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Abstract
Water conservation activities are frequently encouraged within irrigation systems and municipalities,
especially during periods of drought. The objectives of many irrigation water conservation programs
have been to increase irrigation efficiencies with the expressed purpose of reducing gross diversion
requirements. The intent during droughts is that less water will be depleted from a limited resource.
However, an incidental effect of increased efficiency is that a larger fraction of the resource is evaporated.
The intent of long-term conservation programs is that more water will be made available for other users.
However, programs to reduce diversion requirements must have both a regional and local interpretation
from a hydrologic and conservation of mass viewpoint. Water management principles used to guide
society’s water use objectives require terms and definitions that clearly describe the effects of various
water uses, both consumptive and non-consumptive, within a hydrologic system.
Some water use terms such as the evaporated fraction, reusable fraction, nonreusable fraction and
consumed fraction are discussed in this paper. These terms are useful to both users and public in
developing improved, rational and visual understandings of the hydrologic nature and impacts of water
use and conservation programs. In situations where the nonevaporated components of irrigation
diversions return to the fresh water resource for reuse by others, conservation programs may not stretch
water supplies or "save" water in the region, especially in the long-term, and especially where the initial
source is from ground-water. In some instances, where water is abstracted from streams, irrigation water
conservation programs can actually be “ET sustainment" programs, since they may sustain a more
“consumable” water supply for one city or project at the potential expense of downstream projects, cities
and perhaps the environment. Water conservation programs should fundamentally be evaluated in the
context that, in general, the only real loss of water from an irrigation project is by the process of
evaporation from open water surfaces, evaporation from moist soil, transpiration from vegetation, and
flows into saline sinks. Fundamental hydrologic concepts and questions are described that can help
planners and managers to establish the context and impact of individual conservation programs in the near
and long term. Case studies in the United States are given.

Introduction
In irrigation systems where return flows reenter a fresh water resource and are of reusable quality, water
is only saved over the long run through water conservation where the evaporation or evapotranspiration
(ET) components are reduced. However, issues of stream flow reduction and time lags can be important.
In cities, the investments in costs for treatment of water and distribution capacity, degradation of groundwater must be considered in addition to when or whether excess water applied returns to a fresh water
resource for reuse. Conservation programs may not save “real” water, but only change the distribution of
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the resource in space and time. In these cases, the public investment is not well spent. These realities are
understood by most hydrology and water resources professionals and by water law professionals working
in some states, most notably Colorado and Idaho, principally because the large numbers of water transfers
and conflicts in the past have necessitated the recognition of the law of conservation of mass and
adherence to hydrologic quantification. However, many politicians, civil servants and special interest
groups do not understand the hydrologic context of water utilization efficiencies and composition.
Some water use terms such as the evaporated fraction, reusable fraction, non-reusable fraction and
depleted fraction are discussed that can help the user and the public develop improved visual
understanding of the hydrologic context and true impacts of water use and conservation programs.
Fundamental questions are provided to help quantify the context of the water conservation program and
the impacts from a hydrologic viewpoint.

Fundamental Precepts
There are fundamental precepts that govern the ability to conserve water and the ability to create “new”
water by a conservation program. These are:
•

The law of Conservation of Mass. The Law of Conservation of Mass suggests that matter can not
be created nor destroyed. In the context of liquid water, the law suggests that liquid water, while
remaining as liquid water (and not evaporated) can not be created nor destroyed. Thus all
nonevaporated components must be “somewhere” and must reappear “somewhere” (figure 1).

•

The reality that 99% of the earth’s landmass is underlain by ground-water (Freeze and Cherry,
1979) impacts the “loss” of water. All deep percolation “losses” are not “lost” to the hydrologic
system, but seep downward vertically to the groundwater. After entering the saturated
groundwater system, the liquid moves with the groundwater laterally, at some velocity
determined by hydraulic gradient and geology, until it discharges to a surface water source.

Thus, the only way to really create “new” water is to reduce the water that is degraded to the point where
it is not usable by anyone else downstream or to reduce the evaporated component of the diversion (i.e.,
reduce the evapotranspiration, ET).

Basic Hydrology and Law of Conservation of Mass
There are saturated ground-water bodies lying beneath the earth's surface almost everywhere in the world.
These ground-water bodies have had thousands of years to develop, and have built up to an equilibrium
point so that ground water flows freely by gravity, if it is unconfined, to a lake or stream system (or to the
ocean, if nearby) where it discharges. Unless they have been overdrafted by pumping, most ground-water
systems are in equilibrium with surface water systems. Most streams exist during periods of low surface
runoff because a ground-water table feeds the stream. The addition of water to a ground-water system is,
over the long term (perhaps tens of years or less), balanced by similar amounts of outflow to a surface
system. The flow process is controlled by gravity, is automatic, and is inevitable, i.e. part of the basic
hydrologic equilibrium.

