage
terms several other regions also show substantial increases
(table 6). The changes are largely a function of theassumed
irrigated acreage changes, although the changes in appli-
cation per acre in the West also play a role.

Changes in total withdrawal are shown in the bottom
graphs of figures 22.1 to 22.20 and summarized in the total
column of tables 5 and 6. Only 2 regions (Arkansas-White-
Red and Rio Grande) are projected to experience decreases
in total withdrawal from 1995 to 2040. In these regions,
large decreases in irrigation withdrawal outweigh in-
creases in the other four water-use categories. Increases in
total withdrawal among the other 18 regions range up to
30% (table 6). Total withdrawal increases exceed 15% in
sevenregions, which fall into 2 groups based on the water-
use categories to which the withdrawal increases would
be delivered. In five regions (New England, South Atlan-
tic-Gulf, Tennessee, Great Basin, and Alaska), theincreases
arelargely attributable to increases in domesticand public
or thermoelectric uses or both (table 5). In the other three
regions (Lower Mississippi, Souris-Red-Rainy, and Upper
Colorado), the total withdrawal increases are largely due
to irrigation.

Effects of withdrawal increases are felt within a region
and perhaps, depending on its location, downstream of
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the region. Of the eight regions of greatest percentage
increase in total withdrawal, outflows from four (New
England, South Atlantic-Gulf, Lower Mississippi, and
Alaska) flow into the sea. Outflows from the Tennessee
Region flow into the Mississippi River and thus are not of
overwhelming concern. Outflows from the Souris-Red-
Rainy region flow north to Canada. The Great Basinregion
is closed. But outflows from the Upper Colorado Basin
(WRR 14), the region of the largest percentage increase
(30%), are of critical concern to 2 downstream basins.

The Colorado River Compact of 1922 limits withdraw-
als in the Upper Colorado Basin to those that will allow
delivery of 8.23 million acre-feet (maf) per year on average
to the Lower Basin states of Arizona, Nevada, and Califor-
nia (MacDonnell and others 1995). Tree ring studies indi-
cate that thelong-term annual virgin flow at the Lees Ferry
delivery point is about 13.5 maf (Stockton and Jacoby
1976)." Given this virgin flow and assuming current an-
nual Upper Basin consumptive use of about 3.5 maf, the
resulting average annual deliveries to the Lower Basin are
about 10 maf, far above the Compact requirement of 8.23
maf.”” With the projected increase in Upper Basin with-
drawal of 2.1 bgd (2.7 maf) (table 5), and assuming that
34% of withdrawals are consumptively used (table A1.9),
Upper Basin depletions would increase to 4.3 maf by 2040.
These depletions would leave average annual deliveries to
the Lower Basin of 9.2 maf, which is still roughly 1 maf
above the Compact requirement.

Because much of the current surplus in delivery to the
Lower Basin is typically diverted to Southern California,
reducing the average annual delivery to the Lower Basin
to 9.1 maf would cause some reductions in actual Lower
Basin withdrawals. This situation would be exacerbated
as Lower Basin demands also increase with population
growth (see figures 22.15 and 22.18). Further, these figures
apply to the average year; in times of successive dry years,
when Colorado River storage is drawn down, Upper Basin
withdrawals may be curtailed in order to meet the Com-
pact delivery requirement.

16 | ees Ferry is located near the boundary between the Upper
and Lower Colorado Basins, just upstream ofthe Grand Canyon.
Annual virgin flows at Lees Ferry during this century have
averaged 16.5 maf, but this average was amplified by unusually
high flows during the century’s first three decades.

17 Solley and others (1998) estimate 1995 Upper Colorado
Basin consumptive use at 2.82 maf. Adding 0.65 maf of reservoir
evaporation (Brown and others 1990) brings total consumptive
use to 3.5 maf. This estimate is lower than some others. For
example, based on U.S. Bureau of Reclamation estimates,
Harding and others (1995) estimated average year total deple-
tions to be 4.3 maf, and Brown and others (1990) estimated them
to be 4.4 maf.
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Of the seven remaining WRRs of greatest percentage
increase in total withdrawal, Alaska is of least concern
because water supplies exceed the relatively low levels of
withdrawal in that region. However, the increase in total
withdrawal is of concern in the other six regions because
of within-region impacts. Although conditions in most of
theregionsare quite humid, water supplies can be strained
during relatively dry times. And the impacts will not be
felt uniformly across a region. The percentage estimates
presented here are statistical averages that are unlikely to
applyinany one place. Theimpactsinindividuallocations
will vary above and below the regional averages depend-
ing on local supply and demand characteristics. Further,
impacts are not limited to the categories of withdrawal
discussed here. Wherever diversions increase, instream
flow and surface water quality can be expected to decrease
by the consumptive use percentage, all else equal.

Sensitivity of Projections to Assumptions
About Factors Affecting Water Use

For the purpose of sensitivity analysis, the projections
of water-use factors presented above (factors are listed in
table 1), including the middle population series, are called
best-guess estimates, and the related water withdrawal
projections are best-guess projections. For example, the
best-guess withdrawal projection for the U.S. is that total
withdrawals will increase from 340 bgd in 1995 to 364 bgd
in 2040, a 7% increase. The best-guess projections are in
figures 16.1 and 22 and listed in tables 5 and 6 and tables
Al.1 to Al.6. This section investigates the effect on with-
drawal projections of altering the best-guess estimates of
the water-use factors.

Table 7 compares the best-guess withdrawal projec-
tions with those using the low and high population series
estimates, in terms of the percentage change from 1995 to
2040. Figures 16.2 and 16.3 depict U.S. withdrawals with
the low and high population series, for comparison with
the best-guess projections in figure 16.1. With the low
series, total withdrawals drop by 8% for the U.S. as a
whole; efficiencies in industrial and commercial and
thermoelectric water uses more than compensate for the
effect of the 9% increase in total population from 1995 to
2040. The decrease in total withdrawal occurs in all WRRs
exceptthose wheresignificantincreases inirrigation with-
drawals are projected. Conversely, with the high series,
total U.S. withdrawals are projected to increase by 24%
from 1995 to 2040. Increases in total withdrawal are pro-
jected for all but the Rio Grande region, where the drop in
irrigation withdrawal outweighs the increases caused by
growing population. In the other 19 regions, total with-
drawals would increase by at least 7%, with 12 regions
experiencing increases of at least 25%. This high popula-
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Table 7. Percent change in total withdrawal from 1995 to 2040
for three Census Bureau population projection series.

Population series

Water resource region Low Middle High

1. New England -11 15 42
2. Mid Atlantic -17 7 32
3. South Atlantic-Gulf 2 26 52
4, Great Lakes -22 2 28
5. Ohio -20 3 28
6. Tennessee -10 19 50
7. Upper Mississippi -18 6 31
8. Lower Mississippi 13 27 42
9. Souris-Red-Rainy 12 29 47
10. Missouri Basin -6 3 12
11. Arkansas-White-Red -16 -5 7
12. Texas-Gulf -12 6 25
13. Rio Grande -28 -25 -22
14. Upper Colorado 28 30 32
15. Lower Colorado -1 5 12
16. Great Basin 4 9 15
17. Pacific Northwest -9 0 9
18. California -4 3 9
19. Alaska -4 25 56
20 Hawail _ _ _ -6 _ _ 5 _ _16__
United States -8 7 24

tion increase would place extreme pressure on water
resources, with serious consequences for offstream users,
instream flow, and water quality.

