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Abstact. Irrigation, through storing, diverting, spreading, consuming, and return-
ing water, and enabling more intensive agriculture, affects the environment in both
positive and negative ways. In this chapter, we provide information that will assist in
the identification and evaluation of environmental impacts of irrigation, and tools to
reduce negative impacts. Three processes that can impact the environment are dis-
cussed in detail: (1) water storage, diversion, and consumption; (2) chemical leaching
to groundwater, and (3) soil erosion and surface water runoff. Included as possible
impacts are threats to agricultural sustainability and diminished human aesthetics, as
well as effects on water quality, plant and animal habitat, and human health.
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4.1 INTRODUCTION

Each year, 3100 km® of water—about 5 times the annual flow of the Mississippi—
is removed from the Earth’s rivers, streams, and underground aquifers to water crops.
Irrigation accounts for 70% of the global water diversions (FAO, 1996). In the U.S.
about 189 km® or 65% of offstream freshwater withdrawals, excluding thermoelectric
power, is for irrigation. In the semi-arid western states, the portion withdrawn for irri-
gation exceeds 80% (Hutson et al., 2004). In the process of storing, diverting, trans-
porting, spreading, consuming, and returning water, and enabling more intensive agri-
cultural activities, the land, water, plant and animal, and human resources are changed.
Some changes are positive and others are negative.

The purpose and primary benefit of irrigated agriculture is the production of food
and fiber for human use and feed for livestock consumption. Irrigated agriculture pro-
duces 40% of the global harvest on 20% of the cropland (FAO, 1996). Several popu-
lous countries in Asia depend on irrigated land for a majority of their food production
(FAO, 2002). In the U.S., about 50% of crop value is produced on 18% of the har-
vested crop area that is irrigated (NASS, 2004), including most of the fresh fruits and
vegetable crops. Without irrigation, increases in agricultural yields and outputs that
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have fed the world’s growing population would not have been possible (Rosegrant et
al., 2002). Without irrigation, more land would need to be brought under cultivation
and production would be more weather dependent, and thus less dependable. Irrigation
improves the quality of life for the local agricultural community by increasing and
stabilizing incomes and creating jobs. Irrigation water storage facilities may also pro-
vide recreation for humans, habitat for animals, and relief from flooding; and irriga-
tion conveyance and drainage systems often provide habitat for plants and animals.
Irrigation water often provides habitat oases in the desert.

Irrigation may also negatively impact the environment. Erosion and salination of
cropland reduce its productivity. Excessive groundwater pumping results in depletion
of this valuable resource for current and future users. Diversion of river flows may
degrade or destroy wildlife habitat and recreation opportunities. Water shortage in arid
areas may limit urban and industrial expansion. Surface and subsurface drainage water
from irrigation is usually of lower quality than the water supply and may result in pol-
lution of both groundwater and surface waters.

Proper irrigation system design and management can prevent, or at least minimize,
many of the potential negative impacts. Unavoidable negative impacts of irrigation
should be recognized and evaluated. Only through recognition and evaluation of the
various environmental effects can it be assured that the positive impacts exceed the
negative for the system owner, the community, and society.

The range of irrigation systems and environmental situations varies too widely to
discuss all possible environmental impacts. Tables 1 and 2 list many of the impacts of
irrigation on the environment. The lists are not comprehensive, but many of the proc-
esses and potential impacts are common to most systems. One common environmental
hazard, soil salination, is discussed in detail in Chapter 7 and will not be discussed
here. The authors’ experiences are primarily in semi-arid environments in the western
U.S., and the discussion will be oriented toward problems experienced in that setting.
Mock and Bolton (1993) give a more comprehensive listing of potential environmental
impacts of water projects.

In this chapter, we provide information that will assist in the identification and
evaluation of environmental impacts of irrigation, and tools to reduce negative im-
pacts. Three processes that can impact the environment are discussed in detail: (1)
water storage, diversion, and consumption; (2) chemical leaching to groundwater; and
(3) soil erosion and surface water runoff. Included as possible impacts are threats to
agricultural sustainability and diminished human aesthetics, as well as effects on water
quality, plant and animal habitat, and human health.

Irrigated agriculture requires large amounts of water. Most irrigated agriculture is
located in areas where normal water supplies during the growing season are low.
Therefore, water is collected from large areas, stored in reservoirs until required, and
diverted to irrigated lands where much of it is consumed. The surface water supply is
often augmented by pumping from groundwater aquifers that have accumulated and
reached equilibrium conditions over hundreds of years. The diverted or pumped water
that is not consumed return flows into drains, streams, lakes, and marshes or perco-
lates to groundwater aquifers. These processes disrupt the natural hydrology, and thus
change the environment associated with that hydrology. Although these processes are
often external to the on-farm irrigation process, they are driven by irrigation water
needs and are a consequence of irrigated agriculture.
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Table 4.1. Possible negative environmental impacts of irrigation.
Impact
Agricul- Natural
tural Pro- Envi- Human Human

Process Effect Possible Consequences  ductivity ronment Health Aesthetics
Deg.raQed ﬁsh and % X
wildlife habitat
Decreased transport
and/or dilution of sedi- X X X
Reduced or  ments and contaminants
altered Increased river water
river flows temperatures and de- X

creased dissolved oxygen
Decreased water supplies

for environmental, munic- X X X
Surface ipal and industrial needs
water Increased habitat for
storage, disease vectors/hosts X X
diversion, (mosquitoes, snails, etc.)
and Creation of Physical hazards of
consumption reation drowning (humans and X X
artificial .
animals)
surface water
. Entrapment and concen-
bodies tration of substances
(storage . X X X
. (nutrients, salts, metals,
reservoirs and .
pesticides)
conveyance Floodine due to fail n
channels) ooding due to failure o % x X
an irrigation structure
Submersion of land and
free flowing river sec- X X X
tions
Increased Increased p1.1mp1n.g C(')StS X
pumping depths Saltwater intrusion in e X
coastal areas
Depletion of domestic
Groundwater and irrigatiop water sup- X X
depletion plics
G dwat Aquifer consolidation X
roun ‘.Va er Land subsidence X X
pumping
and Reduced wetlands X X
consumption Degra@ed ﬁsh and X X
wildlife habitat
Reduced —
Decreased dilution of
groundwater

return flows to sediment and contami- X < N

nant concentrations in
surface water
surface water

Increased river/lake water
temperatures
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Table 4.1 continued.
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Excess water Waterlogging of

application Water table agricultural land
with . o .
. rise Salination of agricultural
inadequate .
. or native lands
drainage
Topsoil loss  Loss of soil productivity
River/lake/wetland
. . sedimentation
Sediment in — o
L Irrigation facility
irrigation run- . .
sedimentation
off water
Degraded fish and
wildlife habitat
Nutrients in .
o River/lake/estuary
irrigation run- .
. . excessive plant growth
Soil off (primarily .o
. and eutrophication
erosion phosphorus)

Crop pestsin ~ Spread of undesirable
irrigation run-  pests (weeds, diseases,

off (organic nematodes)
residues, weed
Degraded fish and
seeds, nema- o . .
. wildlife habitat
todes, diseases)
Pesticides .
L River/lake water
1n 1rrigation .
contamination
runoff
. Decreased soil fertilit
Leaching of 4
. Groundwater
nutrients ..
. . contamination
(primarily -
. Surface water nutrient
nitrogen) .
enrichment
. Increased groundwater
Water Leaching of
. and surface water
percolation salts linit
through the o ; sanity
soil to Leac 1r.1gllo o ¢
groundwater potentially Contamination o
harmful groundwater and surface
elements from water

soil profile

Pesticide contamination
of groundwater and
surface water

Leaching of
pesticides




80 Chapter 4 Environmental Considerations

Table 4.2. Possible positive impacts of irrigation.

Impact
Natural
Agricultural Envi- Human Human
Process Effect  Possible Consequences Productivity ronment Health Aesthetics
Increased recreation X
i Increased plant and
Water Creatloq of : P : X X
reservoirs animal habitat
storage
and and Improved flood control X X
water Hydropower generation X X X
conveyance
channels More dependable
X X X
water supply
Increased quantity, quality,
and dependability of food X X X
Lo Crop and fiber production
Irrigation .
production Increased employment and
economic X X
development

4.2 WATER STORAGE, DIVERSION, AND CONSUMPTION

Irrigated agriculture requires large amounts of water. Most irrigated agriculture is
located in areas where normal water supplies during the growing season are low.
Therefore, water is collected from large areas, stored in reservoirs until required, and
diverted to irrigated lands where much of it is consumed. The surface water supply is
often augmented by pumping from groundwater aquifers that have accumulated and
reached equilibrium conditions over hundreds of years. The diverted or pumped water
that is not consumed return flows into drains, streams, lakes, and marshes or perco-
lates to groundwater aquifers. These processes disrupt the natural hydrology, and thus
change the environment associated with that hydrology. Although these processes are
often external to the on-farm irrigation process, they are driven by irrigation water
needs and are a consequence of irrigated agriculture.