2

Irrigation Hydrology
Evaporation +
Transpiration
Irrigation
+ Precipitation
Pumpage

Surface
Runoff
Root zone

Soil Water
Storage
Ground Water

River
GW Discharge to River

Figure 1. Schmatic showing hydrologic partitioning of water and flow paths between components.
The primary consumption of water within an irrigation system is by the process of evaporation from open
water surfaces, evaporation from moist soil and transpiration from vegetation. The combination of this
evaporation and transpiration is termed ET. The transpiration of water is a necessary and inevitable part
of vegetative growth and agricultural production (Seckler et al., 2002). In addition to ET, water that is
returned to a saline water body or that is severely degraded in quality is essentially lost as a freshwater
resource. All other water diverted by an irrigation system remains in liquid form and will ultimately
return to a freshwater system. The return of diverted water to the system is a natural, diffusive process
that is nearly impossible to control, because remaining liquid water must obey the law of gravity and the
law of conservation of mass. Gravity brings nonevaporated water back to a stream, ocean or aquifer
system.
A consequence of reducing water diversions is almost always a reduction in return flow back to the
resource. Therefore, the quantity of net consumption by an irrigation system may be largely unchanged
by a conservation program. To effectively create "new" water in a regional context, unless directly
upstream of a salt sink, a conservation program must in some way reduce evaporation or ET or improve
return flow quality, and not simply reduce diversions. Reductions in the direct consumption of water are
usually in the form of reducing areas of phreatophytes or wetlands along canals, collection ditches, or in
areas of shallow, ground-water seepage to the soil surface. Wetlands and phreatophytes created by
irrigation are often considered to be of value for wildlife habitat and may be lost when water conservation
practices are implemented. Reduction of crop ET will almost always reduce turf quality or crop yields,
unless evaporation from soil is reduced without reducing plant transpiration.
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Water conservation efforts in irrigated agriculture frequently focus on:
• Improving the infrastructure of the irrigation system so that water can be controlled more easily.
• Improving the management of the irrigation system so that the right amount of water is applied at the
right time.
It is important that irrigation improvement procedures be evaluated to show when and how water is
actually saved by the conservation program. Guidelines for preparation of conservation plans must
include procedures for describing hydrologic components and interactions within and beyond irrigation
system boundaries, with descriptions and examples of how to assess whether evaporation or ET can be
reduced within the system or "return" flows into saline systems can be reduced, thereby achieving real
conservation of water and the creation of an enhanced water supply. Unfortunately, it is common to draw
"lines" around system boundaries and to neglect the real interconnections between in-system "losses" and
existing river system gains.
Burt et al. (1997) suggested a systematic way to examine the water that is diverted for irrigation. In
evaluating the performance of irrigation systems, one has to be careful to establish appropriate physical
boundaries and time frames, since water is often in transit or in temporary storage. One can only evaluate
the performance of an irrigated area by examining the irrigation water when it leaves the defined
boundaries of interest. The applied irrigation water can be placed into several categories:
1. Water consumed by the crop within the area for beneficial purposes.
2. Water consumed within the area under consideration but not beneficially.
3. Water that leaves the boundaries of the area under consideration but is recovered and reused by
the same party or by a “downstream” party.
4. Water that leaves the boundaries of the area under consideration but is either not recovered or not
reusable.
5. Water that is in storage within the boundaries.
The Burt et al. categorization can help to identify improvements that may truly conserve water. The
following paragraphs explain and discuss the five categories above (Clemmens and Allen, 2005):
1. Category 1 water is used to produce a crop and is consumed by transpiration from stomates of
leaves or from soil beneath or between plants. Reducing this water consumption generally
reduces yields or marketable products. Evaporation from soil averages from 10 to 20% of total
consumption (ET). Buried drip irrigation claims a benefit here, since the soil surface is
sometimes not wetted and thus the evaporation component can be reduced with only slight
increase in transpiration. However, claims of large savings in water consumption are physically
unreasonable, since buried drip systems can generally only reduce evaporation by about one-half
and consequently can create savings of only 5 to 10% of total consumptions and likely only 2 to
5% of total water diverted.
One option is to fallow land or take it out of production. This results in real water conservation,
particularly in arid environments, since ET is substantially reduced. However, fallowing land can
have negative environmental consequences if not done properly (soil salinization, wind erosion,
etc.). Genetic improvements to produce more crop with less water are possible in some cases, but
usually more crop is produced with the same water (or the same yield on less acreage and thus
less water). Outside of genetic improvements, reductions in water consumption are limited
because crop biomass accumulation is through photosynthesis where carbon dioxide enters the
plant through the same stomates as water vapor exits. Therefore, the ratio of yield to transpiration
in a specific climate is limited by the physiology of the crop variety (Seckler et al., 2002).
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2. Category 2 includes water that is lost through 1) evaporation from soil away from crops and open
water surfaces and 2) evapotranspiration from weeds, trees, phreatophytes, etc.. Many of these
losses are difficult or costly to avoid, but there are opportunities in some cases. Some of the lost
water may have environmental benefits through providing water to sustain trees, windbreaks,
incidental wetlands etc. that are attractive to wildlife.
3. Cateorgy 3 water, which is recovered and reused, should not be a target for water conservation.
The water is already being reused, so that reducing this from entering the irrigation system often
has no real benefit. There are exceptions, for example where it reduces supply costs or improves
the quality of the water, or where leaving the water in a reach of a stream has an environmental
benefit. In some cases, the delay in unconsumed irrigation water returning to the stream has an
environmental benefit by buffering streamflow during periods of drought or winter.
4. Category 4 water is the primary focus for water conservation efforts. Here water is unrecoverable
because of large depths to groundwater or is not reuseable because of salinization or entry into a
saline body such as the ocean or brackish aquifer. A reduction in water applied for irrigation
means that it can be used for other purposes. It is truly water saved. However, there are cases
where this water provides environmental benefits, such as mitigation of salt water intrusion
underground, even though it has no human use.
5. Category 5 is irrigation water that is in storage within the area of consideration and not yet
considered to be used. The ultimate fate of this water has yet to be determined. The delay caused
by storage may have positive or negative economic and hydrologic impacts.

