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Water Management for Dryland and Irrigated Cropping
Systems in Semiarid Environments

B. A. Stewart
(Dryland Agriculture Institute , West Texas A&M University Canyon, TX 79016)

The People's Republic of China and the United States are the two largest agriculture
producing countries in the world. Both of these countries have large amounts of land in semi-
arid regions and they both have extensive areas of these lands under irrigation. Prior to dis-
cussing water management strategies, it is helpful to have some understanding of some of the
differences and similarities of these two agricultural giants. Data from 1961 to 2000 for ara-
ble land, irrigated land, fertilizer usage, and production of selected cereal crops are shown in
Tables 1 and 2 for the United States and the People's Republic of China, respectively. Al-
though production of cereals has increased dramatically in both countries, there are some
startling differences. While, the amount of arable land in the United States remained fairly
stable over the 40-year period, that in the People's Republic of China made a dramatic in-
crease during the 1980s. The amount of irrigated land in the United States increased signifi-
cantly during the 1960s and 1970s but has changed little in the past two decades while irriga-
ted land in the People's Republic of China has continued to increase although at a somewhat
slower rate. The United States has about 1.4 times more arable land than the People's Re-
public of China, but less than 0.4 as much irrigated land. The largest divergence between
the two countries has been in fertilizer usage. As with irrigation, the big increases in fertiliz-
er usage in the United States occurred in the 1960s and 1970s and since that time there has
been a decline. Although not shown in Table 1, there was also a large increase in fertilizer
usage during the 1950s. The large increases in fertilizer usage in the People's Republic of
China began in the 1970s and really exploded during the 1980s. In 1961, the People's Repub-
lic of China used only about 1/10 as much fertilizer as the United States but almost twice as
much in 1998. However, it appears that the usage has somewhat peaked in both countries.

The areas seeded to millet, sorghum, wheat and corn are also presented in Tables 1 and
2. These crops were selected because wheat and corn are generally grown in more favored en-
vironments or under irrigation while millet and sorghum are often grown in arcas of less pre-
cipitation. Millet is not a major crop in the U. S. and there has been relatively little change in
either yield or area over the past 40 years. In China, however, there has been a very large
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Table 1 Area and yield of selected cereal crops in the United States and areas of arable and irrigated lands
1961 1970 1980 1990 1995 2000

Millet

Area (1000hm?) 112 150 120 180 190 150

Yield (kg/hm?) 1155 1327 1371 1 500 1501 1109
Sorghum

Area (1000hm?) 4 445 5491 5 064 3678 3 340 3125

Yield (kg/hm?) 2744 3164 2 906 3 959 3 488 3 820
Wheat

Area (1000hm?) 20 870 17 629 28 784 27 965 24 667 21 460

Yield (kg/hm?) 1 607 2 087 2 251 2 657 2721 2 820
Corn

Area (1000hm?) 23 323 23 212 29 526 27 095 26 389 29 434

Yield (kg/hm?) 3918 4 544 5712 7 438 7123 8 398
Arable land (1000hm?) 180 630 180 735 188 755 185 742 176 950 176 950" *
Irrigated land (1000hm?) 14 000 16 000 20 582 20 900 21 400 21 240"~
Fertilizer (1000mt) 7 646 15 535 21 480 18 587 20 038 19 774
Population (millions) * 186 210 230 254 267 278
Total cereals/capita (kg) * 880 890 1172 1230 1 069 1237

* 1961 values based on 1960 population.

* % 1998 values.

Table 2 Area and yield of selected cereal crops in China and areas of arable and irrigated lands

1961 1970 1980 1990 1995 2000

Millet

Area (1000hm?) 7 395 6 915 3 874 2279 1522 1 385

Yield (kg/hm?) 974 1411 1 406 2008 1984 1 509
Sorghum

Area (1000hm?) 6 803 5 224 2 696 1571 1238 966

Yield (kg/hm?*) 927 1 686 2 517 3678 3921 2893
Wheat

Area (1000hm?) 25 568 25 435 29 191 30 754 28 861 26 648

Yield (kg/hm?) 559 1148 1891 3194 3 542 3729
Corn

Area (1000hm?) 15 215 15 838 20 372 21 483 22 849 22 543

Yield (kg/hm?) 1185 2 089 3079 4 525 4918 4 670
Arable land (1000hm?) 103 384 100 045 96 917 123 672 124 053 124 144**
Irrigated land (1000hm?) 30 402 38 113 45 467 47 965 49 857 52 582* *
Fertilizer (1000mt) 728 4 407 15 335 27 027 35181 35078~ *
Population (millions) * 657 831 999 1155 1221 1278
Total cereals/capita (kg)* 167 242 281 355 343 320