4.2.1 Impacts of Water Storage on Rivers and Streams

Irrigation water supply development from surface water resources frequently re-
quires placement of structures in the stream (Figure 4.1). The purpose, size, and use of
the structure as well as the natural hydrology and biology of the stream determine the
environmental impacts that will occur both downstream and upstream of the structure.

On-stream reservoirs create large pools of water that react with the environment
differently than flowing streams. The changes can be predicted with adequate water
quality, meteorological, and other environmental data. Depending on one’s point of
view, changes can be interpreted as beneficial or adverse. One thing is certain:
changes will occur. It is important to describe the expected changes and what can be
done to prevent or minimize the effects, so the project planners and the interested pub-
lic can determine the significance of a change and possible mediation of the effects.

Under normal operation, a reservoir on a stream stores water during periods of high
or excess flows and releases it during periods of low or deficit flows. This process
changes the high and low downstream flows that existed in the past. The reduced high
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Figure 4.1. Morrow Point Dam on
the Gunnison River in Colorado.

&y
flows affect riparian habitat that depends on over-bank flooding. The flows may not be
sufficient to keep the channel gravel clean enough for spawning or to control aquatic
growth. The reduced flow variation can impact channel size and result in reduced
channel capacity downstream of the reservoir. In extreme cases (large reservoirs on
small drainages), the downstream channel may essentially disappear.

Dams trap much of the sediment that is carried under natural flow conditions. This
can change the geomorphic stability of the downstream channel and cause increased
erosion and channel instability in areas with geologic materials that are easily eroded.
Reduced sediment in the reservoir discharge will degrade the stream channel if there is
a significant amount of erodible material in the channel. This can impact natural habi-
tat, recreation, and other stream uses downstream of the dam. Likewise, reservoir wa-
ter diverted into irrigation canals can scour sediment out of canal cross-sections result-
ing in increased seepage losses. Surface irrigators with field lengths designed for infil-
tration rates reduced by sediment-laden water may find that they can no longer get the
water to the end of the row or field.

As sediment accumulates in the reservoir, nutrients and contaminants that are asso-
ciated with the sediment may become available to aquatic life in the reservoir. Con-
taminants can accumulate and concentrate in the aquatic food chain and become harm-
ful or even toxic. Actions may be needed to prevent accumulation of harmful con-
taminants.

Reservoirs also impact water temperature and dissolved oxygen. The changes de-
pend on depth of water, organic loading, and eutrophic condition. In temperate, sea-
sonal climates such as the western U.S., impounded water will stratify during summer
months if the depth is greater than 5 m. Rising spring and summer air temperatures
cause the reservoir surface water temperatures to increase faster than heat can be
transmitted to the reservoir depths or consumed in evaporation, and a temperature pro-
file is created. The stratification depends on several factors such as wind mixing, res-
ervoir detention time, solar radiation, and temperature variation. The temperature
stratification prevents the warm, less dense, surface water layer from mixing with the
deeper, colder layer. In some instances this can also cause oxygen deficiencies at depth.
Usually, oxygen deficiency in western U.S. irrigation reservoirs has not been a problem.
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Reservoir outlets that draw water from near the bottom of the dam release colder
water in the summer and sometimes warmer water during the cold winter months than
would naturally flow in the stream. This temperature change may adversely impact
native biota and, in extreme cases, result in population decline or even extinction of
sensitive species in downstream reaches. Temperature change may also favor some
species, including trout. In some areas below dams where the stream conditions are
changed, excellent trout fisheries have developed; for example, the Colorado River
below Glen Canyon dam and the San Juan River below Navajo reservoir. Where water
temperatures are too cold for optimum fish production, selective withdrawal outlets
can be provided to blend water from strata of various temperatures to provide the best
downstream temperature for river management goals, such as maintaining the native
fishery or providing for maximum trout production. This was done at Flaming Gorge
reservoir on the Green River.

Dams and associated reservoirs submerge free-flowing streams and convert them to
pools of water. For recreationists who prefer rafting or fishing in free-flowing streams,
this is a significant negative impact. However, for those who prefer lake-like condi-
tions, the reservoir pool is a benefit. Some reservoirs become good fisheries and pro-
vide additional recreational benefits over the prior stream opportunities. Net recrea-
tional use in an impounded river reach has usually increased after reservoir construction.

Dams and reservoirs create fish migration barriers and adversely impact native
fisheries that are blocked from their spawning areas. Much of the decline of anadro-
mous fish (salmon) in the northwest U.S. is the result of dams blocking native spawn-
ing areas and reservoir pools slowing smolt migration to the sea. Fish ladders or other
facilities to assist fish passage can reduce impacts. Water diversions from stream or
reservoirs into canals or other conveyances may remove fish from the stream along
with the water. Fish screens or migration barriers should be constructed at points of
diversion to minimize this problem. Water diversions into large, unlined irrigation
channels sometimes create fisheries in the channels, as is the case for the Henry’s Fork
of the Snake River near St. Anthony, Idaho.

4.2.2 Impacts of Surface Water Diversions

About 110 km® of surface water was diverted for irrigation in the U.S. in 2000
(Hutson et al., 2004). Irrigation diversions change the stream environment. These
changes usually include reduced flow and increased water temperature; they some-
times increase pollutant concentrations, and they often adversely impact the existing
aquatic habitat and stream ecosystem. The level of impact is a function of stream size
and portion of flow diverted.

Most irrigation diversions occur only during the crop growing season, usually late
April to early October in much of the western U.S. The flow is left in the channel or
stored in reservoirs during the non-growing period. The larger the percent of flow re-
moved from the stream, the greater the impact. Flow removal reduces aquatic habitat
and can make the stream less productive. The ultimate impact occurs when the diver-
sion removes all flow from the stream, either on a permanent basis or for short periods
of time, which usually ends most aquatic production in the dry reach. This can se-
verely reduce fishing and other water-based recreation. The FAO estimates that
2350 km® of global annual runoff (6% of natural runoff) is needed for instream flow to
maintain healthy ecosystems (FAO, 1996). This is roughly equivalent to global water
currently consumed by irrigated agriculture.
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Another potential impact of diversions is increase in stream temperature below the
diversion. This occurs during summer months when the remaining flow spreads in a
channel that was developed by the full flow. Usually the heat exchange opportunities
are increased by exposing more rocks and channel bottom, which absorb radiation and
then conduct the heat to the remaining flow. Frequently there is less shading of the
remaining flow, due to not filling the channel, which allows the remaining flow to
absorb proportionally more radiant energy. If stream temperatures are sufficiently ele-
vated, the stream may not support the original biota. It may change from a cold-water
fishery to a warm-water one. Increased temperatures during critical periods can also
block migration of anadromous fish in their spawning journey.

Streams dilute and have a capacity to assimilate pollutants discharged into the flow
from point and nonpoint sources. The ability to flush pollutants out of stream sections
is reduced when water is removed by diversions. This increases the adverse effects of
pollutants that enter the stream downstream of the diversion. Many of the world’s ur-
ban areas are located at the mouths of major river systems. These cities have depended
on river flows both for their water supply and to flush pollutants they generate out into
the ocean. When irrigation diversions reduce river flows, their water supply may be
degraded and their pollutants accumulate, degrading the aquatic ecosystem, increasing
health risks, and degrading the recreational opportunities and aesthetics of the river. In
some cases, the reduced flows may allow ocean saltwater to intrude further into river
estuaries. These impacts on urban populations often result in major conflicts between
urban and agricultural interests.

4.2.3 Impacts of Irrigation Pumping on Groundwater Aquifers

About 79 km® of water was pumped from groundwater aquifers in the U.S. in 2000
for irrigation (68% of the total pumped) (Hutson et al., 2004). Irrigation pumping can
have several impacts on the aquifer sources including water table decline, groundwater
depletion, return flow reductions to surface streams, land consolidation, and saltwater
intrusion.