Appropriate Reasons to Conserve Water by Increasing “Efficiency” (Uniformity) of Water
Application
The following are appropriate reasons why irrigation projects or systems or cities should conserve water:
• Reduce costs for treating water
• Reduce costs for pumping water
• Reduce costs for added distribution capacity in an area of growing population or demand
• Reduce leaching of fertilizers and other chemicals and degradation of ground-water
• Sustain flows in specific segments of streams that are threatened by low flows or thermal
increases and where “nonevaporated” components of diverted water bypass the stream or return at
a less valuable time
• Where “nonevaporated” components of diverted water flow into a saline system (ocean, saline
lake, or brackish groundwater) and are therefore nonrecoverable or contaminate streams
downgradient.
• Where water is abstracted from a deep, confined aquifer, but the “nonevaporated” components of
abstracted water percolate to a more shallow unconfined aquifer, thus changing the distribution of
water between the aquifers in an undesireable way.
In agriculture:
• Reduce waterlogging and improve salinity control
• Enhance equity among users
• Maximize the total fraction of water delivered to crops to increase crop yields
• Reduce soil erosion.

Inappropriate Reasons to Conserve Water by Increasing “Efficiency” (Uniformity) of
Water Application
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The following are inappropriate reasons to initiate a water conservation program:
• To create “new” water downstream in regions where return flows already reenter the water
resource at an appropriate time
• To enhance streamflows for long distances downstream where return flows already reenter the
water resource at an appropriate time
• To extend the life of an unconfined aquifer where return flows already reenter the aquifer with
acceptable quality

Benefits of Low Efficiencies
The term irrigation efficiency (IE) has traditionally been defined as the ratio of the sum of beneficial
consumption and leaching to gross diversions (Jensen, 1967; Bos, 1985). The following are benefits of
low efficiencies of water application (i.e., overirrigation or poor distribution uniformities) that are realized
in a number of situations (Allen et al., 1997). These benefits are generally incidental and fortuitous and
may not be intentionally designed into a water management program:
• Recharge to unconfined aquifers
• Dampening of flood flows or redistribution of flows over time (due to reentry of return flows
with some time lag and dampening)
• Augmentation of streamflows during droughts (due to reentry of return flows created by
diversions during periods of higher flow). The augmentation of diffusive return flows by
groundwater may help cool streamflow and benefit biota
• Incidental ground-water recharge near oceans may help reduce salt-water intrusion
• Creation of wetlands
The appropriate reasons for conservation programs listed above are all valid reasons and goals for water
conservation efforts, but they should be worth the price paid to obtain them. Many improvements may
not conserve water on a regional basis, since ET of irrigated fields, lawns or golf courses is normally not
reduced in these types of "conservation" programs. In fact, ET may actually be increased due to
improved uniformity and more careful control of water application. Therefore, water conservation efforts
on the local scale may ultimately increase water consumption both on a local and regional scale.
There are hydrologic systems where nearly one hundred percent of the water is being productively
consumed due to natural reuse within the system. Total consumption in such cases cannot be increased
past 100%, nor can altered practices designed to "increase irrigation efficiency" in such a system yield
additional water to be used by new diverters without reducing the consumption (i.e., evaporation) of
current users. Use of the term "irrigation efficiency" has caused a dichotomy between the physical
situation of the hydrologic system and the public's and government's perception of the physical nature of
water management. These incorrect views are pervasive and strongly held. Billions of dollars have been
proposed for investment to correct for low irrigation efficiencies with the intent that water problems will
be solved. The public has been convinced that selected investments and penalties imposed on irrigation
will free up vast amounts of water for other uses. Only a fully rational approach to water management
can minimize the conflicts that arise between municipal, industrial, environmental, recreational, aesthetic,
and agricultural uses of the finite fresh water supply.

Definition of Water Consumption Terms
An improved, graphic image of the hydrologic and basin-wide effects of irrigation is possible when the
disposition of water within an irrigation project is described in terms of "fractions." Definitions based on
6

fractions have been proposed by Jensen (1993), Willardson et al. (1994), Allen et al. (1996, 1997) and
Molden (1997) and Molden and Sakthivadivel (1999) for assessing the impacts of fresh water diversions
by users of water resources, including irrigated agriculture, municipalities, industry, and ecological
interests.
The new terms are intended to encapsulate clearly the impact of any and all types of water use on actual
physical losses of utilizable water from the affected hydrologic system. Unlike most efficiency terms, the
proposed methodology and terms (a) are appropriate for evaluating water allocation, water use, and
related management options, (b) are consistent and appropriate for all water uses, not only for irrigation
and a narrow evaluation of irrigation practices, and (c) can be clearly understood conceptually and in
terms that can be correctly applied by people engaged in the water allocation / use / management debate.
Application of such terms will help to clarify what the allocation of water to various uses at various
locations in a hydrologic system actually means in terms of the total water supply.
A change from using "efficiencies" to using "fractions" to describe water use eliminates many
misunderstandings. Fractions are used in many applications to describe what proportion of some quantity
has been applied to a particular use. Use of a fraction evaluation instead of an "efficiency" prevents the
occurrence of a serious logic error in describing or evaluating the management of water. Jensen (1993)
discussed the need for a change in the ways that water use is described, and has also advocated moving
away from use of the term efficiency in irrigation.
Figure 2 shows a matrix of uses and disposition of irrigation diversions categorized as beneficial and
nonbeneficial and as consumptive and nonconsumptive as described by Clemmens et al. (1995), with
enhancements to the water disposition categories by Allen et al., (1996, 1997). The figure illustrates
relationships among the following fractions proposed to describe the hydrologic disposition of irrigation
diversions. The fraction terms are defined as follows:
Evaporated Fraction.
The evaporated fraction (EF) is the fraction of an irrigation diversion that is consumed through
evaporation or evapotranspiration:

EF =

QET
QDiv

1

where QET = quantity of diversion consumptively evaporated (or transpired) by the water use process (for
example, irrigation) and QDiv is the total diversion of water to the specific process. Besides ET from
landscapes or cropped fields, QET includes evaporation from ponds, canals, reservoirs and seeps, and
water evaporated from riparian vegetation and wetlands created by irrigation return flow or seepage. EF is
similar to the irrigation consumptive use coefficient term introduced by Jensen (1993), except that EF
may also include evaporation external to the primary process.
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Figure 2. Use categories (consumptive and nonconsumptive and beneficial and nonbeneficial) and
fractions describing the disposition of irrigation diversions (after Burt et al., 1997 and Allen et al., 1996,
1997).
Nonreusable Fraction
The nonreusable fraction (NRF) is defined as the fraction of a diversion that is not evaporated, but is no
longer available for reuse by other water users due to entry into a saline system (ocean, brackish water
bodies, or saline aquifers) or due to degradation in quality to the point that it is economically nonresuable,
or is physically beyond economic recovery:

NRF =

QNR
QDiv

2

where QNR = quantity of diverted water that is still in liquid form, but has been made nonrecoverable due
to the physical manipulation by the user (diverter). The NRF represents the fraction of QDiv that could
conceivably be made available to other users, in addition to reductions in nonbeneficial ET, through
conservation efforts, without reducing crop yields. Nonrecoverable water that results from a particular
use should be identified and charged to that use.
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Consumed Fraction
The consumed fraction is defined as the fraction of total diversions that are consumed, i.e., no longer
available to any other user during any future time period. The consumed fraction includes the evaporated
fraction and the nonreusable fraction, since physically, these two fractions are "consumed" in the context
of the fresh water resource. The consumed fraction (CF) includes any water exported from the basin:

CF =

QET + QNR + Qexp
QDiv

≈ EF+ NRF

3

where Qexp = water that is exported to outside the hydrologic basin. An example is water contained in
fresh fruit that is transported from a basin, or in the case of production of bottled water or other
beverages, the water contained in the beverage, assuming that the beverage is not consumed within the
basin.
In the definition of consumed fraction, the term "consumed" means that the CF fraction of the diversion is
truly consumed or otherwise transformed so that it is no longer reuseable by any other future user within
the basin. The consumed fraction of diversions either undergoes a phase change (evaporation), is
exported outside the basin, or enters a nonreusable state due to extreme salinization pollution, or
uneconomically recoverable location, any of which make the water nonreuseable by anyone else. It is
important that the reader realize fully that water diverted by an irrigation project or any other user is not
"consumed" unless one of the transformations occurs (transformation from liquid to vapor or entry into a
nonreuseable quality state). The user should be considered responsible for the quantity of the water
resource which, on a basin-wide scale, is the product CF • QDiv.
Reusable Fraction
The reusable fraction (RF) represents the fraction of the diverted water that returns to the water resource
for subsequent reuse by others:

RF =

QRF
QDiv

4

where QRF is the quantity of diverted water that is reusable by other users. QRF naturally reenters the
fresh water system.

Importance of Local Hydrology and Location within a River Basin
Some irrigation projects are located close to the ocean or directly upstream from other saline water
systems such as saline lakes or saline ground water sinks. In these situations "return" flows from
irrigation projects enter these saline systems and are truly lost for additional consumption by humans. In
these situations, reducing diversions by enacting water conservation programs may allow upstream users
to divert and consume more water, thereby increasing the total beneficial consumption of the water
resource.
In areas where excess diverted water percolates through soil profiles and picks up salt from soil and rock,
return flows from deep percolation increase the total salt load of the receiving water resource and may
reduce its economic usefulness. In these cases, reducing diversions and return flows by increasing
irrigation uniformity and reducing excessive applications may increase the effective water supply.
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Willardson and Allen (1998) delineated upper, middle and lower regions of river basins and discussed
impacts of water conservation in each location (figure 3) to assist in assessing impacts of low
“efficiencies” (i.e, consumed fractions) on downstream and other users. In general, the need for
conservation programs and impact of such programs increases as one moves downstream (toward the
ocean). In low regions of basins, the NRF (nonrecoverable fraction) of diverted water generally increases
due to proximity to saline systems.
Nonreusable quantities of water arise in other uses of the water resource besides irrigation. For example,
water allocated to "wild rivers" in northern California is in general not recovered for other uses and runs
directly into the ocean and becomes nonrecoverable. Such water has a very low evaporated fraction (EF)
but has a very large nonreusable fraction (NRF) and consequently, a large CF. Such uses of water should
be described in the same terms as for irrigation so that the public understands the impact on total available
fresh water in terms consistent with the descriptions used for other uses. A low CF for a city high in a
watershed permits a large fraction of the returning water to be reused downstream after natural
bioremediation and/or water treatment. A high CF for a large coastal city will result if nearly all of the
sewage effluent (reusable under some circumstances) becomes nonreusable when it is discharged directly
into the ocean. It does have high benefit, however, if injected to groundwater to reduce seawater
intrustion. In some situations, it is "good" to have a "low" CF, since this means that much of the diverted
water returns as a fresh water resource for subsequent reuse. However, because a low CF is equivalent to
a low "efficiency", the latter term typically gives a falsely negative impression to the public.

Diversion

Returns

Upper
Middle

River
Lower

ocean
Irrigation Projects
Figure 3. Categorization of a river basin into upper, middle and lower regions for assessment of impacts
of water use, consumption and return flow (from Willardson and Allen, 1998).

