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Introduction

Remains of ancient aqueducts and other water-diversion systems show that
early civilizations recognized the need for adequate water to obtain favorable
crop yields. Even in our country, Native Americans often diverted water from
streams to their crops.

Early immigrants to North America settled mainly near the eastern coast
where precipitation generally was favorable for crop production. However,
farther west, plant water stress occurred frequently and droughts that lasted
several years occurred occasionally. A major drought in the U.S. Great Plains
and the adjacent Canadian provinces in the 1930s led to widespread soil ero-
- sion by wind. To control the erosion, stubble mulch tillage was developed,
which retained crop residues on the soil surface. The residues also aided soil
water conservation, which improved crop yields. Subsequently, extensive re-
search has been conducted to further improve water conservation, which is
highly important for crop production. Also, agriculture must use available
water resources efficiently because of increasing competition for water from
other sectors of society (municipal, industrial, recreational). Efficient and re-
sponsible water use by all sectors of society is needed to help assure availabil-
ity of adequate water in the future for all users.

Whereas much water conservation research has been conducted since the
1930s and 1940s, strong emphasis on water quality began more recently.
When land is farmed, chemicals such as fertilizers and pesticides often are ap-
plied to obtain optimum crop yields. While tillage helps conserve water and
maximize benefits of chemical inputs, it was clear in early farming systems
that more tillage and chemical inputs increased the potential for degradation
of water quality. Recent public concern has led to increased agricultural re-
search regarding the effect of land management on water quality.

Ground and surface water quality is important because leachate and runoff
water from agricultural land often is the primary source of water for munici-
pal, industrial, and recreational users. High-quality water is extremely impor-
tant for many purposes, including drinking, food preparation, and industrial
food processing. Good-quality water is important for power generation, fish-
ing industries, and recreational use.

Besides soil and pesticide losses from agricultural lands, many water qual-
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ity concerns center on nonpoint transport of nitrogen (N} and phosphorus (P).
Due to their differing mobility in soil, N concerns revolve around nitrate
leaching to groundwater, whereas P concerns focus on P transport in surface
runott.

Nitrate in water has been linked to methemoglobinemia in infants, toxicitics
in livestock, and water eutrophication (Amdar ¢t al., 1991}, I reduced to ni-
trite, it can cause methemoglobinemia that causes abortions in caitle. Phos-
phorus in water is not considered directly toxic to humans and animals
{Amdur et al., 1991). However, free air-waser exchange of N and fixation of
atmospheric N by blue-green algae means that P most often limits freshwater
eutrophication {Sharpley et al., 1994).

It is impractical to discuss in detail the vast literature regarding water con-
servation and quaiity. Hence, we will identify practices affecting water con-
servation and guality and indicate the principles involved, but give only se-
lected examples of resulis that can be expected from using the different
practices.

Function of Seil Management Techniques for
Conserving Water

Overall goais of soil management regarding water conservation are te pro-
mote water entry into seil, reduce evaporation, and use the water to grow
crops. Sometimes, excess water must be removed for successtul crop produc-
tion. These goals can be achieved by using appropriate tillage systems, strue-
tural and support practices, surface moich, and cropping systems and rota-
tions. Stewart et al. (1975) showed the relative effectiveness of various
practices for reducing ranoff {Table 1). Ranges in reduction given in Table |
are shown in Figure 1.

Tiltage Systems

Many tillage systems are available. We grouped them into clean, conservation,
and deep tillage types to discuss effects on water conservation. Tillage influ-
ences water conservation through its effects on soil conditions that retard
runoff, enhance infiliration, suppress evaporation, and control weeds. Runoff
is retarded and infiltration is enhanced when water flow inte soil is unre-
stricted by surface conditions, water is temporarily stored on the surface to
provide more tme for infiltration, and water movement within the soil profile
is not impeded. Evaporation is suppressed by insulating and cooling the soil
surface, reflecting solar enesgy, decreasing wind speed at or near the soil sur-
tace, and providing a barrier against water vapor movement. Timely weed
control is highly important becavse weeds may deplete soil water supplies.
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Table 1. Practices for Controlling Direct Runoff and Their Highlights?

Runoff Control Practice

Effect on Runoff®

No-tillage planting in prior
crop residues

Conservation tillage
Sod-based rotations

Meadowless rotations
Winter cover crop
Improved soil fertility

Timing of field operations

_Plow-plant systems

3Contouring

Graded rows

Contour strip cropping

Terraces

Grassed outlets

Ridge planting

Contour listing

Change in land use

Other practices
Contour furrows
Diversions
Drainage

Landforming
Construction of ponds

Variable effect on direct runoff —
from substantial reductions to in-
creases on soils subject to com-
paction

Slight to substantial reduction

Substantial reduction in sod year;
slight to moderate reduction in row-
crop year

None to slight reduction

Slight increase to moderate reduction

Slight to substantial reduction, depend-
ing on existing fertility level

Slight reduction

Moderate reduction

Slight to moderate reduction

Slight to moderate reduction

Moderate to substantial reduction

Slight increase to substantial reduction

Slight reduction

Slight to substantial reduction

Moderate to substantial reduction

Moderate to substantial reduction

Moderate to substantial reduction

No reduction

Increase to substantial decrease of sur-
face runoff

Increase to slight decrease

None to substantial reduction

2From Stewart et al., 1975.

PRanges in percent reduction of potential direct growing season runoff for the
descriptive terms, “slight,” “moderate,” and “substantial,” are shown in Figure
1.