Table 8 lists the percent change, from the best-guess
scenario, in total withdrawal in 2040 that is caused by a
10% change in factors affecting projected water use. For
example, the lower left estimate of 6.6% indicates that if
the future U.S. population were 10% greater than pro-
jected by the Census Bureau’s middle series, total with-
drawals in year 2040 would be 6.6% greater than those
indicated in figure 16.1 or tables 5 and A1.6. The effects of
changes in the factors are considered separately, such that
each column of the table investigates a single change, with
all other factors remaining at their best-guess estimates.

Forthe U.S.asawhole,a10% increase in population has
a larger impact on withdrawals than a 10% change in any
of the other six factors listed in table 8. For example, a 10%
increase in withdrawal per person causes only a 1.2%
increase in total withdrawal, and a 10% increase in kilo-
watt hours per person causes a 4.1% increase in total
withdrawal. Therelatively large effect of population change
is due partially to the fact that population is a variable in
projections of withdrawals of four of the five water-use
categories; only future irrigation withdrawals were not
modeled as a function of population.
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Table 8. Percent change in total withdrawal from best-guess scenario in year 2040 caused by a 10% increase in factors affecting

water use.

Factor
Withdrawal Withdrawal Withdrawal KWh per Acres

Water resource region Population per person per $PCI per kWh person irrigated

1. New England 9.9 35 1.8 4.3 4.5 0.3
2. Mid Atlantic 10.0 2.8 1.3 5.6 5.7 0.1
3. South Atlantic-Gulf 8.7 1.7 1.4 5.3 54 1.4
4. Great Lakes 104 1.3 1.7 6.9 7.4 0.1
5. Ohio 10.0 0.8 1.4 7.6 7.7 0.1
6. Tennessee 10.9 0.5 1.3 7.8 8.7 0.1
7. Upper Mississippi 9.8 0.6 0.9 8.0 8.1 0.3
8. Lower Mississippi 5.1 0.5 1.3 2.8 2.8 5.0
9. Souris-Red-Rainy 5.9 2.5 1.2 1.2 1.4 4.3
10. Missouri Basin 3.7 0.5 0.2 2.6 2.8 6.4
11. Arkansas-White-Red 5.1 0.9 0.8 2.9 3.0 4.9
12. Texas-Gulf 7.7 2.0 0.9 4.6 4.6 2.3
13. Rio Grande 1.8 1.2 0.4 0.0 0.0 8.2
14. Upper Colorado 0.6 0.2 0.1 0.2 0.2 9.4
15. Lower Colorado 2.8 1.8 0.8 0.1 0.1 7.2
16. Great Basin 2.2 1.2 0.7 0.0 0.1 7.8
17. Pacific Northwest 3.7 0.7 1.0 0.6 1.3 6.9
18. California 2.7 1.8 0.7 0.1 0.1 7.3
19. Alaska 10.3 3.2 5.2 1.6 1.9 0.0
20 Hewail 44 23 __ __te _ 07 _ __ 08 _ __ _ 55_
United States 6.6 1.2 1.1 3.9 4.1 3.6

Comparison across regions indicates that sensitivity to
the various changes in assumptions is greatest in regions
where the affected water-use accounts for a larger share of
total withdrawal. For example, the effect of a percentage
increase in domestic and public withdrawal per person is
greatest in WRR 1 (New England), where domestic and
public uses are relatively more important (accounting for
35% of total withdrawals in 2040). The effect of a percent-
age increase in irrigated acres is greatest in WRRs 13 (Rio
Grande) and 14 (Upper Colorado), where irrigation is
more important (accounting for 82% and 94%, respec-
tively, of total 2040 withdrawals).

The sensitivity of total withdrawals toa 10% increase in
factors affecting thermoelectric withdrawals is very small
in most of the Western regions. In WRRs 13 through 16, the
principal reason for the low sensitivity is the small amount
of water withdrawn per kilowatt hour produced. With-
drawal in these regions tends to be less than 1 gallon per
kWh, whereas in most other regions withdrawal tends to
range from 10 to 50 gallons per kWh. In WRRs 18 and 20,
the low sensitivity is due mainly to the relatively small
amount of electricity that would be produced at freshwa-
ter thermoelectric plants (2% and 7%, respectively, of total
electricity production). In WRR 17, the low sensitivity is
due to the combination of a rather low withdrawal rate (8
gallons per kWh) and moderate proportion (52%) of
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total electricity produced at freshwater thermoelectric
plants.

Table 8 shows the effect on total withdrawals of changes
in the factors affecting water use, but does not indicate
which changes are more likely to occur. Of the various
factors considered in this report, irrigated acreage is per-
haps the most difficult to predict because it depends on
many factors, some of which (like international trade) are
quite volatile. Increasing worldwide food needs, for ex-
ample, may increase crop prices and lead to increased
production by U.S. farmers, some of which would occur
onirrigated fields. Considering this, we take a second look
at irrigation withdrawals by examining the effect of re-
moving the future decreases in irrigated acreage assumed
for the seven WRRs, all in the West, where acreage de-
creases were projected (table 4).

Ifirrigated acreage in those seven Western WRRs were
to remain constant at 1995 levels, instead of dropping as
assumed, total 1995 to 2040 withdrawal changes would be
affected as listed in table 9. For example, if irrigated
acreage in WRR 11 (Arkansas-White-Red) were to remain
constant at the 1995 level, total year 2040 withdrawals in
the region would increase by 3% above the 1995 level
instead of decreasing by 5% as projected under the best-
guess scenario. Only in WRR 13 (Rio Grande) would total
withdrawals in 2040 remain below the 1995 level. For the
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entire U.S., total withdrawal in 2040 would be 10% above
the 1995 level rather than 7% as projected for the best-
guess scenario.

Domestic and public withdrawals are also difficult to
project because of the recent shiftin per-capita withdrawal
(figure 18). In a compromise between two opposing but
plausible possibilities, it was assumed that future per-
capita withdrawals would remain constant at close to the
1995 level. However, it could be argued either that the
drop in per-capita withdrawal in 1995 was an aberration
and the consistent 1960 to 1990 trend of increasing per-
capita withdrawal will reestablish itself, or that the 1995
shift is the beginning of a long-term downward trend in
response to new national plumbing fixture standards,
conservation efforts of water utilities, and other changes.
Figure 23 shows these two alternative possibilities for
domestic and public withdrawals per capita, for compari-
son with the best-guess assumption in figure 18. Table 10
lists the effect of these two possibilities on national domes-
tic and public withdrawals and on total withdrawals.
Assuming that per-capita domestic and public withdraw-
als drop to 115 gallons per day by 2040 (low-level assump-
tion), U.S. domestic and public withdrawals rise to 42 bgd
instead of 45 bgd under the best-guess assumption. Alter-
natively, if per-capita domestic and public withdrawals
rise to 134 gallons per day by 2040 (high-level assump-
tion), U.S. domesticand public withdrawals rise to 49 bgd.
Total U.S. withdrawals rise from 340 bgd in 1995 to 361,
364, or 368 bgd, respectively, with the low, best-guess, and
high projections of per-capita domestic and public with-
drawals.