* 1961 values based on 1960 population.
* % 1998 values.
oD e
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decrease in area seeded to millet. Likewise, there has been a sharp decline in the area seeded
to sorghum in China, and a much smaller decline in the U. S. This suggests that land expan-
sion into drier areas for growing crops under dryland conditions is not occurring in these
countries. In some countries, particularly several in Africa, have shown large increases in
areas seeded to millet and sorghum suggesting that crop production is expanding into drier
areas.

The area seeded to wheat in the U. S. increased significantly during the 1970s but has de-
clined in more recent years while there has been much less change in the area seeded to corn.
In China, the area seeded to these crops has increased considerably, but in recent years there
has been little change in corn area but a significant decline in wheat area. In both countries,

however, wheat and corn are major crops in comparison to sorghum and millet.
1. Dryland Farming

Dryland farming is the growing of crops, often coupled with livestock production, with
limited precipitation. Dryland systems emphasize water conservation, sustainable crop
yields, limited inputs for soil fertility, and wind and water erosion constraints. Dryland
farming occurs largely in semiarid environments. The concept of semi-aridity can best be re-
lated to crop plants and native grassland. The dry boundary of a semiarid region generally
lies at the edge of the area where production of dryland annual crops is not possible during a
majority of the years. However, satisfactory grass production regularly occurs over most of
the surface, and annual cropping can be practiced in occasional years in favored spots such as
areas receiving runoff. The wet boundary of a semiarid region occurs where droughts do not
substantially limit the production of crops in a majority of the years but dryland crops can
and do fail due to occasional drought. Irrigation is widely practiced in semiarid regions when
water resources are available and economic conditions are favorable. This paper will discuss
water management in semiarid environments because water management in these regions is
different than that for either arid regions where irrigation is practiced, or in humid areas
where rainfed cropping is dominant. In arid regions, there is generally no production of crops
without irrigation and the amount of rainfall is so limited that it can be essentially ignored in
water management. In the sub-humid and humid areas, water management often involves
dealing with excess water during parts of the year and droughts do not occur often enough
and with enough severity to warrant irrigation development even though water resources may
be available. The author considers agriculture in these regions as rainfed agriculture and dis-
tinctly different from dryland agriculture.

Water management of both the precipitation and irrigation water is different in semiarid
environments than for other environments. Dryland cropping in these environments is totally
dependent on the scarce and highly variable precipitation so water conservation must be the
foundation of any system. Irrigated cropping systems in these regions must also consider the
precipitation because failure to do so can result in too much water or large losses due to run-
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off and percolation. As a general rule, the precipitation in irrigated agriculture in semiarid
regions should be considered as the primary source of water and irrigation as a secondary or
supplemental source. This is because the source of irrigation water in semiarid regions is of-
ten limited so there is generally much more land suitable for irrigation than there is water a-
vailable for irrigation. Since some crop production in these areas is feasible without irriga-
tion, the goal should be to use the limited irrigation resources to supplement the precipitation
and increase crop production. Therefore, in semiarid environments, conservation of the
scarce and highly variable precipitation should be the first priority of both dryland and irriga-
ted cropping systems.

Although semiarid environments differ in many ways, they all have four unique keys.
These keys involve environmental perception, proper resource management, and ability to
react and respond to a wide range of environmental and political factors.

Key 1. No growing season is or will be nearly the same in precipitation amount, kind,
or range, or in temperature average, range, or extremes, as the previous growing season.
Although this key is critical in any rainfed system, it requires absolute attention in dryland
farming. Crop cultivation requires an adjustment every year, which leads to the second
key.

Key 2. Crops cannot be planned or managed to be the same from season to season. Most
of the world's agricultural practices in either humid or arid areas have some predictability on
an annual basis. In semiarid climates, however, even highly mechanized, technically ad-
vanced, commercial farms such as those in the High Plains of North America or the outback
of Western Australia do not have sufficiently stable production for the individual or govern-
ment to count on a given production figure for the following season.

Key 3. The soil and moisture resource does not remain the same for any long period of
time once agriculture is introduced into a semiarid region. A generalization necessary to sup-
port this key is that soils of most semiarid lands developed under grass on relatively flat to-
pography. The competition for moisture and nutrients to produce crops requires removal of
the protective grass cover. Because the crops are annual and dependent on precipitation, se-
vere drought often leaves the soil highly vulnerable to wind erosion.