Where excess water must be removed, installation of drainage systems may be
necessary.

Clean tillage is the process of plowing and cultivating to incorporate crop
residues and control weeds (SSSA, 1987). Water conservation with clean
tillage results primarily from disrupting soil crusts, providing for temporary
water storage, and controlling weeds. Under some conditions, clean tillage
also suppresses evaporation.
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Figure 1. Ranges in percent reduction of potential direct mean growing sea-
son runoff resulting from practices shown in Table 1. (Adapted from Stewart
et al., 1975).

When raindrops strike a bare soil, a surface seal often develops, resulting in
reduced infiltration. When the soil dries, a crust develops that can hinder infil-
tration of the next rain. The residue-free surface condition produced by clean
tillage often aggravates the crusting problem.

Tillage-induced surface roughness and cloddishness can reduce runoff ve-
locity and create depressions for temporary water storage, thereby providing
more time for infiltration. Tillage-induced soil loosening can increase water
storage in the tillage layer (Burwell et al., 1966).

After wetting a bare soil, evaporation initially occurs at the potential rate,
then becomes slower, depending on the rate of soil water movement to the
surface. Disrupting water movement to the surface is one way to reduce evap-
oration. Shallow tillage for creating a “dust” mulch to reduce evaporation
generally is ineffective where precipitation occurs mainly during the summer
when the potential for evaporation is greatest and tillage is needed after each
rain to control weeds (Jacks et al., 1955). Such mulch, however, reduces evap-
oration where a distinct dry season follows a wet period that has recharged the
soil profile with water (Hammel et al., 1981; Papendick et al., 1973).

Weeds compete with crops for water, nutrients, and light, with competition
for water generally being most important under dryland conditions. Therefore,
effective weed control is essential if crops are to produce at their potential
under the prevailing conditions.
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Conservation tillage is any tillage sequence that provides at least 30% cover
of crop residues on the soil surface after crop planting to control water ero-
sion. Crop residues equivalent to at least 1.1 Mg ha! of straw must be present
during the major wind erosion period to control wind erosion (CTIC, 1990).
This definition emphasizes crop residue management, which is the term being
used in some cases (Stewart and Moldenhauer, 1994). However, we will use
conservation tillage, examples of which are stubble-muich tillage, reduced
tillage, and no-tillage.

Stubble-mulch tillage (SMT) was developed to combat wind erosion in the
U.S. Great Plains and Canada in the 1930s. With SMT, sweeps or blades un-
dercut the soil surface to sever weed roots and prepare a seedbed. Because
SMT does not invert soil, most crop residues remain on the surface to enhance
erosion control and provide water conservation benefits. Based on crop yields,
SMT is better adapted to drier than to more humid regions, possibly because
of an improved crop water-nutrient balance (Zingg and Whitfield, 1957) and
better weed control in drier regions.

* Since controlling weeds is a major reason for tillage, then the need for tillage
is reduced if weeds are controlled by other means, as with herbicides. Reduced
tillage systems that usually meet the requirements for conservation tillage in-
clude fall (autumn) chisel-field cultivate, disk-plant, till-plant, strip tillage, and
tillage-herbicide combinations. Tillage-herbicide systems have received much
attention where residue production is low, erosion potential is high, water con-
servation is important, and persistent weeds cannot be effectively controlled by
tillage or herbicides alone. These systems have improved erosion control, water
conservation, and crop yields, especially where precipitation is limited (Papen-
dick and Miller, 1977; Smika and Wicks, 1968; Unger, 1984).

With no-tillage (NT), crops are planted with no preparatory tillage since
harvest of the previous crop. Herbicides are used to control weeds. While NT
is widely promoted to control erosion because it retains nearly all crop
residues on the surface, it also provides water conservation benefits. Surface
residues dissipate energy of falling raindrops, thus reducing aggregate disper-
sion and surface sealing and maintaining favorable water infiltration rates
(Bruce et al., 1995; Unger, 1992); retard the rate of water flow across the sur-
face, thus providing more time for infiltration; promote biological and fauna
activity in soils, thus improving soil conditions for more rapid water infiltra-
tion and distribution within the soil profile (Edwards et al., 1988a, b); and re-
duce evaporation (Steiner, 1989). No-tillage generally is well-suited for use
on well-drained and moderately well-drained soils, provided adequate
residues are available and the soil is not severely degraded (Charreau, 1977).
Results with NT often are poor on poorly-drained soils (Triplett and Van
Doren, 1977) because reduced runoff and evaporation aggravate the poorly-
drained condition. ‘

Ridge tillage (RT) for which the seedbed level is raised above that of the
surrounding soil, has become popular for producing some row crops. Use of
RT aids soil drainage, improves residue management, provides for residue cy-
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cling in the plant root system, and generally is better than NT on poorly-
drained soils. Other advantages include earlier soil warming, good erosion
control, more timely planting because intensive tillage is not needed, and po-
tentially less soil compaction because traffic can be confined to certain fur-
rows. All these factors can improve soil water conservation.

Deep tillage generally means plowing 0.40 to 0.90 m deep (Burnett and
Hauser, 1967). Profile modification to even greater depths is done with special
equipment (Eck and Taylor, 1969). These operations improve water conserva-
tion primarily by disrupting naturally-dense or compacted soil layers that im-
pede water movement, thus improving infiltration and increasing the depth to
which plant-available water can be stored; and from mixing soil layers (for
example, clayey and sandy layers), thus increasing the soil’s water-holding ca-
pacity.