Effect of Scale
Fractions can be calculated for any scale of interest. In the case of irrigation, this is typically at the field,
subproject, project or basin scale. Generally, the nonreusable or QNR quantities of water for fields or
conveyance systems in upper regions of irrigation projects are small relative to QDiv and QEP, especially
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if hydrology and elevation promote convenient and timely reuse of water or return of water to the stream
or to a recoverable ground-water system.
An example of this is the Little Willow Irrigation District in southwest Idaho (Allen and Brockway, 1983)
where the geology and topography of the long, narrow mountain valley containing the irrigation project
promotes rapid reentry and reuse of surface and subsurface return flows within the project boundaries.
Irrigation "efficiencies" (or more correctly, consumed fractions) of individual farms average only 0.30,
but the total project irrigation "efficiency" or consumed fraction for the project is 0.60 due to the reuse of
water. The remaining 40% of diversions not consumed by the Little Willow project (i.e., 1 - CF) return to
the surface water resource below the irrigation project and are diverted by other downstream water users,
making the RF for the basin very high.
The acceptable magnitude for NRF for an individual field, lawn, golf course or other use may be different
from the system-wide average NRF. Actual NRF may be low for fields or conveyance systems in upper
regions of irrigation projects where the opportunity for reentry and reuse of deep percolation, surface
runoff, spills and seepage is high. NRF may be high for similarly irrigated fields or conveyance systems
near the lower portions of irrigation projects when percolation or runoff directly enters the ocean or
brackish water bodies.

Fundamental Questions
There are fundamental questions that one should ask when evaluating the potential impacts of a “water
conservation program” on ultimate water savings and impact.
These questions are posed from a
hydrologic perspective and adherence to the law of conservation of mass.
1. Where does the delivered water come from? (i.e., is it from a stream, ground-water, or lake?)
Where is the location of the abstraction?
2. At what time of the year are the abstractions made? (i.e., what does the abstraction “hydrograph”
look like?)
3. Where does the nonevaporated component of any applied water go?
hydrograph of flows of nonevaporated components)

At what times? (i.e.,

4. Where does the nonevaporated water reappear as part of a ground-water or surface water system?
At what times? In what quantities? With what quality?
5. What happens in the mean time (between the abstraction and the return to the resource)? What are
the consequences of this time lag or spatial lag? (i.e., is there local stream dewatering? Are there
junior appropriators without water?)

Reasons for Action
1. If there are local instream flow needs that are not being met, then reduce diversions with
conservation. However, the conservation program will not create new water for other users
outside of the specific system or enterprise. In fact, the conservation program may be an “ET
sustenance” program at the expense of downstream users and may reduce downstream flows.
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2. If the water use near a saline system (ocean, brackish sink, etc) so that nonevaporated components
are impaired or lost via quality change, then a conservation program will have a good hydrologic
impact
3. If there are system capacity constraints or if there is large invested treatment (culinary) or energy
costs involved, then a conservation program should be considered for local economic reasons and
may not result in savings to the water resource

Basic Conservation questions
1. How much of the water abstraction gets consumed or moves beyond local control? (What is the
CF?)
2. Who benefits from “wasted” water when it reappears and is recovered?
3. Are current “downstream” users better off by any higher efficiencies created in systems
upgradient by a water conservation program? Are the downstream users benefited quality wise?
4. Is other water available by other means?
5. Will conservation make “new” water available to other local or within-system consumptive
processes so that the net effect of the conservation is even less water downstream? (this is in the
opposite direction intended or purported by many conservation programs, but may be the
hydrologic reality).

