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PREFACE

The scientific mind, in being totally ecientific, !s being unscientific ...

The sclentist atomizes, someone must synthesize

The scientist withdraws, someone must draw toget her

The scientist particularizes, someone must universalize

The 8cientist deshumanizes, someone must humanize

The scientjst turns his back on the as yet, and perhaps eternally, unverifiable
And someone must face it

~Fowles (as quoted in Wiener, 1972)

Intordisciplinary research is always a gamble, and for a topic such as this
one cannot help feeling tha odds are against him. In this paper depth has been sacrificed
to scope for good reason. Our water problems are not simply problems of physical
scarcity or quality, or of retrieval, storage, and distribution, Our water problems,
and our methods of solving them, are related to every aspect of our physical and cultural
being, from the environment in which we function, to our cultural institutions, to our own
individual personal behavior. As such, there is a necessity to view water development
with a systems-like approach, to begin to try to decipher the connecting thread between
water development and environmental and cultural change in the web of life. While
specialized research s an extremely important aspect in this, perhaps just as important
18 synthetic research which attempts to tie things together,

It is to this enu, with this philosophy, that this paper has been written:
to point out that there is more than water in the well,

Susan Jo Keith

Tucson, Arizora
September 1, 1977
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THE IMPACT OF GROUNDWATER DEVELOPMENT
IN ARID LANDS:

A Literature Review and Annotated Bibliography



I: GROUNDWATER AND ARID LANDS

Water, especlally groundwater, is the key to life in semi-arid and arid zones.
-Schoeller, 1959*

Groundwater i8 the key to any development effort in the Sahara,
-Ambroggi, 1966*

Hydrogeology ... should be the starting polant for development of arid zones.
-Pullas, 1972*

1. Introduction

Groundwater. At any one point in timo it constitutes ninety seven percent of the fluid fresh
water available to man (Universal Oil Products, 1975*) and makes up approximately 30 percent of stream
flow (Barry, 1969*). It is generally a superior source of supply for the following reasons: 1) it is
commonly free of pathogenic organisms and needs no treatmeit for domestic or industrial uses, 2) it
usually has a constant temperature, 3) turbidlty and color are usually absent, 4) chemical composition
18 commonly constant, 5) radlochemical and biological contaraination is usuaily difficult, 6) it is less
vulnerable to drought conditions, and7)it is available in meny areas lacking dependable surface water
supplles (Davis and DeWiast, 1966*).

In the Arid zone! these last two polnts make groundwater a particularly important resource,
some would say the most important. Until arcund the beginning of the 20th century or so, most ground-
water developed In the Arid zone was from near-surface aquifers, or at natural dischargs points, such as
the oases in the Sahara. Technology used to develop this wacer supply was Ingenious and simple: Human
labor dug the holes or galleries, in the case of qanats. The energy used to extract the water was either
gravity, as in ganats, or human and animal. Sometimes no energy source was necessary if the equifer
was under enough pressure to force water to or above the land surface when tapped.

Technological advances, the result of the Industrial Revoiution, combined with a growing need
to be able to withdraw groundwater, first for dewzatcring of mirving operations, then for domestic and
raunicipal use (due to Increasing pollution of surface water sources and the recognition of the polluted
water dlsease link), eventually culminated in the developn:ent of a much more efficient and effective well-
drilling technology, more powerful and economic pumps, and an energy source and system to fuel them
(Kazmann, 1972*),

Perhaps no other technology has had such influence on the character and extent of the develop-
ment of the Arid zone as modern groundwater technology has had. Suddenly vast new subsurface water
resources became avajlable that heretofore had been beyond the reach of more primitive technologles.
Suddenly adaptive behavior no longer was so necessary to survival in the Arid zorv, Suddenly a tachnology
was available capable of altering both the physical and sociveconomic processes in Arid lands.

* References marked with an asterisk are listed in the Supplementary References section. All others are
listed in the Bibliography. :

1 A capitalized "Arid" refer. o the zone as a whole which includes the semiarid, arid, and extremely
arid reglona. References to the "arld" subarea will be designated by the uncapitalized term.

2 Green (1973) provides an excellent discussion of the evolution of modern groundwater development
technology and its impact on the development of the High Plains of west Texas.



The impact of this groundwater development in Arid lands is the topic of this paper. Other
than the element of human curiosity, there are a number of rational and practical reasons for wanting
to know what this impact mitht be, for wanting to understand the re!ationship between groundwate:
development, society, ¢nd the euvironment. For one reason, groundwater in Arid lands will come
under develupment Increasingly because of increagsed water demanda resulting from three factora:

First, there is the sheer increase in numbers of people and animals in the Arid zone.
Population growth rates ave often highest in the Arid regions of hotn developing and developed natinns
(see Mann, 1969*; Beaumount, 1976; Mann and Malhotra, 1976%).

. Second, with respect to the developing nations, there is the huge latent water demand im--
plicit in the economic developmeut process. As standards of living rise, so dnes per capita water
consumption. The Sahelian nninad's daily use of a few gallons of water is 1n marked contrast to the
220 gallors per day per capita (gpd/capits) used by the citizen of Phoenix, Arizona. Indeed, per capita
water consumption may he an even more telling index of development than those traditionally used.

But by far the greatest increasz in water demand will come from the extractive demunds
being piaced on the Arid zone for food, fiber, and energy. Food and fiber cannot be produced in the
Arid zone without huge amounts of water. Irrigated agriculture is the largest consumer of water even
in the highly industrialized nations, For example, 90 percent of the water used in the arid western
U.S. goes to irrigation {Ruttan, 19¢5*). The exploitaticn of nonrenewable ~nergy sources requires
large volumes of water at the same time that it causes degradation of water supplies (Bowden, 1975).
Even solar energy has its hydrologic drawbacks. Regions of greatest solar power availabiiity are
usually those areas with limited water supplies, a deficiency considered critical in terms of both
quantity and quality of water (Dackus and Brown, 1976%*).

The increasing development of desert aquifers will be accompanied by increasing environ-
mental changes induced by this development. It seems important, therefore, to anticipate these
changes in order tu manage the development of the aquifer in an ecologically, economically, and
politically sound manner.

There {8 another reason ior wanting to know the impact of groundwater development in Arid
lands. Particularly in developing nations, groundwater development is often undertaken as a tool of
economic development. How effective a tool is it? How does groundwater development contribute to
the well-being of peoples in an Arid regioa? What happens when it is gone? Answers to these questions
can only aid the decision maker in his all-cation of scarce rescurces.

So there are good reasons for wanting to know what the impact of groundwater development
ig in Arid lands. It becomers more und more imperative that intelligent decisions are made regarding
our water supplies, decisions tuat cannot be made in the absence of information on how they will affect
the environmental and socioeconoL ic processes. It is hoped that this paper and the accompanying
bibliography will serve as a brief introduction to the topic and the litereture on the impact of ground-
water development on Arid lands for both the layman and the specialist, and in gcme way contribute
to ar understanding of the relationship between groundwater, society, and the environment.

2. Groundwater in Arid Lands 3

The Arid zone covers approximately 36 percent of the Earth's land surface, and may be
broken into three different regions according to moistu e scarcity: semiarid, arid, and extremely
arid. 4 The semiarid region encompasses approximately 8,202,000 square miles, or some 45 percent
of the Arid zone; the arid, with 8, 118,000 square miles, and the extremeiy arid, wita 2,244,000 square
miles, occupy the rest, or about 55 percent (Walton, 1969*), Some 60 countries are affected by the
Arid zone, approximately half the countrics of the world (Batisse, 1969*), though only 13 percent of the
world's population is estimated to live in tiis zone. Of this 13 percent, 72 percent live in the semiarid
regions (Amiran, 1966*),

3 Readers interested further in this topic are referred to Schoeller (1959%), Internativnal Association
of Scientific Hydrology (1961%), Maxey (1968), Simpason (1968), and Davis (1974y.

4 See adaptation of Meiga' maps delineating "World Distribution of Arid and Semi-Arid Homocliraates, "
in McGinnies, Goldman, and Paylore, 1968*,



The Arid zune i3 distinguished above all by the uncertainty, variebility, and scarcity of
rainfall. These factors coupled with the very high evapotranspiration rates make this an area of ex-
treme moisture deficiency. In the semlarid region, there is often enough rainfall for a risky dryland
farming or ranching operation. In the arid and extremely arid regions there 18 not even enough rain-
fall for that, Unless blessed by the occurrence of an exotic river, such as the Nile, the occupation
and utilization of these areas is restricted to places where groundwater can be developed or has sur-
faced as springs.

Grourdwater 8 indeed an extremely important resource in all the Arfd zone — many think
the most important. In Tunisia, 75 percent of the population depends upon it; in Morocco, 95 percent;
{n Saudi Arabia, 100 percent; in Israel, 70 percent (United Nations Water Resources Development
Centre, 1960). The southwestern U.S., western Australia, Iran, Iraq, Pakistan, India, central Asia,
and northern Africa also depend heavily upon groundwater (Ibid.).

There are several aspects about groundwater, however, that limit ite potential impact in
Arid lands:

First, groundwater does not cccur everywhere and anywhere beneath the surface. It selec-
tively accumulates in environments geologically and hydrologically favorable (see Davie and DeWiest,
1966*, for further discussion), Though this is a triviai fact to professionals in the field of ground-
water, it 18 e_aphasized here to dispel any notion the uninitiated might have that nl! one has to do is
construct a well to gain access to groundwater.

When groundwater is found, the amount of water available for human use {8 ltmited by the
aquifer characteristics, recharge, and wuter quality. The yield from properly constructed wells will
vary from one aquifer to the next according to the physical characteristics of the aquifer. The time
span over which this yield can be sustained will vary with the areal extent and voiume of the aquifer
and the recharge rate. Thus some aquifers are capable of sustaining large-scale development over a
long time spar, such as would be required for irrigation agriculture or beavy municipal use, while
others are capable only of small-scale developmeat for human or stock watering use.

Recharge of Arld zone aquifers 18 a togic of cunsiderable concern, its meagerness and
variability are what give rise not only to the designation of groundwater in arid lands as a finite re-
source but also to the pessimism toward its developmert. A general rule of thumb in arid areas is
that recharge 18 usually less than flve percent of rainfall. Significant amounts of recharge are associa-
ted only with extremely high precipitation events that may occur only once every ten(s) to a hundred
years (Nace, 1964*).

In some areas today, the arid and ext remely arid regions particularly, there is virtually
no recharge. Groundwater found in these areas is often, as Nace (1969) has put it, "a legacy of the
past" when a more humid climate prevalled. Carbon 14 dating techniques, used to date these ground-
waters, indicate a major recharge period 20,000 yearr ago. Inthe Negev, where rainfall is less than
2.5 cm/yr, dated groundwater ylelded an age of 20,000 years (Valery, 1972); in the Great Artesian
Basin in Australia, 20,000 years (Nace, 1969); and in Arabia, 20,400 to 24,760 years (Thatcher, Rubin,
and Brown, 1961*). The latter authors atiribute this to the high rainfall assoclated with the climax of
the Wisconsin glacial stage at about 20,600 years ago,

The final limiting factor to the amount of groundwater available for human use in Arid lands
is water quality. Nace (1960*) estimated the total worldwide recoverable groundwater resources in the
upper 790 meters to be 4.2 x 106 cubic kilometers. ° Simpson (1968) postulates that ten percent of this
is stored under the Arid zone, an estimate he feels 1a conservative in terms of actual quantity but not
in terms of usable quality. Davis (1974) states that in deseris '"water quality is probably a more severe
limitation than the scarcity of water itself." Grouadwater tends to be more saline here than elsewhere
for the following reasons:

S It is interesting to note that Nace's more recent (1969) estimate is 7.0 x 108 cubic kilometers, and
is for the upper 1,000 meters, One can speculate why the depth for estimated recoverable groundwater
resources jumped from 790 to 1,000 meters, and why tbs !ncrease in groundwater was more than linear
~ an increase in our technological efficiency, and/or an extension of our geographical knowledge of
the occurrence of groundwater ?



1) Evapotranspiration oxceeds precipitation, 8o soluble salts originally
in rain will tend to be concentrated by evaporation at the land surface.
Occasalonal heavy rain will redissolve these salts, and runoff will carry
the water and salts to pointa of groundwater recharge.

2) Dry fallout, which is almnst ubiquitous in deserta, ontains easily soluble
salts. Precipitation which eventually becomes groundwater recharge will
d!ssolve significant amounts of these salts.

3) Deserts favor the preservation «f natural beds ol gypsum, halite, and other
evaporite deposits which will contribute dissolved material to water from
infrequent storms.

4) Slow water movcment In deserts will mean that flust.ing of connate saline
water will also be very slow. Thus, some of the salinity in desert aquifers
may be related to ancient saline water originally deposited with the sediments.

-Davis (1974), p. 20

Thue the discovery of large volumes of water in underground storage in Arid lands should
only give rise to reserved expectations of its productiou potential, for the amount of recoverable water
will be limited by the aquifer's physical characteristice and recharge, and the amount of usable water
will be limited by the water quality.

These factors affecting the availability of groundwater in Arid lunds have been introduced
here because they are one p.'rt of the package of variables that determine the type and magnitude of
the impacy that groundwater development will have in a region.

3. The Effect of Pumping on an Aquifer

An understanding of the nature of the impacts of groundwater development in Arid lands be-
gins with an understanding of how the physical system of an aquifer is affected by pumping from wells.
Theis' (1940) paper provides much of the basis for the following discussion.

Hydrogeologists generally feel that under natural conditions (no significant well develop-
ment), aquifers are in a state of approximate dynamic aquilibrium, that is, recharge to the aquifer
equals discharge from the aquifer, and over a given time span fluctuations in water level balance each
other out. When wells are Introduced into this previously stable system, the equilibrium is disrupted
by an increase in discharge through the wells. The aquifer tries to adjust to this disturbance, attempt-
ing to establish a new equilibrium, by increasing its recharge, decreasing its discharge, and/or by a
loss of water in storage.

The cone of depression is the mechanism through which these actions take place and is so
called because of the ccne-like geometry of the water level configuration around a pumped well (see
Figs. 1.1 and 1.2). It is "a  irating agent created by the well to procure water for it, first robbing
the aquifer of stored water and finally robbing surface water or areas of transpiration in the localities
of natural recharge or natural discharge " (Theis, 1938). It deepens and broadens through time (at
rates dependent upon the pumping rate and the aquifer's physica! characteristics) with continued pump-~
ing which means that the depth to groundwater at any given point in the area of influence will increase
through time as will the area under influence (Figs. 1.3 and 1.4) at decreasing rates, until a new equil-
ibrium is established.

Until the cone intersects areas of recharge and discharge, the water pumped from the well
is taken from water in storage in the aquifer, and recharge and discharge rates are unaffected. When
discharge sites (springs, streams) are reached by the cone, discharge declires or ceases as potential
discharge water is diverted toward the puinping center by the steeper Lydraulic gradient created by the
cone. The effect of the cone of depression on recharge rates will depend on the recharge condition in
the recharge area.

Two possible conditions can exisi In the recharge area which will determine how much
water 18 recharged to the aquifer from the surface through rainfall or stream flow infiltration. In the
first case, the potential recharge rate may be so high as to exceed the rate that water can flow later-
ally through the aquifer. In this case, the aquifer is full and no 8pacs is available to accept recharge
at a rate in excess of that of the movement of water through the aquifer, and a condition of rejected
recharge exists, This in turn runs off as streamflow, swamps, or lakes. The second condition is the
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one more common to Arid lands, where the recharge rate is lower than the rate at which the aquifer
can transmit water. Here the amount of water recharged is determined by the amount of water avuil-
able for recharge through rainfall and runoff, and by the rate at which it can move downward through
the soil or stream channel to the water level. The faster this rate is, the less water lost to evapora-
tion, and the morc recharged. Thus, in more humid areas, recharge rates (up to a certain point) can
be increased to make up for well discharge, whereas in arid areas they cannot.

The implications of this are obvious. In humid areas, where conditions of rejected re-
charge often exist, an aquifer will be more successful in attempting to establish a new equilibrium
(and thus stabilize water levels) after the initial disruption of well construction (Fig. 1.6). Arid zone
aquifers lack the optlon of increasing recharge and make up for the water discharged by wells by even-
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tual decline of natural discharge and, most of all, by withdrawal of water from storage. Continuing
water level declines are the immediate consequence for the individual well owner (Fig. 1.5). Ona
broader scale, changes in surface and subsurface flow systems, vegetation, topography, water quality
— to name a few — due to pumping of an-aquifer are cccurring in subtle and not-so-subtle ways, the
topic of the next chapter.



II : PHYSICAL ENVIRONMENTAL IMPACTS

Water resource development projects are purposefully conceived
aad demigned to achieve major environmental changes.
-Dee et al, 1973

Because the entire hydrolugical system is so directly interconnected,
we must be able to measure the eifect of the actions we take on specific
parts of the overall system. Unforiunately, although we know a great
deal about certain of the critical elements of the system, we are quite
ignorant in other crucially important areas ... So it i8 that years after
an action is taken, effects occur that were not foreseen and that are often
more important than the advantages offered by the development itself.

-Abel Wolman, as quoted in Wiener, 1972*

1. Introduction

Groundwater development in Arid lands is undertaken to create a microenvironment in
which man is more able to live, both biologically and economically. In the process, major environmen-
tal changes can and do take place, hoth locally and regionally. Because moust of the groundwatsr that
is developed is used for irrigation, the most obvious environmental change is the '"blooming of the
desert" : the creation of carpets of emerald-green cropland that glitter like jewels In the dry heat of
dusty desert basins. But other changes are taking place also, on the surface and beneath, where, at
least initially, they are unseen and unsuspectsd. These changas can be grouped into two general cate-
gories: those that occur due to the type of use to which the groundwater {s put, and those that occur due
to the response of the aquifer to pumping. This chapter reviews briefly the literature on these changes
and their socioeconomic impucts.

2. Impacts Due to the Use of Groundwater

Trese are the physical changes in the environment due to the application and utilization of
groundwater. Unlike the impacts discussed in the follcwing section, which are directly due to physical
changes in the aquifer as a result of pumping, these impacts are due to cultural decisions and behavior.
As such, many of these impacts are not necessarily the result of groundwater development, but could
occur regardless of the source of water. This paper concentrates on the examples which happened as a
result of groundwater development.

Ir Arid lands, particularly in the deveioping nations, most groundwater 18 developed for one
of two reasons: Irrigation or livestock watering. The lmpacts on the environment of the use of ground-
water in Arid iands for these two purposes are discussed in the following sections.

2.8) Irrization use

By far, most of the groundwater deveioped In the Arid zone is used for irrigation. In Texas
Arizona, New Mexico, Utah, and Colorado, 90 percent or more of the groundwater pumped is used for
irrigated agriculture (Turner, 1974*). In the developing countries where induetrial use of groundwater
is nearly nil, the percentage of groundwater used for growing crops is probably even greater.

The major environmental problems assoclated with irrigation in Arid lands, regardless of
the source of water, are, first, salinity, then waterloggirg. A considerable volume of literature exists
on the topic of these irrigation problems in Arid lands, for example Casey's (1972*) literature review



and bibliography contains 986 references on salinity alone. A wore technical textbook approach to
salinity, waterlogging, and drainage can be found in FAO/UNESCO (1973%),

With respect to groundwater alone, the major problem facing its use in irrigation is
salinity. The reasons for the salinization of soils and groundwaters are identified by Burdon (1971) as:
a) ‘nitial high salinities and temperatures of groundwater, b) high evaporation, c) lack of drainsge,
d) recirculation of groundwater, and e) operation in closed basins.

Groundwater commonly has a bigh salinity in Arid lands (for reasons discussed in Section I,
"Groundwater in Arid Lands") and whexz it is withdrawn from beneath the surface and exposed to the
high evaporation rates characteristic of Arid areas its salinity increases as fresh water molecules
evaporate and salts are left behind. Because the amount of water applied to cropa is seldom enough to
carry away as much salt as is introduced, many of these salts accumulate in the sofl, eventually
threatening the productivily of the crops. The salinity problem in irrigated agriculture ie the result
of a number of complex interacting factors such as the type of soil, the salinity of the water aoplied,
the composition of the salts in the water, the type of crop grown, and the irrigation procedures used
(Gindler and Holburt, 1969).