Structural and Support Practices

Use of appropriate tillage methods can improve water conservation on lands
that have few limitations. However, as severity of limitations increases, tillage
alone may become ineffective, and structural and support practices that com-
plement tillage may be needed for effective water conservation.

For many U.S. locations, use of contour tillage reduced annual runoft by up
to 20% and growing-season runoff by up to 33% (Stewart et al., 1975). Al-
though used primarily for water erosion control, contour tillage helps con-
serve water because the contour ridges hold water on the entire field and pro-
vide more time for infiltration. Whereas contour tillage helps hold water on
the land, graded furrows help remove water from land at nonerosive rates.
Water conservation benefits may result when furrow gradients are low be-
cause runoff is slow and the potential runoff water is more uniformly distrib-
uted over the entire field (Richardson, 1973).

With basin listing, small earthen dams in furrows hold precipitation where
it falls, which often prevents runoff and provides more time for infiltration
(Jones and Clark, 1987). In some years, basin listing improved water storage
and crop yields. Lack of response in other years resulted from inadequate rain
to cause runoff, water loss by evaporation, and abundant rainfall that provided
adequate water, even with unblocked furrows. Although used primarily to
conserve water for dryland crops, basin listing also is an integral component
of the low energy precision application (LEPA) irrigation system developed
by Lyle and Bordovsky (1981). Irrigation application efficiencies above 95%
have been achieved with the LEPA system.

Although used mainly to control erosion, strip cropping improves water
conservation by causing water to flow through the strip of protective crops at
a reduced rate, thus causing sediments to settle from the water and providing
more time for infiltration. Water conservation due to strip cropping per se
generally is variable, with wind speed, soil type, strip (barrier) type, climate,
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and crops grown affecting the results (Black and Aase, 1988; Rosenberg,
1966). In contrast, strip cropping conserves water from windblown snow by
trapping snow in crop residues (often small grain stubble) or in specially-
planted barrier strips (Black and Siddoway, 1977; Staple et al., 1960).

Terraces may have level or graded channels. Level terraces retain water on
land whereas graded terraces remove excess water from land at a nonerosive
velocity, but graded terraces have some water conservation benefits. Level ter-
races often have blocked outlets to prevent runoff. When blocked, they should
be large enough to retain all storm water on land until it infiltrates. A disad-
vantage of level terraces, especially those with blocked ends, is that ponded
water in channels may delay field operations or damage crops, unless the
water is drained (Harper, 1941). Conservation bench terraces (CBTs) are spe-
cial level terraces for which the adjacent upslope portion of the terrace inter-
val is leveled. Runoff from the remaining nonleveled part of the terrace inter-
val is captured and spread over the leveled area (Zingg and Hauser, 1959). A
major constraint to using CBTs is the high cost of terrace construction and
land leveling. To reduce these costs, Jones (1981) developed narrow CBTs
(about 10 m wide), which provided water conservation benefits similar to
those with larger systems (about 60 m wide).

Although designed primarily to contro! erosion by conveying water from
land at nonerosive flow rates, use of graded terraces improves water infiltra-
tion because of the low flow rates within the terrace channel. However, most
water is stored in or near the terrace channel and is of limited value for the
crop on much of the field. Greater water conservation is achieved by using
graded terraces along with graded furrows (discussed earlier) because in-
creased water storage occurs on a larger part of the field (Richardson, 1973).

In contrast to CBTs for which only part of the land is leveled, the entire in-
terval is leveled for a level bench terrace system. This system is widely used
in some countries on steep slopes where cropland is limited and precipitation
is relatively high, but generally is not practical for mechanized farming. Jones
(1981), however, developed a level bench terrace system for conserving water
for dryland crops on gently-sloping land (about 1%). By using a 5-m terrace
interval, only a small amount of soil had to be moved, which greatly reduced
the land-leveling cost.

Mulch

Water conservation by using mulch results from reduced evaporation, surface
protection that results in more favorable infiltration, and reduced runoff rates
that provide more time for infiltration. Various materials are used as mulch,
but crop residues are used most commonly. Crop-residue mulch characteris-
tics affecting evaporation include residue amount, orientation, uniformity,
rainfall interception, reflectivity, and dynamic roughness (Van Doren and All-
maras, 1978).



76 P.W. Unger, A.N. Sharpley, J.L. Steiner, R. 1. Papendick, and W.M. Edwards

Mulch effects on evaporation are readily apparent under laboratory condi-
tions, but long-term effects of mulch on evaporation are difficult to show, espe-
cially under field conditions, because of its interacting effect on water infiltra-
tion, distribution in the profile, deep percolation, and subsequent evaporation.

Soil Surface Amendments

Surface sealing due to raindrop impact or flowing water on bare soils having
low-stability surface aggregates can result in major losses of water as runoff.
Therefore, if aggregates could be made more stable, runoff could be reduced,
which could improve water conservation. By applying phosphogypsum at 10
Mg ha™! to a ridged sandy soil, runoff was sixfold less than where it was not
applied (Agassi et al., 1989).

Aggregate breakdown in furrows results in low infiltration and high sedi-
ment losses during furrow irrigations of crops under some conditions. When a
polyacrylamide or starch copolymer solution was injected into irrigation water
at different rates, net infiltration increased 15% and sediment loss decreased
94% (Lentz and Sojka, 1994). Injection of polyacrylamide at 10 g m™> was
one of the most effective treatments. The injection also improved lateral infil-
tration, which can improve water and nutrient use efficiency by row crops
(Lentz et al., 1992).