Finally, consider what changes in use rates would be
required to keep withdrawals of the respective water uses
at their 1995 levels, assuming population increased ac-
cording to the middle series projections. Table 11 lists
these changes for the U.S. for five factors affecting water
use, focusing on the year 2040. First, consider per-capita

Table 9. Percentage change in total withdrawals from 1995 to
2040 under best-guess scenario and if irrigated acreages of
selected Western WRRs were to remain constant at their
1995 levels.
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Figure 23. Alternative projections of per-capita domestic and
public withdrawal.

domestic and public withdrawal, which was projected
under the best-guess scenario to remain constant at the
1990-1995 average of 121 gallons per person per day. Daily
per-capita withdrawal would have to decrease from 121 to
86 gallons in 2040 (29% drop) to keep total domestic and
public withdrawal at the 1995 level of 32 bgd.

In the livestock industry, year 2040 daily per-capita
withdrawal would have to drop from the projected 21 to
15 gallons (29% drop) to keep total livestock withdrawals
at the 1995 level of 5.5 bgd (table 11). Industrial and
commercial withdrawals in year 2040 would have to drop
from the projected 3.89 gallons per $1000 of income to 3.63
gallons (7% drop) to keep withdrawal at the 1995 level of

Table 10. Sensitivity of U.S. withdrawals in 2040 to assump-
tions about future per-capita domestic and public withdrawal.

Best-guess Constant
Water resource region scenario acreage
2040

11. Arkansas-White-Red -5 3 Best
12. Texas-Gulf 6 10 1995 Low guess High
13. Rio Grande =25 -11 .
16. Great Basin 9 23 Wlt(r;]darl?(\)/\r/]zzl)/person/day 121 115 122 134
17. Pacific Northwest 0 16 . .

acmc Morthwes U.S. domestic & public 32 42 45 49
18 California 3 6 .
20, Hawaii 5 21 withdrawal (bgd)
——————————————————— Total U.S. withdrawal 340 361 364 368
United States 7 10 (bgd)
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Table 11. Required levels of water-use factors in 2040 to keep that year’s total U.S. withdrawal for

respective water-use categories at 1995 levels.

Factor level
1995 2020
Water use category Factor Best guess Requirement
Livestock Gallons/day/person 21 21 15
Domestic & public Gallons/day/person 121 121 86
Industrial & commercial ~ Gallons/$1000 7.35 3.89 3.63
Thermoelectric Total kWh/year/person 11,775 13,125 12,123
Thermoelectric Gallons/kWh 23.1 15.0 13.9

36 bgd. Two options are offered for thermoelectric with-
drawals. To keep thermoelectric withdrawals at their 1995
level of 132 bgd, annual per-capita electricity production
would have to drop from the projected 13,125 to 12,123
kWhs (8% drop), or freshwater withdrawal per kilowatt
hour produced would have to drop from the projected 15.0
to 13.9 gallons (7% drop). Some combination of these two
options for thermoelectric water use could also keep with-
drawals from rising.

Comparison with Past Projections

Having established the best-guess projections, let us
compare them with previous projections of U.S. water
withdrawal. Table 12 lists the six major projections of U.S.
water withdrawals published over the past 40 years, plus
those of the current study'®. Given that actual withdrawal
in 1995 was 340 bgd, this study’s projection of 341 bgd for
year 2000 is realistic, indicating that most previous projec-
tions seriously over-estimated U.S. withdrawal. Three of
the year 2000 projections exceed 800 bgd, with a fourth
above 500 bgd. The remaining two projections, by the
Water Resources Council in 1978 and Guldin, are under
400 bgd.”

Population is a key variable of the various withdrawal
projections. As figure 24 shows, studies with the highest
population projections also produced the highest with-

18 The geographic areas represented by these different esti-
mates differ slightly from one another. For example, those by the
Senate Select Committee (1961) and Wollman and Bonem
(1971) are for the 48 contiguous states only, and the 2 by the
Water Resources Council are for the 50 states plus Puerto Rico.
The current estimates are for the 50 states.

191n 1981, the USDA Forest Service published its first assess-
ment ofthe nation’s forest and range land situation. This assess-
ment included projections of water withdrawals, but because
they merely extended those of the Water Resources Council
(1978), they are not included here.
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Table 12. Projections of U.S. water withdrawals for three
future years based on medium or best-guess assumptions

(bgd).

2000 2020 2040

Senate Select Committee (1961) 888

Water Resources Council (1968) 804 1368
Wollman and Bonem (1971) 563 897
National Water Commission (1973) 1000

Water Resources Council (1978) 306

Guldin (1989) 385 461 527
Current study 341 350 364

drawal projections. However, variations among the pro-
jections are not due to population alone (for example, the
withdrawal projection of the National Water Commission
nearly doubled that of Wollman and Bonem although
their population projections were similar). Other major
reasons for the difference include different assumptions
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Figure 24. National withdrawal and related population
projections for year 2000.
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about future irrigated acreage and about efficiency of
industrial water use.

In comparison with the first four projection studies, the
Water Resource Council’s 1978 projection, now over 20
years old, was surprisingly accurate. This withdrawal
projection was much lower than previous ones largely
because of:

+ alower population projection,

+ additional withdrawal data showing improving
efficiency of industrial and thermoelectric water
use, and

+ knowledge of the Clean Water Act amendments
passed in 1972.

The Clean Water Act, as mentioned above, was an impor-
tant catalyst for additional significant improvements in
water-use efficiency in the manufacturing and thermo-
electric power sectors.

The Council’srelatively minor under-estimation of year
2000 withdrawals resulted from a combination of under-
estimating year 2000 population and over-estimating pro-
jected improvements in water-use efficiency in manufac-
turing and thermoelectric energy generation. As noted,
efficiency improvements in the industrial and commercial
and thermoelectric power sectors have been leveling off in
recent years.

Also shown in table 12 is a comparison of Guldin’s
projections with this study’s for years 2020 and 2040.
Guldin’s withdrawal projections are considerably higher
despite his lower population projection (e.g., Guldin as-
sumed a year 2040 U.S. population of 333 million versus
this study’s 370 million). Projections of the two studies
differ mainly because Guldin assumed no further gains in
water-use efficiency beyond those already achieved by
1985, whereas this study extrapolated trends in efficiency
gains into the future.

Groundwater Withdrawals

Groundwater pumping in the U.S., as reported in the
USGS water use circulars, grew by 66% from 1960 to 1995
(table 13). However, the proportion of total withdrawal
coming from groundwater has remained quite stable over
the past 35 years, ranging from 21% to 24%. In 1995, 22%
of freshwater withdrawals came from groundwater (table
13).

Groundwater pumping increased consistently in the
East and West from 1960 to 1980 (figure 25; the East
consists of WRRs 1 through 9, the West consists of the
remaining WRRs). The drop in 1985 shown in figure 25 for
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Table 13. Groundwater withdrawal trends.