When groundwater pumping exceeds recharge, the water table level, or piezometric
head, declines. Although water table levels fluctuate with seasonal and annual varia-
tions in pumping and recharge, the decline will be continual if the pumping exceeds
long-term aquifer recharge. Excessive pumping is common in arid and semi-arid areas
unless the number and discharge of pumps are regulated to prevent groundwater de-
pletion. More than 4 million hectares of U.S. land are irrigated from aquifers in which
pumping exceeds recharge and water tables are declining (Postel, 1993).

Water table decline increases pumping lift and therefore pumping costs. A one me-
ter increase in the pumping depth in the U.S. requires over 1 billion MJ (300 million
kW h) of extra energy each year for pumping irrigation water. If the decline is signifi-
cant, wells may have to be deepened or replaced. With continued excess pumping,
portions of the aquifer can be completely dewatered and the groundwater resource
lost. In many agricultural areas, the aquifers supply not only irrigation but also domes-
tic and municipal water needs. Pumping amounts should be designed and regulated to
sustain the yield of the aquifer at a reasonable water table level, although sustainable
aquifer yield is often difficult to determine.

Groundwater pumping can reduce return flows from aquifers to local streams,
springs, and seeps. Water table decline can dry marsh areas and areas that receive
subirrigation from the water table. This can have serious environmental effects, espe-
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cially when limited natural habitat, such as wetlands in arid areas, is destroyed. Re-
duced groundwater contributions to local streams can be critical because groundwater
sources often provide base flows during periods of low surface runoff. Groundwater
usually has a cool, constant temperature, so reduced aquifer contributions in summer
result in higher stream temperatures. Proper groundwater investigations are required to
identify expected impacts and problems and make informed decisions on the devel-
opment potential.

Aquifer depletion can cause land subsidence. Subsidence is often a greater problem
in confined than in unconfined aquifers. Non-uniform subsidence can seriously dam-
age surface structures. Subsidence of confined aquifers also damages the groundwater
resource by decreasing the potential storage capacity if the aquifer re-saturates.

Water table decline along coastal areas may allow saltwater intrusion into ground-
water aquifers. When water table levels are reduced sufficiently that the normal gradi-
ent toward the ocean reverses, saltwater moves inland making the groundwater unfit
for most uses.

4.2.4 Return Flow from Irrigated Agriculture

Irrigation is not 100% efficient, so return flow is produced. The return flow can be
surface runoff or percolation to groundwater. In some instances drains are constructed
to intercept shallow groundwater and return it to surface flows. These drainage and
surface return flows are routed through constructed drains to natural channels. Canal
operational spillage is also usually diverted to natural channels. Return flows can have
positive or negative effects on the environment.

Drainage water from irrigated lands can create marshes and wetlands along drain-
age flow paths. These wetlands can create critical habitat for wildlife in otherwise arid
environments. However, these created wetlands can also create problems for the local
residents. If wetlands are desired with the irrigation development, they should be
planned and engineered to get maximum benefits with minimum adverse effects. The
wetlands can be designed for wildlife habitat, and to remove nutrients and sediments
while minimizing water consumption.

When return or spillage flows are put in natural channels, the additional flows can
change the hydraulic equilibrium and may result in channel erosion. Sediment in sur-
face return flows can change the stream biota and have serious effects on downstream
water users. An example of return flows causing problems is the Greenfields Division
of the Sun River Project in Montana. Much of the project drainage enters Muddy
Creek, a stream that flows south along the east end of the Greenfields irrigated area,
and discharges into the Sun River. Prior to irrigation development, Muddy Creek had
minimal flows during the summer and late fall. The additional flows contributed from
the irrigation project drainage increased Muddy Creek flows and caused serious chan-
nel erosion. Sediment from Muddy Creek has changed the Sun River fishery from fair
above the confluence to poor below.

Irrigation surface return flows may increase temperatures in receiving streams,
which can cause problems for aquatic biota and water users. The combined impacts of
reduced cool groundwater return flows (see above) and warm surface return flows can
change the stream from a cold- to a warm-water environment.

A benefit of irrigation water that percolates to groundwater can be an increase of
base flows from groundwater to streams. These return flows increase stream flows
during drought and low flow periods. The cool groundwater also reduces stream water
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temperatures during summer low flow periods. Both the increased flows and reduced
summer temperatures can improve the environment for fish and other biota. The South
Platte River in northeastern Colorado is a stream and riparian area that has benefited
from flow augmentation during late summer and early fall from irrigation water im-
ports, storage, and return flows.

4.2.5 Identifying and Quantifying Impacts

Prior to water diversion, storage, conveyance, or drainage project formation and de-
sign, all management goals and adverse impacts need to be identified and discussed
with the appropriate state and federal agencies and the public. Both the potential bene-
fits and negative impacts need to be carefully considered and evaluated. The National
Environmental Protection Act (NEPA) environmental impact analysis required of all
such U.S. developments formalizes that process.

Potential impacts of irrigation project development can be identified by evaluating
the impacts of projects with similar conditions. Since conditions are seldom identical,
computer models are often used to predict and evaluate expected changes. The sim-
plest approach would be to develop a spreadsheet mass balance model. More complex
models include CALSIM (CDWR, 2000), MODSIM (Labadie et al., 2000), and
CEQualW2 (Cole and Wells, 2002). The latter offers water quality options and two-
dimensional reservoir representation. Accurate model use requires thorough under-
standing of the physical and biological systems associated with the water resource to
be modeled. Proper use of models also requires sufficient input data and an under-
standing of model’s limitations. More complex models usually require more detailed
data. The models must describe both surface and groundwater resources from a quan-
tity and a quality standpoint. Results then must be related to the biological and envi-
ronmental resources to determine probable project impacts.

When an irrigation project is built, a monitoring plan should be implemented to as-
sess impacts. The monitoring plan should be designed to identify and quantify changes
that indicate potential problems or problems in areas where the project investigations
were inconclusive or did not provide a high level of confidence. This will allow pre-
ventive measures or mitigation to be implemented at the earliest possible date.

4.2.6 Strategies for Reduction or Control of Negative Impacts

Irrigation has impacts. During new project development, these impacts must be
evaluated and weighed against project benefits in the decision-making process. Ac-
tions can be implemented to reduce, partially control, or mitigate the impacts caused
by irrigation project development. Impacts that must be prevented or minimized need
to be brought into the project design process. If fish passage needs to be provided, then
instream structures must have features that will provide sufficient passage. If water
quality will be negatively impacted, then steps must be taken to correct, prevent, or
minimize the impacts. A thorough investigation of adverse impacts and ways to pre-
vent or minimize them must be included in the planning and design of irrigation pro-
jects and facilities. The National Environmental Protection Act (NEPA) process (see
above) incorporates reduction and mitigation of negative impacts.

4.3 GROUNDWATER QUALITY

4.3.1 Impacts of Irrigation on Groundwater Quality
When irrigation water application exceeds soil water storage capacity, excess infil-
trated water percolates below the root zone and eventually reaches the groundwater.
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Over-application of irrigation water, non-uniform irrigation water distribution, non-
uniform soils, salt leaching requirements, and rainfall can all result in water applica-
tion in excess of the amount that can be stored in the crop root zone and thus produce
deep percolation events. Runoff from areas of a field can collect in depressions and
cause deep percolation (Derby and Knighton, 2001; Spalding et al., 2003). To support
the high yields that irrigation can provide, agricultural chemical use (nutrients and
pesticides) is often high. Some of these chemicals, and other substances that may occur
naturally in arid soils, can move with downward percolating water to the groundwater.

Among U.S. states, tribes, and territories reporting groundwater data to the U.S.
Environmental Protection Agency in 2000, fertilizer applications and irrigation prac-
tices were listed among the top ten sources of groundwater contamination by 23 and 6
of the states, respectively (USEPA, 2002). Reviews of the impacts of irrigated agricul-
ture on groundwater in the U.S. have been compiled by various authors, e.g., Bouwer
(1987), Helweg (1989), NRC (1989), and Ritter (1989). A review of the problems in
the arid western states was compiled for California (Schmidt and Sherman, 1987);
Arizona and New Mexico (Sabol et al., 1987); Oklahoma and Texas (Law, 1987); and
Idaho, Montana, Nevada, Oregon, Utah, and Washington (Sonnen et al., 1987). In the
humid regions of the U.S., the impacts of irrigation on groundwater were reviewed for
the Corn Belt and Lake States (Mossbarger and Yost, 1989); South (Shirmohammadi
and Knisel, 1989); and East (Ritter et al., 1989b; Krider, 1986).