The problem of salinizatien exists even with fresh groundwater. For instance, a well
ylelding 20/liters/sec of fresh water can produce greater than 600 metric tons/yr of salts (Ambroggi,
1966*). Salinization »f soils due to the application of groundwater in the arid New Valley of Egypt has
resulted in the loss of agricultural product ivity of approximately 30 percent of the land initially brought
under production, and has also caused the destruction of walls and house foundatiors (Meckelein, 1976).

Those salts that do not remain in the soll are flushed back down into the groundwater reser-
volr when infiltration and percolation of water downward is greater than the drop of the groundwater
level due to pumping. In this type situation, a cycling of groundwater is set up with a progressive In-
crease in groundwater salinity that will ultimately destroy its utility unless significant amounts of water
are being recharged from fresh water sources. Fig. 2.1 illustrates this process of increased saliniza-
tion of groundwater through recycling. In Pakistan, this process is felt to threaten the future use of
groundwater (Malmberg, 1975; Mundorff et al, 1976). But in other areas, such as in some of the in-
tensely developed grouxiwater basins in southern Arizona, where water levels have been dropping
rapidly for a number of years, it is hard to identify whether any significant increase in salinity is tak-
ing place due to recirculation of groundwater.
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Davis (1974) pointn out another problem associated with the application of groundwater for
Irrigation. Where certain geologic conditicns exist that impede or prevent the percolation of the jrri-
gation wate= back into the groundwater zone, irrigation water accumulates ag perched water bodies in
previously dry zoncs. If these zones are ncuar enough to the surface, problems of waterlogging and
salinity resulting from a near-surface groundwater level (see section on drainage, p. 15 ) can occur,
which, again, results iu the loss of agricultural productivity of the land.

Wher irrigated land is abandoned for the above or other reasons, land degradation occurs
as the suil, left without any vegetative growth to hold it in place, is subject to both wind and water ero-
sion. This contributes not only to the air pollution but also poses a serious hazard. In the central
Arizona area, dust derived from abandoned irrigated lands has been responsible for several highway
deaths (Matlock, 1376).

2.b) Livestock use

In one form or another pastoral nomadism historically has been one of the most successful
and {8 the most widespread pattern of occupance in the semiarid zone. It continues today on a much
smaller scale, particularly in the developing countries. Groundwater development for the use of
pastoral nomads' livestock has received a good deal of attention in recent years, being held partially
responsibie as it has for the "desertification” process of the semiarid zone. 6

Generally the sequence of events that explains the role in desertification of the development of
groundwater for livestock use in areas of pastoral nomadism is as followa: Prior to the development of
groundwater by modern technology, the movement of nomadic herdsmeu was keyed to the availability of
water and food for grazing, Thus the amount of time spent in any ooz area, and the number of arimals
herded, was limited by the seasonal variability of water and food. When this seasonal variability of water
was eliminated, the nomad's response was to increase the herd size to beyond that previously limited by a
lack of water, 7 and to stay longer, or even permanently at on~ well site. Food then became the limiting
factor and severe overgrazing followed. The destruction of vegetation and the compaction of soil that en-
sued set off a self-enhancing geomorphic x'eerp:mse8 — a desertification process — that can only be termed
as undesirable: a loss of topsoil, and thus greater dust pollution; less infiltration of rainfall and thus less
recharge to near-surface aquifer systems; more rainfall runoff and thus more erosion, higher flashier
flood peak flows, and increased sediment yield; and sedimentation in the downstream direction. Fig. 2.2A
and B show how the area of desertification can spread with the development of wells.

A

unused
pasture

Fig.2,2

unused
pasture

A. Original situation. End of dry season 1. Herd size limited by dry season pasture. Small popula-
tion can live on pastoral economy.
B. After well-digging project, but no change in traditional herding. End of dry season 2. Large-

scale erosion. Larger total subsistence herd, and more people can live there undl a situation
when grazing is finished in a drought year, Then the system collapses. -Rapp (1974*)

bsee Paylore (1976*) for further discussion and references.

Twidstrand (1975*) discusses this response from an economic standpoint,
8See Bull (1976*) for a framework from which to analyze the fluvial response to vegetation changes in
the watershed.
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Many investigators repcrt this culturel and consequent environmental response to the pro-
vision of a stable water supply to pastoral nomadic cultures in areas previously characterized by
uncertain and variable water supplies: Rapp (1974*), Sterling (1874*), Caldwell (1975%), and Scheiber
(1974*) in the Sahel; Talhot (1972) in Masailand, East Africa; Swidler (1972*) in Pakistan; and Heady
(1972) in Saudi Arabia, for example. The economic consequences can only be surmised. The problem
is further discussed, with emphasis on the cultural response, under the section on Cultural Impact.

3. Impacts Due to the Respunse of the Aquifer to Groundwater Pump!:.

The procurement of water for a well, via the cone of depression, imposes changes in the
aquifer that have a chemical, surficial, or subsurface expression. Impacts such as these can occur in
any type of climate where groundwater withdrawal is relatively large. Arid areas are more prone to
these impacts because there is more of a dependence on groundwater (because rainfall and surface water
are lacking) and because there is usually no rejected recharge to make up in part for well discharge.
Thus water is taken from storage in the aquifer and captured at natural discharge areas, the conse-
quences of which are discussed in the following section.

3.8) Spring flow

Historically springs have played a very important role in the use of the arid zones, particu-
larly the arid and extremely arid. In the Sahara, springs provided the only permanent dwelling places,
oases, in millions of square miles of dry desolate expanses, and also made possible the caravan routes
of trade between the Mediterranean and interfor Africa. Here, as elsewhere in the arid world, their
historic, economic, recreational, strategic, and esthetic value has been in great contrast with their
surroundings.

The importance of springs has diminished somewhat, particularly in the developed countries
where the technology to exploit and carry water in large volumes is available. Groundwater develop-
ment technology, while it has led to a diminishing dependence on spring flow, has also led to its decline
by capturing water for the well or pumping center that would otherwise have been discharged as a spring.

There is little literature devoted to the discussion of the topic of groundwater development
and spring flow decline per se. Most references to the topic are only two or three sentences long and
of a qualjtative nature, and are not included here. Brune's (1975) paper on springs in Texas provides
one of the few relatively lengthy discussions. Measurements made of spring flow in Texas beginning
in the late 18008 show a dramatic and alarming decline in flow, many times to the point of drying up
completely, particularly in the semniarid area of west Texas. Brune has no qualms about attributing
this part of the historical decline to the development of groundwater which began in the late 1800s and
rapidly expanded after World War IL

Some feeling for the economic and legal impact of this decline can be gleaned from Brune's
history of the Comanche Springs at Fort Stockton in Pecos County. For thousands of years these large
springs, which had a total discharge of 66 cfs in 1899, had served the Comanche and other Indians in the
area. In 1859 when Camp Stockton was established, the spring flow was used as lts supply. In 1904 it
was used to power a gin, From 1875 on, the springs were the basis for an irrigation district which
watered 6, 200 acres of cropland, By 1947 heavy pumping by adjoining landowners of the aquifer supply-
ing the springs was beginning to take its toll on the flow. In 1854, although the irrigation district sought
an injunction to restrain pumping which interfered with the spring flow, the injunction was denied and in
March 1961 the springs ceased to flow.

Brune's prognosis for future spring flow ln Texas is not optimistic, although recently some
concern has been shown for the preservation of these springs for their historic, recreational, and
esthetic value.

Elsewhere, where aquifers have a history of pumping, the story is the same. Springs in the
Tucson, Arizona area were used by the Papago Indians for irrigation of small flelds (Hackenberg, 1974%)
unt{] groundwater pumping and arroyo cutting dried them up around the beginning of the twentieth century,
In northern Israel, the Na'Aman spring which yielded an average of 43 mem/yr (million cubic meters/
year) during the period 1950-1654, dried up during the summer months of 1959 and 1960 due to extremely
low rainfall and pumping that averaged 25 mcm/yr (Mandel and Mero, 1961).
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3.b) Vegetation

Vegetation changes associated with a decline in groundwater levels are most often inadver-
tent, but sometimes purposefully designed. Many people recommend the development of groundwater
88 a means of preventing its loss through spring flow and streamflow (when it is of no great economic
value), ¥ being especlaily adamant about recovering groundwater that would have left the system
through transpiration from uneconomic vegetation. Phreatophytes, in particular, have provoked the
ire of hydrologists by the amount of water that is "wasted” by them. In the western United States
Davis and DeWiest (1966*) put this figure at 25 maf/yr (30 x 109 cubic meters). Conover (1961) esti-
mates that for the seven million acres of phrestophytes in California, Arizona, New M<xico, Nevada,
Utah, and Colorado, 10-12 maf/yr is lost, a figure approximately equivalent to the flow of the only
major source of zurface water supply for the azea —the Colorado River!

Bryap (1928) appears to be the first to observe and document the changes in plant associa-
tion with changes in groundwater levels. He notes that the flats of sacaton grass and swampy areas of
the tule (bulrushes) -vhich used to cover many of the valley floors in the southwesiern United States
(and indicated a near-surface groundwater level) were being replaced by dense thickets of phreatophytes,
the only vegetation capable cf sending its roots to deeper and deeper groundwater levels as they de-
clined from rather ccmplex causes involving arroye cutting 10 aud possibly groundwater development.
Since then in many areas, the San Xavier Miasion south of Tucson (Matlock, 1976) and the Casa Grande
National Monument (Judd, Laughlin, and Guenther, 1971) in central Arizona, for example, groundwater
has been lowered beyond the reach of even the phreatopbytes, and stark dead mesquite bosques replace
former vistas of lush green,

The deliberate clearing of phreatophyte growth to reduce groundwater loss through transpi-
ration raises interesting legal, ecological, and psychological issues. Legally, who has the right to
groundwater saved when a farmer undertakes a phreatophyte control project? Martin and Erickson
(1976) address this question but only with respect to the right the surface flow phreatophyte clearing
would have saved, and found that the phreatophyte clearer, a junior water appropriator, was not en-
titled to the extra water, The senior water appropriator, a downstream user, was.

Ecological issues arise in the environmentally~conscious industrialized nations as phreato-
phyte stands provide a mini-environment that allows many types of plant and animal life to flourish that
otherwise could not. But while it i8 an environment of great ecological value, to residents of the Arid
zone its greatest value is psychological. It is not unlikely that the ranclier would protest the hydrolo-
gist's recommendation to get rid of the only patch of green in hundreds or thousands of square kilometers.

3. c¢) Streamflow

Closely related to the above two topics is that of the impact of groundwater development on
streamflow. There is a fair amount of literature available on this topic with a history of analytical
techniques to compute their relationship that dates back to the 19308 (Theis, 1935; Glover and Balmer,
1954; Conover, 1954*; Bithnger, 1964; Jenkins, 1968; and Walton, 1970, for example) indicating a sub-
stantial interest in the topic and also the point in time that the lees desirable effects of groundwater
pumping began surfacing.

For groundwater pumping to affect streamflow, the two must be in hydraulic contact. When
they are in contact, two different conditions are possible. When the groundwater level is above the
stream level, the stream is being fed by groundwater; it is called an effluent stream (Fig. 2.3A)., When
the groundwater level is below the stream, an influent stream exists, one which is losing water to
groundwater (Fig. 2.3B).

Fig. 2.3A: An effluent stream:
Groundwater level is above N
stream level and is discharging

into stream / \\

9 Ambroggi (1966*) articulates this philosophy.
10 See Cooke and Reeves (1976%).
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Fig. 2.3B. An influent stream:
Groundwater level is below
stream and in hydraulic * Wa / >
contact. Recharge fs occur- \
ing through stream channel *

G roundwater pumping will affect an effluent streamflow in two ways: It can intercept
groundwater which otherwise would have been discharged into the stream even before the cone of de-
pression has extended into the discharge area; and, when the cone does extend to the stream, it will
lower the water level and eventually convert the atream from an effluent to an influent state (Davis,
1972).

A pumped well will affect an influent stroam only if the cone of depression reaches the
stream under conditions where the water table otherwise would be in hydraulic eoncact with it. The
cone, hy steepening the gradient, will Innrease the flow {rom the stream to the groundwater supply, up
to a certain point (Ibid.).

in both conditions the end point {8 the same: a decrease or total diminishment of streamflow.
This has happened quite commonly in parts of the southwestern U, S. where groundwater has a long his-
tory of extensive development: southern California, Arizona, and New Mexico.

The same ecological and psychological issues associated with the vegetation changes due to
groundwater development are applicable to the decline of streamflow for the two are intimately related.
The body of literature relating to legal aspects of pumpage and streamflow decline is much more exten-
sive, for depletion of streamflow i8 of much greater economic importance than the death of vegetation,
Here the basic question {8 what legal rights do downstream surface water users have to water that {s in-
tercepted upatream by induced infiltration to groundwater that formerly reached them as surface flow.
The legal rights of an individual {n such a case vary dependirg on the groundwater and surface water
codes of the state of residence, for both are often treated legally as unrelated entities (see Chalmers,
1974, and Castleberry, 1975), and the naturs of the hydraulic contact between the groundwater and the
surface water. Davis (1972) gives a very comprehensive summary of court cases in the U, S. that in-
volve groundwater pumping and streamflow depletion.

Martin and Erickson (1976) also discuss this topic in a more limited case-specific manner,
While acknowledging that rules vary from state to state, ' ... the general rule {s that a senior surface
appropriator ... Is entitled to require junior well owners to stop or curtail their pumping of groundwater
tributary to the river if the senior appropriator 18 not recelving his water."

A decline {n groundwater quality is an additional point of concern when pumping induces in-
filtration of chemically polluted stream water. While bacterial pollutants can be filtered out to some
extent by sand and gravel, chemical pollutants pose much greater threats to groundwater quality because
of the ease with which dissolved chemicals travel through alluvium. There is little published field data
to document the degree of this threat (Rahn, 1968),

3. d) Groundwater flow

The most intuitively obvious but visually subtle impact of groundwater deveiopment, insepa-
rable from all the impacts due to the resj:onse to an aquifer to pumping, is the change in groundwater
flow regime. It is often hard to determine the magnitude of the changes in groundwater flow patterns
because to do this requires a knowledge of conditions prior to development. In some areag, Tunisia for
example, this means going back some 2,000 years (Thomas and Butcher, 1961). Establishing these ini-
tial pre-pumping conditions {8 nevertheless an extremely important part in trying to evaluate future im-
pacts,

Changes in groundwater flow are made via the cone of depression through the steep hydraulic
gradient it creates, capturing groundwater that under a gentler hydraulic gradient previously would have
flowed elsewhere, discharging as streamflow, springs, vegetation transpiration, or underflow into the
next basia. Fig. 2.4 shows the groundwater flow patterns and elevations in a portion of southern Arizona
just to the west and northwest of Tucson. The two areas of interest on this figure are the unshaded areas
of the Altar-Brawley Wash aquifer system, and the Santa Cruz aquifer system. The Altar-Brawley Wash
aquifer begins in the southern portion of the map and flows northward between the Baboquivari, Sierrita,
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Fig.2.4. Groundwater elevations and direction of flow in an area ir. Southern Arizona

-Arizongz Water Commission (1975%)
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and Tucson mountains to the Santa Cruz. It is a good example of groundwater flow in an undeveloped
aquifer. The flow direction is parallel to the main valley stream drainage and the groundwater elevations
are pergendicular to it. In contrast is the aquifer system along the Santa Cruz River. Prior to its ex-
tensive development the pattern of groundwater flow and surface elevation probably would have looked
much like the present Altar-Brawley Wash aquifer system. Instead, what we see now are localiz ed
groundwater level highs and lows indicative of the areas of heavy pumping.

Bull and Miller (1975) provide a good illustration and analysie of changea in groundwater flow
due to large-scale agricultural development in the San Joaquin Vsalley botween 1900 and 1966. Fig. 2.5A
shows the sltuation in 1906 prior to large scale groundwater development. There are two important things
to note here: first, the position of the lower aquifer's potentiometric surface is above the land surface as
much as 20 feet in much of the area. This means that wells drilled into that lower zone, i.e. beneath the
Corcoran Clay member, in that area would have been flowing with a head sufficient to raise a column of
water up to 20 feet. Second, wuater in the upper zone, a water table aquifer, was discharging into the
Fresno Slough and San Joaquin River which means these were flowing streams.
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B. Flow conditions in 1966

The situation is considerably different {n Fig. 2.5B which shows flow conditions in 1966.
The lower aquifer's pctentiometric surface is now below sea level in most of the region. Indeed, the
last report of a flowing well was In the winter of 1925-1926, by which time 170 wells had tapped the con-
fined system. The large-scale agricultural development of the west side is indicated by the degree of
lowering of the potentiometric surface there and by its reversal of gradient since 1906 from east to west.
The upper zone water table aquifer no longer discharges into the Fresno Slough or the San Joaquin River
and we can assume neither I8 no longer flowing, or they are now influent rather than effluent streams.
Irrigation is now providing recharge to the upper aquifer.

The legal, ecological and psychological aspects of changes in groundwater flow that lead to
declines in stream and spring flow, as well as destruction of vegetation, have been discussed in the pre-
vious sections, The legal, political, and economic impacts of changes in groundwater flow that lead to
declining water levels and pressure heads and reduced well capacities remain to be discussed. The
economic aspect of a diminishing groundwater resource and declining water levels will be discussed in
depth in a later chapter.
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The legal and political {ssues of changes in groundwater flow systems are truly the most
Intriguing, controversial, and perhaps unanswerable {ssues that will face the managers of groundwater
in the future. Already these changes have set neighbor against neighbor as water levels, pressure
heads, and well capacities have declined. Chalmers (1974) reviewa the basic legal framework against
which these questions are cast for the southwestern United States, and the United Nations Department
of Economic and Social Affairs {1972*) does it on a more general level for the world. Martin and Erick-
son (1976) discuss specific court cases that, {llustrate general water law trends for the western U. S.

But the basic philosophical question remains to be answered: \What determines an individu-
al's or nation's right to groundwater? The point in time that they began development? The amount of
property they own? Their ,ower? Their need? 7The flow conditions of the aquifer prior ‘o development ?

The potential international conflicts that will arise as aquifers that are shared by two or
more countries become more intensely developed necessitate addressing ourselves to thess questions
now. Groundwater development along both sides of the border between Arizona, the U, S., and Mexlco
particularly in the Yuma, Arizona, area 11 hag already indicated a need for the development of some
sort of framework from which to proceed. In recognition of this problem, Minute No. 242, approved
in 1973 by the United States and Mexico, has proclaimed:

... With the objective of avoiding future problems, the United States
and Mexico shall consult with each other prior to undertaking any new
development of either the surface or the groundwater resources, or
undertaking substantial modifications of present developments, in its
own territory in the border area that might adversely affect the other
country.

And:
... Pending the conclusion by the Covernments of the United States
and Mexico of a comprehensive agreement on groundwater in the
border areas, each country shall limi! pumping of the groundwaters
in {ts territory within five miles (eight kilometers) of the Arizona-
Sonora boundary near San Luis to 160,000 acre-feet (197,358,000
cubic meters) annually.

To meet its obligatinna under Minute No. 242, the U, S. Congress passed the Colorado River
Basin Salinity and Control Act. Title I of the Act provides, among other things, for the establishment
of a protective and regulatory groundwater pumnping program for the Yuma area at an expected cost of
$1.4 million (Rhinehart, 1977*). Solutions to international water problems will not come cheaply nor
will they come without a good understanding of the physical parameters and the philosophical considera-
tions,

As yet, no body of literature exists on this topic but research has begun (Michael Bradley
and K, James De Cook, oral communication), and interest is growing as it should, for these problems
on an international scale promise to crop up more and more in the future as water-short nations
scramble to capture one of their more precious resources.

3. e) Drainage

Related to the topic of changes in groundwater flow due to pumping is the topic of groundwater
pumping purposefully to lower groundwater levels for alleviation of drainage problems. When ground-
water rises to a level even with the surface of the land or jus: below it, the problem of waterlogging
occurs, Because plant roots are deprived of their normal supply of air by the presence of water and
are thus unable to grow, the land becomes useless for agricultural production. When the water level
lies just a few feet below the surface, capillary action coupled with the intense heat and dryress of the
air in Arid areas results in excessive water evaporation, When the ‘vater evaporates, the dissolved
salts present in the groundwater are left behind to concertrate in the soil giving rise to the problem of
salinity. Since most agricultural crops have a limited salt tolerance, the land becomes useless when
this salt concentration is surpassed.