Withdrawal  Percent change in

percent withdrawal

ground 1960-1995

water Ground  Surface
Water resource region in 1995 water water
1. New England 20 107 13
2. Mid Atlantic 12 57 29
3. South Atlantic-Gulf 22 163 110
4. Great Lakes 5 33 12
5. Ohio 7 49 20
6. Tennessee 3 -30 22
7. Upper Mississippi 11 98 114
8. Lower Mississippi 46 606 349
9. Souris-Red-Rainy 46 161 19
10. Missouri Basin 26 213 96
11. Arkansas-White-Red 46 148 234
12. Texas-Gulf 34 -36 129
13. Rio Grande 29 17 427
14. Upper Colorado 2 -78 473
15. Lower Colorado 38 1 =31
16. Great Basin 27 77 -10
17. Pacific Northwest 17 49 45
18. California 40 46 119
19. Alaska 27 131 =12
20 Hawaii _ _ _ 51 _ A1 20
United States 22 66 61

the East and West is related to the overall drop in with-
drawal (figure 5), and could be partly due to the noted
changeindata gathering proceduresinitiated by the USGS
for the 1985 circular. Since 1985, groundwater pumping in
the West has been quite stable, though it has been increas-
ing in the East. See table A1.8 for groundwater withdrawal
trends by WRR.

Over the past 35 years, groundwater withdrawal as a
percent of total freshwater withdrawal has generally been
falling in the West but rising in the East (figure 26). From
1960 to 1995, percent of withdrawal coming from ground-
water fell from 35% to 30% in the West but rose from 9% to
15% in the East.

The regional data show that pumping has risen most
quickly on a percentage basis in the following five WRRs:
3 (South Atlantic-Gulf), 8 (Lower Mississippi), 9 (Souris-
Red-Rainy), 11 (Arkansas-White-Red), and 19 (Alaska).
The most dramatic increase, over 600% from 1960 to 1995,
occurred in WRR 8, where pumping is still climbing (table
A1.8).

Although the projected future withdrawals presented
in this report were not allocated to surface and groundwa-
ter sources, continued reliance on groundwater pumping
would probably be essential for the projected withdrawal
increases to occur. This continued pumping would in-
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Figure 26. Portion of U.S. freshwater withdrawals from
groundwater.

crease pumping depths and thus, the cost of pumping,
which would place additional pressure on surface water
supplies.

Consumptive Use

Consumptive use is the portion of a withdrawal that
does not return to the stream (it is removed from further
use in the basin during the current hydrologic cycle). Most
consumptive use is due to evaporation, but diversions
outside the basin, or incorporated in products consumed
outside the basin, are other components. Past consump-
tive use estimates reported here were taken from the USGS
water use circulars.

The portion of withdrawal that was consumptively
used in 1995 was about 60% for irrigation and for live-
stock, 21% for domestic and public use, 15% for industrial
and commercial use, and 3% for thermoelectric power
(table A1.9).

Aswithwithdrawal, consumptive usesteadily increased
from 1960 to 1980, followed by a drop in 1985. Consump-
tive use in irrigated agriculture has been much greater
than that in the other categories for the entire 35-year
period (figure 27). Consumptive use in the other catego-
ries has, as a group, been quite constant since 1980 but has
climbed again in agriculture.
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Figure 29. Projected consumptive use in the U.S.

A closer look at consumptive use in the other uses
(figure 28) indicates that the constant level of consumptive
use since 1980 masks substantial shifts in the individual
uses. Thermoelectric consumptive use has recently been
dropping, industrial and commercial consumptive use
has stabilized, and consumptive use in domestic and
public and livestock uses continues to climb.

Figure 29 shows projected consumptive use for the
entire U.S. The projection assumes that the 1995 consump-
tive-use factors for each water-use category in each WRR
(listed in table A1.9) apply throughout 1995 to 2040. Total
consumptive use is projected to increase by 3%, from 100
bgd in 1995 to 102 bgd in 2040 (table A1.10).
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Conclusions

This report projects water usein the U.S. to the year 2040
based on forecasts of population and income and on
extending past trends in several key factors affecting
water use. The overall approach has been to avoid compli-
cated models, which tend to rely on arrays of obscured
assumptions, and use instead a relatively straightforward
extension of past trends that maintains the visual continu-
ity of the trend, as long as those trends are sensible in light
of available evidence.

In most cases, future rates of change in factors affecting
water use are projected to diminish over time, in keeping
with recent nonlinear trends. This is the case whether
those rates are positive and thus tend to increase with-
drawal, such as per-capita electricity use, or negative and
thus tend to decrease withdrawal, such as industrial and
commercial withdrawal per dollar or withdrawal per
kilowatt per hour. In some cases, such as per-capita do-
mestic and public withdrawal, recent trend shifts make
projections problematic and a constant future rate was
assumed.

Based on the best available estimates of future popula-
tion, total U.S. withdrawals are projected to rise by only
7% from 1995 to 2040, despite a 41% increase in population
(figure 16.1). This is in contrast to most other projections,
which suggested dramatic increases in withdrawal (table
12). However, the very tenuous nature of such projections,
whether they are alarming or comforting, should be re-
membered. Predicting the future is impossible, and pro-
jections are most useful when used to highlight the kinds
of changes in public policy that may help avoid trouble-
some or costly future inefficiencies.

All factors affecting water use that are analyzed in this
report (e.g., population, per-capita domestic and public
withdrawal, per-capita electricity production, irrigated
acres) and some other factors affecting water use that were
not analyzed (e.g., changes in hydropower capacity) are
subject to public policy. For example, population is subject
to immigration policy; per-capita domestic and public
withdrawal and electric energy production are subject to
water or electricity prices and to regulations affecting the
efficiency of water- or power-using appliances; and irri-
gated acreage is subject to a host of influences including
subsidization of water supply, crop price supports, inter-
national trade policy, and regulations affecting the ease
with which water trades may occur. Policy changes alter
water use in ways not captured by extending past trends
in water-use efficiencies as done herein. Indeed, the pur-
pose of this report is to highlight areas where policy
changes should be considered. Four policy implications
will be offered.
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First, improvements in water-use efficiency have had a
positive effect on withdrawals, holding use considerably
below what was projected by earlier studies that ignored
changing efficiencies. Further improvements in water-use
efficiency must be encouraged or at least not discouraged.
Additional improvements are likely to follow the kind of
influences that encouraged past improvements, such as
environmental pollution regulations, price increases, re-
ductions in government subsidies, and plumbing fixture
ordinances. The cautiously optimistic projections presented
herein rely critically on continued improvements in effi-
ciencies in industry, thermoelectric power, and irrigation,
and on containing growth in per-capita domestic and
public withdrawal.

Second, we must strive to remove remaining barriers to
voluntary water trades, allowing the market to reallocate
water to its most valuable uses. This will be particularly
importantin the West, where water isrelatively scarce. For
example, projected withdrawal increases in the Upper
Colorado Basin will, if they occur, force decreases in
withdrawals downstream, especially in Southern Califor-
nia, and may eventually constrain Upper Colorado Basin
withdrawals. Much of the projected increase in with-
drawal in the Upper Basin would result from increased
irrigation, and much of the irrigation in that region is used
to grow relatively low-valued feed grains and forage
crops. Opportunities for trade are ample.