The most common groundwater contamination problems associated with irrigation
are nitrate-nitrogen (NOs-N) and pesticides (Hunter, 1986), and these affect people in
various direct and indirect ways. Many people, especially those in rural areas, rely on
groundwater for their source of drinking water, and pollution of this resource directly
affects human health. The U.S. maximum contaminant level (MCL) or drinking water
standard for NO;-N is 10 mg L. Elevated levels of NOs-N can cause methemoglo-
binemia in babies (Ritter, 1989b; Dahab and Sirigina, 1994; Skipton and Hay, 1998).
Where groundwater reaches surface waters, pollutants in the groundwater may affect
the surface water’s usefulness for recreation, fishing, wildlife habitat, and associated
tourism industries. Where groundwater is used for aquaculture, pollutants may de-
crease productivity and even render the water unfit for fish production.

Nitrate-nitrogen is the crop nutrient most commonly leached from the root zone.
Although NOs-N leaching occurs widely in rainfed agriculture, some of the most se-
vere cases of NO;-N leaching to groundwater, both in the arid western states and in
more humid regions of the U.S., have been associated with irrigated agriculture (Hall-
berg, 1986; Hamilton and Helsel, 1995). One difficulty in controlling NOs-N leaching
is that plant N uptake is often inefficient compared with applied fertilizer amounts. For
example, less than half of fertilizer N applied to corn is typically removed in the grain,
and one-third to one-half of the fertilizer N may leave the profile via deep percolation
(Hallberg, 1986). On the other hand, leaching problems may be reduced in many situa-
tions with irrigation because of water control and management possible with irrigation
(Hallberg, 1989). Irrigation may reduce leaching by promoting increased N uptake by
the crop, thereby reducing the amount of N available for leaching during subsequent
off-season rainfall events (Juergens-Gschwind, 1989). Other chemicals used as fertil-
izers that may be leached to groundwater include chloride and potassium from potash,
and calcium and magnesium from lime (Hamilton and Helsel, 1995). These elements
generally do not cause water quality problems.
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Pesticides include herbicides, insecticides, fungicides, soil fumigants, and nemati-
cides. Hallberg (1986) reported that generally less than 5% of applied agricultural pes-
ticides reach groundwater. Flury (1996) reported that, depending on chemical proper-
ties, as much as 5% of the applied pesticide may leach beyond the root zone in worst-
case rainfall events (i.e., heavy rainfall immediately following pesticide application).
When heavy rainfall does not immediately follow application, Flury reported that an-
nual losses are typically less than 0.1% to 1% of the applied pesticide, but may reach
as high as 4%.

Pesticides that have been found below the root zone or in groundwater underneath
irrigated areas include alachlor, atrazine and its metabolites desethylatrazine and de-
sisopropylatrazine, carbofuran, metolachlor, metribuzin (Burgard et al., 1993; Goes-
selin et al., 1997; Ma and Spalding, 1997b; Ellerbroek et al., 1998; Kraft et al., 1999;
Batista et al., 2002; Spalding et al., 2003), benomyl (Merwin et al., 1996), bromacil,
2,4-DP, diazinon, dibromochloropropane (DBCP), 1,2-dibromoethane, dicamba, 1.2-
dichloropropane, diuron, prometon, prometryn, propazine, simazine (Domagalski and
Dubrovsky, 1992; Walker and Ross, 1999; CDPR, 2000), 3,4-dichloroaniline, di-
methoate, alpha- and beta-endosulfan, lindane, molinate, prometryn (Batista et al.,
2002), cyanazine (Ritter et al., 1989a), and propalchlor (Spalding et al., 1989).

The importance of pesticide problems in groundwater may not yet be fully apparent
because some pesticides that have leached below crop root zones are still in transport
though the unsaturated zone between the root zone and the groundwater. In an irri-
gated farming area in eastern Washington, Jones and Roberts (1999) compared pesti-
cide occurrences in monitoring wells, designed to sample only the groundwater near-
est the surface, and domestic wells. They attributed the variations in groundwater
quality to well depths, groundwater age, and greater effects of sorption, dispersion,
dilution, and degradation corresponding to longer residence times, and found that over
60% of the pesticides appearing only in domestic wells were compounds no longer
used.

In arid and semiarid areas where irrigation is common, lack of rainfall over long
time periods allow soluble substances such as salts and several trace elements to ac-
cumulate and remain in the soil profile. The elements may have been present in the
original material, deposited by some past geologic event such as deposition on ancient
lake beds, or brought in with the irrigation water. In areas of high rainfall, these ele-
ments would have gradually leached out of the profile, drained to rivers, and eventu-
ally reached the ocean.

Some soils or the geologic formations underlying irrigated areas contain trace ele-
ments such as boron, selenium, cadmium, molybdenum, and arsenic that can cause
water quality problems. When subjected to water percolation from irrigation, these
elements gradually dissolve into the water and may move to shallow groundwater and
drain to lakes and marshes, where they accumulate and concentrate through evapora-
tion and can become toxic to plants or animals. Examples include the leaching of sele-
nium from shale formations underlying irrigated areas in Wyoming (Smith, 1994) and
boron and selenium from the west side of the San Joaquin valley in California (Presser
and Ohlendorf, 1987; San Joaquin Valley Drainage Program, 1990; Frankenberger and
Engberg, 1998).

Many arid and semi-arid soils and all irrigation water contains dissolved salts.
When irrigation water containing salts or water from a shallow water table or aquifer
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is transpired by plants or evaporated from the soil surface, salts are left behind in the
soil. High concentrations of dissolved salts are harmful to plants and must be removed
by leaching to maintain crop production. Salt tolerance of various crops and salinity
management techniques have been extensively documented (e.g., Rhoades and Love-
day, 1990; Chapter 7 of this monograph). Leaching moves the salts and any other
soluble elements or chemicals to the groundwater. High salt concentrations in the
groundwater make it unsuitable for domestic use and limit its use for irrigation. Al-
though groundwater in some semi-arid areas was salty before agricultural develop-
ment, irrigation often compounds the problem by importing water containing salts and
by leaching salts previously stored in the soil profile into the groundwater. In many
areas, the greatest impact of irrigation is to increase deep percolation and raise water
table levels so that return flows of salty groundwater to surface waters are increased.
Where groundwater is shallow, drains are sometimes installed to lower the water table
and prevent accumulation of salts. This drainwater often has elevated salt concentra-
tions.

4.3.2 Percolation and Leaching Processes

Percolation of water through the soil has the potential to leach soluble chemicals
from surface and sub-surface soil to the groundwater. Percolation of water through and
beyond the root zone of crops occurs by flow through the porous matrix of the soil and
through preferential flow pathways. Flow through the porous matrix is described by
Darcy’s law, which states that flow is proportional to the hydraulic conductivity of the
soil and the hydraulic gradient. Water and chemical leaching potential generally in-
crease directly with soil hydraulic conductivity and inversely with water holding ca-
pacity. High hydraulic conductivity permits rapid downward movement and provides
little time for chemical uptake or transformation in the unsaturated zone. Soils with
low water holding capacity provide less room for error in irrigation scheduling and for
storage of unexpected rainfall events, and thus increase the risk of deep percolation loss.
Soils with low water holding capacity also often have high hydraulic conductivity.

Flow through preferential pathways includes water movement through soil cracks,
root channels, earthworm holes, and channels formed by other biological activities.
The resulting macropore flow of water through soil resulting from these factors pro-
vides a short-circuiting effect by which water and chemicals at the soil surface bypass
much of the soil matrix and reach groundwater faster than by Darcian flow through the
soil matrix. Saturated or near-saturated surface conditions are necessary for water to
move through macropores. Nieber (2001) presented an overview of preferential flow
mechanisms—including macropore flow, gravity-driven unstable flow, heterogeneity-
driven flow, oscillatory flow, and depression-focused recharge—and the reader is re-
ferred to his paper for a review of research on these preferential flow mechanisms and
their impact on water quality.