11 Holburt (1975*) summarizes the history of the international surface water and groundwater problem
here,
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The twin problems of waterlogging and salinity can occur due to natural causes, but more
commonly they have been the result of surface water irrigation where seepage through unlined canals
and infiltration of irrigation water recharges the aquifer, causing water levels to rise. Lowering the
water table through pumping from wells is one way of approaching the problem. Indeed, the initiation
of groundwater developinent in some areas, the Salt River Valley in Arizona, for example (Skibitzke
el al, 1961), has been in response to waterlogging problems caused by surface water irrigation.

The technique of groundwater development to alleviate the problems of waterlogging and
salinity appears to be successful in a number of areas. Hargreaves {1972) reported that the Modeste
Irrigation District in California formerly had 45,000 acres (18,000 hectares) under a system of gravity
drainage which, when replaced by groundwater pumping, resulted in considerable economic benefits.
The annual costs of the drainage system were $148, 700; pumping for both irrigation and drainage ac-
complished the drainage with an annual profit of $158,900,

In the 19508 and 19608 drainage wells were installed in eastern Yuma Valley and in the
15608 in South (Gila Valley in southern Arizona to alleviate drainage pr-hlems caused bv a rise in
groundwater from irrigation from surface water sources (Olmstead, Loeltz, and Irelan, 1973%).

In Pakistan, by the late 19508, waterlogging and salinity had affected roughly five million
acres — about 18 percent of the gross area in the Incus Plain and 22 percent of the canal-irrigated
cultivated area — and the area of severe problems wa. increasing at a rate of from 50,000 to 100,000
acres per year. Groundwater development by the public and private sectors, beginning in the late 19508
has been notably successful in land reclamation of waterlogged areas (Mundorff et al, 1976; Malmberg,
1975).

There is some controversy over whether groundwater pumping is the mort effect;ve efficient
method to relieve waterlogging (for instance, see Dorfman, Revelle, and Thomas, 1965; and Mohammad,
1965A). The latter says that pumping of groundwater is "completely inefficient for drainage alora" and
that as a method it can only be used when the water pumped is used for sonic nthe purpose, such as ir-
rigation or to satisfy downstream water rights. Indeed, this is what we have seen in the three examples
mentioned above: in the Modesto Irrigation District and In Pakistan where water pumped is used for ir-
rigation, and in the Yuma Valley where it !s transported to Mexico via canal as part of its legal allot-
ment of surface water from the United Statea.

3. f). Groundwater Qualit:

i. Irland aquifers

Groundwater pumping commonly induces water quality changes through the lateral and verti-
cal migration and mixing of groundwater from lenseg of different chemical quality within the aquifer
(Greenman, Swarzenski, and Bennett, 1967), In the Punjab regior of Pakistan, large-scale groundwater
developmment has resulted in a more "chemically homogeneous groundwater body'" (Malmberg, 1975) by
changing the rate and direction of flow, inducing infiltration from canals, and mixing indigenous waters
of different chemical quality (Muudorff et al, 1976). Table 2.1 depicts the water qualit; changes from
1964 to 1970 in one particular region in the Panjab after groundwater development had began. Mundorff

Table 2.1: Changes in geochemical typu of water ficm 1964-1970 due to groundwater pumping
in an area in the Punjab, Pakistan. -Mundorff et al, 1976

Geochemical type of water Number of tubewells producing each type of water

1964 1966 1968 1970

Calcium bicarbonate 14 21 7 5
Magnesium bicarbonate 39 18 24 17
Sodium bicarbonate 62 80 87 94
Magnesium sulphate 1 -- - -
Sodium sulphste 9 5 7 6
Caleium chloride 1 1 1 1
Magnesium chloride 2 - 2 -
Sodium chleride 10 13 10 15

L Total 138 138 138 138
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et al (Ihid.) point out that pumping has induced a marked reduction in the volume of calcium and magne-
sjum bicarbonate type waters since 1964, whereas in the same period it has induced an increase in the

sodium bicarbonate type water. The number of wells yielding sodium chloride type waters has also in-
creased somewhat.

Table 2.2 shows the water quality changes occurring in another area in the Punjab due to
pumping with respect to the usability of the groundwater without dilution. Between 1963 and 1970, the
number of wells ylelding water of quality usable without dilution declined by 36, and the number of
wells ylelding water of hazardous quality rose by 10.

Table 2.2: Changes in water quality usability and dilution
requirements from 1963-1970 due to groundwater
pumping in an area of the Punjab, Pakistan,
-Mundorif et al, 1976

1963 1969-70

Number of wells yielding water of quality
usable without dilution 337 301

Number of wells yielding water of marginal
qualiiy requiring 1:1 dilution with high-
quzlity canal water 406 432

Number of wells yielding water of hazardous
quality requiring greater canal-water
dilution and also chemical soil amend-
ments 356 346

Total 1,079 1,079

The water quality changes in response to pumping are usually for the worse, from a human
standpoint, as wells tap the fresher parts of ihe aquifer and pumping induces flow from areas that are
often unusable due to poor quality. The occurrence of saline and brackish water lenses within the aquifer
is common in Arid areas, and the changes in quality due to pumping are often severe enough to threaten
the productivity of the land the water is used to irrigate, as it has in some areas in New Mexico (Hood,
1963; Hennighausen, 1970), and to prohibit further use of wells, as has happened in some aquifers in
Iran (Williams, 1977).

ii. Coastal aguifers

Sea water intrusion into coastal aquifers due to groundwater pumping is a problem common
to coastal aquifers in any climatic region. In the Arid zone some of these areas so afflicted include the
coast of southern California (Moore and Sayder, 1967; Bookman, 1968; California Department of Water
Resources, 1972), the northwestern coast of mafnland Mexico (Matlock, Fogel, and Busck, 1966), the
coastal plain of 1srael (Kahana, 1966*; Schmorak, 1967), the area in northern Iran along the Caspian
Sea (Williams, 1977), and Dakar, Senegal (Major, Kirshen, and Lengyel, 1974%),

Two conditions are necessary for sea water intrusion (Moore and Snyder, 1967): the aquifer
must be in hydraulic contact with the ocean, and the normal seaward gradient of the groundwater must
be flattened or reverced to a landward gradient. This second condition occurs when water levels in the
aquifer are lowered to or below the sea level by excessive groundwater pumping, making the pressure
head of the sea water greater than that of the fresh wator. Figs. 2.6 and 2,7 show schematically the
intrusion of sea water under very simple, idealized water table (unconfined) and artesian (confined)
aquifer conditions respectively.

The extent and rate of sea water intrusion will depend upon the characteristics of the aquifer
recharge, the physical and geograpidcal characteristics of the aquifer, and the rates and spatial distri-
butien of the groundwater pumping (Kashef, 1973). As sea water intrudes, it roughly takes the shape of
a wedge with the top edge sloping landward. Fresh water, being lighter than sea water, floats on top.
Their interface is not sharp but rather a graded boundary as there is little mixing or diffusing of the
two bodies of water.

The deterioration of coastal aquifers through sea water intrusion can be expressed primarily
through the change in the chloride ion content, Fresh water aquifers have a chloride ion content of less
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than 100 parts per million (ppm). As the chloride content increases beyond 100 ppm , the utility of the
water decreases. Sea water commonly has 19,000 ppm of cnloride. Because there is little mixing and
diffusing of the sea water and the fresh water, once the wedge hits a well, the quality of the water
pumped will deteriorate rapidly, often within a period of a few weeks or even days. Tests in southern
California have shown a change in pumped water chloride content from a normal 100 ppm to over 1,000
ppm within a single growing season (Moore and Snyder, 1967).

Literature on the prchlem in California, where sea water has intruded 13 major and minor
groundwater basins (Bookman, 1968) illustrates its extent. Here the most serious intrusgion has oc-
curred in the West Coast Basin in Los Angeles County and the coastal area of Orange County where
pumping has lowered water levels along 39 miles of coastline to as much as 100 feet below sea level
less than four miles inland (ibid.). In Los Angeles County alone, over 80 percent of the water levels
in the principal aquifers underlying the 470 square mile coastal plain area are below sca level, and the
volume of sea water intrusion is estimated to be 700,000 acre feet (Milne, 1968). In the Salinas Valley
sea water intrusion grew from 6,000 af/yr in 1945 to 12,000 af/yr in 1954; by 1966, 8,000 acres of vege-~
table-producing land overlying the 180-foot aquifer, and 500 acres of vegetable-producing land overlying
the 400-foot aquifer had been rendered useless because of groundwater quality deterioration due to sea
water intrusion (Moore and Snyder, 1967, 1969). In the Oxnard Basin, Ventura County, sea water was
advancing at a rate of 1,200 ft/yr during the early 1960s. By 1965 it had affected 4,900 acres in the
Port Hueneme area and 5,700 acres in the Point Mugu area. This represented a degradation of 255,000/
af of groundwater in storage and a loss of usable storage capacity of 169,000/af for the Gxaard basin as
a whole (Gindler and Holburt, 1969).

Interestingly enough, whereas in California sea water intrusion has been regarded as a truly
undesirable impact of groundwater withdrawal, in Israel the inducement of just a small amount of sea
water intrusion is seen as a management tool to increase the amount of recoverable groundwater
(Kahana, 1966*). By reversing or flattening the normal seaward gradient of groundwater, that which
otherwise would have discharged into the ocean can be captured apparently in a quantity that would be
larger than that lost through deterioration of water quality.

ii, a) Economic impact

There have been no detailed economic impact studies of sea water intrusion, but there are a
few papers that treat the topic somewhat empirically and also theoretically, The basic questions are
asked by Gindler and Holburt (1969): "What would be the impact on the economy to the valley if the in-
trusion problem is not solved? What is the average annual cost of solving the problem?'" In trying to
answer these questions with respect to the Oxnard Valley in California, they note that while the second
question is rather easily answered, the first answer is not so readily obtained. For instance, the cost
of solving the problem in the Oxnard Valley would be about $128,000/yr, the cost of a fresh water canal
that would provide 16,000 af/yr at an average of $8/af. With respect to the first question, they note that
the 500 acres of artichoke-producing land taken out of production due to deterioration of groundwater
quality had an average gross income of $300, 500,

Gindler and Holburt (1969) suggest another way to approuach the proplem by determmlnglthe
value lost as the aquifer no longer can function, due to water quality deter_loratlon, as a waterlsupph};.re
a distrihution unit, a storage unit, and an emergency supply. Applying this to the Oxnard Basin, w
the average annual dependable groundwater supply is 46,000/af, they found that as a water supply, if the
46,000/af/yr were lost, the economic loss would be $t90,000/yr (groundwater being conservatively e‘stl—
mated to be worth $15/af); =8 a distribution unit, an expendilure of millions of dollars woqld be required
to provide surface distribution facilities to areas now served by groundwater, plus operat.mn and main-
tenance fees; as a storage unit, were the aquifer to be replaced by surface water reservoirs to control
an annual supply of 46,000/af, the cost would be greater than $9 million; and as an emergency supply,
it would be difficult to assign a value.

Gindler and Holburt (1969), Moore and Snyder (1967), and Ditwiler (1969) propose several
theoretical economic frameworks from which to analyze the problem.

ii, b) Legal and Political Aspects

Legal and political responses to the problem of sea water intrusion due to groundwater pump-
ing vary from country to country. In the Hermosillo, Mexico, area, where in 1964 the groundwater ele-
vation at the center of pumping stood at 56 feet below sea level, the Mexican government decreed pump-~
age be reduced over a period of four years to counteract sea water intrusion (Matlock, Fogel', apd Busch,
1966), The island of Malta forbids pumping of groundwater when there is evidence that salinity is

increasing dangerously (Finkei, 1973).
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In California, the Porter-Dolwig Ground Water Basin Protection Law, passed in 1961,
declares

... that the people of the State have a primary interest in the correction and
prevention of irreparable damage to, or ‘mpaired use of, the ground water
basins of this State caused by critical conditions of overdraft, depletion,
sea water intrusion or degraded water quality.

The Legislature finds and declares that the greater portion of the water used
in this State is stored, regulated, distributed and furnished by its ground
water basins, and that such basins are subject to critical conditions of over-
draft, depletion, sea water intrusion and degraded water quality causing great
detriment to the peace, health, safety and welfare of the people of the State.

It also authorized the California Department of Water Resources to initlate or participate in studies for
construction of projects deemed necessary to accomplish the purposes of the act.

The legal and political courses followed by different groundwater basins in California are
detailed by Gindler and Holburt (1969) and Bookman (1968).

3. g) Topography

i. Subsidence

Subsidence, lowering of the land surface due to groundwater withdrawal, is one of the more
extensively-documented impacts of groundwater resources development. It afflicts many parts of the
world: London, England; Honshu, Japan; Mexico City, Mexico; and, In the U. 8., the Houston-Galveston,
Texas area; the Eloy-Picacho area in central Arizona; the Las Vegas Valley, Nevada; and the Santa Clara
and San Joaquin valleys in California (Poland and Davis, 1969). Although subsidence can be caused by a
number of other factors such as withdrawal of oil and gas, hydrocompaction of moisture-deficient de~
posits above the water table, oxidation of organic soils, and tectonism (Lofgren, 1975), excessive
groundwater pumpage is one of the major causes of recorded subsidence in the last 50 years, and the
following discussion, therefore, refers solely to subsidence from this cause.

Groundwater withdrawal subsidence of the land surface is the result of subsurface compaction
of water-ylelding deposits due to an increase in effective loading stress caused by a water levdl decline (Lof-
gren, 1975). But subsidence does not occur wherever or whenever groundwater is pumped. It is a pheno-
menon restricted to a specific geologic environment and certain hydrologic conditions. Geologically, sub-
sidence occurs only in late Cenozoic, unconsolidated to semi-consolidated alluvial and lacustrine deposits.
Typically the deposit is characterized by an average porosity of40 percent , an average specific gravity
of the grains of 2.7, and, at least in subsiding areas of Texas, central Arizona, central California, and
Mexico City, montmorillonite as the dominant clay mineral comprising 60-80 perceat of the clay mineral
assemblage (Poland, 1969A).

Hydrologically, there must be a net decline in the water table level or artesian head before.
subsidence will take piace. The amount of decline necessary to induce subsidence and the time lag be-
tween decline and subsidence varies in time and space with the chemical and physical properties of the
depcsit, the magnitude and history of the stress, and possibly the type and rate of stress applied (Lof-
gren and Klausing, 1969). The relationship between water level change, compaction, and subsidence
through time and space is illustrated in Iigure 2, 8.
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Topographically, subsidence occurs in a fairly uniform fashion with a gradually declining
rate as one migrates away from the center of heaviest water withdrawl (McCauley and Gum, 1972), pro-
ducing a bowl-shaped geometry as seen in Figs, 2,9 and 2, 10,
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Fig. 2.9: Profiles of subsidence through time in an area in the San Joaquin
Valley, California (Poland et al, 1975) :

The areal extents, volumes, depth, and rates of subsidence can be documented where precise
levelling data are available through a time span. Thus the quantitative understanding of subsidence is
limited to areas where topographic surveys have been made over a given time span. The San Joaquin
valley, California, is the site of one of the more intensively studied subsiding areas in the world. By
1970 more than 5,200 square miles had subsided, representing a volume of 15.6 million acre feet (maf);
maximum subsidence exceeded 28 feet and the maximum subsidence rate recorded was 1.8 ft/yr
(Poland et al, 1975). These are extreme values but dernonstrate the magnitude of the physical change
that can be imposed on the landscape due to groundwater withdrawal,

ii. Earth Fissures and Faults

Earth fissures are leng narrow linear features, usually initially less than 2.5 cm wide and as
much as 1,6 m long, which exhibit horizontal separation but no vertical or laterial movement (Schumann
and Poland, 1969). Faults are fractures in the Earth's surface along which there has been lateral and/or
vertical movement. Both appear to be related either directly or indirectly to subsidence and water level
decline 12, but the relationship is not yet understood. Fissures in particular are becoming more numerous

12 Both have other more common causes, notably tectonism.
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Fig. 2.10: Land subsidence, 1959-1962, in Arvin-Maricopa area of San Joaquin Valley, Califsrnia.
Heavy contours are line of equal subsidence, in feet; shaded areas are deformed rocks
bordering the valley (Poland and Davis, 1969). Reprinted from Reviews in Engineering
Geology, vol. 2, p. 256, by permission of the Geological Society of America.

and wideepread in subsldlnglgreas: more than 75 in central Arizona and 33 in the Las Vegas Valley of
Nevada have been reported They are spectacular features from the air (Fig. 2.11) and the ground
(Figs. 2.14-2.16).

Juat as dramatic but not nearly so numerous are faults due to groundwater withdrawal. One

such fault, the Picacho fault in the Eloy-Picacho area of central Arizona (Fig. 2.11), exhibits .5 m of
offset over a distance of 11 km.

iii. Geomorphic Impact

The principal environmental effect of subsidence is to change the gradients of the streams
flowing through the :irea and thus the erosion and sedimentation regimes. Upstream from the affected
area the drainage system responds to the fall in local base level caused by subsidence by increasing its
gradient, which in turn results in an increased ablility to erode and to transport more and larger particles,
Entrenchment of the stream channel may occur. Downstream the gradients tend to flatten, reducing the
channel's abilitv to transport water and sediment. The net result of these two factors i8 an increased
deposition of sediments and a decreased ability to conduct flood flows in the affected area and downstreain
(Roll, 1967).

Earth fissuring and faulting due to groundwater withdrawal also bring about a geomorphic re-
sponse primarily in the form of gullys. When newly formed fissures transect drainageways, lower base
levels are established at the point of intersection which promotes more rapid eroslon and gullying up-
stream (Kam, 1965), as {llustrated in Figs. 2.12, 2.13, and 2.16. Gullys may slso form upstream from
a fissure even where no drainageway previously existed (Fig. 2.16).

13 T. Holzer, Seminar at the Univerasity of Arizona, Department of Hydrology, Sept. 29, 1876.
14
Ibid.



P e
yon
R A
TR ",‘.

-l

:-. T m e Dicnhichn Fault

.
o ] N

g

»
2

e,

“‘». YL N
;“u’.,v_. fy,a '...'A.\:.‘ .’!..“.' R

Fig, 2,11, Ajr photo of the Picache Fault and some carth eracks dissuresy in the Flov- Picacho
subsidence area, central Arvizona, ‘The Picacho Fault is the vegetared linear running
from the upper right corner of the picture to the lower left corner. Note the evidence
of repair where it ¢rosses Interstate 10,

-Photo courtesy Arizona Department of ‘I'ransportation,
Photog rammetry and Mapping Division



24

Fig. 2.12

Looking up a gully created when
an carth crack opened up during
a storm on July 23, 1976, in the
Iloy-Picache subsidence area in
Arizona. Photo taken Nov, 20,
1976 from the surface of the old
drainage.

-Photo by Bill Daniels

Fig. 2.13

Looking downstream from gully shown in

Fig. 2.12, above. Earth crack runs left to

right across picture. The original stream
channel is preserved in the downstream breached
section, just to the right of the man standing.

-Photo by Bill Daniels



Fig. 2,15. Fissure runs top-bottom of
picture. Note carth slump-
ing and wasting left of
fissure,

-Photo by S.J.Keith

Fig. 2.14. TFissure which has intercepted
a dirt road.

-Photo by S. J. Keith

Fig. 2.16.

Fissure runs from middle of
lower border of picture to
middle of right border. Note
dendritic drainage developing
up-gradient from crack.

-Photo by S.J. Keith
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Investigators at the University of Arizona have observed in the Eloy-Picacho area of Arizona
the creation overnight of a gully five feet deep, six feet wide, and 25 feet long where an existing drainage
was breached by the surface opening of a tissure after (or during) a storm on July 23, 1976 15, This
gully can be seen in Fig. 2.12 and the original stream channel which was intercepted is seen in Fig.
2.13. These photographs, taken on November 20, 1976, depict the changes that have taken place since
the gullying waJ initiated: at least two feet of backfilling of sediments in the gully at its intersection
with the fissure; the growth of the gully from its originally observed 25-foot length to a measured 148-
foot length, and its original six foot width to a greater than nine-foot width. When the water transmitted
by these gullies is not absorbed by the material beneath the fissures, changes in drainage patterns can
result (Kam, 1965). The amount of land lost to the use of man by fissuring, faulting, and subsequent
gullying can only be speculated on.

iv. Economic Impact

Not so well understood is the economic impact of subsidence, although it is not a topic that
has gone unrecognized: Most investigators of the physical aspects of the problem mention it very gener-
ally and just peripherally, often as justification for the work they are doing. DBut while there are few
in-depth quantitative studies done on the actual cost of subsidence, fissuring, and faulting due to ground-
water withdrawal, what little has been done indicates that the principal problems caused by subsidence
are: 1) changes of elevation and gradient of natural drainages and water and sewer transport structures,
2) failure of water wells from compressive rupture of casings due to compaction, and 3) tidal encroach-
ment and fresh water flooding in lowland coastal areas (Poland, 1973). To thig list, the problems caused
by fissuring and faulting can be added damages resulting from horizontal or vertical movement of the land
surface to ditches, highways, railroads, and the like, and damages from loss of land due to erosion und

gullying.