Third, given the large increase in withdrawal projected
for areas of the South (especially WRRs 3 and 8), and the
probability that much of the projected withdrawal in-
creases will come from increased groundwater pumping,
states in these regions will probably be facing greater
conflicts between groundwater and surface-water sup-
plies wherever groundwater pumping affects surface-
water flow. As conflicts become more common, water law
and policy must reconsider the conjunctive nature of these
two sources of water, and the saltwater intrusion problem
in some coastal areas of the South.

Fourth, meeting the offstream water needs of a growing
population will decrease streamflows, leading to greater
environmental conflicts, especially in the West but also in
some Eastern areas. Law and policy will be forced to
respond to deepening concerns about instream flows.

As presented in tables 8 through 10, the best-guess
projections of this report can be substantially altered by
changes in the basic assumptions on which the projections
are based. For example, if population is 10% above that
projected, withdrawals in 2040 will increase by 1% (WRR
14) to 11% (WRR 6) above the best-guess projections. Any
or all of the assumptions made in this report about factors
affecting projected withdrawals may be optimistic. Fur-
ther, factors ignored in this report (e.g., effects of interna-
tional demand for grain on irrigation) may play a signifi-
cant role in increasing demand for withdrawals. In addi-
tion, this study has ignored the problem of climatic vari-
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ability (e.g., droughts). The projections apply to the aver-
ageyear, not to dry years, and to large-scale regions, not to
specific locations that experience above average impacts.
The considerable likelihood that, especially during dry
years, the projected water-use increases will not be met or
will be met only by causing serious side effects, suggests
thatitis prudent of U.S. water policy makers to encourage
water conservation and improvements in the efficiency of
water use when such changes can be accomplished with-
out exorbitant cost. If the worst never happens, the unex-
pected beneficiaries of the policy changes may be the
health and beauty of riparian ecosystems.

Finally, consider the ever-present tradeoff between
population and economic growth, and ecosystem health.
All else equal, a given improvement in the efficiency of
water use can enable additional consumptive use or im-
proved instream flow, but not both. In light of expected
population and income growth, instream flow will only be
maintained by the conscious efforts of policy makers to
facilitate instream flow protection.
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Appendix 1: Withdrawal and Consumptive Use

by Decade, Past and Future

This appendix lists freshwater withdrawal and con-
sumptive use by water resource region (WRR) for past
(1960 to 1990) and future (2000 to 2040) years by decade.
Past estimates are from U.S. Geological Survey (USGS)
water-use circulars.

Projections were computed for this report, as described
above. Tables Al.1to A1.5list withdrawals for each of the

Table Al.1 Livestock withdrawal (billion gallons per day) .

Brown

five water-use categories. Table A1.6 lists total withdrawal.
Table A1.7 lists per-capita withdrawals. Table A1.8 lists
past groundwater withdrawals. Table A1.9 lists the per-
cent of 1995 withdrawals that the USGS estimates were
consumptively used. Table A1.10 lists consumptive use.

Water resource region 1960 1970 1980 1990 2000 2010 2020 2030 2040

1. New England 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.03
2. Mid Atlantic 0.06 0.08 0.11 0.10 0.14 0.14 0.15 0.16 0.17
3. South Atlantic-Gulf 0.13 0.16 0.24 0.35 0.43 0.48 0.53 0.58 0.63
4. Great Lakes 0.09 0.09 0.08 0.09 0.07 0.07 0.08 0.08 0.09
5. Ohio 0.13 0.14 0.15 0.13 0.14 0.15 0.16 0.17 0.18
6. Tennessee 0.04 0.03 0.04 0.20 0.21 0.23 0.25 0.27 0.29
7. Upper Mississippi 0.29 0.26 0.27 0.27 0.26 0.28 0.30 0.32 0.34
8. Lower Mississippi 0.04 0.06 0.04 1.07 1.05 1.11 1.19 1.27 1.35
9. Souris-Red-Rainy 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.03
10. Missouri Basin 0.32 0.44 0.39 0.41 0.45 0.48 0.52 0.56 0.60
11. Arkansas-White-Red 0.14 0.19 0.24 0.36 0.41 0.44 0.48 0.51 0.54
12. Texas-Gulf 0.07 0.11 0.20 0.16 0.22 0.24 0.26 0.28 0.30
13. Rio Grande 0.05 0.04 0.03 0.03 0.04 0.04 0.04 0.05 0.05
14. Upper Colorado 0.01 0.02 0.09 0.12 0.06 0.07 0.07 0.08 0.09
15. Lower Colorado 0.02 0.03 0.02 0.10 0.04 0.05 0.06 0.06 0.07
16. Great Basin 0.02 0.04 0.05 0.04 0.09 0.11 0.13 0.14 0.15
17. Pacific Northwest 0.06 0.05 0.06 0.62 1.60 1.79 1.98 2.15 231
18. California 0.08 0.09 0.09 0.41 0.48 0.54 0.59 0.64 0.69
19. Alaska 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20. Hawaii 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02
United States 1.59 1.85 2.12 4.49 5.75 6.30 6.86 7.40 7.91
USDA Forest Service Gen. Tech. Rep. RMRS-GTR-39. 1999 39
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Table A1.2 Domestic and public withdrawal (billion gallons per day).

Past and Future Freshwater Use in the United States

Water resource region 1960 1970 1980 1990 2000 2010 2020 2030 2040
1. New England 0.74 0.89 1.13 1.17 1.14 1.22 1.32 1.42 1.51
2. Mid Atlantic 2.73 3.94 4.33 4.77 5.12 5.39 5.74 6.08 6.43
3. South Atlantic-Gulf 1.61 2.16 3.32 3.91 4.86 5.44 6.03 6.59 7.10
4. Great Lakes 2.29 2.98 2.07 3.13 3.47 3.61 3.82 4.04 4.26
5. Ohio 1.10 1.67 1.71 1.86 2.00 2.11 2.25 2.40 2.54
6. Tennessee 0.29 0.23 0.37 0.36 0.42 0.46 0.50 0.53 0.57
7. Upper Mississippi 0.81 1.20 1.40 1.19 1.21 1.28 1.37 1.46 1.55
8. Lower Mississippi 0.32 0.57 0.81 0.91 0.94 1.00 1.07 1.14 1.20
9. Souris-Red-Rainy 0.04 0.06 0.07 0.08 0.07 0.07 0.07 0.08 0.08

10. Missouri Basin 0.68 0.84 1.33 1.37 1.38 1.49 1.61 1.73 1.84

11. Arkansas-White-Red 0.53 0.61 0.92 1.00 1.11 1.19 1.28 1.38 1.46

12. Texas-Gulf 0.62 0.86 1.72 2.34 2.78 3.05 3.32 3.57 3.80

13. Rio Grande 0.24 0.22 0.33 0.47 0.44 0.49 0.53 0.58 0.62

14. Upper Colorado 0.05 0.06 0.17 0.11 0.13 0.15 0.16 0.18 0.19

15. Lower Colorado 0.23 0.35 0.53 0.83 0.99 1.15 1.30 1.43 1.56

16. Great Basin 0.27 0.31 0.69 0.52 0.51 0.60 0.68 0.75 0.82

17. Pacific Northwest 0.88 0.96 1.03 1.42 1.59 1.78 1.96 2.13 2.29

18. California 2.41 2.93 3.44 4.78 4.74 5.29 5.81 6.29 6.76

19. Alaska 0.02 0.06 0.05 0.01 0.06 0.07 0.07 0.08 0.08

20 Hawaii _ _ _ _ _ _006__ 011 _ 014 _ 018 018 _ 020 _ 022 024 _ 025

United States 15.91 21.01 25.56 30.38 33.12 36.02 39.12 42.10 44.93

Table Al1.3 Industrial and commercial withdrawal (billion gallons per day).