Conclusions and Recommendations
Irrigation is no longer an endeavor isolated from other users of the fresh water resource. For regional
water management, determination of the consumed fraction (CF) and reusable fraction (RF) is much more
relevant than irrigation efficiency, and the use of these fractions may help to eliminate misunderstandings.
CF is the fraction of diversions that is consumed via evapotranspiration or flow of water to a salt sink. RF
is the fraction of diversions that returns to the fresh water resource and can be reused. Emphasizing or
promoting conservation program components that increase efficiencies, without strong caution and
guidance concerning whether the RF is already being utilized downstream or from ground-water, may
harm both users and the economy. Irrigation enterprises contemplating conservation investments must
know whether environmental, economic or landscape health and crop yield benefits stemming from a
local conservation program are worth the cost. The public and other groups that are interested in freeing
up water supplies for new uses must know whether a conservation program will ultimately create new
water.
The impact of a given use on the water resource should be expressed in terms of (a) the fraction of water
the use directly consumes, (b) the fraction, by virtue of that use, that is rendered unavailable to other
users, and (c) the fraction that is returned to the hydrologic system for reuse. It is understood that the
hydrology of irrigation projects and their impact on basin-scale hydrology can be complex due to the
wide ranges and variations in geology, mineralogy and timing of ground-water flow systems. Therefore,
the quantification of nonrecoverable fraction and returned fraction may be difficult in some situations.
However, the use of simple fractions serves as a good starting point for assembling a clear understanding
and definition of the hydrologic destiny of fresh water diversions.
Conservation programs should attempt to reduce the consumed quantity of water, which mathematically
is the product (CF • QDiv) where QDiv is the diverted quantity. This reduction requires either reducing
evapotranspiration (and thereby potentially reducing crop yields) or reducing any nonrecoverable
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quantities. In reality, many conservation programs target increasing the "irrigation efficiency" (IE),
which may be counterproductive, since, as shown in Figure 2, IE • QDiv contains different terms than are
present in CF • QDiv. As generally defined (Clemmens et al., 1995), IE • QDiv includes some QRF and
omits some QNR.
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Appendix I. Selected Case Studies for the United States
The 2002 Census of Agriculture (NASS 2002) shows total harvested crop land in the United States at 123
million ha (303 million ac). Irrigated land during 2002 was 22 million ha (55 million ac), with roughly
half of that as harvested crop land (11 million ha or 27 million ac). Thus in 2002, irrigated land
represented 9% of the harvested crop land. The market value of crops sold from harvested crop land was
$95 billion in 2002. The market value of crops from irrigated crop land was $38 billion. This does not
include other production on irrigated land (total $55 billion), e.g. pasture. Thus irrigated agriculture
produced roughly 40% of the market value on 9% of the harvested crop land. This increased value is both
the result of improved crop quality and the tendency to use irrigation on higher value crops.
According to the USGS (Hutson et al. 2004), roughly 189 million MegaLiters (153 million ac ft) of
freshwater were withdrawn for irrigation during 2000. This represents 40% of all freshwater withdrawals,
or 65% excluding withdrawals for thermoelectric power. Surface water and groundwater represented 58
and 42%, respectively, of the total irrigation withdrawals.
The market value of products resulting from irrigation withdrawals is on average $290 per MegaLiter
($55 billion divided by 189 million), or $360 per ac-ft. (Individual values can be an order of magnitude
higher or lower). By comparison, water prices for agriculture range from less than $5 to more than $100
per MegaLiter. The cost of new water sources for some western cites are approaching $200 per Megaliter,
but are typically still less than the average market value of agricultural output resulting from the water.
USGS estimates that roughly 25 million ha (62 million ac) were irrigated during 2000. They also estimate
that during 2000 the irrigated areas were 12 million (48%), 11 million (46%) and 1.7 million (7%) ha, for
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surface, sprinkler and micro-irrigation, respectively. These years do not match up with the Census of
Agriculture and the land areas do not match because they reflect different estimation methods.
Case Studies
The following selected case studies are excerpted from Clemmens and Allen (2005) and illustrate some of
the facets of impacts of efficiency on water conservation and agro-hydrology.
Case Study 1. Influence of scale and time on efficiencies. Rice et al. (2001) demonstrated some of the
complexities of evaluating field irrigation systems and the implications for water conservation. In their
study, a sloping furrow irrigated cotton field was monitored over a four year period, where irrigation
inflow, runoff, and advance were measured each irrigation. Soil water was measured to determine the
additions to soil water from irrigation and the subsequent water consumption. The application efficiency
was determined for each event and the irrigation efficiency was determined as a cumulative effect over
time. Application efficiency (AE) was determined as the volume of soil water deficit at the time of
irrigation divided by the volume applied (assuming 100% fulfillment of soil water deficit). Irrigation
efficiency (IE) was calculated as the beneficial use (consumption by the crop) divided by the volume
applied, accumulated from the start of the irrigation season, as described by Burt et al (1997). This IE is
synonymous with consumed fraction, CF.

Efficiency

Figure 4 shows the results from 1994. The actual seasonal irrigation efficiency (i.e., CF) was roughly
60%, although application efficiencies for individual events ranged from 30% to 82%. Clearly, evaluation
of this field based on measurement of
application efficiency for one
irrigation event might give misleading
results. Low application efficiencies
100%
during the second irrigation when the
Irrigation Efficiency
crop roots were not very deep is
with runoff reuse
80%
common since the short root zone is
Application
Efficiency values
dry and the irrigation systems cannot
60%
apply light amounts of water. Low
Irrigation
Efficiency
application efficiencies late in the
season are caused by not adjusting the
40%
application depth for the soil water
deficit, or irrigating too frequently.
20%
For this field, runoff was not
recovered, so the easiest method to
0%
improve irrigation efficiency for the
50
100
150
200
250
300
field was to recover and reuse the
Day of Year
runoff. Attempts to reduce runoff, i.e.
Figure 4. Application and irrigation efficiencies for sloping
through irrigation of every other
furrow cotton field, 1994 (after Rice et al 2001).
furrow, for this field resulted in more
deep percolation and no real
improvement in IE or change in CF. The unrecovered runoff from this field contributed to soil
evaporation and phreatophyte ET from borrow ditches. Thus part of the runoff constituted a loss to the
river basin. Deep percolation from runoff and from the field may eventually reach deep groundwater, but
some may be lost from vadose-zone evaporation. Here improvements in irrigation efficiency may likely
result in some true water savings, depending on the ultimate fate of unevaporated surface runoff and deep
percolation.
15

Case Study 2. Efficiency Improvement. From 1975 to 1986, the Soil Conservation Service (SCS, now
Natural Resources Conservation Service or NRCS) implemented an improvement program in the
Wellton-Mohawk Valley (Bathurst 1988). Improvements to irrigation systems were made for 19,000 ha
out of the roughly 24,000 ha irrigated. Prior to the project, land was graded with conventional equipment
and most surface irrigated fields had some slope. After the improvement project, nearly all of the land was
converted to level basins using laser-controlled equipment. Table 1 summarizes the water use by three of
the major crops before and after the project. Also shown is the basal ET for these crops, taken from Erie
et al. (1982). Rainfall in the area is negligible (roughly 75-100 mm/yr) and is typically much less than soil
evaporation, which is often considered beneficial due to cooling effects and reduction in transpiration
demand (Clemmens and Hunsaker 1999). The ratio of basal ET to water use (applied) gives a rough
indication of IE and CF. On average, IE and CF increased from about 60% to 80% following the laserleveling and level basin improvements. Drainage flows from the district changed from over 250,000
Dam3 to less than 125,000 Dam3 from the early 1970s to the late 1980s, reflecting real changes in on-farm
performance.
Table 1. Average water use before and after Wellton-Mohawk On-farm Irrigation Improvement Program
(Bathurst 1988) on 19,278 ha (after Robinson et al 2003).
Crop

Basal ET*
(mm)