Surface irrigation is not the only type of irrigation that can cause preferential flow,
because saturated soil surfaces may occur with sprinkler or even drip irrigation when
water application rate exceeds infiltration. Ponding may occur in topographic depres-
sions that collect runoff from adjacent areas. This concentrated recharge may signifi-
cantly influence chemical transport to groundwater. In addition to preferential flow,
description of water flow and chemical transport in the root zone of irrigated agricul-
tural systems is complicated by nonuniformity in space and time of soil physical and
chemical properties, as well as sources and sinks within the root zone.
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Chemical, physical, and biological processes affect chemical fate and transport in
porous media (Toride et al., 1993). Processes affecting the state of chemical occur-
rence in soil include adsorption, dispersion, dilution, and degradation (Jones and Rob-
erts, 1999), volatilization, amounts and timing of chemical applications, soil texture,
soil organic carbon or organic matter content, irrigation method, groundwater depth
(Hallberg, 1986; Domagalski and Dubrovsky, 1992), chemical solubility (Elliott et al.,
2000), composition of ground cover, and photochemical degradation (Wilson et al.,
1995). Allen et al. (1985) developed a numerical index (termed DRASTIC) of
groundwater vulnerability to pollution based on the following seven factors: “Depth to
water, net Recharge, Aquifer media, Soil media, Topography (slope), /mpact on the
unsaturated zone, and hydraulic Conductivity of the aquifer” (Knox and Moody,
1991). Degradation rates may be quite slow for some chemicals, e.g., DBCP (Walker
and Ross, 1999), causing groundwater quality problems to persist for long time peri-
ods after chemical use has been discontinued or banned. Biological factors influencing
chemical fate and transport in the soil include crop and pest uptake, immobilization on
the organic matter in the soil, and microbiological transformations.

Models can be used to study the impacts of irrigation on groundwater (Knisel and
Leonard, 1989; Watts et al., 199). Various authors (e.g., van Genuchten and Alves,
1982; Leij et al., 1991; Leij et al., 1993) have formulated mathematical models that
include one or more of the above transformation and transport processes under differ-
ent boundary and initial conditions. Many numerical models have been developed to
describe water flow and chemical fate and transport in the unsaturated zone, including
RZWQM (Ahuja et al., 2000), UNSATCHEM (Suarez and Simunek, 1997), HY-
DRUS (Kool and van Genuchten, 1992), DRAINMOD-N (Breve et al., 1992),
TETrans (Corwin et al., 1991; Corwin and Waggoner, 1991), NLEAP (Shaffer et al.,
1991), LEACHM (Wagenet and Hutson, 1987), GLEAMS (Leonard et al., 1987),
MOUSE (Steenhuis et al., 1987), PRZM (Carsel et al., 1985), and BAM (Jury et al.,
1983).

The persistence and fate of chemicals leached to groundwater depends on the na-
ture and use of the aquifer. Chemicals are generally diluted as they reach groundwater.
Chemical and biological processes may degrade or transform the chemicals in the
groundwater. Natural and pumping-induced groundwater gradients mix and transport
chemicals within an aquifer. Subsurface formations with zero or low hydraulic con-
ductivity may effectively isolate contaminated aquifers from deeper aquifers that may
be used as drinking water sources. Groundwater carrying pesticides, salts, and metals
may return to surface waters such as streams and rivers. This return flow to surface
waters may result from natural hydraulic gradients in the groundwater system or it
may be due to discharge from manmade drainage systems installed to improve soil
aeration and to control salinity.

4.3.3 Evaluating Groundwater Problems

Chemical movement from the root zone to groundwater can be estimated from wa-
ter percolation rate and chemical concentration in the water. Quantification of down-
ward chemical movement is difficult because of chemical transformations, as well as
spatial and temporal variability in water movement and chemical concentrations.

Methods to measure or estimate water percolation to groundwater may be classi-
fied as flux methods or water balance methods (Wagenet, 1986). Flux methods use
Darcy’s law to measure or estimate deep percolation (Hillel, 1982). Water balance
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methods estimate leaching by applying the principle of conservation of mass to a con-
trol volume in the unsaturated zone. The sum of inflows and outflows must equal the
change in storage in the control volume. In this case, inflows include precipitation,
irrigation, and surface and subsurface inflows (e.g., due to surface runoff reentering
the profile, tile drainage, or lateral subsurface flow under sloping topography); out-
flows include evapotranspiration (ET), surface and subsurface outflows, and leaching;
and change in storage may be determined by measuring changes in soil water content.
The percolation quantity can be calculated when other variables in the water balance
are known or can be assumed negligible.

Percolating water can be sampled for chemical constituents by extracting soil water
samples with vacuum sampling techniques (Rhodes and Oster, 1986), or by collecting
soil samples and extracting the water. Monitoring or other wells are commonly used to
sample groundwater for chemical constituents. Sampling may be done in situ using
sensors to assess parameters such as electrical conductivity, or by removing a water
sample for subsequent laboratory analysis for constituents such as nitrogen, pesticides,
and metals. Because it is difficult to estimate mixing and dilution rates in groundwater,
samples at several depths may be required. In situations where groundwater returns to
surface waters, the quality may be determined using in sifu or grab sampling tech-
niques. Biological indicators in surface waters affected by irrigation return flows, such
as plant and animal populations, algae growth, or metal accumulations in fish and
wildlife, may support the overall assessment of return flow impacts. Hornsby (1990)
reviewed public health and pollution problems associated with irrigated agriculture.

For highly soluble and mobile nutrients such as nitrate-nitrogen, leaching may in
some cases be inferred from signs of visible crop deficiency such as yellowing of
leaves or from plant nutrient tests. Nitrogen leaching may also be estimated from soil
sampling and accounting for the amounts and timing of fertilizer applications and crop
uptake. A difficulty in this approach is that nitrogen mineralization rates may be diffi-
cult to determine.

The economics of irrigated agriculture can increase the potential for groundwater
pollution problems. When water or chemicals are inexpensive compared to the eco-
nomic returns they can create, overuse is more likely. Pollution potential is greatest
when high-value crops are grown and water and chemicals are relatively inexpensive.
Farmers and managers sometimes perceive that liberal application of water and
chemicals is inexpensive insurance for maximum profit.

Leaching of chemicals to groundwater can be viewed as either positive or negative,
depending on one’s perspective. Leaching of salts from the root zone is necessary to
maintain acceptable crop growth and health and provide for sustained irrigated crop
productivity. Leaching of nutrients and pesticides result in loss of valuable resources
and reduced availability for crop growth and pest control. Leaching of salts, nutrients,
and pesticides to groundwater may adversely affect groundwater resources.

4.3.4 Strategies for Reduction and Mitigation of Leaching
Leaching of chemicals to groundwater from irrigated fields can be reduced by de-
creasing water percolation amounts, by decreasing the amount of chemical available
for transport, or both. Tools available to achieve these reductions include the selection,
design, and management of irrigation systems, as well as the chemical management
and agricultural practices used in crop production. When irrigation and crop manage-
ment do not perform as desired, groundwater remediation may be necessary.
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4.3.4.1 Irrigation system selection, design, and management. Irrigation system
design or management changes that increase water distribution uniformity potentially
decrease deep percolation losses and chemical leaching. Good irrigation scheduling
(Chapter 8) reduces chemical leaching by avoiding excessive water applications and
reducing deep percolation. Proper irrigation scheduling also helps ensure healthy
plants and maximum nutrient uptake, leaving smaller nutrient amounts—particularly
nitrogen—available for leaching. Where groundwater contamination is a concern, in-
tentional deficit irrigation (not refilling the soil profile to field capacity with each irri-
gation event) can reduce deep percolation, often with only slight yield reductions.

Surface, subsurface, micro-, and sprinkler irrigation systems have different charac-
teristics relative to water percolation and chemical leaching. Systems with the ability
to apply small, uniform applications have the potential to decrease deep percolation
losses. In general, systems that use pressure distribute water more precisely and with
better control than those that use gravity for distribution across the soil surface. Thus,
well-engineered drip irrigation systems have higher potential irrigation efficiencies
than sprinkler systems, and sprinkler systems are potentially better than surface sys-
tems. Generally speaking, smaller fields or irrigation zones can be irrigated more uni-
formly than larger ones.

Irrigation systems also differ in the fraction of the soil surface that is wetted and the
rate of application. Partially wetting the soil surface may allow purposely placing
chemicals to avoid downward movement with the irrigation water. Surface irrigation
always results in saturated flow at the soil surface and hence has greater potential for
preferential flow. Drip and sprinkler irrigation may not result in saturated flow condi-
tions if application rates are lower than the infiltration rate of the soil.