Water resource region 1960 1970 1980 1990 2000 2010 2020 2030 2040
1. New England 1.55 1.81 1.99 1.02 0.75 0.73 0.72 0.74 0.76
2. Mid Atlantic 4.77 8.30 4.90 3.86 3.12 3.00 2.92 2.97 3.05
3. South Atlantic-Gulf 3.62 4.48 7.10 4.99 4.87 5.03 5.15 5.41 5.68
4. Great Lakes 9.13 10.30 7.80 6.04 5.81 5.53 5.36 5.44 5.57
5. Ohio 7.82 6.51 5.79 4.49 4.32 4.19 4.13 4.22 4.36
6. Tennessee 1.58 1.52 2.10 1.55 1.32 1.32 1.32 1.37 1.42
7. Upper Mississippi 2.08 2.26 4.16 2.45 2.30 2.25 2.21 2.26 2.33
8. Lower Mississippi 1.52 4.15 451 2.97 3.12 3.08 3.05 3.14 3.25
9. Souris-Red-Rainy 0.09 0.08 0.02 0.07 0.04 0.04 0.04 0.04 0.04

10. Missouri Basin 0.60 0.82 1.00 0.87 0.87 0.87 0.87 0.90 0.93

11. Arkansas-White-Red 1.15 0.84 1.63 1.11 1.21 1.21 1.21 1.25 1.29

12. Texas-Gulf 1.41 1.77 1.92 1.18 1.59 1.62 1.63 1.68 1.75

13. Rio Grande 0.25 0.32 0.04 0.18 0.18 0.18 0.18 0.19 0.20

14. Upper Colorado 0.03 0.07 0.61 0.09 0.06 0.07 0.07 0.07 0.08

15. Lower Colorado 0.14 0.28 0.48 0.64 0.54 0.58 0.60 0.64 0.68

16. Great Basin 0.38 0.27 0.66 0.32 0.35 0.39 0.41 0.43 0.46

17. Pacific Northwest 2.49 2.38 4.20 2.14 2.82 291 2.96 3.10 3.25

18. California 0.84 1.08 1.24 1.70 2.27 2.32 2.34 2.44 2.55

19. Alaska 0.09 0.12 0.14 0.21 0.12 0.13 0.13 0.13 0.14

20. Hawaii 0.17 0.30 0.11 0.15 0.11 0.11 0.12 0.12 0.13

United States 39.71 47.65 50.39 36.01 35.78 35.54 35.42 36.53 37.90
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Table Al.4 Thermoelectric power withdrawal (billion gallons per day).

Water resource region 1960 1970 1980 1990 2000 2010 2020 2030 2040
1. New England 0.63 1.94 2.22 2.40 1.68 1.71 1.75 1.79 1.83
2. Mid Atlantic 8.10 15.56 14.33 12.20 12.57 12.43 12.50 12.63 12.78
3. South Atlantic-Gulf 8.42 15.23 19.30 19.74 18.11 19.06 20.03 20.85 21.55
4. Great Lakes 17.50 25.52 27.17 22.80 22.57 22.20 22.33 22.62 22.97
5. Ohio 16.02 27.01 30.50 23.87 22.45 22.17 22.36 22.67 23.00
6. Tennessee 5.60 6.10 9.22 7.07 7.15 7.43 7.75 8.04 8.31
7. Upper Mississippi 8.21 12.51 16.09 16.52 19.04 19.01 19.23 19.50 19.80
8. Lower Mississippi 0.95 4.13 7.74 5.65 6.72 6.71 6.80 6.89 7.00
9. Souris-Red-Rainy 0.00 0.14 0.05 0.03 0.04 0.04 0.04 0.04 0.04

10. Missouri Basin 221 3.32 8.19 10.03 8.95 9.17 9.44 9.68 9.90

11. Arkansas-White-Red 3.17 1.96 2.07 4.53 4.20 4.26 4.35 4.44 4.53

12. Texas-Gulf 2.18 4.75 0.98 4.71 7.80 8.02 8.24 8.42 8.60

13. Rio Grande 0.30 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

14. Upper Colorado 0.12 0.10 0.14 0.18 0.15 0.16 0.17 0.18 0.18

15. Lower Colorado 0.02 0.05 0.09 0.11 0.07 0.07 0.08 0.09 0.09

16. Great Basin 0.08 0.13 0.13 0.03 0.03 0.03 0.03 0.03 0.03

17. Pacific Northwest 0.01 0.03 0.03 0.36 0.68 1.16 1.54 1.84 2.09

18. California 0.43 1.50 1.99 0.25 0.22 0.25 0.27 0.29 0.31

19. Alaska 0.09 0.07 0.03 0.03 0.03 0.04 0.04 0.04 0.04

20. Hawaii 0.03 0.13 0.14 0.10 0.07 0.07 0.08 0.08 0.08

United States 74.0 120.2 140.4 130.6 132.6 134.0 137.1 140.1 143.2

Table A1.5 Irrigation withdrawal (billion gallons per day).

Water resource region 1960 1970 1980 1990 2000 2010 2020 2030 2040
1. New England 0.01 0.08 0.05 0.12 0.13 0.13 0.13 0.13 0.13
2. Mid Atlantic 0.08 0.13 0.25 0.20 0.25 0.26 0.27 0.28 0.28
3. South Atlantic-Gulf 0.80 2.40 3.80 4.70 4.71 5.07 5.35 5.57 5.74
4. Great Lakes 0.05 0.09 0.33 0.29 0.32 0.35 0.36 0.38 0.39
5. Ohio 0.01 0.04 0.15 0.07 0.12 0.15 0.17 0.18 0.19
6. Tennessee 0.01 0.01 0.01 0.03 0.04 0.05 0.06 0.07 0.07
7. Upper Mississippi 0.04 0.10 0.38 0.39 0.48 0.53 0.56 0.59 0.62
8. Lower Mississippi 0.85 3.20 7.70 7.38 8.81 10.12 11.16 11.95 12.54
9. Souris-Red-Rainy 0.01 0.01 0.06 0.10 0.11 0.12 0.13 0.13 0.14

10. Missouri Basin 13.27 18.59 29.00 24.80 24.32 24.16 24.03 23.92 23.84

11. Arkansas-White-Red 4.62 8.21 10.82 8.40 8.67 8.27 7.96 7.71 7.51

12. Texas-Gulf 7.16 6.11 5.56 5.13 4.94 4.71 4.53 4.39 4.28

13. Rio Grande 5.28 5.52 4.30 5.29 4.98 4.67 4.43 4.25 4.10

14. Upper Colorado 5.96 7.85 7.48 6.59 7.92 8.40 8.74 8.96 9.10

15. Lower Colorado 5.14 6.51 7.61 6.24 6.26 6.22 6.19 6.16 6.14

16. Great Basin 5.21 5.91 5.90 6.35 5.95 5.67 5.45 5.28 5.15

17. Pacific Northwest 18.90 27.01 29.12 31.76 26.36 24.50 23.32 22.54 22.03

18. California 16.43 34.12 38.15 28.43 28.96 28.42 27.99 27.64 27.36

19. Alaska 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

20. Hawaii 0.92 1.29 0.91 0.76 0.73 0.68 0.64 0.61 0.59

United States 84.8 127.2 151.6 137.0 134.1 132.5 131.5 130.7 130.2
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Table A1.6 Total withdrawal (billion gallons per day).