Cropping Systems and Rotations

Besides effects of tillage systems, support practices, mulch, and surface
amendments, water conservation is affected by the overall crop management
systems in which the above practices are used. Crop management embraces
such topics as management of planting materials, land use before planting,
seedbed preparation, planting, plant pests, and plant products (Sprague, 1979).
Subtopics related to several of the above are cropping systems and rotations,
which often have a major effect on water conservation. Crop selection for a
given locale generally is based on the probability of precipitation and amount
of stored soil water being available to produce a satisfactory yield (Stewart
and Steiner, 1990), but crops grown also influence water storage. In general,
water storage should be greater for large-seeded crops that can be planted in a
residue-covered or rough and cloddy seedbed than for those requiring a
smooth, residue-free seedbed consisting of fine soil materials (small-seeded
crops). The latter seedbeds often seal and crust severely when rain occurs,
thus reducing infiltration and water conservation.

Crop growth habit and canopy influence water conservation through their
effect on interception of raindrops, resistance to water flow across the soil sur-
face, and evaporation. Upright-growing plants provide little surface protection
early in the growing season, but may fully protect the surface when the
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canopy is complete. Low-growing vines or stoloniferous plants may provide
relatively little surface cover, but retard water flow and, thereby, enhance
water conservation. Fibrous-rooted plants generally provide greater stability
to soil and, therefore, greater water conservation than tap-rooted plants.
Densely planted crops generally provide ground cover more quickly than
sparsely planted crops, which can improve water conservation due to greater
infiltration and lower evaporation. Closely spaced plants also retard runoff,
which provides more time for infiltration, than widely spaced plants.

Since soil water storage is influenced by the storage capacity, water remain-
ing in soil from a previous storage event reduces additional storage. As root-
ing depth and intensity of water extraction increase, the potential for storing
more water increases. Growing a deep-rooted crop after a shallow-rooted crop
can improve water conservation (Stewart and Steiner, 1990).

Timing and duration of a crop’s growing season relative to the time of
most-probable precipitation can greatly influence soil water storage. For the
dryland winter wheat-grain sorghum crop rotation for which a fallow period
of 10 to 11 months precedes each crop in a 3-year period in the southern Great
Plains, runoff is low after wheat harvest in June or July, although most rainfall
occurs during the summer months (Jones and Hauser, 1975). Runoff is low
because wheat usually extracts most available water, which results in a “dry”
soil with a relatively large water storage capacity. In contrast, runoff during
the same period is greater from land planted to grain sorghum because the soil
contains water stored during the previous fallow period, and there is little op-
portunity for additional storage. Although antecedent soil water contents in-
fluenced the above results, differences in surface residue amounts and type
also influenced the results (Jones et al., 1994).

For an irrigated crop, timing of the last irrigation greatly affects the soil
water content at harvest. If the last irrigation is applied so that relatively little
water remains at harvest, potentially more water can be stored during the en-
suing interval between crops (Musick, 1970).

Legume or grass cover crops influence water conservation mainly through
their effect on surface cover during their growth period, residues remaining
after growth is stopped, use of soil water, and soil conditions resulting from
their use. Although their use generally improves water conservation in more
humid areas, their use in drier regions often is detrimental to water conserva-
tion because they use water that could be used by a subsequent crop.

Water conservation benefits from using legumes and cover crops may be re-
alized also from improved soil conditions (Langdale et al., 1985; Stewart et al.,
1975). These benefits result mainly from greater soil aggregate stability, which
reduces aggregate dispersion and surface sealing due to raindrop impact.

Continuous cropping usually is practiced where precipitation recharges the
soil profile with water between crops or supports a crop during its growing
season, and generally refers to growing the same crop on the same land during
successive growing seasons. We expand the meaning to include growing vari-
ous crops on the same land in successive growing seasons, for example, sum-
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mer crops such as corn (Zea mays L.), soybean (Glycine max L. Merr.), or
sugar beet (Beta vulgaris L.), but without a fallow period. In contrast, crop-
fallow systems are those for which land remains idle during all or the greater
part of a typical growing season (SCSA, 1976; now SWCS).

A major reason for including a fallow period is to increase the soil water
content at planting and, thereby, to reduce the risk of crop failure. Where pre-
cipitation is adequate, soil management usually has relatively little effect on
soil profile water content at planting. As a result, a fallow period is seldom
used in humid or subhumid regions. In contrast, systems involving fallow
often are used in drier regions, which increases the potential for achieving fa-
vorable yields (Black, 1985).

Soil water storage generally increases as fallow period length increases.
However, fallow storage efficiency, namely, unit of water stored per unit of
precipitation during the fallow period, generally decreases as length of fallow
increases. These trends occur because greater storage usually occurs when the
antecedent soil water content is low early in the fallow period. Later, the an-
tecedent water content is greater, which makes storing additional water more
difficult.

Function of Soil Management Techniques for
Protecting Water Quality

Generally, as the degree or intensity of agricultural management increases,
loss of N through leaching to groundwater and P in surface runoff increases
(OECD, 1982; Sharpley et al., 1994). As a result, more emphasis recently has
been placed on reducing N and P losses via improved soil management. This
has focused on managing soil water, residues, and cropping systems to en-
hance water- and nutrient-use efficiency. Soil management also influences the
amount of sediments transported by runoff to surface waters.