Subsurface irrigation systems use water table control to meet crop water require-
ments. With very high water tables, the potential for chemicals to reach shallow
groundwater is high. However, with subirrigation, since water movement should be
primarily upward through the root zone, downward movement of chemicals during
irrigation should be minimized.

4.3.4.2 Chemical management and agricultural practices. In addition to irriga-
tion management, good agronomic practices can help reduce the amount of nutrients
and chemicals leached to groundwater. These management practices can include re-
duced chemical usage, use of less mobile chemicals, chemical application timing when
leaching is least likely and when usage or transformation is most rapid, and chemical
placement where it is least likely to be leached.

Nutrient applications can be scheduled to meet crop needs through in-season soil
and plant sampling. Nitrogen content of the irrigation water should be measured and
considered to avoid over-fertilization (Smith and Cassel, 1991). Nutrient application
based on realistic potential yields rather than maximum yields may significantly re-
duce nutrient application and leaching with only small reductions in yield. Cropping
systems management may be used to mitigate N leaching. Examples of cropping sys-
tems management include accounting for the N contribution of legumes in subsequent
years; using cover crops such as rye, vetch, and wheat, planted after harvest of other
crops to immobilize residual N in the soil (Herbert et al., 1995; Wilson et al., 1995);
and planning crop sequences and timing to use nitrogen released by the breakdown of
the previous crop.
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Precisely scheduled and targeted pesticide applications such as are used in inte-
grated pest management programs can result in reduced pesticide applications. Addi-
tional practices that can reduce chemical availability for leaching include using alter-
nate-furrow irrigation and chemical placement for row crops (Hefner and Tracy,
1995); placing herbicides away from anhydrous ammonia application zones (Clay et
al., 1995) to avoid the high pH regions that reduce herbicide adsorption on the soil and
increase potential for herbicide leaching (Hunter, 1986); using encapsulated, slow-
release, or controlled-release herbicides (Hickman and Vail, 1995; Williams et al.,
1995); using paraffinic oil as a herbicide carrier to increase spreading on contact and
reduce the amount of herbicide needed (Hanks, 1995); and combining banding of her-
bicides and cultivation for weed control (Baker et al., 1995).

Since the initial irrigation often produces the largest deep percolation loss with sur-
face irrigation systems, application of mobile chemicals before the first irrigation
should be avoided when possible. Chemicals are usually applied as evenly as possible
even though the needs may vary spatially. One promising solution to spatial variability
is site-specific technology and management, which divides fields into sub-field man-
agement zones and applies chemicals based on localized needs. Banding nutrients,
placement away from the irrigated furrow or dripper, and using slow-release or less-
mobile forms of nitrogen and nitrification inhibitors can reduce nitrate leaching
(Crumpton and Baker, 1993; Dahab and Sirigina, 1994).

The unpredictable nature of weather can increase the potential for leaching chemi-
cals to groundwater. For example, unexpected rainfall following irrigation can result
in deep percolation. If evaporative demand is significantly smaller than normal in a
given growing season due to cool weather, crop growth may be retarded compared to
that expected for a warmer season and N fertilizer may be underutilized. High N re-
siduals present in soil at the end of the growing season increase the potential for leach-
ing to groundwater due to off-season precipitation. Since weather cannot be predicted
with certainty, flexible chemical and water management are essential to minimize
leaching of chemicals to groundwater.

4.3.4.3 Mitigation of impacts. Groundwater remediation may be necessary when
irrigation and agronomic management practices are not sufficient to keep chemical
leaching losses below acceptable levels, or groundwater concentrations already exceed
acceptable levels. Technologies for groundwater remediation may be grouped into
four categories: containment, collection, treatment, and disposal (Hunter, 1986). Ex-
amples of the technologies are given in Table 4.3. Typical treatment processes employ
one or more of the technologies from each of the four categories in an overall treat-
ment scheme. For example, a treatment scheme could involve containment and collec-
tion of contaminated groundwater via a well, above-ground biological treatment
through irrigation of a crop, and disposal via ET and percolation back to groundwater.

In-situ treatment of groundwater can be accomplished by injecting biological or-
ganisms, chemicals, or both into the contaminated area. For example, Hunter and Fol-
let (1995) proposed injecting vegetable oil as a carbon source into the porous media
around well screens in high-nitrate groundwaters to accelerate biological denitrifica-
tion in situ. Robertson et al. (2000), used various reactive passive carbon barriers to
remediate nitrates in groundwater over a six- to seven-year period. Carbon sources for
groundwater remediation have also been studied by Obenhuber and Lowrance (1991),
Schipper and Vojvodic-Vukovic (1998, 2000), and Robins et al. (2000).
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Table 4.3. Technologies for remediation of groundwater. Technologies potentially
applicable to agricultural settings are in italics (from Hunter, 1986)."!
Category
Containment slurry wall, vibrating beam, sheet piling, concrete wall,
extraction wells, subsurface drains, ditches and trenches

Collection extraction wells only, subsurface drains, ditches and trenches,
extraction wells combined with injection wells
Treatment
In Situ microbial degradation, limestone treatment bed, activated carbon bed,
chemical treatment, neutralization
Biological activated sludge, trickling filter, rotating biological contactor, land

application, aerated lagoon, anaerobic/facultative lagoon

Physical/Chemical  ion exchange, membrane separation, oxidation, reduction,
liquid/liquid extraction, carbon adsorption, air stripping, steam
stripping, spray evaporation, wet air oxidation, incineration

Disposal deep well injection, direct discharge, evaporation ponds, percolation
ponds, land application

[?) Reprinted by permission of the National Ground Water Association. Copyright 1986. All rights reserved.

A variety of other technologies have been studied for groundwater remediation.
The use of zero-valent metals has been studied for the removal of atrazine (Singh et
al., 1998), and for sulfate reduction and denitrification (Chew and Zhang, 1998; Gu et
al., 2002). Electrokinetic methods for nitrate remediation have been studied by Chew
and Zhang (1998) and by Eid et al. (2000). Ma and Spalding (1997a), using artificial
recharge of an aquifer with river water, reported tenfold reductions in nitrate and
atrazine concentrations beneath and downgradient from the infiltration sites. Weier et
al. (1994) found that additions of ethanol to high-nitrate irrigation water may have
potential to remediate groundwater nitrates.

Biological, physical, and chemical treatment may require collecting groundwater
and bringing it above ground for treatment, and then disposing of the treated water.
The technologies for biological treatment are well established in the fields of domestic
and industrial water and wastewater treatment (Hunter, 1986; Dahab and Sirigina,
1994, and references therein). Land application of contaminated water can involve
irrigation to disperse the contaminated water for uptake or removal by plants or soil
organisms. Thus, land application can be both a treatment method and a disposal
method.

4.4 SURFACE WATER RUNOFF

4.4.1 Impacts of Irrigation-Induced Erosion and Sediment Discharge

Water running across the land surface can erode soil. Soil erosion caused by rainfall
is a commonly recognized problem, but irrigation can also cause erosion. Sprinkler
irrigation is similar to rainfall. Irrigation furrows are similar to rills with a controlled
water application. The extent of irrigation-induced erosion is not well documented,
although measurements in Idaho, Wyoming, Washington, and Utah show that it is a
serious problem in some areas of the western U.S. Koluvec et al. (1993) reviewed
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Figure 4.2. Aerial views of furrow irrigated fields in southern Idaho showing white soil areas
near the inflow ends where the top soil has been eroded away. (Photo credit: Dave Carter.)

those and other irrigation-induced erosion studies carried out over the last 50 years. A
1985 USDA-Soil Conservation Service survey indicated that about 21% of irrigated
cropland in the U.S. is affected by erosion to some degree (Koluvec et al., 1993).

Soil erosion reduces soil depth and productivity. In southern Idaho, measurements
indicate that 80 years of irrigation-induced erosion of the erodible silt loam soils has
reduced crop yield potentials by 25% (Carter, 1993) (Figure 4.2). For many soils, it is
very difficult to return eroded soil to its pre-erosion production potential.

When irrigation water is applied to the land faster than it is infiltrated, a portion of
the water is redistributed within the field and may run off the field. Twenty to fifty
percent of the water applied to most furrow-irrigated fields with slopes greater than
0.5% runs off the downstream end (Trout and Mackey, 1988). This runoff water car-
ries eroded sediment as well as nutrients, pests, or chemicals that are attached to the
sediment, off the field and into surface drains, rivers, and lakes. Annual sediment run-
off between 4 and 40 Mg/ha is commonly measured from furrow-irrigated fields with
slopes greater than 1% (Koluvek et al., 1993).