Past and Future Freshwater Use in the United States

Water resource region 1960 1970 1980 1990 2000 2010 2020 2030 2040
1. New England 2.94 4.72 5.40 4.73 3.72 3.81 3.94 4.10 4.26
2. Mid Atlantic 15.75 28.01 23.92 21.12 21.19 21.22 21.59 22.12 22.71
3. South Atlantic-Gulf 14.58 24.44 33.76 33.68 32.98 35.07 37.10 39.01 40.70
4. Great Lakes 29.06 38.97 37.46 32.35 32.24 31.75 31.95 32.55 33.29
5. Ohio 25.08 35.37 38.30 30.42 29.03 28.78 29.08 29.65 30.28
6. Tennessee 7.52 7.89 11.73 9.21 9.14 9.50 9.89 10.28 10.67
7. Upper Mississippi 11.43 16.33 22.30 20.82 23.29 23.35 23.68 24.14 24.64
8. Lower Mississippi 3.68 12.10 20.79 17.97 20.64 22.02 23.27 24.39 25.33
9. Souris-Red-Rainy 0.17 0.31 0.22 0.29 0.27 0.28 0.30 0.31 0.33
10. Missouri Basin 17.08 24.01 39.91 37.49 35.96 36.17 36.47 36.78 37.10
11. Arkansas-White-Red 9.61 11.81 15.67 15.39 15.60 15.38 15.28 15.28 15.34
12. Texas-Gulf 11.44 13.61 10.38 13.51 17.33 17.64 17.98 18.34 18.72
13. Rio Grande 6.12 6.12 4,72 6.00 5.65 5.40 5.21 5.08 4.99
14. Upper Colorado 6.17 8.10 8.49 7.08 8.32 8.85 9.21 9.47 9.64
15. Lower Colorado 5.55 7.21 8.72 7.93 7.91 8.08 8.22 8.38 8.53
16. Great Basin 5.95 6.66 7.42 7.25 6.93 6.80 6.69 6.64 6.62
17. Pacific Northwest 22.34 30.42 34.43 36.29 33.05 32.14 31.77 31.76 31.97
18. California 20.19 39.72 4491 35.55 36.67 36.81 37.00 37.30 37.66
19. Alaska 0.20 0.25 0.23 0.24 0.22 0.23 0.24 0.25 0.26

20. Hawaii 1.18 1.83 1.31 1.20 1.10 1.07 1.06 1.06 1.06
United States 216.0 317.9 370.1 338.5 341.3 344.3 349.9 356.9 364.1

Table A1.7 U.S. per-capita withdrawals (gallons per day).

Domestic Industrial &
Livestock & public commercial Thermoelectric Irrigation Total

1960 9 90 224 417 478 1217

1970 9 104 237 597 631 1579

1980 9 114 225 625 675 1649

1990 18 123 147 529 553 1370

2000 21 122 134 486 491 1254

2010 21 122 123 453 448 1167

2020 21 122 113 427 410 1094

2030 21 122 109 407 379 1038

2040 21 122 106 389 354 992
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Table A1.8 Groundwater withdrawal from 1960 to 1995 (billion gallons per day).

Water resource region 1960 1970 1980 1990 1995
1. New England 0.35 0.63 0.65 0.69 0.73
2. Mid Atlantic 1.68 2.60 2.40 2.64 2.63
3. South Atlantic-Gulf 2.70 4.70 6.60 7.11 7.11
4. Great Lakes 1.14 1.40 1.60 1.21 151
5. Ohio 1.30 1.70 2.50 2.65 1.94
6. Tennessee 0.37 0.17 0.26 0.31 0.26
7. Upper Mississippi 1.30 2.20 2.60 2.62 2.57
8. Lower Mississippi 1.30 3.60 6.70 8.34 9.18
9. Souris-Red-Rainy 0.04 0.07 0.11 0.13 0.12
10. Missouri Basin 2.98 5.90 12.00 8.49 9.32
11. Arkansas-White-Red 3.02 6.60 9.40 7.42 7.49
12. Texas-Gulf 9.35 6.20 5.10 5.48 5.96
13. Rio Grande 1.65 2.40 1.90 2.14 1.93
14. Upper Colorado 0.53 0.11 0.14 0.13 0.12
15. Lower Colorado 2.98 4.50 4.50 3.08 3.00
16. Great Basin 0.91 1.10 1.60 1.97 1.61
17. Pacific Northwest 3.70 4.30 8.20 9.78 5.50
18. California 10.00 18.00 21.00 14.40 14.57
19. Alaska 0.03 0.04 0.05 0.06 0.06
20. Hawaii 0.58 0.91 0.80 0.59 0.52
United States 45.90 67.13 88.11 79.24 76.11

Table A1.9 1995 consumptive use factors (percent).

Domestic Industrial &
Livestock & public commercial Thermoelectric Irrigation Total
1. New England 82 13 10 1 97 10
2. Mid Atlantic 70 7 9 1 70 5
3. South Atlantic-Gulf 93 19 14 2 68 17
4, Great Lakes 78 7 9 2 94 5
5. Ohio 82 10 13 4 93 6
6. Tennessee 21 13 10 0 99 3
7. Upper Mississippi 86 28 12 2 93 7
8. Lower Mississippi 77 58 9 4 72 39
9. Souris-Red-Rainy 100 26 17 0 89 48
10. Missouri Basin 92 32 24 2 53 39
11. Arkansas-White-Red 98 35 15 4 76 51
12. Texas-Gulf 100 36 38 3 95 42
13. Rio Grande 92 41 57 79 44 44
14. Upper Colorado 23 29 35 88 33 34
15. Lower Colorado 99 43 60 90 57 57
16. Great Basin 16 34 46 97 56 54
17. Pacific Northwest 4 13 8 5 39 33
18. California 72 24 26 5 79 69
19. Alaska 98 8 13 10 53 12
20. Hawaii 47 46 39 1 63 54
United States 58 21 15 3 60 29
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Table A1.10 Total consumptive use (billion gallons per day), assuming 1995 consumptive use factors for future years.