The Eloy-Picache area, Arizona: There are three subsiding areas where the economic im-
pact, to a certain extent, has been quantified: the Eloy~Picacho, Arizona, area, the Santa Clara Valley
in California, and the Houston-Galveston, Texas, area. Inthe Eloy-Picacho area of central Arizona
(see Fig. 2.17) McCauley and Gum (1972) and McCauley (1973) set the yearly economic damage due to
subsidence at $207,050 during the late 1960s and early 19708, This is primarily a rural, sparsely-popu-
lated region with groundwater-irrigated agriculture as its economic base. Groundwater pumpage was
close to 1 maf/yr in the 1960s, up from 64,000 af/yr in 1937 when large scale pumpage Legan. Greater
than 20 cubic kilometers have been removed from the aquifer (Schumann and F'oland, 1969), a volume
which produced a maximum decline in water level of 61 m and a maximum subsidence of around eight feet,
plus numerous fissures (gee Figs. 2.12-,16) and at least one fault (see Fig. 2.11).

_ Fig.2.17. Subsidence inthe Eloy-Picacho area of central Arizona. -Schumann and Poland (1969)
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Because of the rural, agricultural nature of the area, damages resulting from subsidence,
fissuring, and faulting are primarily agricultural, McCauley (1973) provides the following cost break-
down:

Agricultural damages/year: $57,250 well repair and maintenance
10,000 ditch repair and relevelling
60,000 refilling of fissures
60,000 field relevelling

187,250 total

15 Oral communication, Michael Carpenter
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Transportation damages/year: $15,500 highway repair and maintenance
4,300 railroad, bridge, and pipeline repair
$19,800 Total

$207,050 Total subsidence, fissuring, and
fault-related damages/year

Although this may appear to be a high cost, it is not. If the yearly cost of agricultural
damage is added to the cost of the groundwater extracted, the cost of water per acre foot at that time
is raised from $13 to $13.19, a minor amount, McCauley (1973) did a benefit-cost analysis of three
alternative management policies for this area: do nothing; control pumpage to stabilize subsidence; and
import water to lessen groundwater withdrawal to stabilize subsidence. The benefit-cost ratio for
controlling pumpage was 0. 2; for importing water, 0.¢3. His conclusion: do nothing.

The Santa Clara Valley, California: Elsewhere the costs of subsidence are not so negligible
no¢ 8o neglectable. In the Santa Clara Valley just southeast of the San Francisco Bay on the west coast
of California, 250 square miles, over half the valley, has been affected by subsidence ranging from one
to more than 12 feet (Poland, 19698). The history of large-scale groundwater development began here
in the 19208 with the development of the deep-well turbine pump and the availability of cheap electrical
power. The amount of land under groundwater-irrigation jumped from 30 jercent of the valley in 1912
to 67 percent in 1920 (Roll, 1967)., With urbanization and high crop prices following World War II came
greatly increased rates of groundwater withdrawal. Pumpage that had been 40,000 af/yr in 1915 grew
to 180,000/yr in 1960 (Poland, 1969B).

In this urban center-agricultural-field mixture of the Santa Clara Valley, the costs of sub-
sidence are expectedly much higher than in Arizona's Eloy-Picacho area, involving not only agricultural
but also municipal damage. Flood flow problems have been aggravated where subsidence has flattened
or reversed the Bay-ward stream channel gradients. Channels that originally were eight to ten feet
deep have become filled with sediment and have had to be enlarged and deepened (Roll, 1967). By 1967
the public cost of constructing levees to protect against saline Bay-water innundation and to provide
flood control was estimated to be $6 million {Poland, 1969B). Numerous storm and sanitary sewers
have suffered a serious loss of carrying capacity due to flattening gradients, and have had to be re-
placed or paralleled with new lines at a cost of many millions of dollars (Roll, 1967).

Agricultural costs have been primarily in the form of damage to well fields and have been
extremely high. In a survey made by the San Jose Water Works, the percentage of wells damaged due
to subsidence was found to be increasing yearly (Roll, 1967). In 1961, 15 of the 25 wells surveyed (66
percent) were damaged; in 1962, 21 of 26 (80 percent); and in 1963, 32 of 33 (97 percent). Half of the
valley's 5,000 wells are in the subsiding area. With an assumed damage rate of 80 percent of the wells
in the subsiding area (or 2,000 wells) and a cost of $2,000/well repair, Roll (1967) estimated the total
cost of repairing wells at $4 million.

Houston-Galveston area in Texas: The Eloy-Picacho area demonstrated the type and mag-
nitude of problems and costs of subsidence in an arid rural agricultural area; the Santa Clara valley
illustrated these aspects in aa arid, urban-agriculture environment. Next, the econcmic impact of
subsidence in an intensely urbanized-industrialized coastal area, the Houston-Galveston area in Texas,
will be discussed. Although not an arid zone, the magnitude of its subsidence problems can be expected
in any arid coastal industrial area where groundwater withdrawals are large.

Since 1942, 3,000 square miles in the Houston-Galveston area have been affected by subsi-
dence of up to eight feet due to groundwater withdrawal (Figs. 2.18 and 2.19). The subsiding area,
which includes the cities of Houston, Baytown, Galveston, Kemah, Pasadena, Texas City, and other
municipalities, fronts the Galveston Bay and Houston Ship Channel, a fact which accounts for most of
the damages.

In an excellent study, Warren et al (1974) found most subsidence-related damages due to
tidal and freshwater flooding. Tidal-related damages are of two typea: temporary innundation of nor-
mally dry areas due to storm tides, and permanent flooding of formerly dry land and improvements
thereon. The freshwater flooding problems resulted from the changes in stream gradients which aggra-
vate drainage problema during heavy rains and runoff.

Using the results from a survey made in a 300-square mile study area, Warren estimated
that the subsidence-related costs since 1943 due to tidal and freshwater flooding were as follows: his-
torical costs, $60.7 million; property losses, $48.9 million; and public costs, greater than $4 million,
for a total of $113.6 million. Of this total, $53.2 million was incurred in 1973 principally due to a six-
foot storm tide, which has a probability of occurrence in any one year of 20 percent. The projected



28

- Harris Veera®
~~ County \!
..'., .l"\-n( "'.l"‘"'
i : $

0.".....-:""

- eam am = ol w

i-:-"Paoadenn

A\

alveston

Gulf
of
Mexico

-Warren et al (1974)

Fig. 2.18. The approximately 3,000
square mlles (within dashed
line) affected by land
surface subsidence in Texas

Fig. 2.19, Subsidence
of the surface
(contour lines
in feet) in the
area of Houston
and Baytown,
1943-1973




29

estimates of future subsidence~related damages and property losses in 1973 dollars associated with this
event are $54.4 million for two more feet of subsidence, and $63.5 million for five more feet.

During the period of this analysis the direct cost of groundwater was 5¢/1,000 gal. With an
average yearly groundwater withdrawal of 118,895 million gallons, the total direct cost of groundwater
is $5.9 million. Using the time period 1969-1973, Warren calculated that the average yearly cost of
subsidence was $14,6 million, Thua the cosc of subsidence in this coastal industrial area of Hnuston-
Galveston is indeed high, two and one-half times greater than the direct cost nf groundwater.

v. Legal aepects

In view of the magnitude of the economic impact of subsidence due to groundwater withdrawal
a logical question to ask is: '"What are the legal ramifications?" There is even less written on this
topic than there is on the economic impact of subsidence. Steelhammer and Garland (1970) state that
the case law has treated the general problem of subsidence as a support problem (the right to subjacent
or lateral support) and also as a groundwater problem involving groundwater rights, Compton (1961)
asks the interesting questions: "Who is entitled to support? Who is liable? How should damages be ap-
portior :d?" Does an individual have the right to the subjacent support of his land provided by ground-
watery When that subjucent support i8 removed by excessive groundwater pumpage by others elsewhere
in the groundwater basin, causing subsidence and property damages, can the individual expect zny type
of recovery, and if so, from whom?

Steelhammer and Garland (1970) provide some of the answers, When subsidence is treated
as a suppnrt problem, there has been recovery by an adjoining landowner when lateral support has been
removed =nd damages have resulted. But in the cases where subjacent support in the form of ground-
water has been remov. there has been no recovery.

When suhaidence is treated as a groundwater problem, recovery is contingent upon ground-
water law of an area. For instance, in countries or states (such as Texas) which have adoptzd the
Englisa doctrine of groundwater rights where the individual has the right to use percolating waters under
his land for any purpcse without regard to the effect of that use on adjoining land owners, there is no
basis for recovery of damages due to groundwater withdrawal-caused subaldence. But where the rea-
sonable use or correlative rights groundwater doctrine rules, the circumstances are weighted to deter-
mine if recovery is allowed. .

Recently the American Law Institute reversed its position on the right to recovery in its
Restatement (Second) of Torts in 1969 (Steelhammer and Garland, 1970). Inthe Restatemcnt of Torts
of 1939, the Institute's position was that "to the extent a person is not liable for withdrawing subterra-
nean water from the land of another, he is not liable for a subsidence of the other's land which is caused
by withdrawal,' This has been replaced by: "One who is privileged to withdraw subterranean water,
oil, minerals or other substances from under the land of another is not for that reason privileged to
cause a subsidence of the other's land by such withdrawal."

4, Summary

The large-scale development of desert aquifers has yet to raise the ire of environmentalists

and conservationists in a way that a proposal for the construction of a dam or for strip mining can, Yet
the preceding discussion has shown that the development »f groundwater can have environmental conse-
quences extending far beyond the well site. These enviror. nental impacts, involving deterioration of
groundwater quality; subsidence, fissuring, and faulting of the land surface; changes in erosional re-
gimes; the destruction of vegetation; and the decline of spring and streamflows, are of considerable
economic, esthetic, psychological, and international importance to the residents of the Arid world.
But 80 i8 the groundwater that has been withdrawn. One can only assume its benefita far outweigh the
environmental costs of ita extraction — to the individual pumper at least. But to society as a whole?
That is a question that cannot be answered at this point. The important point to be gleaned is that the
innocuoue-looking modern well, particularly when found in large numbers, is a very effective agent of
both surface and subsurtace environmental change in Arid lands.



o1: SCCIDECONOMIC IMPACTS OF GROUNDWATER DEVELOPMENT

1, Introduction

The previous chapter concentrated ou the impact of groundwater development in the aquifer
system and at its interface with the social system, the land surface. Here we will explore the system
that resides above the aquifer system, the socioeconomic system, and how it is affected 2y such devel-
opment. ‘The following discussion is divided into three parts: health Impacts, cultural impacts, and
economic impacts. This diviston is not meant to imply that the three are distinct unrelated topics, for
they are very intimately entwined and there will not be a change in one without a change in the other,

But they are discussed separately for ease and simplicity in presentation. The emphasis is on these
impacts in lesser developed areas, for it is here that these impacts can be seen most clearly, and it {8
here that most of the literature appears. The exception is the section on the fmpact of declining ground-
water levels, and it is significant, perhaps, that this literature comes from the United States.

Unlike a study of the physical impacts of groundwater development, which in most cases are
dire~‘lv the result of groundwater development and could not have happened otherwise, this chapter s
really a treatise on the impacts due to the introduction of an assured adequate water supply into an en-
vironment of previous water scarcity and risk. As such, it could also be a study of surface water de-
velopment, but because the setting is the arid zone where surface water is scarce, the development of a
dependable source of water in most cases usually means the development of groundwater.

One cautionary note before beginning: There ig very little good literature available on
these topics. Compositc case studies that would be representative of these impacts in general cannot
be developed. The specific case studies presented here were done o because the data was available to
do go and notbecause they were representative (although they very well could be). Thus, care should
be taken in extrapolating the type and/cr magnitude of the impact into other geographical or cultural
areas.

2. Health Impacts

Groundwater is usually of high biological purity, and when it is developed as an addition to
or alt' rnative for lower sanitary quality surface water it can offer distinct health advantages. 16 In the
western world "the necd to produce water free from pathogenic organisms was the motivation for drill-
ing wells and the development of groundwater supplies' (Kazmann, 1972*), This is an equally important
consideration in developing countries today, where somc of the problems of underdevelopment appear to
stem from low individual productivity due to poor health, Many of theee diseases responsible for poor
health are water-related and are particularly abundant and widespread in rural areas of the developing
countries. Saunders and Warford (1976*) list some of these diseases in Tah. 3.1. White, Bradley, and
White (1972*%) group these diseases into four general categories: waterborne diseases, water-washed
diseases, water-based diseases, and diseases with watzr-related vectors. This convenient categoriza-
tion allows one to see how the development of a protected groundwater source can affeet the occurrence

of these diseases.

Waterborne diseases, such as cholera and typhoid, are those where water acts only as a
passive vehicle for the infecting agent. This happens when rertain disease agents gain access to drink-
ing water and survive until the water is ingested. They then become established in the intestine making
the consumer ill. To a certain extent these diseases can be prevented by providing a source of water
that {s inaccessible to the infecting agent.

16 Groundwater, nevertheless, can become polluted due to man's activities. Todd and McNulty (1976)
offer the most recent literature revicw on this topic.
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Table 3.1.

Water-related diseases.

Reprinted from R. J. Saunders and J. J. Warford,

Village Water Supply, c1976, by permission of the Johns Hopkins University

Press, Baltimore and London.

Route  Route
leaving cntering
Group Diseases man*  man®
Waterborne diseases Cholera F (o]
“Typhoid FU O
Leptospirosis UF P, O
Giardiasis F (o]
Amocbiasis * 13 [o]
Infectious hepatitis ® F [0}
Water-washed discases  Scabies C C a. F=feces
N Skin sepsis ((:: g O=oral
TQ‘;".ZY N2 U=urine
Lice and typhus B B P = percutaneous
Trachoma C C C = cutaneous
Conju ~clivitis C C B = hite
Bacillary dysentery F [0} N = nose
Salmoncllosis' f‘ (] S = sputum
Enterovirus diarrheas i 8
',:‘;Li‘,yii’?i?d fever r o b. though sometimes
Trichuriasis F [0} waterborne, more
Whipworm often water-washed
(Enterobins) F (¢}
Hookw orm F o p ¢. unueual for domestic
(Ankylostoma) . \ water to affect these
Water-based disezses Urinary sc.hislosor.nu.lsm g P much
Rectal schistosomiasis F P
Dracunctlosis (guinea
worm) C (0]
Water-related vectors Yelinw fever B B mosquito
Dengue plus denguc B B mosquito
hemorrhagic fever
West-Nile and Rift Valley
fever B B mosquito
Arbovirus encephalitides B B mosquito
Bancroftion filariasis 1] B mosqu.ito
Malaria * 1H B mosquito
Onchocerciasis © 8 B Sirnulium fly
Sleeping sickness B B tsctse

water-washed diseases — leprosy, trachoma, and hookworm, for example — are those
which occur where lack of water and poa> personal hygiene create conditions favorable for their spread.
In these diseases quantity of water rather than quality is a key element in their transmission. Thus,

augmenting the available water supply, coupled with the establishment of good personal hygiena habits,
is important in reducing their occurrence.

Water-based diseases, such as urinary and rectal schistosomiacis, are those where a neces-
sary part of the life cycle of the infecting agent takes place in an aquatic animal., Infection occurs

through repeated exposure to the contaminated water which builds up the load of parasites in the indi-
vidual, causing ill health.

Diseases with water-related insect vectors, yellow fever and malaria, for example, are
those spread by insects that breed in water or bite near it. In both this type of disease and the pre-
vious disease type, infection occurs because of behavior patterns that cause the individual to come into
contact with the contaminated water or environment surrcunding it.

If a groundwater source 18 developed and adequately protected, there are three ways it po-
tentially could affect the type and occurrence of these water-related diseases. First, by making an
additional quantity of water available and thus allowing for the possibillty of good personal hygiene habits
to be established, it would help eliminate the water-washed diseases that flourish due to lack of water
and poor personal hygiene. Second, by providing an alternative source of water of higher biological
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quality that is inaccessible to infecting agents, waterborne diseases could be mitigated. Third, by pro-
viding a source of water which allows the individual to alter the behavior patterns that previously ex-~
posed him to the infected water source and environment, the occurrence of water-based diseases and
diseases with water-related insect vectors can be diminished.

When groundwater is developed as an altermative source, these potential benefits are con-
tingent upon three conditionsa: that the supply is reliable, that the people use the new supply continuous-
ly without returning to the contaminated sources, and that other sources of exposure to the same con-
taminants do not exist simultaneously (Howe, 1976).

This then is how the development and protection of a groundwater source of supply could
potentially affect health. Concurrent wi.h this improvement in health, as the conventional wisdom goes,
comes more productive people, which translates into desirable economic repercussions from the indi-
vidual to the community te the atate level.

But this is only conventional wisdom, conjecture that has yet to be confirmed or denied by
detalled studies. The author could find very little research done on the impact of groundwater on health.
In the absence of such studies, one wonders what provides the basis for the glowing reports that accom-
pany a discussion of groundwater and health, such as ''a new supply of pure groundwater has frequently
led immediately to improved health conditions ..." (United National Water Resources Development
Centre, 1960).

Even on the more general topic of the relationship between improved water supplies-health-
eccnomy, there is little good data, As Carruthers (1970*) observes: "There is much conviction but few
facts on the benefit aspects of water supplies.’ Saunders and Warford (1976*) also note this and specu-
late as to why this is so:

.+ . Studies of the association between health and water supply and sanitation
allowing an accurate prediction of health (and economic) improvements under a
variety of circumstances have not been carried out. The primary reasons for
this failure are a) that soclal, economic, and physical conditions very greatly
among target populations, precluding accurate generalizations, b) that the
sampling problems and problems of uncontrollable exogenous factors greatly
increase the probability of significant crror in the results, and c¢) that the water
supply-health relationship is highly colinear with a variety of economic, environ-
mental, social, and cultural factors, the effects of which are difficult, if not
impossible, to isolate.

Despite this lack of studies, Saunders and Warford (1976*) are able to offer some tentative
conuments, based on a review of the existing literature, on the relationship between improved rural
water supplies, health, and economic growth, Some of these comments are equally applicable to the
more specific topic of groundwater development, health, and economic growth, and are summarized
here. Inthe absence of better data, these comments provide some insight into what the potential rela-
tionshi p between groundwater development-health-economic growth may be:

... More and better water and better sanitary facilities are associated with better health,
The degree of improvement in health to be expected in any population depends on the level of health in the
first place, the economic state, cultural habits, education level, the general physical environment includ-
ing adequate means of waste disposal, and income level. In rural areas of developing countries where
unskilled labor is abundant and greatly underemployed, a rural water supply and sanitetion program, de-
signed solely to improve the health of the labor force may increase the extent to which there is an over-
supply of labor but have very little impact oneconomic output and earnings. Water and sanitation-related
health improvements are much greater among children than adults. There is some evidence, with regard
to waterborne diseases such as typhoid and cholera, that improved sanitation is, in the long run, more
effective and less expensive than vaccination. Investing in complementary programs (health education,
crop improvement, etc.) will increase the probability that the water supply and sanitation program will
have an economic development impact cn the area. If in a semiarid reglon or in areas with a dry sea-
son, a village water supply system is designed to include the provision that livestock can be watered
and small gardens irrigated, the probability that the system will have a significant economic impact is
substantially increased. Although a potable water supply for residents of a village may be a necessary
condition for significant economic development, it is clearly not sufficicnt —even as a catalyst — to
achieve this objective. ~(after Saunders and Warford, 1976%
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To summarize, we may say that groundwater is genetrally of high sanitary purity and thus
potentially offers distinct health advantages when it is deveioped and protected as an alternate s.apply to
more highly polluted surface water. But there are little or no studies done on how groundwater develop-
ment affects health and ecanomic growth because of the complexity of the relationship between the
variables. White, Bradley, and White (1972*) provide a grouping of water-related diseases which can
be used to infer as to how groundwater development could affect health., Saunders and Warford (1576+)
provide some conclusions that can be employed to try to ascertain the relationship between groundwater
development, health, and economic development in developing countries,

3. Cultural Impacts: Groundwater Development and Nomadic Pastoralism

ERRE R R

There was more than water in these wells. ~-Fontana (1964+*)

You say that the pump will save our women much effort and time.
If that happens, what are they going to 4o with themselves all
day long? -Tannous (1944%)

We have not made very much progress ... in tracing the cause-
effect relationships by which technological innovation leads to
changes in society. -Mesthene (1970%)

REEE R

Water occupies a unique role in culture, as Padfield and Smith (Padfield and Smith (1968%)
observe:

Man's cultural recognition of water is probably as old as man himself.
Both in its abundance and its scarcity, water has helped shape the evolution
of his institutions, challenged the i ngenuity of his technology, und inspired
the imagination of his priests and poets. It is no less so in recent history

than in ancient times, and water continues its inescapable influence upon
human destiny ...