Soil Water Management

Tillage influences surface hydrology and, thereby, soil-water budgets (Follett
et al., 1987). As a result, tillage also affects transport of N and P in ground-
and surface water, but effects of tillage on nitrate leaching are variable. Ni-
trate loss from Maury silt loam (Typic Paleudalf) in Kentucky was greater
with no-tillage than with conventional tillage (Tyler and Thomas, 1977), but
less nitrate leached from Clarion-Nicollet loam (Typic Hapludoll-Aquic Hap-
ludoll) in a corn-soybean rotation in Iowa with no-tillage than with moldboard
plowing (Kanwar et al., 1985).

Smith et al. (1987) and Sharpley and Smith (1993) measured nitrate con-
centrations in wells on watersheds from 1983 to 1994 at El Reno, Oklahoma.
Annual rainfall averaged 740 mm and the water table was at depths between 3
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Figure 2. Nitrate-N concentrations of groundwater as a function of agricul-
tural management at El Reno and Woodward, Oklahoma, from 1983 to 1994.

and 25 m. After converting a watershed from conventional tillage to no-tillage
in 1984, nitrates gradually increased (Figure 2). Nitrate levels on the conven-
tional and native grass watersheds were similar and consistently lower than on
the no-tillage watershed.

At Woodward, Oklahoma, wells were installed in 1983 and one watershed
was converted from conventional tillage wheat to no-tillage wheat the next
year. Between 1983 and 1994, annual rainfall averaged 600 mm and the water
table was at depths between 3 and 25 m. Early in 1984, nitrate levels in
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groundwater were greater on the conventional tillage than on the no-tillage
watershed (Figure 2). During the next three years, nitrates increased on the
no-tillage and decreased on the conventional-tillage watershed. In 1986, both
watersheds were returned to grass. Nitrates in groundwater on the no-tillage
watershed continued to increase for two years, but started to decrease by 1989
as residual N and potential sources of nitrates in the soil profile were depleted.
By 1994, prior tillage management had no effect on groundwater nitrate level.

Conversion from conventional to no-tillage practices generally favors de-
velopment of undisturbed soil pores and burrows (Edwards et al., 1988a, b;
Shipitalo et al., 1990), which results in more rapid water flow into soil and en-
hances soil water storage. For example, plant-available water stored in the
root zone of the El Reno, Oklahoma, wheat watersheds during 1991 was: na-
tive grass (100 mm), conventional tillage (150 mm), and no-tillage (190 mm).
Less evaporation from no-tillage soil will also limit nitrate movement to the
surface. As a result, no-tillage provides a wetter, cooler soil environment that
may enhance nitrate leaching potential compared to conventional tillage. Pref-
erential water flow in soil pores may contribute to greater leaching of nitrates
and other chemicals with no-tillage.

At the Oklahoma locations, similar N fertilizer management for conven-
tional and no-tillage wheat may have led to the different nitrate leaching po-
tentials. Through optimum management of N fertilizer with respect to rate,
time, and form of N application, it should be possible to reduce the potential
for nitrate leaching under no-tillage conditions.

In terms of water quality standards, nitrate-N concentrations up to 10 and
100 mg L~ are considered acceptable for human and livestock consumption,
respectively. At two years after implementing no-tillage at El Reno and under
introduced grass at Woodward, NO,-N exceeded 10 mg L

Transport of N and P in surface runoff can be appreciably lower with con-
servation than with conventional tillage. This decrease results from less ero-
sion and associated N and P loss with no-tillage due to crop residues protect-
ing the surface soil from the erosive impact of rainfall and runoff. Over 12 yr,
runoff and erosion were lower from conservation than from conventional
tillage grain sorghum and wheat watersheds in the Southern Plains (Table 2).
Soil-water management through use of no- and reduced-tillage practices also
decreased total N and P losses in runoff (Table 2).

Although total N and P losses in runoff are lower with no-tillage than with
conventional tillage, the bioavailability of P transported from no-tillage areas
can be larger (Table 2). For example, bioavailable P was 82% of total P loss
from wheat plots with no-tillage, but only 19% with conventional tillage at
similar rates of P fertilization at El Reno, Oklahoma (Sharpley et al., 1992b),
with the increased bioavailability attributed to leaching of P from crop
residues and preferential transport of clay-sized particles in runoff (Andraski
et al., 1985; Sharpley, 1981). Therefore, an increase in bioavailability of P
transported due to using certain management practices may not reduce the
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Table 2. Effect of Tillage Practice on Soil, N, and P Loss in Runoff from
Sorghum and Wheat in the Southern Plains?

Soil N Loss P Loss

Crop and Tillage Runoff Loss Nitrate  Total Dissolved Total
System mm kghalyr! kghalyr! kg ha™! yr!
Sorghum

No- 31 280 0.35 1.11 0.08 0.28

Reduced 21 520 041 1.40 0.04 0.37

Conventional 121 16150 0.62 1.34 0.24 4.03
Wheat

No- 77 540 1.52 5.12 0.53 0.98

Reduced 61 800 1.92 4.59 0.10 0.59

Conventional 101 8470 1.74 20.19 0.21 3.96

.Native grass 92 43 0.38 1.11 0.12 0.20

4Adapted from Sharpley et al., 1991; Smith et al., 1991.

trophic state of a water body as much as may be expected from inspection of
total P loads only.