Past and Future Freshwater Use in the United States

Water resource region 1960 1970 1980 1990 2000 2010 2020 2030 2040

1. New England 0.28 0.41 0.36 0.39 0.37 0.39 0.40 0.41 0.43
2. Mid Atlantic 1.15 1.43 1.69 1.26 1.10 1.12 1.15 1.20 1.24
3. South Atlantic-Gulf 1.97 3.26 5.13 5.14 5.58 6.02 6.42 6.77 7.08
4. Great Lakes 0.92 1.21 1.25 1.64 1.56 1.56 1.58 1.63 1.68
5. Ohio 0.81 0.93 1.67 211 1.83 1.85 1.89 1.95 2.01
6. Tennessee 0.41 0.24 0.37 0.32 0.29 0.31 0.33 0.34 0.36
7. Upper Mississippi 0.58 0.76 1.47 1.96 1.68 1.74 1.82 1.90 1.98
8. Lower Mississippi 1.26 3.57 6.45 6.97 8.25 9.28 10.14 10.82 11.36
9. Souris-Red-Rainy 0.06 0.07 0.13 0.15 0.14 0.15 0.16 0.17 0.18
10. Missouri Basin 7.59 12.86 16.35 12.08 14.07 14.06 14.07 14.10 14.14
11. Arkansas-White-Red 4.01 6.80 9.39 7.87 7.76 7.51 7.34 7.23 7.15
12. Texas-Gulf 5.56 6.15 6.47 5.92 6.80 6.72 6.68 6.68 6.71
13. Rio Grande 3.65 3.31 231 3.46 251 2.40 2.32 2.27 2.23
14. Upper Colorado 3.55 4.08 2.27 2.48 2.82 2.99 3.12 3.20 3.26
15. Lower Colorado 3.59 5.07 4.93 5.00 441 4.49 4.56 4.63 4.71
16. Great Basin 3.42 3.14 3.95 3.43 3.73 3.63 3.55 3.49 3.46
17. Pacific Northwest 8.32 10.66 11.89 12.15 10.85 10.18 9.77 9.52 9.37
18. California 13.65 22.72 25.06 20.79 25.09 24.85 24.67 24.57 24.52
19. Alaska 0.00 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03
20. Hawaii 0.42 0.86 0.68 0.63 0.59 0.57 0.55 0.55 0.54
United States 61.2 87.6 101.8 93.8 99.5 99.9 100.6 101.5 102.4
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Appendix 2: Projected Water Use in

Brown

Forest and Rangeland Renewable Resources

Planning Act Assessment Regions

Resource assessments performed pursuant to the For-
est and Rangeland Renewable Resources Planning Act of
1974 (RPA) typically summarize findings according to
RPA assessment regions. This breakdown separates the
U.S. along state lines into four regions. Figure A2.1 shows
the assessment region and state boundaries, as well as the
water resource region boundaries.

Summarization of the U.S. Geological Survey (USGS)
data by RPA assessment region was feasible because the
USGS has documented water use by state from the incep-
tion of its effort to estimate water use. Aside from the
change to states as the basic geographic unit of analysis, all
other methods are identical to those used to summarize
and project water use for watersheds, described earlier.

The four parts of figure A2.2 depict the projected fresh-
water withdrawals for the four RPA assessment regions
assuming the best-guess projections of water-use factors.
These results are summarized in table A2.1 in terms of the
change from 1995 to 2040. All four regions show substan-
tial increases in livestock and domestic and public with-
drawals, reflecting the expected population increases. In-
dustrial and commercial withdrawals are projected to
decrease slightly in the North and increase moderately in
the other three regions. Percentage increases in industrial
and commercial withdrawals are considerably below cor-
responding percentage increases in population because of
the improving efficiency of industrial and commercial
water use.

Thermoelectric withdrawals in the North and South are
largely related to population increases; as with industrial

and commercial withdrawals, they are lower in percent-
age terms than are the population increases because of
improving efficiency of thermoelectric water use (table
A2.1).Inthe Rocky Mountains and especially in the Pacific
region, thermoelectric withdrawals in percentage terms
are also affected by the relatively large proportion of
electricity production currently occurring at hydroelectric
plants. With the assumption of no future increases in
production at hydroelectric plants, all of the expected
increases in electricity production must occur at thermo-
electric plants, intensifying the effect of population in-
creases on thermoelectric withdrawals relative to eastern
portions of the country.

Projected irrigation withdrawals differ considerably
among regions, largely reflecting projected changes in
irrigated acreage. A large drop in withdrawal is projected
for the Pacific region, whereas withdrawals are expected
to increase in the other three regions (table A2.1).

Total withdrawals are projected to increase in all four
regions (table A2.1). The increases vary from near zero in
the Pacific region to 18% in the Southern region. All of the
percentageincreases in withdrawals are substantially lower
than the corresponding percentage increases in popula-
tion. Most of the increases in the North and South are
attributable to domestic and public and thermoelectric
uses. Increases in the Rocky Mountains are largely attrib-
utable to irrigation in addition to domestic and public and
thermoelectric uses. In the Pacific region, the large de-
crease in irrigation withdrawal is equaled by increases in
the other four withdrawal categories.

Table A2.1 Change in population and withdrawal from 1995 to 2040 for the Forest and Rangeland Renewable Resources Planning

Act assessment regions (percent change in parenthesis).

Rocky
North South Mountains Pacific

Population (millions) 34 (29%) 39  (47%) 11 (53%) 22 (53%)
Withdrawal (bgd)?2

Livestock 0.2 (29%) 1.0 (47%) 1.1 (53%) 0.3 (53%)

Domestic & public 3.5 (29%) 4.8 (47%) 1.7  (53%) 3.1 (53%)

Industrial & commercial -0.9 (-5%) 1.5 (11%) 0.4 (16%) 0.6 (12%)

Thermoelectric 1.3 (2%) 8.3 (16%) 1.4  (27%) 0.7 (104%)

Irrigation 0.5 (26%) 2.3 (10%) 2.6 (4%) -4.7 (-11%)

Total 4.6 (4%) 17.9 (18%) 7.2 (9%) 0 (0%)

2 bgd - billion gallons per day

USDA Forest Service Gen. Tech. Rep. RMRS-GTR-39. 1999
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Figure A2.1. Four Forest and Rangeland Renewable Resources Planning Act assessment regions, with state and water

resource region boundaries.
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ROCKY MOUNTAIN RESEARCH STATION

The Rocky Mountain Research Station develops scientificinformation
and technology to improve management, protection, and use of forests
and rangelands. Research is designed to meet the needs of National
Forest managers, federal and state agencies, public and private
organizations, academic institutions, industry, and individuals.

Studies accelerate solutions to problems involving ecosystems,
range, forests, water, recreation, fire, resource inventory, land
reclamation, community sustainability, forest engineering technology,
multiple use economics, wildlife and fish habitat, and forest insects and
diseases. Studies are conducted cooperatively, and applications can be
found worldwide.

Research Locations

Flagstaff, Arizona Reno, Nevada

Fort Collins, Colorado* Albuquerque, New Mexico
Boise, Idaho Rapid City, South Dakota
Moscow, ldaho Logan, Utah

Bozeman, Montana Ogden, Utah

Missoula, Montana Provo, Utah

Lincoln, Nebraska Laramie, Wyoming

* Station Headquarters, 240 West Prospect Road, Fort Collins, CO 80526

The U.S. Department of Agriculture (USDA) prohibits discrimination in all its
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religion, age, disability, political beliefs, sexual orientation, and marital or familial
status. (Not all prohibited bases apply to all programs.) Persons with disabilities
who require alternative means for communication of program information (Braille,
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720-2600 (voice and TDD).

To file a complaint of discrimination, write USDA, Director, Office of Civil
Rights, Room 326-W, Whitten Building, 14th and Independence Avenue, SW,
Washington, D.C. 20250-9410, or call (202) 720-5964 (voice or TDD). USDA is
an equal opportunity provider and employer.
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