And Bennett (1974) points out the physiological basis for this importance:

The cultural position of water has an ecological and physiological under-
pinning one does not find, for example, for air or soil. Air is too pervasive,
and soil is used too indirectly. Water, on the other hand, exerts a constant

pressure in the form of thirst, one of the basic biological drives underlying
humen responses.

In the Arid world, this role is magnified. The long history of occupation of the Arid zone
belies the successful behavioral and cultural adaptation to water scarcity that cnabled individuals and
cultures to siurvive where modern man, sans modern technology, cannot. Language, 17 grees (see
Norvelle, 1974%), law (llills, ed., 1966*), values, patterns of movement and behavior, all nave reflec-
ted the basic theme of water scarcity. This is particularly so for the occupants of those desolate expan-
ges of land between the exotic rivers (such as the Nile) and the nases: the nomadic pastoralists,

With water playing such a role in culture, and with the uncertainty of water supplies dominat-
ing the lives of the desert dweller to such a degree, it is easy to envisage the magnitude of the impact
that providing a stable adequate source of water would have on the traditional ways of desert life. When
uncertain water supplies become certain the effect can be profound and may substantively alter the rela-
tionship of the desert dweller with his environment, initiating both cultural and environmental changes.

It is important to understand cultural attitudes and behavior that concern water and the im-
pacts that may follow when groundwater development is undertaken as a tool of cultural-economic change
in developing countries, for cultural responses and subsequent environmental changes are often undesir-
able. There is a growing body of literature that concerns itself with the cultural aspects of water devel-
opment (for example, Smith and Padfield, 1969; Smith and Hogg, 1971; and Schramm, 1976), but to the
author's knowledge no studies have been done to document the cultural impact of groundwater development.
Bennett (1974) surveys the literature on the more general topic of water resources de velopment

17 For instance, the Arabic language has eight terms to derte different degrees of thirst (llills, ed.,
1966+4).
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and cultural ecology. The bulk of this deals with surface water projects, tife impacts of which are not
particularly applicable to groundwater development projects. Also, again on the topic of surface water
development, James (1974*) discusses some of the social processes instigated by this development.

But environmental repercussions, the result of changes in cultural patterns due to ground-
water development, have not escaped the ecological eye of the environmentally-conscious scientific
community. Throughout much of the Arid parts of Africa, the Middle East, and southwest Asia, the
development of groundwater supplies with modern technology has disrupted traditional patterns of rai-
gration of the nomadic pastoralist. With water supplies no longer limited temporally or volumetrically,
animal herd sizes were increased as was the time spent at the well site. Overgrazing and desertifica-
tion ensued, as is discussed earlier in this paper under the topic Livestock Use.

On the Papago Indian Reservation in southern Arizona, it appears that this same sequence
of events — groundwater development, cultural change, enlargement of animal herds, and subsequent
environmental degradation — occurred during an earlier time period. Fortunately, there is enough
anthropological data available on what the cultural aspects of this groundwater development were to de-
velop a case study that illustrates to a certain extent the nature of the cultural impact of groundwater
development in traditional nomadic pastoralist societies,

3.1) Groundwater Development and the Papago Indians

Papaguerfa, three separate but administratively-unified Papago Indian reservations in
southern Arizona, covers about 2,700,000 acres of dry desolate land in the heart of Arizona's Sonoran
Desert (Fig. 3.1). It is a ""strange wonderland, isolated and different," as Meinzer observed ( Bryan,
1925*) dominated by broad gently-sloping alluvial basins alternating with NW-SE trending mountain

1140 nae 110%
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ranges that become lower in elevation and smaller in size from east to west. [Precipitation is low,
variable, and summer intense, decreasing from east to west. Drainage systems are poorly integrated
and ephemeral. Except for the slopes on the higher mountain ranges in the east, where oak, pinyon,
and juniper are found, vegetation in Papaguerfa is mainly of the lower Sonoran life zone, xerophytic,
sparse. It is a place where "nearly every striking feature of this special world ... goes back ultimate-
ly to the grand fact of dryness — the dryness of the ground, of the air, of the whole sum-total” (Krutch,
1969%). The Papago Indian culture prior to about 1900 also reflected the dryness of this environment.
Today, seven-plus decades later, the landforms, the vegetation, the animals, and streamn systems gtill
echo the theme of aridity; only the Papago have changed. This is the story of that change: their adapta-
tion to aridity, their cultural response to groundwater development in the late 18008 and early 1900s,
and the consequent environmental changes.

Papago Culture Pre-1900 - Aboriginal Papago country originally spanned an area probably
five times larger than the present reservation system on either side of the International houndary be-
tween Arizona and Sonora, Mexieo (Fontana, 1976*)y. Early visitors to the area were able to identify
three distinet forms of Papago culture which coincided with different degrees of water availability: the
Sand Papago, the two-village people, and the one-village people. Hackenberg (1964%) and Fontana (1974
discuss these three subcultures.

*

~

‘The Sand Papago occupied the driest portion of Pnp:lgucrfa, the western zone, where rain-
fall averaged 0 to 5" /yr, and where water supplies were scarcest. ‘They exhibited the simplest form of
Papago culture and had the lowest population density. They were the most truly nomadic, depending al-
most entirely on hunting and gathering for subsistence. None survived into the twentieth century.

The two-village people were intermediate in complexity and population density, living in the
central zone where rainfall averaged {rom 5 to 10"/yr. It is with these pcople that this study is con-
cerned, and their culture will be discussed further in the following sections.

The one-village people lived in the eastern part of Papago country where the rainfall was the
highes' ranging from 10 to 15" /yr. At that time there was a perennial supply of surface water in the
flowing Santa Cruz River and in springs, in addition to a shallow groundwater supply. ‘These penple had
the most complex culture, the highest population density, and lived in permanent settlements with an ir-
rigated agriculturc subsistence hage. In 1874 the Sun Xavier Indian Reservation was established just
south of Tucson, Arizona, for these people.

There are two items of interest to note here. Tirst, the Papago Indians had successfully
adapted to their arid environment prior to 1900, an environment that Meinzer claimed had "perhaps
taken a larger toll of human life {Anglo Saxon] than any other arid section of the United States, ' and
which was ""so waterless and formidable a region that it has heen rarely visited by white inen" (Bryan,
1925). In this environment the Papago had been living since at least 1540, when the Spanish first came
into contact with them, without any grand water resource development schemes, their success based on
the fact that they relied on a knowledge of their environment, rather than a control over their environ-
ment,

Secondly, one cannot fail to appreciate how the contours of cultural distribution coincide with
the eontours of water availability (Ilackenberg, 19647); how the population density, the complexity of
culture, and the availability of water .ncreases from west to east. To determine why this is no longer
the case, we return to the two-village people.

‘The two-village people occupied the area where the great body of the tribe is now found.
They were semi-nomadic, migrating up to 30 miles hetween the Field village, where they spent the
summer, and the Well village, where they spent the winter, following the water supply. The Field
village, located in the lowlands usually at the mouth of a canyon, was considered their real home and
it was here they grew corn, beans, and squash with rainfall ond flashfloods from summer storms,
while small herds of cattle and horses grazed on the lush summer grasses. Between rainstorms, water
was gatherea from charcos, natural or man-made depressions near or in drainage systems that trapped
runoff; and shallow wells dug in alluvial stream channels. When the summer storms departed, and
these sources of water dried up, the Ficld village was ahandoned for the Well village higher in the moun-
tains, located near a more permanent source of water: a spring, a shallow bedrock well, or a tinaja, a
natural rock basin that concentrated rainfall runoff, llere the people and their animals spent the winter
until water was again available in the lowlands. When years were particularly dry, the Papago went
south into Mexico, or north to their cousins, the Pimas, for wage work. Hackenberg (1964%), Fontana
(1964*, 1974*), and Kelly (1974%) provide good discussions of the two-village Papago culture prior to
the development of the groundwater recource.
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It is from Underhill (1936*) that we add another dimension to this historical note. From a
90-year old Papago woman'e words, the relationship between the Papago and their environment, in par-
ticular, their water supply, becomes much more vivid and real:

... During the summer "we women did not have to fetch water. We could sit
in the house and make baskets. Or else we could go off over the land to pick
the fine fresh green things ... When the summer was over and the pond dried
up Where the Water Whirls Around, we took our babies and went moving over
the hills, following the water."

After mealtime '"when we were finished we did not wash dishes, How
could we with no water? We 8scooped food out with our knuckles, "

Between the summer rains and the winter migration "there was no water
at Mesquite Root; no water at all except what fell from the clouds, and I am
telling about the month of Pleasant Cold when the rains were long over. Then
our pond had dried up. If we wanted to stay in our houses, the girls had to run
for water far, far up the hills 18 and across the flat 1and to a place called
Where the Water Whirls Around. That was a low flat place, a good place for
corn, and the water ran down to it from all the hills. A big water hole was
there full of red mud. Oh yes, our water was always red, It made the corn
gruel red. I liked that earth taste in my food. Yes, I liked it."

""Many hours [the girls] had to run, and when they came back every family
had two little jars of water to last for the day. But we did not mind. We knew
how to use water. We have a word that means thirst-enduring and that is what
we were taught to be. Why, our men, when they went off hunting, never drank
at all. They thought it was womanish to carry water with them."

In addition to documenting how the traditional migration pattern followed the water supply,
this 90-year old Papago woman reveals several aspects of Papago culture that sre missing in the more
conventionalhistories: individual methods of water conservation, attitudes and value systems that en-
abled the culture to adapt to aridity, and the role of women with respect to water.

This then was the state of affairs up to the late 1800s: a culture whose patterns of movement
behavior, sustenance, attitudes and values reflected a successful adjustment to the arid landscape sur-

rounding it.

Post-1900 Papago Culture: In 1853 the Gadsden Purchase added the lands south of the Gila
River to the United States which resulted in the Papago Indians coming under the jurisdiction of the
government of the U. S., and in the Papago country becoming public domain. Gold, silver, and copper
were soon discovered in the area, and miners and ranchers moved in, taking over wells, springs, and
grazing lands formerly used by the Papago. Not knowing they had legally to claim the land on which
they had been living for at least the past three centuries, the Papago people were helpless.

By 1895 cattlemen had sunk wells 600 to 1,000 feet deep and were pumping water from the
broad valleys of Papaguerfa. With the establishment of these new wells, "the history of Papago settle-
ment, land use and occupancy began a new chapter” (Hackenberg, 1964*). But the development of new
sources of water for the Papago did not stop here.

In 1917 the Papago Indian reservation was established. In the intervening years between the
late 18008 and 1917 the Papago had taken over the wells at the mining sights when the ore ran out and the
wells at the ranches when they were abandoned or bought by the Indian Service for the Indians. During
the decade following the establishment of the Reservation, the Federal government spent $353,500 main-
ly on drilling wells and installing pumps. Between 1915 and 1932 the Indian Service bought from non-
Indians or drilled 26 wells. Between 1933 and 1942 another 20 were drilled and 40 improved (Fontana,
1964*), During the 1930s, all told 56 wells, 41 masonry storage tanks, 18 dams, and 76 earth-walled
tanks (charces) were built (Kelly, 1974*), From 1953 to 1958, $1,041,181 was expended on stockwater
development (Ibid.). In 1971, a $3.6 million range and water development program was funded through
the Bureau of Indian Affairs (BIA) (Yoakum, 1973*%)., By this time there were some 200 wells supplying

the Papago with water.,

18 Pumpelly (1870*) reported that water sources were as much as six-nine miles from their homes.
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There is no question that the develepment of groundwater on the reservation had a treinen-
dous impact on the Papago culture. Fontana (1964*) sums it up elegantly:

... There was more than water in these wells. It ig probable that no other
technological innovation in Papaguer{a had such a strong and lasting impact
on the desert people as tho drilling of deep wells by non-Indians. Their
presence made it possible to stay in a single village the year around, and
two-village people became one-village folk. Scattered settlements became
concentrated in single large villages in valleys where these new wells were
drilled, and Papagos who had learned to live with thirst and muddy water
became dependent on clear-flowing stuff gushing from iron pipes.

The drilling equipment, the windmills, other kinds of pumps — these
were the White man's tools. And now these implements became tied to In-
dian water, that most basic of all life's necessities. In this way the Papago
had to rely on foreign tools and on technological knowledge of Anglo-Americans
to maintain an adequate supply of this desert-precious liquid. So for the two-
village people there was cultural change in the well; there was satellite stacus
for human beings who heretofore had been their own sun. It is not surprising
that from time to time the old people objected to ncw wells.

More specifically, what were the changes in Papago culture that can be attributed to the
groundwater development which began in the late 1800s? Admittedly, there were other forces acting
synergistically at this time that undoubtedly affected the PPapago, particularly the increasing contact
with the White culture. But in which of the changes that are recorded in Papago history can it be said
that groundwater development played an important role?

Groundwater development appears to have played a major role in changing the Papago's
patterns of settiement and land use, their economic subsistence pattern, and their values, attitudes to
and relationship with their environment, each of which will be discussed in the following paragraphs.

With the development of groundwater, the traditional patterns of Papago movement, settle-
ment, and land usc began to change. Groundwater development acted as both a scattering and a centraliz-
ing influence on the Papago (Xavier, 1974*). By drilling wells in areas that previously were without
water and thus were unused, new areas of land were opened up to grazing and settlement, thus scatter~
ing population from its traditional ccnters. By providing a permanent source of water the year around,
population centralized around these wells in permanent settlements, and the traditional migration pat-
terns between the Field and Well villages were broken. Today, most of the 70 or more villages on the
Reservation are located around a well drilled by the Federal government (Officer and King, 1957*).
Consequent with the establishment of these permanent places of residence was the abandonment of old
settlements. IHackenberg (1964*) states that between 1900 and 1950, 50 locations were abandoned in the
central part of Papaguexl:%a, primarily well willages which deep wells in the valley had made obsolete.

In addition to the permanent village, anothey type of settlement was made pnssible for the
Papago — the ranch (Mark, 1960*). 'There is no question that contact with White culture had revealed
this type of settlement to the Papago and thus played a role in his acquisition of this new type of settle-
ment. But without the deep wells and powerful pumps this settlement would have been impossible.
Table 3. 2 shows the history of these settlements, ~nd their abrupt increase with the drilling of deep wells.

Table 3.2. Number of Papago Ranch and Grazing Locations Since Prior to 1850

Total Newly Founded

Before 1850 0 0
1850-1875 1 1
1876-1900 6 . 5
1901-1925 19 14
1926-1960 23 12

-Bauer (1971)

The increase in the number of ranches implies another change in Papago life, this one of a
more economic nature: the increasing importance of cattle grazing as a method of subsistence. Prior
to the groundwater development, cattle were important economically to them, as Fontana (1974*)
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documents, But their numbers were kept relatively small (see Table 3.3), under the carrying capacity
of the land, by lack of stockwater development (Anonymous, 1948%),

Table 3.3. Estimated Numbers of Livestock

Year Cattle Horses & Mules Source
1876 2,500 45, 300" Fontana, 1974
1877 3,000 4,275 "

1886 3,000 11, 000 "

1914  39-50,000 8-10, 000 Bauer, 1971
1919 30,000 30, 000 "

1939 27,000 18,000 "

1950 13,000 7,000 "

1960 18, 000 3,000 "

* - typographical error

Opinions vary as to the degree the Federal government well drilling programs played in the
large increases in herd size, and Bauer (1971) summarizes thege differences. Nonetheless, there is a
strong temporal correlation between the development of deep wells and the growth of cattle herds, at
lease initially.

Although water supplies continued to grow into the 19608, animal numbers did not, the re-
sult of a concerted effort by the Federal government to reduce the numbers of animals grazing in Papago
country, drought, and disease. Papago country was undergoing the process of desertification. The huge
numbers of cattle and horses that grazed here between the early 19008 and the 19508 "existed in the face
of a 1944 BIA estimation of carrying capac!ty of the range of 11,00 cattle and 1,000 horses" (Fontana,
1976*. Between the late 18008 and the present, three to none inches of topsoil were destroyed on over
1,250,000 acres of land (Bauer, 1971), new (and less desirable, from man's standpoint) vegetation asso-
ciations arose, and deep steep-walled arroyos began eatinf into the broad gently sloping alluvial basins.
Although the causes of this process are no doubt complex 19, many investigators feel that the increased
numbers of cattle played a major part (Fontana, 1976*; Bauer, 1971), Groundwater developr.ent, which
allowed for greater numbers of grazing animals, must share part of the blame for desertification in

Papaguerfa.

The last agpect of change to be discussed, the change in the Papago's values, attitudes to
and relationship with their environment, is one not so easily documented. Are men who cannot go for
long periods of time without water still considered "womanish'' ? s the Papago word for thirst-enduring
still used, and is that what they are taught to be? Do they still know how to use water, still "scoop food
out with our knuckles" instead of washing dishes with water? Do the women still run for water? If not,
how has he¢r status changed? Can a family still live on two little jars of water per day? Is one able to
say, a8 wus said in the past, tha. 'no Indians have more closely adapted their habits of life to the charac-
ter of the region in which they live than the Papagos' (Bryan, 1925%)? If not, what has been lost? And
what was it worth?

Today, Papaguerfa sits like a Third World country within the southern part of the booming
state of Arizona. Unemployment is high, per capita income and health standards are low, Ironically,
{t appearu that water has become a problem in a way it never was prior to the modern groundwater peri-
od. Pumping water from depths, trucking in water, piping in water, and suing for water 20 have re-
placed the traditional responses to water scarcity of adaptive behavior and geographic mobility. A suc-
cessful adaptation to aridity has been replaced by a less-than-successful adaptation to the U. S. govern-
ment agencies that provide the money and technology for water development (see Bauer, 1971).

While Papaguerfa has been the ascene of inany ecological changes in this past centuryzl. the
development of groundwater by modern technology has certainly had one of the greater impacts on the
traditional way of Papago life. To quote Fontana (1964*) once again: ""There was more than water in
these wells ... there was cultural change."

19 See Hastings and Turner (1972*) for a discussion on post-late 18008 cha#e in the Sonoran Desert,

and Cook and Reeves (1976*) for a discussion of the gullying in Papague

0"Su1t could force southern Arizona to buy its water from Papagos, Interior aide says.'" -Arizona
Daily Star, Tucson, October 20, 1976,

1 Mark (1960*) provides a comprehensive treatment of this topic.

2
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Summary: There is a great void in the literature on the cultural aspects of water resources
development in general, and groundwater development in particular. Adaptive behavior to water scarcity
on the individual and cultural levels has made possible the historical utilization of the Arid zone., Ground-
water development, by providing a stable,assured and adequate source of water where none existed pre-
viously has great potential as a too! of cultural change, particularly when undertaken within a nomadic
cultural context, because it eliminates the need for adaptive behavior. In the past, this has often led to
undesirable cultural responses and subsequent environmental degradation — a fact which only serves to
emphasize the need for understanding the cultural aspects of water development.