Sediment and its adsorbed constituents negatively impact downstream water bodies
and users. It fills drains and downstream reservoirs and irrigation canals. Some irriga-
tion companies spend a large portion of their annual maintenance budget mechanically
removing sediment deposits from reservoirs, drains, and canals (Koluvek et al., 1993).
Often, runoff water becomes the irrigation water supply for downstream farms. Sedi-
ment-laden irrigation water increases maintenance costs of ditches, pipelines, and
ponds; increases sprinkler head and nozzle wear; and may make water treatment costs
for microirrigation prohibitively expensive. Weed seed and other soil-borne pests such
as crop viruses and nematodes can be spread from farm to farm with runoff sediment
(Sojka and Entry, 2000).

Sediment from irrigated fields has degraded many western U.S. rivers (Koluvek et
al., 1993). Irrigation return-flow sediments deposit in rivers and may cover fish
spawning beds and other natural habitats (Figure 4.3). Sediment accumulation is often
severe in low rainfall areas because river flow rates (and thus carrying capacity) are
usually low during the irrigation season in irrigated valleys, and spring flushing flows
may be reduced by upstream storage facilities. Sediments that are transported through
the rivers accumulate in downstream reservoirs, reducing reservoir storage capacity, or
at the river mouths where they may interfere with shipping or recreation facilities.
Agricultural sediments often carry sufficient adsorbed phosphorus to promote plant
growth in rivers and lakes (Westermann et al., 2001). The sediments may also carry
trace amounts of persistent agricultural chemicals such as pyrethroids and organo-
phosphates that can accumulate in river and lake beds, and reduce populations of
aquatic macroinvertebrates (Anderson et al., 2003).
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Figure 4.3. Sediment deposition in the
Snake River in southern Idaho from
irrigation tailwater return flow.
(Photo credit: Dave Carter.)

4.4.2 Runoff and Erosion Processes

Soil erosion occurs when soil particles are detached, either by the force of water
droplet impact on the surface, or by the shear of water flowing over the surface, and
are then transported by flowing water to another location. Detachment depends on
both soil properties and condition (erodibility), and on the erosiveness of the water
drops or flows. Sediment transport depends on sediment particle sizes and densities,
and transport capacity of the flow. Trout and Neibling (1993) discuss irrigation-
induced erosion processes in detail.

Irrigation-induced erosion is most common with furrow irrigation, in which flows
are concentrated in small channels and directed downslope. Where closely spaced
crops are grown and flows are spread uniformly across the surface (border irrigation),
or where field slopes are very small (basin irrigation), little erosion occurs. When
sprinkler irrigation water is applied at rates high enough to produce water runoff, ero-
sion can also occur. Runoff is most common with low-pressure center pivot irrigation
where instantaneous water application rates are high at the outer end of the lateral.

Furrow irrigation is similar to concentrated flow in rills. The flow erosiveness in-
creases with the shear exerted by water on the soil, which in turn increases flow rate
and furrow slope. Doubling the flow rate more than doubles erosion. Doubling the
slope more than triples erosion (Kemper et al., 1985). Furrow flow rates decrease in
the downstream direction as water is infiltrated. Thus, the erosion rates are highest at
the inflow ends of furrows, and a portion of the eroded soil may be deposited in the
downstream half of the furrow length (assuming uniform furrow slope). The portion of
the eroded sediment that discharges from the field depends on the portion of the flow
that runs off the field. In southern Idaho furrows, most erosion is from the upstream
one-third of the furrow length, and about two-thirds of the soil is deposited in the
downstream half of the furrow length (Trout, 1996), so only about one-third of the
eroded soil leaves the field.

Sprinkler irrigation erosion is similar to rainfall-induced erosion. Water drops de-
tach soil particles and shallow overland flow transports them to rills where concen-
trated flow carries the particles down-slope. With center pivot irrigation, only a small
portion of the field is being irrigated at any one time, so runoff is often infiltrated
within the field and concentrated flow channels are often not long. Sediment discharge
from sprinkler irrigated fields is seldom a problem.

The discharge of agricultural chemicals with surface irrigation runoff depends on
the source and nature of the materials. Soluble materials in the irrigation water, such
as salts and nitrate, will discharge with runoff water. However, soluble substances that



96 Chapter 4 Environmental Considerations

are in the soil generally move into the profile with infiltrating water and are not carried
with surface flows or eroded surface soils. Thus nitrogen and salt concentrations in
runoff are generally not higher than in the applied water. An exception is possible with
salt accumulation from surface evaporation at the soil surface and flow through cracks
that intermingles with surface flow (Rhoades et al., 1997). Substances that are ad-
sorbed to surface soil particles or precipitated on the soil surface will be transported
with eroding soil particles (Bjorneberg et al., 2002). Total phosphorus in runoff water
with sediment is usually higher than that in the applied water (Carter et al., 1974;
Westermann et al., 2001). Recently applied or persistent pesticides may also be trans-
ported off fields with sediment (Spencer et al., 1985).

Small soil particles have large specific surface compared to large particles, and thus
have more capacity per unit mass to adsorb agricultural chemicals. Thus, a large pro-
portion of the phosphorus and other chemicals that move with sediment is associated
with the smallest sediment particles (Brown et al., 1981; Aggasi et al., 1995). Erosion
control techniques that preferentially control large sediments are less effective on agri-
cultural chemical discharge.

4.4.3. Evaluating Erosion and Sediment Discharge Problems

Erosion causes two problems: loss of soil and productivity on the field and down-
stream damage from discharged sediment. Furrow erosion can cause both problems.
Center pivot irrigation can cause erosion damage on the field but seldom has signifi-
cant sediment discharge from the field. The problem being evaluated will determine
the evaluation method.

Quantifying center pivot erosion is difficult because it varies greatly in space and
time. Visual observation of water ponding and surface flows indicates potential for
erosion. Rills and sediment deposition fans show there is a problem. Measurements of
soil depth or crop yield variation between sloped and flat field sections may show ero-
sion has occurred in the past.

Erosion in irrigation furrows is evident from furrows that down cut and evolve to
gulleys in high slope areas or near the furrow inflow end (Figure 4.4), depositional
areas where slope decreases, and very turbid water or visible bed load. As with pivot
irrigation, past erosion damage may be evident from decreased soil depth or crop yield
in eroded areas. Furrow erosion and sediment discharge can be quantified by measur-
ing the flow rate and sediment concentration in the flow (Sojka et al., 1994; Trout,
1996). Sediment concentration of periodic volumetric samples can be evaluated

[ e

Figure 4.4. Eroded irrigation furrows.
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Figure 4.5. Collecting a furrow water
sample from a furrow flume and
pouring it into an Imhoff cone to de-
termine sediment concentration.

gravimetrically or with Imhoff (sedimentation) cones (Figure 4.5). Volumetric sam-
ples can likewise be collected for chemical analysis. It is critical that a representative
sample be collected, because sediment is not evenly distributed in the flow. This usu-
ally requires collecting the complete furrow flow for a short time period, without dis-
turbing the upstream flow, or by sampling a well-mixed turbulent flow in a drain
ditch. Sediment discharge is measured at the outflow point of the furrow or field. Ero-
sion or sedimentation is determined as the difference in sediment discharge between
two in-field measurement points. Because sediment often deposits on fields where
flows are low (downstream sections) or slopes are flat, field average erosion based on
field discharge measurements usually underestimates actual erosion damage.

The runoff water collection ditch at the downstream end of the field can strongly
affect sediment discharge from the field. Where water tends to pond up and flow
slowly at the field downstream end, much of the sediment in the water may be depos-
ited before leaving the field. Where field cross-slope exceeds 0.5% and farmers cut a
runoff ditch across the lower end of the field to discharge runoff, serious erosion can
occur in the ditch and at the end of the furrows, resulting in a downward sloping (con-
vex) field end and greatly increased sediment discharge.

Although much is known about erosion and sedimentation processes, they cannot
yet be accurately modeled and predicted. Soil erodibility cannot be accurately pre-
dicted. Soil erodibility varies with time and management practices, as well as with soil
texture and constituents. The Revised Universal Soil Loss Equation, RUSLE (USDA-
ARS, 1997), does not apply to irrigation-induced erosion. The Water Erosion Predic-
tion Project (WEPP) model (Nearing et al., 1989), although adapted for sprinkler and
furrow irrigation conditions, has not successfully predicted field measured erosion
(Bjorneberg et al., 1999; Kincaid, 2002).