In terms of production, wheat grain yields were lower following implemen-
tation of no-tillage in 1983 than with conventional tillage (Sharpley and
Smith, 1993). The lower yield is attributed in part to stratification of broadcast
fertilizer, particularly P, in the surface 5 cm of soil. No-tillage wheat may re-
spond to subsurface P applications and light tillage that incorporates surface-
bound nutrients. Increased competition from weeds also has occurred since
conversion to no-tillage. Although yields are not reduced by using no-tillage
in most of the country, this Oklahoma example demonstrates the potential
economic and environmental conflicts involved in soil-water management.
Therefore, recommendations to farmers regarding soil-management tech-
niques must be flexible and site-specific, addressing not only crop production
goals but also the vulnerability of local water resources to either ground- or
surface water impacts.

Residue Management

Crop residue management affects soil nutrient cycling and sediment transport,
and potentially can influence water quality. Factors involved include quantity,
type, and placement of crop residues. The quantity of residues involved will
affect the amounts of nutrients being cycled and, after going through the min-
eralization-immobilization process, the amounts potentially available for up-
take or movement with surface water. Increasing residue amounts can also re-
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duce evaporation and keep the surface soil moist, particularly if residues are
left on the surface. Thus, microbial transformation of N may increase, result-
ing in greater mineralization, availability, and uptake of indigenous soil N
(Table 3). Greater residue P mineralization has been observed also for surface-
incorporated residues (Sharpley and Smith, 1989).

The chemical composition of crop residues is particularly important in es-
tablishing the balance between mineralization and immobilization processes.
Generally, if the C:N ratio is >30, net immobilization of N in residues occurs;
with ratios <25, net mineralization occurs. Similarly, C:P ratios >300 favor
immobilization and those <200 favor mineralization. Power et al. (1986)
demonstrated that little N in corn residues (wide C:N ratio) was mineralized
and used by the next crop, whereas a large part of the N in soybean residues
(narrow C:N ratio) was available to the next crop (Table 3).

Different tillage implements result in crop residue placement at different
depths (Staricka et al., 1991). When residues are incorporated, N and P are con-
centrated where the residues are placed by the given operation. In contrast, use
of no-tillage concentrates nutrients near the soil surface. Due to the sorption and
subsequent immobility of P in soil, P can rapidly accumulate and stratify at the
surface of no-tillage soils (Griffith et al., 1977; Guertal et al., 1991).

Table 3. Uptake of N from Various Sources and Total Uptake at 1981 Harvest
of Maize and Soybean (Whole Plant) as Affected by Crop Residue Rate on the
Soil Surface?

Source of N
Residual Current Native Total
Crop and Crop Fertilizer =~ Fertilizer  Soil N©  Uptake
Residue Rate (%)® Residue kg ha™! kg ha™! kgha! kgha!
Maize
0 0 5 4 73 82
50 0 6 7 97 110
100 2 6 7 114 129
150 1 6 11 124 142
Soybean
0 0 2 14 84 100
50 1 2 21 124 148
100 38 7 16 116 177
150 63 6 20 106 195

2Adapted from Power et al., 1986.

bBased on the amounts of residue produced the previous year. For 100% treat-
ment, amounts on a dry weight basis were 4.97 Mg ha! for maize and 4.58
Mg ha™! for soybean.

“For soybean, native soil N includes biologically fixed N.



Soil Management Research for Water Conservation and Quality 83

Clearly, residue management can affect N and P movement in ground- and
surface water. Mostaghimi et al. (1988, 1992) found both tillage and amount
of rye residues present affected N and P in runoff from a Groseclose silt loam
(Typic Hapludult) in Virginia (Table 4). For both conventional and no-tillage,
increasing residue levels decreased runoff and erosion. Also, N and P losses
were consistently less with no-tillage than with conventional tillage. However,
an increase in residues from 750 to 1500 kg ha™! resulted in greater N and P
losses in runoff, which were attributed to greater leaching of nitrates and dis-
solved P from the residues and less sorption of P by eroding soil at the higher
residue level. Differences in amounts of P leached from various crop residues
also affected seasonal and spatial variability in P losses among watersheds
(Burwell et al., 1975; Sharpley, 1981).

Land application of materials such as manures and organic wastes can also
affect ground- and surface-water quality. Factors such as composition and
rate, placement, and timing of application of these materials influence N and
P cycling. They also affect availability of N and P from these sources. Other
orkanic residues important in localized areas include sewage sludge from mu-
nicipalities, wastes from livestock slaughtering facilities, and wastes from
food processing and other industries. If properly handled, they often serve as
major N and P sources (Sharpley et al., 1995). If organic residues are added
continually in amounts that provide more N and P than those removed by

Table 4. Effect of Tillage Method and Residue Amount on Soil, N, and P
Loss in Runoff from Sorghum and Wheat in the Southern Plains

Tillage Method Soil N Loss P Loss
and Residue Runoff Loss Nitrate  Total Dissolved Total
Amount (kgha) mm kghalyr! kgha!yr! kg ha! yr!
Conventional tillage
0 36 2812 0.285 4.562  0.506 5.235
750 33 1001 0.283 1.665 0.265 0.982
1500 18 513 1.326 4.382 0412 1.425
No-tillage
0 5 72 0.210  0.608  0.073 0.101
750 3 11 0.003  0.009  0.002 0.057
1500 1 7 0.106  0.313  0.027 0.097
Reduction with no-tillage (%)
0 87 97 26 87 86 98
750 92 99 99 99 99 94
1500 99 99 92 93 93 98

2Adapted from Mostaghimi et al., 1988, 1992,



84 P.W. Unger, A.N. Sharpley, J.L. Steiner, R. I. Papendick, and W.M. Edwards

crops, N and P may accumulate in soil profiles and lead to enrichment of P in
runoff and nitrates in groundwater (Sharpley et al., 1995). Management of or-
ganic residues by incorporation with tillage redistributes N and P throughout
the plow layer, which enhances uptake by crops. Also, timing of organic
residue application to coincide with maximum crop uptake and low rainfall-
runoff incidence reduces the potential for ground- and surface water contami-
nation (Edwards et al., 1992).