4, Economic Impacts: Groundwater Development and Irrigated Agriculture

... ‘The whole guestion of occupancy of this arid region [is
reduced] to a powerful pump and a properly laid out ditcli.
. -Hinton, as quoted in Green (1973)

When contemplating the economic impact of groundwater development, two questions arise:
What is the initial impact of development in a developing region? And what is the impact of a diminish-
ing groundwater resource in a developed region? ‘These questions arise naturally, the first because
groundwater development (and water resources development in general) is seen as a key to economic
development (and all that that implies) in the developing Arid nations; and, in the Arid developed nations,
where aquifers have had a longer history of intense development, declining groundwater resources in
many cases threaten the economic status quo of a region.

Both of these questions are asked in the context of irrigated agriculture. Inthe first case,
this is because the developing Arid countries are agricultural economies; most groundwater developed is
for irrigated agriculture. In the second case, in the Arid regions of the developed nations, irrigated
agriculture is the largest volume but the lowest value water user; thus, it is first to go when groundwater
supplies run short, And, of course, for both questions hovering in the background is the larger issue of
regional economic development.

Basically, there are three levels from which to assess the economic impact of groundwater
resource develupment: 1) the individual and regional, 2) the direct and indirect, and 3) backward and
forward linkages, The first two are essentially the same; in other words, the direct eco..omic impact
falls on the individual farmer and the indirect impact is felt regionally. The backward and forward link-
age effects of groundwater development are a subclass of the indirect effects. Backward linkages are
nthose effects on economic sectors which provide agricultural inputs (including the labor employed by
these sectors)' and forward linkages are 'those effects on economic sectors which purchase agricultural
output to process into more finished products (including the labo: employed by these sectors)" (Kelso,
Martin, and Mack, 1973). Essentially, what this means is that groundwater development has an impact
that is felt far beyond the field to which the water is initially applied and far beyond the farmer who reaps
the economic henefits of the increased yields.

Kecping this in mind, the rest of this chapter addresses separately the two questions asked

initially. One further point to be made is that although the central organizing theme of this chapter is
neconomic impacts," {mplicit in this term is cultural change, as should become obvious.

4. a) The Economic Impact of the Initial Development of Groundwater in Developing Regions

... Ingeneral, in [the developing countries}, water shortage is
the principal limiting factor to economic development. -United Nations {1964)

... Hardly another tool of economic progrese appeals So deeply to

the imagination, to the hopes and to the political consciousness of

the emerging nations as water development, -Fritz (in German
Foundation for Developing Countries, 1963+)

The role of groundwater in the economic development of undeveloped Arid regions is axio-
matic, unfortunately. Recent history of the southwestern United States is replete with examples of
desolate desert basins that were made into productive agricultural centers with the provision of ground-
water via modern groundwater development technology. Elsewhere, in the developing countries, ground-
water holds the promise of the future, such as in the Sahara, where the discovery of large groundwater
resources during the late 19508 and early 1960s led to a previously unthinkable optimism about its use
(Ambroggli, 1966*; Pallas, 1972%).
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A statistical analysis done by Kneese and Zamora (1975%) to test the hypothesis "that climate
as such, when other influences are accounted for, tends to affect per capita income negatively' adds
extra credence to the belief that groundwater development is a vital element in economic growth of
Arid nations. The conclusion, that "the effect of aridity on per capita income is generally negative,
the more arid land a country has the more likely it i8 to have a low per capita income,' implies that a
remedy for aridity can do much toward alleviating this lowly state. And, of course, the provision of a
stable adequate water supply through groundwater development is a prime remedy.

Yet few studies have been done on the economic effects of groundwater development. Peter-

gon (1968) and Hargreaves (1972) offer general discussions on the topic. Peterson develops two general
cage studies, Israel and Pakistan, in pointing out the economic, social, and managerial benefits of
groundwater development. Hargreaves sees groundwater development as a2 means of promoting irriga-
tion experience and initial infrastructure growth, .Green (1973), using historical data, shows how
groundwater development on the High Plaina of west Texas changed the use of the area from dryfarming
and grazing into one of the most productive irrigated agricultural areas in the United States, and how
this development affected the population and settlement patterns, the language, the growth of agricul-~
tural-related industries, and the general regional economic development. Howe (1976) cites the neces-
gary conditions for water resource development o be successful as a tool for economic development:
1) that water is, in some sense, the real bottleneck to growth, 2) that capital is available for the water
system under development and for related, complementary uses, 3) that institutions capable of manag-
ing the technology exist, 4) that the technology fits the social structure and values or that the latter will
change to accommodate the technology.

Other studies on the economic impact of groundwater development for irrigated agriculture
are less empirical and more predictive, using modelling and linear programming techniques to forecast
future economic trends as they are related to groundwater resource development and availability for ir-
rigation, Studies done on the High Plains of Colorado where the development of groundwater for irriga-
tion agriculture has occurred only recently (Bowden, 1965; Rohdy et al (1970! are of this nature. A con-
siderable body of literature of this type i8 also available for the High Plains of west Texas and central
Arizona areas, and will be discussed later as it deals more with the impact of a declining groundwater
resource than with the initial impact of development, the topic of concern here,

Good empirical studies are the primary requisite to analyzing the economic impact of
groundwater, and they are sorely lacking. Fortunately there is one area in the Arid world where
enough work has been done to present a case study that provides a beginning to understanding the econom-
ic role of groundwater in arid areas: Pakistan.

4, a)i, Groundwater as a Catalyst in Econornic Development: Pakistan

Situated between Afghanistan to the west and India to the east, Pakistan is essentially an
arid country (Fig. 3.2). Precipitation varies from less than eight inches in the lower area below the
confluence of the Indus River and its tributaries to over 50 Inches in the high northern hills, most of
it falling during the summer monsoon.

The Indus River, which drains the high mountains te the north, courses through the central
eastern section of Pakistan, discharging some 150 maf/yr. The Indus Basin has a long history of irri-
gation, going back some 5,000 years (Bokhari, 1975). The modern period of irrigation began under the
British in the late 18008. By 1972, 38,000 miles of canals supplied water to some 25 million acres of
land, 60 percent of Pakistan's cultivated acreage (Nulty, 1972). It is the largest continuous irrigated
area in the world,

In spite of this, and to a good degree because of this, by the late 19508 crop yields in Pakis-
tan were among the lowest in the world. Human caloric intake was less than 2,000 calories/person/day.
Population was growing at a rate of 2.5 to 3 percent/year while food production was rising at about 2 per-
cent (Revelle, 1964), In a nation of farmers, food imports began in the early 19508 and rose steadily
thereafter. Waterlogging and salinity problems had caused the atandonment of more than one million
acres of land and hundreds of once prosperous villages. Between 50,000 and 100,000 acres of farm land
were going out of production annually (Mohammad and Beringer, 1963). The prognosis for the future
was indeed grim.

Various attempts, none very successful, had been made over the years to deal with the prob-
lems of waterlogging and salinity which began in the 18508, and are summarized by Mohammad and
Beringer (1963) and Bokhari (1975). The turn around began in the late 19508 and early 1960s throvgh a
combination of two events, one in the public sector, one in the private sector. In the first, the Pakistan
government, under the auspices of the WAPDA (Water and Power Development Authority), launched one
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of its most sustained efforts to control waterlogging and salinity, the establishment of SCARP 1 (Salinity
Control and Reclamation Project Number One) in which 2,000 public tubewells were installed in the
Rechna Doab in 1959 and 1960 to reclaim waterlogged and saline soil that had recently been taken out of
cultivation (Nulty, 1972).

In the private sector, tubewell drilling operations by private contractors on individual ini-
tiative in several districts began in earnest in 19558-1959 and 1959-1960. Mohammed (1965A) found this
activity to coincide with the first provision of electricity to these districts, which maue private tubewell
operations hoth cheap and profitable, In 1960-1961 private drilling operations followed the provision of
electricity to two other districts (Nulty, 1972). Soon private tubewell installation began to grow at an
astronomical rate (Fig.3.3). No longer was it confined to districts with electricity, for the economic
benefits of installation made even the use of the more expensive energy, diesel fuel, profitable. By 1975
gome 120,000 private tubewells were in operation (Bokhari, 1975). During this time public tubewell de-
velopment also continued, though at a much slower rate; by 1972 some 8,000 had been constructed
(Mundorff et al, 1976).

Consequent with this growth in tubewell numbers was the increased availability of irrigation
water and the increase in groundwater's contribution to total supply as illustrated in Table 3.3. In 1960
the total supply of irrigation water was approximately 57 maf, of which groundwater supplied less than
four percent. DBy 198¢-1970 the total supply had risen to about 80 maf, of which groundwater's share
was over 24 percent, Between 1960 and 1970, the total supply increased by about 23 maf. Eighty-four
percent of this increase was accounted for by increased groundwater supplies.
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Table 3.4. Availability of Irrigation Water, by Source, Pakistan, 1960-1969/70 (maf)
-Nulty (1972)

Source 1960 1965/66 1967/68 1968/69 1969/70
Surface canals 55.0 57.3 58.0 63.8 60.8
Groundwater supplies

Persian wheels .50 n. a.

Private tubewells .80 8.1 12.35 12.5 14.0

Public tubewells .90 2.6 3.39 4.6 5.3
Total 57.2 68.6 73.74 80.9 §0.1

Tab, 3.5. Cropping Patterns and Cropping Intensities of Tubewell and Nontubewell Farmers, 1967
-Kaneda and Ghaffar (1970)

Cotton Area Rice Area Both Areas
Crop Non- l Non~ Non-
Tubewell tubewell Tubewell tubewell | Tubewell tubewell
farmers farmers farmers farmers farmers farmers
(ceessosssannsssonsvassssas percent teeesesvscrsncaseserasnsas)
Kharif Crops
Cotton 31.6 19.8 1.8 4.9 19.7 13.9
Rice 4.4 0.6 41.0 17.5 19.1 7.3
Majze 1.3 1.5 0.5 1.0 1.0 1.3
Fruits 4.4 1.3 2.0 0.6 3.4 1.0
Kharif Fodders 14.1 11.9 16,0 13.5 14.9 12.5
Sugarcane 6.0 3.1 1.6 4.8 6.6 3.8
Other kharif crops 0.5 0 0 0 0.3 0
Subtotal Kharif 62.3 38.2 68.9 42.3 65.1 39.8
Rabl Crops
Wheat 39.1 27.1 42,9 45.5 40.6 34.4
0il Sceds 1.0 1.0 3.5 6 2.0 1.2
Rabl Pulses 1.0 1.3 0.1 0.5 0.6 1.0
Potatoes 0.6 0.1 5.9 2.0 2.8 0.9
Fodders 10.9 8.7 13.5 10.7 11.9 9.5
Other Rabi Crops 1.3 0 2.9 0 2,0 0
Subtotal rabi 53.9 38.3 68.8 60. 4 59.9 47.0
Sugarcane 6.0 3.1 7.6 4.8 6.6 3.8
Fruits 4.4 1.3 2.0 0.6 3.4 1.0
Subtotal 10.4 4.4 9.6 5.4 10.0 4.8

Grand Total
(Cropping Intensity) 126.6 80.9 147.3 108.1 135.0 90.0
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The Impact of this large-scale groundwater development was two-fold: physical and economie.
The physical aspects of this groundwater development and how !i relates to the problems of waterlogging
and salinity have been discussed earlier (see section on drainage in Chapter II), The following discus-
sion is concorned with the economic and cultural impacts of this groundwater development, and its indi-
vidual, regional, and national implications.

Elsehwsre, where no source of water supply has exist ed, groundwater development’s major
impact is through providing a source. Here, in Pakistan where the Indus River carries 150 maf/yr and
the largest continuous {irigation system In the world exists, the development of groundwater had its
major impact in not only providing more water, but perhaps more importaatly in relieving the farmer
from the variability, uncertainty, and seasonulity of water supplies. When a farmer develops ground-
water, he eliminates the risk associated with surface water canal supplies, a risk that has both climatic
and institutional roots. When the monsoon is late, early, small, or not at all, all this is reflected in
the flew of the Indus. Institutional roots of risk lie in the fact that the surface water supplies are govern-
ment controlled and water is distributed on a time basis, When part of the distribution system breaks
down during a farmer's allotment time, he simply misses his share. Groundwater development (through
the private sector) took the avajlability of water supply out of the hands of Mot} eir Nature and the Pakis-
tani government. And, quite simply, the results were spectacular.

The following series of tables teils the stol y numerically. (Ib:se tables are from two
sources presenting data ior different geographical areas and time periodr and so are not consistent.)
As they speak for themselves, only a few general summary comments v.1l be made here.

Mohammed (1965A), Kaneda and Ghaffar (1970), and Nulty (1972) al) discuss the impact of
private tubewell development on the agricultural sector inr some detil, Mohammed's pioneering study,
based on data collected in 1963,determined that water pumped fron. tubewells enabled the farmer to
increase the depth of irrigation for existing crops, increase the irtensity of cropping by eliminating
fallowing and by double cropping, grow more valuatle crops, Incrzase the use of fertilizer, increase
the efficiency of bullock use, and increase the output per manual worker.

K aneda and Ghaffar's study, an extension of Mohammed's study based on a 1967 survey.
grouped these "output effects of tubewells" into four categoriea: effects of tubewells on cropping patterns
and cropping intensities, effects of tubewells on crop yields, effects of tubewells on inputs, and effects of
tubewells on the productivity of inputs. Table 3.5 presents cropping patterns and intensities of tubewell
and non-tubewell farmars for two selected areas. Important things to note are the general increase in
ths area of crops of tubewell farmers; the increases in acreage in cer. .In types of crops, which Nulty
(1972) feels indicates increaped emphasis on cash crops; and the increase in cropping intensity of tube~
well farmers. Table 3.6 presents the average yleld of crops for tubewell and non-tubewell farmers.

‘Table 3.6. Yields per Acre, with and without Tubewells. -Nulty (1972)
Rice Area Cotton Area
Without With Without With
Crop Tubewells Tubewells Tubewells Tubewells .
Rice (cleaned) 14.7 15.1 13.3 18.9b
Seed cotton 7.9 5.6 8.8 10.6
Maize 12.3 15.4 12.4 15.3
Sugar caneC 30.0 36.0 27.4 35.9
Fruits/vegetables 60.0 70.0 70.0 85.0
Wheat 12.4 131 15.0 16.9
Oilseeds 5.0 6.0 6.5 7.8
Gram 7.0 8.0 8.0 9.6

The increase in the inputs (fertilizers, land, labor) due to tubewell development are shown
in Tables 3.6 and 3.7. LCifferences in fertilizer application by tubewell and non-tubewell farmers dur-
i1g 1963-1964 are shown In Table 3.7. The dose of fertilizer for the crops to which it was actually
applied wes tmus about 30 percent higher in the case of tubewell farmers. Table 3.8 shows the increase
in land inpuic. ¥uneda and Ghaffar (1970) attribute the incresse in farming unit slze to the following fac-
tors: cultivation of unused areas, rental of additional land from neighboring non-tubewell farmers nr
ahsentee landlords, and the purchasing of additional units of land. Labor Inputs are also presented in
Table 3.8. Here we sce that not only d» the tubewell farmers have a longer labor input per day, but
also a higher labor input per acre. Increased productivity of inputs is documented by Kaneda and
Ghaffar (1970). Through the use of production functions and statistical analyses, they show that the
increase in output was more than proportional to the increase in inputs.
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Table 3.7. Size of Holding and Fertilizer Use of Tubewell and Nontubewell

Farmers, 1963/64, Pakistan, ‘ -Nulty (1972)
Multan and Sahiwal Gujranwala and
Districts Sialkot Districts
With Without With Without
Entry tubewell tubewell tubewell tubewell
Average area operated per
Linlding (acres) 51,9 28.1 42.0 23.3
Average arca cropped noer
holding (acres) 72.1 27.9 63.5 35.6
Cropping intensity 132% 99% 151% 126%

Lbs. of nitrogen upplied
per acr«: 39.6 37.56 42,17 36.6

Table 3.8. Land and Labor Inputs, Tubewell and Nontubewell Farms.
~-Kuaneda and Ghaifar (1970)

Non-
tubewell Tubewell
Farms Farms
Average farm size 30.25 acres 33.60 acren
Average working hours per day:
Family labor 4,50 hourse 10.44 honrs
Hired labor 9,20 hours 11.23 hours
Average 8.75 hours 10. 84 hours
Labor per acre at average
working hours:
Family labor 0.082 men 0.084 men
Hired labor 0.045 men 0.061 men
Total labor 0.127 men 0. 145 men

The income effects of private tubewell development are summarized in Table 3.9. In all
cases the net farm income for tubewell farmers is substantially higher than for nontubewell farmers,
and ranges from 36 percent to 104 percent, depending on farm size, area, and type of tubewell, While
one should not put too much emphasis on the actual numbers in the table, the table is useful in indicating
the orders of magnitude of the net increases in farm income due to investment in tubewells.

Nulty (1972) points out that tubewell technology is important for reasons far beyond profit
accruing to individual private investors. From here the discussion leaves the topic of the impact of
groundwater development through tubewells on the individual level and proceeds to a more regional-
national level that has implications for the economic development of this lesser-devcloped country.

First of all, it is important to note that the studies that provided the data for the preceding
series of tables were conducted prior to the dawn of the Green Revolution in Pakistan. In fact, the 1967
atudy that provided the hasis for Kaneda and Ghaffar's (1970) paper just preceded the advent of the Green
Revolution. Since 1968 the short-stemmed varieties of wheat and rice, and the greatly increased use of
fertilizer have dramatically increased the agricultural output of Pakistan beyond that which the increased
supplies of water through tubewell development were able to do. Bctween 1960 and 1965 gross agricul-
tural production had risen by 30 percent. By 1970 it Is thought to have risen another 50 percent (Nulty,
1972j. The recent {(post-1960) rise in agricultural production in Pakistan is being horalded as "one of
the greatest agricultural advances in history" (Nulty, 1972). This phenomenal rate of agricultural
growth is largely attributed to additional supplies of irrigation water through tubewell development



Table 3.9. Net Farm Income with and without Tubewells, by Size of Farm, Pakistan (Punjab)

-Nulty (1972)
Number of acres cropped Cropping Intensity Net Farm Income Increase in Net Farm Income
without with without with without with tubewell with tubewell
Farm size (acres) tubewell tubewell tubewell tubewell tubewell diesel electric diesel electric
Rice area 4
100+ 114 146 114% 146% 11,987 19,647 21,647 64% 31%
100 108 145 106% 145% 10, 447 18,216 20,375 74% 95%
50 54 73 108% 145% 10, 447 15,778 17,367 51% 66%
25 27 37 168% 145% 5,665 8,228 9,517 45% 68%
12,5 13.5 18.4 108% 147% 2,512 3,410 3,550 36% 41%
Cotton area
100+ 99 131 99% 131% 11,554 15,879 21,139 63% 83%
100 80.8 124.4 81% 124% 7,583 12,178 14,090 61% 86%
50 40.4 62,2 81% 124% 7,583 12,272 13,604 62% 79%
25 20.2 31,1 81% 124% 3,792 6,689 7,741 76% 104%

12.5 10.1 15.8 81% 126% 1,974 3,600 3,654 82% 85%
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(Kaneda and Ghaffar, 1970; Nulty, 1972), As Kaneda and Ghaffar note: "There is no question that
additional supplies of irrigation water [through tubewell development], which preceded the recent hreak-
through in food grain production, played the role of a catalyst in introducing (and rapidly diffusing) the
yield-increasing innovations [of the Green Revolution]. ™ Gaitskell (in Nulty, 1972) adds that private
tubewell development "enabled farmers to take up with confidence the other ing redients of the Green
Revolution, the new fertilizer-tolerunt seeds, fertilizer itself, and pest control, "

Private tubewell development technolog + had important ramifications not only in the agri-
cultural sector but outside it as well,  Both Nulty (1972) and Child and Kaneda (1975) discuss the linkage
effects between the agricultural sector and small-seale tubewell technology industry that has developed
in new areas uway from the established urban industrial centers.  Entire towns and sections of towns
have grown wnd developed around the domestic manutacturing of diesel engines for private tubewells,
other tubewell parts, and drilling installation and repair operations (Nulty, 1972). These are usually
rur: as family businesses (Child and Kaneda, 1975, Beside being a good specific example of industrial -
agricultural interaction,Child and Kaneda feel that the growth of this industry is important because it
oceurred spontaneously with no subsidies, no tax concessions, no technical assistance, and no recogni-
tion by official agencies.  And, more importantly, it has heen a vehicle for marshalling indigenous minor
savings and investible funds for the development of entrepenurial and managerial talent, for training of
skilled and semi-skilled laber and their employment, and for the application of new technology., These
authors also point out that of the tota! eniployment (7,550) in private small-scale industrics producing
consumer poods ag well as producer goods in the spring of 1964 in the Punjab region, tubewell firms ae-
counted for 6,000,

While discussing employment, another point should he made here that has to do with the in-
erease in productivity of manual labor input on tubewell farms (Fable 3.7, Nulty (1872) feels this is
especially important hecause it was o case in which increases in output/worker were not associated with
a decrease in the number of workers ‘cropped acre — a very important relationship in Pakistan where a
high rate of populiation gzre wth has been aceompanied by an insufficient rate of lubor absorption into non-
agricultural sectors. ‘Thus the development of groundwater through private tubewell installation has
helped the employment problem in Pakistan hoth within the agricultural sector hy increasing the demand
for labor, and the industrial sector through emnloyment in the newly-created tubewell-rzlated light in-
dustries. With respect to the first point, however, Nulty notes an ominous trend toward tractor mech-
anization due to politicul and cconomic incentives, ‘I'ractor mechanization reduces the labor force 50
percent per farm, on the uverage. Soif tractor mechanization continues its present trend, the initial
labor-generating forces in the agricultural sector that accompanied tubewell development will be lost
and most likely reversed,

Summary: Groundwater development can he a potent tool of economic development in Arid
developing nations. In Pukistan, groundwater development in the private sector eliminated the risk ag~
sociated with irrigation with erratic surface water supplies. ‘This enabled the farmer to take up the in~
gredients of the Green Revolution: high yielding variety sceds, pesticides, fertlizers. ‘This in turn led
to increascd farm revenues, increased agricultural output, increased labor productivity, the creation of
an indigenous technology industry, the generation of employment, the development of entreprenurial and
managerial skills, the growth of new towns and new parts of older towns, ecte.  Nulty (1972) cautions
that this history may be unique, though Aggarwal (19737) records much of the same sequence in the
Indian Punjab. The Pakistani experience with groundwater development raises another interesting issue:
the role of "appropriate technology” in determining the type and magnitude of an impact that groundwater
development will have, to be discussed later.