Water Use
(mm)
Before
After
3,124
2,362
1,676
1,346
1,194
813

Alfalfa
Cotton
Wheat

1,880
1,047
660

CF = Basal ET/Water use
(Ratio)
Before
After
0.60
0.80
0.62
0.78
0.55
0.81

*

From Erie et al. (1982)

Changes in crop yield have been a controversial aspect of documenting improvements in irrigation
performance. In general, increased irrigation uniformity increases crop yield by reducing areas of both
over and under application. However, genetic and cultural advances in crop production also tend to
increase yield over time. Table 2 shows the changes in crop yield in the Wellton-Mohawk valley
stemming from the on-farm improvement program. Some of this yield increase is likely the result of
better water management (e.g. irrigation scheduling) and may not be entirely due to the conversion to
laser-graded level basins. It is worthy to note that the higher yields likely translated into higher
transpiration and thus higher water consumption.
Table 2. Average crop yields before and after Wellton-Mohawk On-farm Irrigation Improvement
Program (Bathurst 1988) on 19,278 ha (from Clemmens and Allen 2005).
Crop

Units

Alfalfa
Cotton - lint
Wheat

metric tons/ha
Kg/ha
metric tons/ha

Before
3.1
212
6.1

After
3.5
238
7.4

Difference
0.4
26
1.2

% Difference
12%
12%
20%

Drainage water from this project is pumped from the aquifer, because the groundwater under this section
of the Gila River is blocked from flowing downriver by a large underground rock outcropping. The
drainage water is pumped into a canal that caries the drainage water to the Sea of Cortez. The salinity of
the drainage water is roughly 3700 ppm, so is unusable for irrigation of most crops. These water
conservation improvements have reduced water diverted from the river, and since none of this drainage
water returns to the river for downstream use, all the reduced diversions is considered to have been
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conserved. However, the saline drainage water is currently is the only Colorado River water entering the
Sea of Cortez. Even with the high salinity, it is still relatively fresh compared to sea water and is
considered an environmental benefit to Mexico.
Case Study 3. Water capture and reuse. In humid regions, rainfall provides much of the crop water
requirement. The last decades have seen significant expansion in irrigation in the humid southern regions
of the U.S. because of the benefits derived from only a few irrigations during a growing season, even
when annual rainfall far exceeds crop water needs. The Grand-Prairie Irrigation Project in eastern
Arkansas provides a good case study for examining water conservation issues in humid areas. The project
consists of 246,000 cropped acres. Rice production in the region began in 1904. Groundwater
withdrawals from confined aquifers began to exceed recharge as early as 1910 and groundwater levels
have continued to decline since. In the late 1980’s, the Grand Prairie irrigation district was formed to
develop an irrigation diversion from the White River. A significant on-farm component was added to the
project, including storage reservoirs and tailwater pits to capture both irrigation tailwater and rainfall
runoff.. It was generally believed that low irrigation efficiencies in the area contributed to the
groundwater decline and would over deplete the White River.
A study was conducted by the NRCS to evaluate the effectiveness of the proposed on-farm improvements
to capture rainfall and to improve irrigation efficiencies on these systems (Robinson et al. 2003). This
study evaluated water use on a small watershed consisting of several farms, for which on-farm
improvements had already been planned as part of the project. On-farm reservoirs and sumps are used to
capture irrigation tailwater and rainfall runoff. The initial study modeled the hydrology of the area with
the SPAW model (Saxton 2002). Weather data for 1961-1966 were used to examine the impact of
improvements. The output from SPAW was analyzed to assess specific impacts of reservoirs and tailwater
sumps. Results are shown in Table 3, based on assumed values of field application efficiency. One farm
had no sumps or reservoirs, but its runoff was captured by other farms downstream. Extremely tight soils
caused groundwater recharge (even to surface aquifers) to be insignificant.
Table 3. Efficiencies under post-project conditions for 7-farm watershed (from Clemmens and Allen,
2005).
Field
Application
Efficiency

Average Farm
Irrigation
Efficiency (and
CF)

Range in Farm
Irrigation
Efficiencies

Watershed
Irrigation
Efficiency
(and CF)