All sediment discharging from farm fields does not usually reach downstream riv-
ers or lakes (Brown et al., 1974; Brockway and Robison, 1992). Some of the sediment
may deposit in drains or sediment basins. The runoff water may be rediverted by
downstream farmers where much of the sediment may deposit on irrigated fields. Field
measurements must be supplemented by return flow quality and quantity measure-
ments to assess sediment and chemical inflows to water bodies. Assessing damages to
rivers and lakes and their complex aquatic biological systems requires a thorough un-
derstanding of those systems as well as an accounting of the various pollutants.

4.4.4 Strategies for Reduction of Erosion and Sediment Discharge
4.4.4.1 Reducing flow erosiveness. Erosion under center pivot irrigation can be
eliminated by eliminating overland water flow. This requires reducing the water appli-
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cation rate, or increasing the soil infiltration rate. The water application rate can be
reduced by increasing application width with spray booms or nozzles with larger wet-
ting patterns. Reducing total application per pass will also reduce runoff, since infiltra-
tion rates decline with application amount. Infiltration enhancement practices include
preservation of surface residues, reduced tillage, and, for sodic soils, reducing the so-
dium adsorption ratio of the soil with the addition of gypsum. Nozzles that produce
small droplets with low kinetic energy may also sustain higher infiltration by reducing
surface sealing. If the application rate cannot be reduced sufficiently, surface pitting
(diking, reservoir tillage) can store excess water in place until it can infiltrate. If runoff
cannot be avoided, surface residue and close-growing crops can reduce the exposure
of the soil to water droplet impact and reduce overland flow shear. Reduced tillage
may also reduce the erodibility of soil.

The erosiveness of furrow flows can be reduced by reducing flow rates. Reducing
flow rate usually results in longer time required to spread water across the field, and
thus lower irrigation water distribution uniformity. Thus, there is usually a trade-off
between reducing erosion and reducing irrigation uniformity. Management practices that
reduce infiltration, such as furrow compaction and surge irrigation, may counteract the
impact of reduced flow rates on uniformity. Shortening furrow lengths by subdividing
fields reduces required flow rates. However, if the number of runoff points is increased
when fields are subdivided, the amount of runoff and sediment discharge may increase.
Mid-field gated pipelines can reduce run lengths without increasing field runoff.

In many cases, average flow rates are set to insure all portions of all furrows are
adequately irrigated. Furrow-to-furrow inflow and infiltration variability creates the
need to increase average flow rates to adequately irrigate most of the field (Trout and
Mackey, 1988). Reducing flow rate to reduce erosion damage and allowing a small
portion of the field to be inadequately irrigated may be beneficial in the long term.
Furrow application systems that facilitate uniform furrow flows allow reduced average
flow rates and greatly reduce runoff rates. Reduced flow rate after stream advance is
complete (cutback) will result in reduced erosion. Irrigation scheduling may result in
smaller total application amounts and times, although erosion reduction will likely be
proportionately less than the application reduction.

Flow velocity, and thus erosiveness, is also reduced by increasing furrow rough-
ness. Furrow roughness can be increased by leaving or placing crop residue in the fur-
row (Aarstad and Miller, 1981; Carter and Berg, 1991). However, roughness also
slows water advance and may reduce irrigation uniformity. Furrow residue is a good
option for steep sections of furrows where erosion is greatest and water advance is
rapid (Brown and Kemper, 1987). Miller et al. (1987) used straw mulching in combi-
nation with surge irrigation to reduce erosion and maintain irrigation uniformity.
Carter and Berg (1991) found that no-tillage resulted in lower infiltration during early
season irrigations so irrigation uniformity was maintained while surface residue essen-
tially eliminated erosion.

Erosion can be reduced by reducing furrow slope, but substantially changing field
slopes is usually not practical. In some cases, the furrow direction can be oriented
across the slope (contour furrows) to reduce effective furrow slope. This practice can
result in severe concentrated flow erosion if water overtops rows.

On fields with a convex downstream end, if water flow velocity in the runoff ditch
can be reduced, sediment deposition may gradually fill in the depression. Carter and
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Berg (1983) devised a buried pipe runoff collection system that collects sediment and
eliminates convex field ends. Eliminating runoff collection ditches and planting close-
growing crops on the convex end can slow the flow and reduce erosion and may result
in sediment deposition on convex ends. Portable canvas dam checks across eroding
runoff collection ditches can reduce ditch erosion.

4.4.4.2 Reducing soil erodibility. Our understanding of soil aggregate stability,
cohesiveness, and erodibility is poor. Few techniques are available to reduce erodibil-
ity. Erosion tends to be higher after tillage, so reducing the number and depth of tillage
operations reduces erosion (Carter and Berg, 1991). Sodium disperses clays and can
increase erosion (Lentz et al., 1996). Decreasing the sodium adsorption ratio of soil or
irrigation water can reduce erosion.

Polyacrylamide (PAM) applied in the irrigation water has been shown to dramati-
cally reduce furrow erosion. PAM has two effects: it acts as a soil stabilizer and re-
duces erodibility, and it flocculates suspended sediment particles inducing them to
deposit. Low concentrations of PAM (<10 mg/L) applied with the irrigation water,
reduces erosion by over 90% in most cases (Lentz et al., 1992; Lentz and Sojka, 1994;
Sojka et al., 1998a; Sojka et al., 1998b). Polyacrylamide applications have been shown
to reduce discharge of sediments, nutrients, pesticides, and microorganisms in surface
runoff (Lentz et al., 1998; Sojka and Entry, 2000; Entry et al., 2002). Material costs
are about $7 per ha per application, and re-application is recommended at least follow-
ing every tillage operation. Polyacrylamide was used on an estimated 400,000 ha in
1998 to control erosion (Sojka et al., 1998a).

4.4.4.3 Reducing sediment discharge. If erosion cannot be adequately controlled
on the field, off-field practices may be required to remove sediment from the runoff.
These techniques are less desirable than on-field erosion control because they do not
eliminate erosion damage to the field.

Sediment can be removed from water by slowing the flow to allow time for sus-
pended sediment particles to settle out. Sediment basins with a residence time of at
least two hours will settle out sand-sized particles, most of the silt, and a portion of the
clay (Carter, 1985). For a tailwater flow of 30 L/s, basin volume must be at least 220
m’® for two-hour residence. Sediment basin sizes vary from large ponds on major
drains to small basins at the field outflow point. Sediment basins require the accumu-
lated sediment to be periodically excavated and piled until it can be spread back onto
the fields or other areas requiring topsoil fill. Basin size must account for expected
sediment deposition rates and desired clean-out intervals.

Sediment can be collected at the low end of fields by slowing the flow in tailwater
ditches with excavated pits or earthen surface checks. These “minibasins” are more
efficient if water is directed from each basin into a ditch or buried runoff water collec-
tion system rather than allowing water to flow from basin to basin. Minibasins gener-
ally need to be rebuilt each year. Vegetative filter strips of small grains or permanent
cover crops at the downstream end of fields can also slow runoff flow and accumulate
sediment.

Sediment retention efficiency of adequately sized basins varies from 70% to 95%
(Carter et al., 1993). A weakness of sediment basins is that they least efficiently retain
small-sized sediment particles to which most of the ions are attached. Thus, their effi-
ciency in containing phosphorus and other potential pollutants is lower than their
sediment retention efficiency (Brown et al., 1981; Bjorneberg and Lentz, 2005).
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4.4.4.4 Surface runoff containment and reuse. Properly designed and used irriga-
tion runoff reuse systems can contain all farm runoff and associated sediments and
contaminants on-farm. These systems must have sufficient storage and pumping ca-
pacity to allow effective use of tailwater (ASABE, 2005). With runoff reuse, a portion
of the sediment can be recycled back to fields, reducing the frequency required for
storage pond clean-out. Any substances in the runoff are also contained on the farm.
The farmer must be aware of potential problems with transporting pests or chemicals
from one field to another, but it is preferable that a farmer deal with potential prob-
lems on the originating farm.

Nutrient and other farm chemical application in irrigation water is becoming a
common practice (fertigation, chemigation). Nitrogen application in surface irrigation
water is common in some areas. For surface or sprinkler irrigation with runoff, runoff
water containment and reuse should be required when chemigating with materials that
could be harmful to downstream farmers or ecosystems.
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