4. b) The Economic Impact of a Diminishing Groundwater Resource

When the water's gone, i'm leaving, too. ~Hligh Plains farmer,
as quoted in Boyle, Graves, and Watklns, 1971*

Water levels aredropping progressively year by year, and unless

remedial measures are taken without delay, the present economy

will suffer seriously and progressively until an additional water

supply can be brought into the area. -Arizona Academy,
as quoted in Kelso, Martin, and Mack, 1973

Water supplies in Arizona will be a restraint on its economy —
however, not necessarily a restraint on its growth but on its
structure. (Ihid.)
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The cry most often heard against groundwater development in Arid lands is that it gives
birth to an economy it cannot sustain. Elsewhere, in more humid areas, aquifer recharge rates are
much higher and groundwater is, to a certain extent, a renewable resource. In Arid lande, recharge
rates are low and erratic, and groundwater is viewed as a stock, or finite -~ »source. Thus development
of the aquifer can eventually lead to depletion. This is heppening in many o: the desert basins in the
United States, where groundwater has a history of development dating back to the early 19008. In a nuni-
ber of these areas, such as central Arizona and the High Plains of west Texas, there are no surface
water supplies locally available to be developed to supplement the declining groundwater resource base.
Depletion of aquifers in cases such as this has given rise to much concern,

This depletion is most acutely felt by the irrigated agriculture sector for it is the largest
volume and lowest value user, which means simply that it needs & great deal of low-priced water to sur-
vive. This is In contrast to other sectors of the economy, such as mining and manufacturing, where
water produces a high marginal and average value per unit of water for small quantities of water use per
unit of output (Fig. 3.4) (Kelso, Martin, and Mack, 1973). TFigure 3.5 illustrates how different water
ugers will respond to a change in the price of water. If the price of water rises from 'a' to 'b', the
quantity of water used by irrigation is more than cut in half, from BC to B'C', while all other uses are
cut only from B to B'. In other words, a small increase in water cost will affect agricultural use great-
ly and all other uses only slightly. This is why the focus of thie discussion on the economic impact of a
decreasing groundwater resource i8 on the irrigated agricultural sector.

o TFig, 3.4. Aggregate marginal demand
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The economic effect of a declining water level on net farm income can be separated into two
parts: 1) the increased pumping cost due to increased 1ift, and 2) the decline in crop yields due to a de-
cline in water resource availability (Sanghi and Klepper, 1976). Of the two, the second effect, that of
inadequate supply to maintain high crop yields is the most severe. This is because of the importance of
the role of high ylelds on the net returns from irrigation. Profit is very sensaitive to changes in crop
yleld. A 10 percent change in yield results in a much larger percentage change in profit (Ibid.). Inter-
estingly enough, the problem of increased pumping cost due to increased lift has taken on importance
only since the rapid rise in energy costs beginning in 1973. Prior to that, for the period 1891-1967,
Martin and Archer (1971) have shown that in Arizona "after 1910, pumping costs per acre-foot per foot
of 1ift in actual dollars declined rapidly until the 19408 and remained relatively conatant until 1967," and
that total costs per acre-foot of water, adjusted by the implicit price deflator, 'fall rapidly between
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1939 and 1950, and remain relatively constant thereafter in spite of generally increasing pumping lifts."
They and Young (1970) attribute much of this to improved technologies in hoth the energy industry and in
the pumping plants.

The literature availuble on the impact of a diminishing groundwater resource on irrigated
agriculture is both empirical and the~=~tical and concentrates on two areas where this is a problem:
Arizona and the High Plains of wue. texas. Green's (1973) fracinating treatment of the history of ground-
water development on the High Plains provides some empirical observations on the response of irrigated
agriculture to a declining groundwater supply situation: 1) farmers experimentaed with other crops and in-
creased livestock production, 2) the average irrigated farm grew larger in size, 3) groundwater dis-
tricts began to play a more aggressive role in conservation, and 4} the farmers began to look elsewhere
for water  (ireen rcports other telling signs of a declining groundwater re .ourcc. The amount of irri-
gated acrenge fell while the number of irrigation wells increased, indicating 1) an effort to obtain more
water to augment supplies from older wells or to replace depleted welle, and 2) the decrease in the num-
ber of aeres irrigated per well. Well yields declined. In 1963 one farmer reported his weils pumped 75
percent as much as they did three years earlier. The average value per acre declined in some places as
much as five percent in two years,

With signs like this no fortune teller was needed to predict the future. Boyle, Graves, and
Watkins (1871*) sum up what was felt to be the only possible conclusion te the era of groundwater devel -
opment: '"The collapse of irrigated agriculture (with a decline in groundwater) will create some noble
ghost communities for the thriving towns and cities of the Texas liigh Plains — Lubbock, Plainview,
Amarillo — all at bottom: dependent for their health on the ciop production made possible by crop irriga-
tion. "

In recognition of the need to predict future responses to a declining groundwater resource in
order to provide data for the development of watcr policies now to prevent potentiul catastrophics such
as just mentioned, many studies have been uniertaken in both Arizona and Texas. Using modelling and
linear programming techniques, the impact of a declining groundwater resource upon the individual far-
mer and the region has been predicted (for example, in Arizona see Burdak, 1970; Hock, 1973; and
Stults, 196%; in Texas, sec Grubb, 1966; Hughes and Magee, 1960; Lacewcll, Jones, and Oshorn, 1976;
and Williford, Beattie, and Lacewell, 1976).

While the limiting assumptions of these studies (for example, in Oshorne, Holloway, and
Walker, 1972, tenure patterns, size of farms, consumption functions, prices, government agricultural
programs, and technology remain constant) make a discussion of the quantitative aspects of these studies
pointless, a qualitative composite profile can be drawn to illustrate the general drift of the findings.

For the farmer, the impact of a declining groundwater resource will be expressed through a
combination of some of the following responses: a decline in water pumped, a decrease in irrigated acre-
aze, an increase in farm size, an increase in dryfarm production, a decline in low marginal value crops,
and a decline in agricultural output, cost of production, and total revenue. It is felt that this will be
translated regionally into a decline of land values , a decrease in population, a decrease in taxes collec-
ted, a decline in community expenditures and services, and a decline in the economic activity of the back-
ward and forward linkage industries. Lacewell, Jones, and Osborn (1976) after a summary of the litera-
ture on this topic in Texas concluded "that reduced annual withdrawals of groundwater for irrigating
agricultural crops due to a progressively declining water supply will exert significant downward pressure
on the economy of the region. The reduced agricultural output will be reflected throughout the region in
terms of population, employment and gross output of non-agricultural sectors."

Grubb (1966) feels that community, siate, and national economic interests of a large magni-
tude ar2 at stake with the decline in irrigated agriculture on the High Plains of Texas. Indeed, the
general tread of most of the literature has been to establish irrigated agriculture's economic importance
and then to conclude that it must be maintained, through surface water importation schemes. As there
is no water in west Texas to import, and as the rast Texans will not part with their water, the boldest
and most acceptable plan (to Texans, at least) has been that to import water from the Mississippl River
over at least 1,000 miles across Louisiana and eastern and central Texas at an estimated cost of $20
billion. In Arizona, a water-importation scheme from the Colorado River (the Central Arizona Project)
has already begun construction,

To this point, the literature coming out of Texas and Arizona has heen in general azreement
as to what will be the future impact of a declining groundwater resource on the irrigated agriculture sec-
tor. Ilowever, inthe assessment of the impact of a diminishing water resource on regional economic
growth and on the public policies that must be e¢stablished to deal with this pronlem, there is a diver-
gence. This divergent viewpoint is expressed by Young and Martin (1967), Martin and Young (1969),
Young (1970), and summarized most eloquently and forcefully by Kelso, Martin, and Mack (1973),
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Very simply stated, the difference between the two approaches is this; Most literature deal-
ing with the problem takes a static approach to the role of water in economic growth, the Arizonana men-
tioned above take a dynamic approach. In Texas, the economic status quo is threatened by the decline of
irrigated agricultural output due to a declining groundwater resource. A decline in irrigated agriculture's
output implicitly means a general downward economic trend for the region. Therefore more water is
necessary to maintain the role of irrigated agriculture in the economy. This is the thinking of those who
take a static approach to the iole of water in economic growth.

The Arizopans instead take an historical approach and emphasize the changing role of water
in the economic growth of an arid economy.

Kelso, Martin, and Mack (1973) explain this as such. Young developing economies are pri-
marily based on the exploitation of natural resources, namely minerals, forage, and land and water for
irrigation agriculture. As economic development progresses, the incomes received from these sources
become relatively less important to the nation's total economy, though the total amount may remain al-
most constant, The relative importance of these resource-hased industries declines because other
sources of income grow so much more rapidly. This changing Importance of resource-based industrics
is a characteristic of economic growth wherever it i observed.

Now, different economic sectors have greatly different demands for water per unit of output
or income and in the aggregate, as is {llustrated in Figures 3.4 and 3.5. Because of these different de-
mands, growth of the economy (s not followed by a proportional growth in total water demand (except in
the unlikely circumstance that all economic sectors grow in similar proporions). Data from Arizona
1llustrate this.

Figure 3. 6 shows the growth in tota! personal income from all sources in Arizona between
1929 and 1970, A comparison with Fig. 3.7 verifies that the growth In water consumption was much leas
than proportionate. Figures 3.8 and 3. 9 illustrate the changing importance of tt.e resource-based in-
dustries in the total economy, Very apparent is the degree to which the structure of the economy has
changed with attendant large increases in income and relatively small increases in water use.
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Fig. 3. 7. Water Use in Arizona, 1936-1968,
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Flg. 3.8. Percentage of Personal Income by Broad Source, Arizona, 1929-1970,
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Table 3.9 summarizes these changes. Kelso, Martin, and Mack's (1973) observations on

this table point out its significance:

... Between 1940 and the early 19508 when irrigated crop acreage increased significantly,
total income from irrigated agriculture was equaled or surpassed only by government

and "all other sources," and pepulation increased by 1ess than one-half million, total
water diversions ¢nd pumpage increased by about 3.5 million acre-feet, and total in-

come increased by 669 million dollars.

But, between 1953 and 1968, when the increase in total state income took place
almost wholly in the nonagricultural sectors and net incomes increased by 3,088
million dollars, together with a population increase of 845,000 people, water diver-
sions and pumpage Increased by only 1.27 million acre-feet.

These data underscore a significant consideration in analyzing the relation
hetween water suppliea and economic growth in an arid economy, namely, the
fnportance of the changing structure of an economy a8 a means for meeting the
thre at of water shortage as a restraint on growth.

These observations led Kelso, Martin, and Mack (1973) to ask the following questions:

... To what degree can or might the problem of water shortage as a restraint on
growth be circumvented by changing the structure of the Arizona economy ? And,
stemming from this question, what are the prospects that the economy will, re-
sponding to ordinary market processes, "automatically" change its structure in

the desired directions? And, do existing institutions facilitate or hinder such
"automatic' changes in economic structure? Or, if purposive policy actions by

the state can be used to change the supply of water available, what might be the
purposive policy actions it could use to change the demand for water without ad-
versely affectirg, even, possibly, favorably affecting income creation and economic
growth of the state?




Table 3.10. Changing structure of the Arizona Economy
Related to Water Diversions and Pumpage
W

Factor 1940 Amounts Changes from 1940 Changes from early
to early 19508 19508 to 1968
Water (acre-feet annually) 2,954,000 + 3,579,000 + 1,266,000
irrigated acres 665,000 + 635,000 - 96,000
State income (million $/yn) ‘
Agriculture 66 + 129 + 5
Mines 45 + 14 + 66
Manufactt ring 25 + 37 + 518
Government 106 + 139 + 899
All other sources 272 + 350 + 1,600
Total 514 + 669 + 3,088
Population (number) 499, 261 + 395,000 + 845,000

* Incomes are in dollars of constant purchasing power (1957-59 = 100)

Reproduced by permission from Water Supplies and Economic Growth in an Arid Environment,
by Kelgo, Martin, and Mack, Tucson:University of Arizona Press, c1973.

Their conclusions: " ... Water supplies in Arizona will be a restraint on its economy —
however, not necessarily a restraint on its growth but on its structure."”

The public pollcy implications?

... the Arizona water problem is more a problem of the lack of mar-made institutions
(policies) for developing and transferring water than a problem of physically short supplies.
At least, the problem can be resolved more cheaply for many years to come if it is
approached through institutional (policy) reform relating to water transfer rather than
through development and/or importation of additional water supplies. The water problem
in Arizona is a "man-problem' rather than a "nature-problem."

Summary: Technological advances have, to a certain extent, partially offset the impact of
a declining groundwater resource to the irrigated agricultural sector. Certaln other adjustments to in-
creasing water scarcity are inevitable: a declining groundwater resource threatens the economic status
quo of Irrigated agriculture in arid regions. The traditional approach to this problem has been the pro-
motion of surface water importation schemes to maintain the health of the irrigated agricultural sector,
a health that is considered necessary for the regional economic growth. This approach is being chal-
lenged by data that illustrate the changing economic role of the irrigated agricultural sector in cconomic
development and that questions the economic necessity of its maintenance. Thus, while a declining
groundwater resource base does threaten the existence of irrigated agriculture, it need not necessarily
threaten future regional economic growth.

Underlying this discussion has been the unspoken issue of water supplies: irrigated ogricul-
ture, food production, population growth. There are those who argue that the decline in groundwater
supplies which threatens the irrigated agricultural sector threatens world health:

", .. So the decline in underground water supplies poses a long-term threat

to this country's agricultural output and to the farming sector's important
contribution to U. S. export earnings. And for the fast-expanding, hunger-
threatened population of much of the werld, the impact could be grim indeed, " 22

22 5 M. Winski: Running dry. Wall Street Journal, May 31, 1977.
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On the other hand, there is the idea that irrigated agriculture promotes an undesirable
population growth and that its decline will help stabilize population:

" ... Perhaps all deserts ought not to bloom. If irrigation projects draw
too many chairs up to the water table, causing shortages, perhaps irrigation
in certain places i8s not a good idea. If the transformation of a desert into a
fertile valley increases the potential of turning a drought into a disaster,
perhaps we should begin planning for intelligent allocation of the water
resource. " 23

Only the future will be able to tell us what the impact of a declining groundwater base will be.

23 W. Safire; Do your part - drink screwdrivers, not water. Arizona Daily Star, June 7, 1977.




IV: AN OVERVIEW OF THE LITERATURE

A brief overview of the literature discussed in Chapters II and III is presented here for
perapective and because of what it tella us about the nature of our sclence and the nature of the problem,
First of all, there i8 no real body of literature that concern.: itself directly and comprehensively with
the topic "tke impact of groundwater development in arid lands," Certain aspects have received much
attention — the physical aspects. Subsidence, sea-water intrusion, salinzation all are topics that, to
one degree or another, we have the scientific tools and techniques necessary to study. And study them
we have. The bibliographic entries on these topics are only the tip of the iceberg. -

In contrast are the socioeconomic impacts of groundwater development. Implicit in the
lack of post-hoc socioeconomic evaluations are observatlons concerning the complex rather indetermin-
ant nature of the topic, the lack of scientific techniques to really deal with the problem, the youth of our
consaciousness of the problem (and perhaps even the problem itself), and, perhaps very much indeed, the
belief that groundwater development in arid lands can have oaly a beneficial effect, so why study it.

Related to this last point is the observation that the majority of this paper and the majority
of the bibliographic entries are concerned with the negative impacts of development. There is a dis-
tinet tendency in our environmental sciences to study those problems that deal with undesirable effects
in an effort to understand them and thus alleviate them. This paper reflects this literature tendency
because it i8 a literature review. Thus, if one receives a rather negative overall impression about
groundwater development in arid lands, he should be cautioned that this probably reflects more about
- the nature of the literature and our scientific concerns that about the nature of the topic. Indeed, the
literature is very weak on both the socioeconomic and beneficial aspects of groundwater development,

One further comment on the limitations of the literature. The impacts of groundwater
development extend fur beyond the topics presented herein, into our institutions, other geographical
areas, and into the future in ways that are presently mysterious, unobservable, and unimaginable, or
perhape just overlooked or too trivial to comment sz, In some cases this paper has discussed impacts
that have not yet received much attention in the literature, but in many cases it has not. The reader
should be aware of ihis literature and this paper's limitations, lest he think tiat the impacts reviewed
herein are the only impacts of groundwater development.
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V: SOME FURTHER CONSIDERATIONS

The manner in which groundwater resources are developed
and utilized can greatly affect the development of a regional or
local water supply system and the corresponding long term
economy which the system can support, particularly in arid

and semi-arid reglons. ~Hall and Dracup, 1967

Now that we know what aome of the major impacts of groundwater development in Arid
lands are, the obvious question then becomes : '"How can we enhance the desired lmpacts and minimize
the undesired impacts ?'" Directly related to this question 18 the observation that the impacts of ground-
water development are not simply the result of the withdrawal of groundwater from beneath the surface.
They are also a function of three other factors: the physical setting in which the development is taking
place, technology, and tiie cultural-institutional factors that relate to its development. Understanding
how these factors relate to and how they influence the scope and magnitude of the impacts 18 one step
toward being able to control them,

1. The Physical Setting

The role the physical setting plays in the impact that groundwater development will have is
obvious: Subsidence usually occurs in late Cenozoic unconsolidated to semi-consolidated alluvial and
lacustrine deposits; sea-water intrusion afflicts coastal aquifers in hydraulic contact with the ooean;
and large aquifers such as the Ogallala in the High Plains of West Texas make possible extensive irri-
gation agriculture — as examples.

2. Technology -

Now we are addressing a different matter. Groundwater development technology is the
interfact between the physical system (the aquifer) and the social system. It has replaced adaptive
behavior as 1 means of coping with aridity. There are two ways in which it has and will affect the

impact of groundwater development.