50%

84%

50-91%

87%

60%

88%

60-92%

90%

70%

90%

70-93%

92%

80%

92%

80-94%

94%

Groundwater
pumped as a
fraction of
ETiw
0.68

Rainfall runoff
captured as a
fraction of
ETiw
0.47

0.51
0.46

0.60
0.63

0.44

0.62

First, Table 3 shows that the use of tailwater sumps resulted in farm irrigation efficiencies and CF that
were much higher than the field application efficiencies. Second, because water running off one farm can
be captured downstream, the efficiency from a watershed basis is also higher than the average farm
irrigation efficiency. Under the pre-project conditions, essentially 100% of the irrigation requirement was
met from groundwater pumping. Under most scenarios evaluated, the groundwater pumpage could be
reduced by one-half. Table 3 also shows that once the field application efficiency reaches roughly 70%,
further improvements provide little benefit at the watershed scale. This because the sumps and reservoirs
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are able to capture the volume of water runoff at efficiencies greater than 70%, but at lower efficiencies
there is too much water to be captured (i.e, this break point is a function of the amount of infrastructure).
With the project in place, this example watershed would be expected to meet crop water requirements, on
average, with 1/3 of the supply coming from effective precipitation, 1/3 from rainfall runoff captured and
used for irrigation (during both the growing and non-growing seasons), and 1/3 coming from groundwater
or river diversions. The rainfall runoff, if not captured, would simply add to Mississippi River flows that
may already be at flood stages (i.e., mostly not recoverable), and would have to be replaced by overdraft
of the confined groundwater system or White River diversions, which are somewhat controversial for
environmental reasons. Thus these water conservation efforts are providing a real benefit, but not because
of field application efficiencies.
Case Study 4. Benefits of Incidental Groundwater Recharge. The Eastern Snake River Plain (ESRP)
of Idaho overlays a huge fractured basaltic aquifer that stretches nearly 300 km from near Yellowstone
Park in the northeast to the Thousand Springs area in the southwest, which is a major discharge point for
the aquifer. The aquifer system is bordered on the southern edge by the Snake River, a large river system
supplied primarily by mountain snowmelt and aquifer discharge. There are a total of 850,000 ha (2.1
million acres) of irrigated land overlying the aquifer system, of which 450,000 ha are supplied by diverted
river water and 400,000 ha by groundwater pumped directly from the aquifer. Beginning in about 1860,
river diversions supplied surface water to farm application systems via canals. Since about 1970, a slight
majority (240,000 ha) of surface irrigation systems have converted to more efficient sprinklers. The
“incidental” recharge stemming from deep percolation of “excess” irrigation water from farms and
seepage from canals has been the primary source of recharge to the ESRP aquifer, far exceeding recharge
from water entering the aquifer via side tributaries and from natural precipitation (averaging only 250 mm
yr-1) over the plain. An annual recharge to the aquifer is roughly 9.9 million ML (8.0 million Ac-ft/yr),
which can be broken down by: incidental recharge of irrigation water (60%), tributary underflow (17%),
precipitation (9%), river losses (9%),
and other (5%). The influence of this
incidental recharge can be seen from
stream-flow records, which changed
from a near constant 115 m3/s in the
early 1900s to more than 185 m3/s in
the 1960s Figure 5). Following that
period, conversion of “inefficient”
surface irrigation systems to high
efficiency sprinkler systems has
reduced incidental recharge to the ESRP
aquifer, and, along with direct groundwater pumping for irrigation, has
caused aquifer levels and discharges to
the river to decline, being roughly 160
Figure 5. Annual mean aquifer discharge to the Thousand
m3/s in the 1990s. Declines in spring
Springs reach of the Snake River showing the downward
flows have impacted a large spring-fed
trend since 1950 due to reduced recharge stemming from
trout aquiculture and “senior” river
conversion to more efficient irrigation systems that use river
water diverters (irrigators), with both
water and due to direct ground-water pumping (from
groups now in litigation.
Brendecke, 2004).
Case Study 5. Salinity Issues. The
study and discussion of water
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conservation impacts and water destination can become clouded by water quality issues. Natural waters
pick up salt from soils and rocks and therefore irrigation diversions bring various amounts of salts onto
irrigated fields. When water is used by plants, salts are left behind in the soil, and if allowed to build up in
soil, crop growth will be impaired. Additional water is needed to leach salts from the soil to maintain a
healthy soil environment for plant growth. In humid regions, there is sufficient rainfall to leach salts. In
arid areas, leaching typically must come from irrigation water – i.e., part of the deep percolation water.
The amount of water needed and beneficially used for maintaining a salt balance is somewhat
controversial. However, as the water salinity increases, the amount of water required for leaching goes up.
Thus for a given crop, as the water salinity increases, more water needs to be infiltrated into the soil. In
this regard, reducing water salinity in effect conserves water.
As water is used for irrigation within an arid river basin, the amount of salt in the remaining water is
progressively greater as one moves downstream. An example of this is the Colorado River system. The
consumption of irrigation water results in an increase in river-water salinity caused simply by
concentration effects. Such concentration effects are not influenced by irrigation efficiencies, unless, as in
some geologic environments, the deep percolation water that passes through the root zone removes salts
from underlying soil and rock. An example of this is the Mancos shale formations of western Colorado
and eastern Utah. Here, the more water that passes through the soil and rock, the more salt that is added to
the river system. In such settings, water conservation efforts aimed at reducing deep percolation will
result in less salinity added to the river, which in effect saves water.

Volume

Fractions are used here, for visual simplicity, rather than efficiencies to describe the breakdown of
components of water disposition. Figure 6 shows the effects of changing the consumed fraction CF of
diverted water from 60% to 75% when the salt is in balance (i.e., salt entering project with irrigation
water equals salt leaving project with drainage water). In this example, there is one unit of salt per 1000
units of water. The consumed water (ET) carries no salt so that the incoming salt is concentrated in less
outflowing water (In this case, 2.5
times more concentrated). By
120
improving the efficiency (CF), less
100
water and salt come in, the
consumption is the same, less salt also
80
flows out, but the exiting water is still
Water
60
much more concentrated (4.0 times
Salt
more concentrated). Here, the increase
40
in CF (e.g., due to efficiency
20
improvement) results in slightly less
salt in the returning water, but only
0
because less salt was diverted.
In
ET
Out
In
ET
Out
60%
60%
75%
75%
Depending on other factors, the
improvement in efficiency may or may
not make more water available on a
Figure 6. Water and salt budgets for irrigation systems
watershed basis.
having a conservative slat balance, for consumed

fractions of 60% and 75% (Clemmens and Allen, 2005)
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When deep percolation from excess
irrigation leaches substantial quantities of
salt from soil and rock, the situation
changes drastically. As more water passes
through the system, more salt is mined
and returned to the river. As shown in
Figure 7, increasing the CF reduces the
amount of salt returning, but the
concentration of salt in the water is
slightly higher. Here, improving
efficiency has a huge impact since it
changes the mass of salt added to the
downstream water supply.

Figure 7. Water and salt budgets for irrigation systems that
are mining salts via deep percolation through saline geologic
formations, for consumed fractions of 60% and 75%
(Clemmens and Allen, 2005).
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