Cropping System Management

Management of cropping systems can influence water quality through selection
of species that maximize uptake of soil N and P, thereby reducing residual nutri-
ents available for movement in ground- and surface water. This is most com-
monly accomplished through crop rotation and cover crop management.

The sequence of crops in a rotation influences available water and N move-
ment through the soil profile and ultimately into groundwater (Carter et al.,
1991). For example, legumes can effectively use or “scavenge” N remaining
in soil from previous crops (Olson et al., 1970). To illustrate this, Sharpley et
al. (1992a) overlaid hypothetical root development patterns for a corn-winter
wheat-alfalfa (Medicago sativa L..) cropping system on typical N leaching pat-
terns (Figure 3).

Olson et al. (1970) found nitrate concentrations at a depth of 1.2 to 1.5 m in
a silt loam soil to be lower for an oat (Avena sativa L.)-meadow-alfalfa-corn
rotation than for continuous corn when ammonium nitrate was applied to both
systems. Nitrate reduction was directly proportional to the years oat, meadow,
or alfalfa were in the rotation with corn, which was attributed to the combined
recovery of nitrate by shallow-rooted oat followed by deep-rooted alfalfa.

Much information documents the benefits for N-use efficiency and reduced
nitrate leaching potential with careful selection and sequencing of crops in a
rotation, but less information is available for P. However, it is possible that se-
lecting and using crops with a high affinity for P may reduce soil P stratifica-
tion and increase P-use efficiency, particularly if the nonharvested part of
crops is returned to the soil.

Including cover crops in management systems can affect ground- and sur-
face water quality by reducing runoff and erosion, improving soil structure
and tilth, fixing atmospheric N, and reducing nitrate leaching. Cover crops af-
fect nitrate leaching and groundwater quality by modifying soil-water budgets
and N uptake (Meisinger et al., 1991; Sharpley and Smith, 1991). Through
evapotranspiration, cover crops reduce the amount of water available for
leaching. However, as for crop rotations, cover crops must be carefully man-
aged to avoid reducing soil-water reserves for the next crop. Both nonlegume
and legume cover crops extract and incorporate mobile soil nitrate into immo-
bile biomass N, thereby reducing the amount available for leaching.

Due to the above factors, inclusion of cover crops in management systems
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Figure 3. Typical root development of continuous corn and corn-winter
wheat-alfalfa rotation in relation to soil drainage over a 3-yr period.

has consistently decreased nitrate leaching (Table 5), sometimes as much as
83%. Smaller reductions often result from winter kill and incorporation by
tillage before planting the next crop and lower N uptake, if the crop is a legume.

Nonlegume cover crops can reduce soil nitrates, while legumes can provide
N for the next crop. Therefore, legumes may not reduce nitrate leaching as ef-
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fectively as nonlegumes (Table 5). Cover crops can reduce nitrate leaching by
20 to 80% (Meisinger et al., 1991), with nonlegumes being about two to three
times more effective than legumes for reducing leaching.

For studies summarized in Table 6, inclusion of cover crops reduced runoff
50% due to increased infiltration. It also reduced erosion 85%, total N loss 80%,
and total P loss 71% due to vegetative protection of the surface soil. However,
cover crops less effectively reduced nitrate and dissolved P losses (average 61
and 37%, respectively), mainly due to increased nitrate and dissolved P concen-
trations in runoff because the cover crops decreased runoff volume.

Research on Soil Management Techniques
Water Conservation
Past Needs

Although the need for water by plants has long been recognized, strong em-
phasis on storing (conserving) water in soil for later use by plants began
mainly in the first half of this century. Research to conserve water and, there-
fore, to improve crop growth under dryland conditions was initiated at many
locations after the major drought and associated dust storms that plagued the
U.S. Great Plains states, Canadian prairie provinces, and surrounding regions
during the 1930s. Early research showed that the same practices that provided
protection against erosion by wind or water also were important for soil water
conservation. Crop residue maintenance on the soil surface was found to be
highly effective for these purposes. Consequently, soil and water conservation
often have been investigated simultaneously. Through effective water conser-
vation along with soil conservation, the vast USA Great Plains region now is
an important agricultural region. Early water conservation efforts also helped
improve crop production in more humid regions where short-term droughts
can greatly reduce yields.

Current Status

Whereas much of the past research focused on practices that conserve water,
current research often is focused on obtaining an understanding on the mecha-
nisms through which the water conservation is achieved. Through such under-
standing, it should be possible to improve previously developed practices and
to develop even more effective practices for conserving water.