2. a) Technological change

The first way is through technological change, Until relatively recently, groundwater de-
velopment involved fairly simple technologies and a good deal of time and energy. Their limitations
precluded the possibility of any major environmental changes due to groundwater development. Consider
the sip-well of the Bushmen of the Kalahari;

.+. The procedure is as follows, and is usually carried out by an old
woman. A certain plant serves as indicator of damp sand at the spot
chosen and the woman proceeds to scrape a hole in the sand to arm's
length. She then tskes a grass stem or hollow reed, surrounds one
end of it with fine roots or grass, and places that end in the bottom

of the hole. The sand is then carefully replaced round the reed and
firmly tramped down. After an hour or two the woman begins to suck
through the reed, producing, of course, a semi-vacuum in the wad of
grass buried below. The sucking has to be maintained for anything up
to an hour before the pressure of the atmosphere has pressed the films
of water around each sand-grain to the bottom of the reed. The water
then comes up into the woman's mouth, and she inserts a second and
shorter reed in the other side of her mouth leading down to a small
hole at one end of an ostrich egg. She alternately sucks with one side
of her mouth and expresses the water from the other side down the
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reed to fill the ostrich egg shell. A number of these are filled,
carefully sealed with clay, and lFaried in different parts of their
hunting territory for use when .ne dry season comes upon them,

-Debenham, as quoted in Amiran, 1966*

Or even the windmill, which had its own lifting deice, It too had its limitations: shallow
groundwater bodies and wind. Early observer:s thought this techiiology was destined to open up the
Great Plains to human (Anglo-Saxon, at least) habitation:

... From Canada to Mexico the revolution on the Great Plains is
now in full tide. It [the transfer of windmill technology to the Great
Plains] is the most d.amatic page in the history of American agri-
culture. It has saved an enormous district from lapsing into a
condition of semj-barbarism.

~-Smythe, as quoted in Green, 1973

Smythe waa wrong. He made the same mistake we currently are making in assessing our
future resource avajlabilities: he locked technology into its historical present, he assumed that his
technology -- the windmill — was the ultimate end in groundwater development technology.

During the late 18008 and early 19008 (it is impossible to put a precise date on the time)
groundwater development entered a new era '"'simply bhecause the supporting technology — and an effec-
tive demand for the products of drilling — were in existence' (Kazmann, 19724, Any technological
change that facilitates the discovery of groundwater or increases the depth of drilling, decreases the
cost of drilling or lifting water to the surface, or increases the flow available for withdrawal, offers
some opportunity for extending the physical range of groundwater use and definitely will have some in-
fluence on the impact of the groundwater development. Ackerman and LBf (1959) in discussing the ad-
vances made in water development technology, offer a good example of the impact of technological
advance: the vertical turbine pump.

Prior to its development, 50 feet was generally considered the greatest distance ground-
water could be pumped, thus limiting groundwater development to areas of shallow groundwater bodie-
In many areas this limit had been reached. Around 1957 the vertical turbine pump was fina)ly perfec
ted and commercialized, an achievement * :at changed the pumping depth considerably and created an
impact that was immediate and widespread. ''The introduction of high-capacity deep-well turbine
pumps allowed a phenomenal expansion of irrigation ... In the sixteen years following introduction of
this pump the number of wells multiplied twenty-five times in the Texas High Plains (Ackerman and
Lbf, 1959)."

These technological advances have had a considerable influence on the character and extent
of the development of the Arid zone, It has made settlement by large numbers of peogle possibie, it
has initiated regional economic development, subsidence, sea-water intrusion, ete., in a way primitive
technologies could not.

As Green (1973) notes, ''the search for water' on the High Plains was largely a search for
technological means to bringing water to the surface in large enough quantities and at a low cost. The
search for technological means is not over. Technology will continue to advance as it has in the past
—in respon.e to market incentives, in the direction of conserving those resources that are scarce
(Schultze, 1977+%).

2, b) Appropriate technology

The other way by which technology influences the impact of groundwater development is in
its "appropriateness.' Appropriate technology is simply technology thet is appropriate to a given
socioeconomic system and to the goals of its (the technology's) implementation. Groundwater develop-
ment in develping countries is often undertaken not only for the water it provides but also for the indi-
rect processes it stimulates that relate to national economic development: the generation of increased
incomes, employment, industries, skills, etc. In sueh a situation, the choice of technology for ground-
water development can be & critical factor in how readily these goals are met,

Groundwater development technology can be broken down into five general categories:
1) drilling technique, 2) power source and type of engine, 3) type of pump, 4) screen material used,
and 5) agency installing the wells. Within each category, different alternatives are available that have
different labo - (in terms of number of people and degree of training), cost, and infrastrueture require-
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menis for their construction, assemblage, operation and/or maintenance. Thus it i8 possible to put
together any number of "prckages' of technology that are labor- or capital-intensive, that rely on
indigenous or imported raw materials, parts, and labor; and that are capable of being installed,
assembled, constructed, and/or maintained by indigenous peoples or foreign contractors.

The following examples illustrate how appropriate groundwater development technology can
affect the impact of groundwater development. In Pakistan, as was pointed out earlier, it was the
groundwater development undertaken by the private sector that spawned the development of new indus-
tries, the rapid embracement of the Green Revolution, etc. The wells installed by the private sector
were relatively cheap and simple. They utilized indigenous labor and raw materials. The demand for
their parts, their construction, repair, and maintenance could be met from within the soclety. This
is what gave birth to the new tubewell technology industries, as is discussed by Nulty (1972) and Child
and Kaneda (1975).

In contrast, the groundwater development technology of the public sector was more expen-
sive, more powerful and sophisticated. The public wells required foreign'parts and skills to construct
and maintain. They were financed, owned, and operated by the State. The whole package was far in-
ferior to the groundwater development package of the private sector in terms of the goals for which it
was undertaken, as Bokhari (1975) has shown. Comparative evaluation of public and private tubewell
packages in India yields similar conclusions (Moorti, 1971; Mellor and Moorti, 1971%),

Table 5.1: Comparison of the Beneflts of Two Tubewell Technology Alternativec for Installation In Bangladesh
-aftar Thomas (19795)

EVALUATIVE CRITERIA LOW-COST WELLS MEDIUM-COST WELLS

{. Economic Develcpment

Internal rate of return 48% 33%

employment and training to inatall 20,000 wells, more than 06,000 to lnatall 20, 000 wells, 1,600 man-years
man-years of employmert for unskilled of employment would be created; forelgn
labor would be created; another 9,000 coctractors would make up most of the
man-years would be created for drlllers employment force; ouly a few hundred
and asalatant drillers; most of these Bengalls would be needed.

opportunitles would go to Indlgenous peoples.

location and dlatribut/cn drilling rigs welgh relatively little, can be drilling rigs are heavy, and mobility la

of beneflts easlly taken apart and reasgembled, can be limited by rivers and canals as well as the
trangported from one sits to another by ahgence of roads and bridges; thus drilling
a‘most any means; therefore heneflts can be must be concentrated In only a few districts;
widely distributed across country and will be beneflts would go to city-based or foreign

retained Ln the rural sectors. contractors and the Installation in taelf
. would provide almoat no beneflt to the location
In which It takes place.

lnkage effects would Inciease the number of private domestic| almost all materials would be imported, with
contractors Installing wells Rigs: the com- no Unkage effects

ponents could all be fabricated in Bangladesh;
by the 5th year Rs. 1.5 million would have
been spent domestically to obtain 3,000 rigs,
and thelr fabrication and malntencnce would .
have provided the baals for one or more amall
firms. Pipe & Screen: would create a demand
for Rs. 20 million In blidn pipe. Pumps &
Englnes: can be manufactured bere, mean-
Ing an iuvestment of Rs. 105 mlliion Ln
domestiv Industry.

0. Organization and

Implementation
Installation capacity wells to be lnatalled by the agricultural Devel-| wells to be Installed by foreign contractors who
opment Corporation (local agency) which bas would have a greater capacity to lnstall wells
llmlted adminlatrative capacity according to a predetermined schedule
organizution of demand would probably be greater tecause farmers would be less because equipment that the farmer
for water participate Ln well construction process does not understand would be used without
his lovolvement
potential for non- only this technology has potential for non- no potentlal for non-governmental installation

governmental lnstallation governmental installation
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Thomas' (1975) evaluation of tubewell alternatives in Bangladesh illustrates most clearly
how the choice of technology can affect the achievement of economic development goals, as well as the
type of impact groundwater development can have. He tdentifies three similar cost and technological
well packages available to meet the government-declared goal of the installation of 20,000 wells: high-
cost wells (over Rs, [rupees] 100,000), using capital-intensive imported technologies, imported equip-
ment, foreign contractors to install wells, and electric generators to power them; medium-cost wells
(Rs. 100,000 to 50,000), utilizing capital-intensive complex imported technologies and supplies by rely-
ing on diesel power, with installation by foreign or domestic contractors; and low-cost wells (under Rs,
50,000), utilizing labor-intensive methods, adapted technologies, and supplies generally manufactured
or assembled within the country and installed by domestic coutractors, agencies of the government, or
agricultural cooperatives.

His analysis of two of these alternatives (the high-cost wells were dropped from congidera-
tion because of financial infeasibility) is shown on table 5.1. ‘Thomas' conclusion: " .., th¢ arguments
for the low-cost wells over medium- and particularly high-cost were impressive. Bangladesh's devel-
opment objectives, economic return, employment creation and training, distribution of benetits as well
as the potential for the creation of domestic industry would have been better served by the low~-cost
wells ... On balance, this evidence, plus the fact that the low-cost wells were the only ones proven
in actual operation in Dangladesh suggest that the low-cost wells utilizing the simple technology repre-
sented the tubewell technology most consistent with the objectives and nceds of the country.' 24

It is interesting to notc the criteria Thomas used to vvaluate the alternatives. Thc techno-
logical packages were evaluated not only in terms of how they could promote economic development
goals hut also with respect to infrastructural and institutional capacities. Implicit in this is the recog-
nition of the importance of the cultural-institutional setting in which groundwater development is under-
taken — the next topic.

3, Cultural-Institutional Aspecte

The cultural-institutional setting in which groundwater development takes place determines
to a large degree the type and magnitude of the tmpact of the development. Within the larger context of
the whole cultural-institutional setting, this paper is concerned in particular with two smaller aspects:
Cultural behavior and attitudes toward water development, and institutions dealing in any way with water.
Two different cultural-institutional settings are pertinent to this discussion: those of developing and of
developed nations.

3. a) Developing countries

In developing countrics there is often great discrepancy between expectations and results
of water resource development projects. Where. in some developing countries groundwater develop-
ment has had a very beneficial impact (see the case history on Pakistan), elsewhere practical results
of completed projects have frequently been disappointing (sec Holmberg, 1952%), Financial constraints
have often been hlamed for these failures. Schramm (1976) feels, on the contrary, that "in many cases
the finanecial constraints are less important, and less binding, than the human related ones' and that
while financial constraints can be overcome, "the constraint., related to human factors must generally
be defined as structural problems which will yield little in the short run and only very slowly and reluc-
tantly in the long run.”

Wiener (1972*) discusses this:

... The reasons {or the differences in the ... approach to [water] projects
between developed and underdevelped countries is obvious. Farmer populations
in developed countries possess sufficient adaptive capacity to spontaneously take
up appropriate production methods in response to an improved production en-
vironment (such as a new irrigation project) and to spontaneously set up the
necessary rural institutional framework: in short, they are development-minded,
and if they need some technologicul information, they will know how to look for it
themselves. Such rural societies are, to a great extent, self-regulative; a new

P4
The medium-cost well package was in fact chosen. Organizational requirements of the implement-
ing agencies (including internationa! donor agencies) — risk avoidance, appearance of modernity,
established procedures, familiar techniques , and control — in the final analy.i8 outweighed develop-
ment policy objectives.



challenge will elicit an appropriate response. By definition, this is not the
case in Third World countries; farmers are governed by traditional methods
and will resist sudden change. No spontaneous adaptation to new production
environments will occur, Project interventions will thercfore have to com-
prige all those activities that relate to the transformation and upgrading of
the psychological space of the farmer, with a view to motivating him to re-
spond appropriately to new production environments.

Wiener suggests that wuter projccts in developing countries must be broadened in scope (to include such
things as information on agro-techniques , rural institutions, farmer's motivation) to bring about the
necessary change in the farmer's response to water development in order to meet the goals of the de-
velopment.

Smith and fogg (1971), while nlso emphusizing the nccessity of understanding the cultural
constraints, take a slightly different approach to the problem: '"A eoncern with relations among people
in water resource development means that the values they hold regarding effective development must be
congidered in decision making." Rather than changing the culture to fit the goals of water resource de-
velopment, they suggest changing the water resource development package to fit the culture. Through
an example of henefit-cost analysis within different socio-economic cultural contexts, they illustrate
how the methodology developed in the industrialized nations to evaluate projects niay not be applicable
to different cultures where values and inter-personal relationships are strikingly different. In other
words, the gouls of water development, and the way a project is implemented, evaluated, und managed
ought to be site-specific to a given cultural context if success is to be attained,

Cultural behavior is not the only factor inhibiting the impact of water resource development
in developing countries. A lack of a skilled labor and managerial force, and an inappropriate (or laek
of) institutional infrastructure to deal with water add tc the problems (sce Howe, 1976; ard Schramm,
1976).

Though water is often viewed as a maior constraint to development in arid developing coun-
tries, the provision of water is not always the answer to problems of underdevelopment. The impact
that water resource development can have is very much related to the cultural-institutional setting in
which it is undertaken. In developing countries this setting often is such that little is to be gained by
water development because of this, no matter how much desired.

3. b) Developed countries

The situation is somewhat different jn the industrialized nations. Here the problem is not
a lack of an appropriate response on the individual's part to groundwater resource development to fur-
ther his own economic interests. It is, rather, the opposite: Individuals are maximizing their present
economic benefits through the use of a groundwater resource in ways that are questionable (for example,
growing low-value high water-consuming crops in arid areas) and at a rate promoting undesirable physi-
cal consequences such as subsidence and sea-water intrusion, and which threatens future availability of
the resource.

The basic theme underlying most articles on groundwater management is that our institutions
have not kept up with our ability to exploit the groundwater resource. This institutional failure is large-
ly blamed for all the undesirable conseguences of groundwater development. Most laws, through their
presence orabsence, tend to promote rapid depletion of aquifers anddo little to prevent negative conse-
quences. For example, groundwater law in Arizona puts "heavy pressure on the groundwater user to
get as much water out of the ground as he can, economically and legally, in as short a time as possible,
The obvious result is rapid extraction of groundwater for so long as marginal-value product from its use
is equal to or above the operating cost of the pumps by which it is extracted. Thus, short-run gsecurity
is gained by each at the expense of long~run insecurity on the part of all ... Furthermore, pressure on
each groundwater user to bolster his individual short-run security at the cost of long-run insecurity for
all, forces users heavily dependent upon rapidly deepening groundwater stocks to search eagerly for re-
placement water supplies. Grourdwater law encourages rapid depletion of groundwater stocks, thus
forcing long-run gearch for developable replacement surface supplies' (Kelgo, Martin, and Mack, 1973),
Furthermore, lack of flexibility in Arizona groundwater law causes a 'rigid 'locking in' of groundwater
to existing sites and to existing uses' which may ultimately result in a curtailment of economic growth
of the state (Ibid.).

In addition to law, other institutional factors pertinent to this discussion include the struc-
ture and organization of public agencies dealing with water. One factor frequently cited as a reason for
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feilure of political institutions to deal with water problems is that water management decisions are
rarely made as a single entity. In Arizona, for example, 14 different public agencies, each with a
different constituency, a different sovereignty, a different perception, and a different function, have
some sort of say in how water is developed and/or used (Null, 1970%), This political fragmentaliza-
tion has led to a fatlure to deal adequately with water problems (and thereby enhancing them) for
reasons Straayer (1970) identifies as due to: 1) the relationship between the pattern of governmental
organization and problem boundaries, 2) variations in the number and nature of functions performed
by the different agencies, 3) variations in the resources possessed by and demands placed upon those
agencies, and 4) a rcsultant variation in the propensity of decision makers to treat a given set of en-
vironmenta! conditicns as a public problem and then to incur the decisfon-costs necessary to deal with
the probiem.

In this brief but by no means comprehensive discussion, it is hoped its purpose has been
gserved, namely to illustrate the role of the cultural-institutional setting in the impact of groundwater
development, Readers interested further in this topie are referred to Fox (1976*), Gray and Trock
(1971*), Kelso (1974*), and Trock (1971*), in addition to others already cited, for starters. Suffice
to siy, in both developing and developed countries institutions significantly affect the manner in which
groundwater is developed and used and the impact of its development. And, because they are not fixed
physically in nature, as is the ultimate amount of groundwater available in arid lands, they represent
one potential way through which our water problems can be approached.



Vi: SUMMARY and CONCLUSIONS

As | write this, a water crisis is perceived at every level of my political existence: my own
home, city (Tucson), state (Arizona), region (the West), country (United States), and even on the global
level. The headlines in general interest magazines: "Warning: Water Shortages Ahead" 25; financial
news media: "Running Dry"26; editorials by political commentators: Do Your Part - Drink Screwdriv -
ers, Not Water" 27; local city newspapers: ""Tucson's Water Supply Draining Fast" 28; and even college
campus newspapers: "Lack of Water Dries up Future of Arizona Indians' 29 — all bespeak the concern
with our water supplies and indicate the degree to which it has permeated different levels of our culture,

'The topic of this literature review and bibliography,The Impact of Groundwater Development
in Arid Lands, is very intimately related to this topic of water shnrtage., The historical response to
water shortages has usually been to develop more water supplies. It is inevitable that groundwater
supplies will be increasingly developed as cities, states, nations scramble for water to serve a growing
and increasingly affluent world society. With this prognosis, it is of interest to all concerned to have
some idea of what the effects of groundwater development might be., '"Forewarned is forearmed."
Knowledge of future impacts, if used, can only enhance the planners' ability to mitigate the undesirable
effects, and promote the desirable impacts.

From the preceding literature review, the following general observations can be made regard-
ing the impact of groundwater development;

1) Groundwater devel.nment can cause considerable environmental changes to occur both on
and beneath the land surface. The cypes of changes will depend upon the physicai setting of the ground-
water development,

2) Groundwater development is also an agent of socioeconomic change. Its relative impor-
tance as this kind of agent will depend upon the state and stage of the economy. 7The cultural changes are
most dramatic when groundwater development is undertaken within a nomadic economy. The role of
groundwater to economic growth changes as an economy matures from its initial agricultural state to an
industrial economy, being most important in young economies.

3) The cultural-institutional setting within which groundwater development takes place in-
fluences to a large degree the magnitude of the physical and socioeconomic impacts. This is because
our cultural-institutional framework dete mines how we respond to water development, how water is
used, how mnch is used, what is economic, and what is permissible, to list only a few factors.

4) And, of course, both the physical and socioeconomic impacts of groundwater development
depend ultimately upon the amount and rate of water withdrawal. This in turn is a function of our techno-
logicai ability. The past century has been a period of great technological change. Those technological
advances that relate to groundwater development, perhaps more than any other innovation in man's his-
tory, have changed the character and extent of the development ard settlement of the Arid lands. Such
change, through its appropriateness, can promote the achievement of the goals of economic development
in developing countries. Through its pace, because it has outstripped the pace of our institutional
capacility to respond, it has promoted some impacts which society may ultimately define as extremely
undesirable,

But in a certain sense both technology and institutions are directed toward the same ends in
wator development, as Ackerman and LBf (1959) have noted:

25 [Anonymous), Time, April 4, 1977, p. 48

26 Winski, J. M., Wall Street Journal, May 31, 1977

27 Safire, W., Arizona Daily Star, June 7, 1977, p. 13-A

28 ‘Nirner, T., Arizona Daily Star, Oct. 19, 1975, p. I-1

29 Buel , B. J., Arizona Daily Wildcat, April 13, 1977, p. 9
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... Both are concerned with the reconciliation of demand for water and
the natural supplies, whatever the physical location of the specific demand
or supply. Technology in this instance is concerned with the application of
scientific knowledge and material techniques to the alteration or channel-
ing of water demand,to the production, storagc or transportation of water.
Admiristrative organization is concerned with the application of social
techniyues to the same ends ... Accordingly, it scems obvious that
techriology and administrative organization of water development must
have relations which profoundly affect the course that water and later
economic development follow,

There is no question that technology will continue to advance, in a direction that will increase
the amount of water available and ulso decrease the demand. But the amount of water available will be
limited by economics, and ultimately by the amount that is physically available at any one time. Our
institutions must be compatible with technology and the goals of water development if the goal of the
promotion of the general welfare (for which our institutions exist) is to be realized now and in the future.
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