Besides conserving water for crop production, it is highly important that the
agricultural community act responsibly by using water available to it effi-
ciently because the amount available often is limited and other users often
compete for the same water. Therefore, besides research on water conserva-
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tion per se, the research often is aimed at improving water-use efficiency for
crop production. Lysimeter facilities such as those at Coshocton, Ohio, and
Bushland, Texas (Schneider et al., 1993), and waterflow models (Bristow et
al., 1986; Hammel et al., 1981; Steiner et al., 1991) are being used increas-
ingly to improve our understanding regarding the complex interrelationships
among soil, plant, air, and climatic factors or conditions.

Future Challenges

Competition for available water resources undoubtedly will increase among the
different sectors of society. Within agriculture, water conservation will remain
important, and efficient water use will become increasingly important. Re-
search to accomplish water conservation and efficient use of water will involve
traditional field studies, models, lysimeters, and other equipment and facilities.

Besides conducting the research, results of the research must be conveyed
to'farmers through an effective technology transfer system. Even now, effec-
tive practices often are not used by farmers because of limited or ineffective
technology transfer activities. While agencies other than research generally
are responsible for technology transfer, a closer relationship between research
and other groups may be required to achieve wider acceptance of effective
water conservation and use practices.

Water Quality
Past Needs

Soil-management research for water quality has focused on developing prac-
tices that reduce N, P, and pesticide losses in ground- and surface waters,
while maintaining optimum crop yield goals. This research was driven by the
need to define the role of agriculture in nonpoint source poliution of water re-
sources. In the 1970s, industrial, municipal, and urban sources of pollution
were identified as major contributors to degrading water quality. Since pas-
sage of the Clean Water Act in 1972, much progress has been made in control-
ling pollution from point sources. As further control of pollution from remain-
ing point sources becomes increasingly less cost-effective, and as significant
water quality problems remain unresolved, more attention is being directed to-
ward controlling pollution from agricultural nonpoint sources.

Current Status

Past research showed that general soil-management modifications over broad
areas sometimes have not achieved expected water quality improvements. In



90 P.W. Unger, A.N. Sharpley, J.L. Steiner, R. I. Papendick, and W.M. Edwards

fact, control measures are much more effective if concentrated on specific
source areas rather than on entire watersheds (Heatwole et al., 1987; Prato and
Wu, 1991). Therefore, current soil-management research directed at water
quality is focusing on developing techniques that will allow us to identify
areas that are major contributors of N or P to water resources, especially for
watersheds with intensive confined animal operations, which often produce
more N and P in manure than local crop requirements.

Future Challenges

With current technologies, chemical amendments are essential to maintain op-
timum crop yields that meet both local and world needs. However, if nutrient
input rates are greater than crop removal rates, accumulations can occur in
soil, which can increase the potential for chemical losses. Present water qual-
ity research often deals with one chemical. Future research should emphasize
integrated programs involving C, N, and P. It should also consider holistic wa-
tershed management by balancing inputs and outputs on a large scale rather
than at a field level. We must look beyond pure soil science and agronomic re-
search and involve scientists from other disciplines. Most importantly, we
must consider the economic impact of any changes in soil management on
agricultural or rural communities.

" Realistic water quality criteria. Water quality criteria for N and P have
been established by the USEPA (1976). However, there is ongoing debate on
whether to use maximum daily loadings or concentrations as the basis for
management recommendations. Much of this debate centers on P due to a
major difference between critical P values in water for eutrophication (0.01 to
0.02 mg L~!) and in soil for crop growth (0.20 to 0.30 mg L) as illustrated in
Figure 4. This disparity emphasizes the sensitivity of many waters to inputs of
P from agriculture.

Water quality criteria should not be used as the sole criteria to guide soil
management where N and P losses are of concern. A more flexible approach
considers relationships among N and P loadings, watershed characteristics,
and use of the affected water. Such approach should encompass more than just
N and P concentrations in runoff from impacted fields because unrealistic or
unattainable criteria will not be adopted unless regulated. Phasing in of envi-
ronmentally-sound management policies may receive wider acceptance and
compliance by farmers without creating severe economic hardships within
rural communities.

Economic and environmental sustainability. Sustainable soil management
must involve agronomic, economic, and environmental compromises. For ex-
ample, it may be necessary to apply P below the soil surface to reduce P in
runoff and to periodically plow no-tillage soils to redistribute N and P
throughout the plow layer. Both practices may indirectly reduce P loss by in-
creasing crop uptake of P and yield, which affords more vegetative protection
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Figure 4. The mean flow-weighted concentration of dissolved P in runoff
during one year as a function of watershed and manure management in the
Southern Plains relative to critical values associated with accelerated eutroph-
ication (adapted from Jones et al., 1995; Heathman et al., 1995).

of surface soil from erosion. However, conflicts may exist among best man-
agement practices (BMPs), residue management guidelines, and recom-
mended subsurface applications. Thus, BMPs should be flexible enough to en-
able modified residue and nutrient management plans to be compatible.

Technology transfer and education programs. Although we have reduced
water pollution due to point sources of N and P, less has been done regarding
pollution due to nonpoint agricultural sources. To achieve this, we must iden-
tify critical sources in a watershed to target cost-effective remedial strategies.
Perhaps most crucial to any water quality improvement strategy is efficient
transfer of technology to the farmer. This will involve education programs to
overcome the perception by water users that it is often cheaper to treat the
symptoms of degradation than to control the nonpoint sources. Unfortunately,
benefits of such programs often are not immediately visible to a concerned
public. Future research and education programs should emphasize the long-
term economic and environmental benefits of these measures.
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