Key 4. There is abundant sunshine due to many cloud-free days. This key has potential
benefit and is shared with most arid climates. Abundant sunshine means higher temperatures
that induce rapid growth, but it also creates a situation that demands careful management of
soil moisture. Warm seasons, high sun, cloud-free conditions stimulate growth, but also in-
crease evaporation and transpiration. It is possible for a grain crop to mature rapidly due to
several weeks of sun-drenched, rainless conditions and desiccate just days before ripening. It
is equally possible for a few mm of precipitation to occur at almost the last moment and pro-
duce a good grain crop.

These keys must be considered regardless of whether crops are produced under dryland
conditions or irrigated conditions.
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2. Dryland Cropping Systems

Opportunities for improving dryland farming in semiarid regions should be considered
with enthusiasm, but tempered with realism. Because lack of water is the dominant con-
straint in dryland farming regions, water management must be considered in every farming
decision. There are three components of a successful dryland farming management system -
retaining the precipitation on the land; reducing evaporation; and utilizing crops that have
drought tolerance and fit the rainfall pattern. Although these components have been known
for centuries, new technologies and knowledge continue to emerge that improve water man-
agement in water deficient areas. Some of these technologies and the principles on which they
are based will be discussed.

Climate and soil are the two most important factors that determine the ultimate sustain-
ability of dryland farming systems. These factors are so closely related that they can hardly
be considered separately. Soils in dryland areas are generally inherently lower in fertility be-
cause they are usually lower in soil organic matter and soil organic matter is closely associat-
ed with soil fertility and the chemical and biological processes. Soil organic matter also plays
a vital role in the soil physical properties that are so important in storing and utilizing water.
An important relationship often overlooked is that for most agricultural soils, degradative
processes such as soil erosion, nutrient runoff losses, and organic matter depletion are going
on simultaneously with the beneficial effects of conservation practices such as crop rotations,
conservation tillage, and recycling of animal manures and crop residues. As soil degradative
processes proceed and intensify, soil quality and productivity decreases concomitantly. Con-
versely, soil conservation practices tend to slow these degradative processes and increase soil
productivity. The potential productivity of a particular soil at any point in time is the result
of ongoing degradative processes and applied conservation practices. In arid and semiarid en-
vironments the most serious degradative processes are soil organic matter decline, soil ero-
sion, and associated depletion of plant nutrients. In general, it becomes more difficult to bal-
ance soil degradation processes with soil conservation practices as the climate becomes either
drier or hotter, and much more difficult when both of these climatic factors increase simulta-
neously. This is because the rates of soil degradation processes usually increase in hot, dry
areas. Studies have reported that soil carbon values in Canadian prairie soils decreased about
50% as a result of 65 years of cultivation. In contrast, only 6 years of cultivation in a Brazil-
ian semiarid thorn forest reduced the soil carbon content by 40%. Perhaps even more impor-
tant, the soil conservation practices needed to offset soil degradation processes become ex-
ceedingly more difficult to implement and manage in hot, dry areas. Therefore, the resilience
of soils in dryland regions is quickly and greatly weakened and can lead to desertification that
has both physical and socio-economic consequences.

In the Great Plains of the United States, a combination of drought, excessive tillage,
and the use of fallow that left the soil bare for up to 16 or more months between crops led to
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serious wind erosion in the 1930s. This resulted in the infamous Dust Bowl that is one of the
worst ecological disasters on record. The Dust Bowl had enormous consequences not only on the
soil resource base, but on social and economic conditions as well. Wind erosion in the area is largely
controlled today by using less tillage and the tillage that is used leaves a substantial portion of the
crop residues on the soil surface to lessen the potential for wind erosion.

At the present time, wind erosion in the People's Republic of China is increasing. Ac-
cording to Brown (2001), wind erosion has increased significantly in Inner Mongolia, Gan-
su, Qinghai, Ningxia, and Xinjiang. These provinces have increased cropland areas signifi-
cantly in recent years to offset cropland that is decreasing in Guandong, Shandong and Jiang-
su because of urban expansion and industrial construction. This is somewhat analogous to
the conditions that led to the Dust Bowl in the United States in that cropland expanded into
more marginal areas. As discussed above, it is much more difficult to develop sustainable
cropping systems in areas where rainfall is lower and temperatures are higher. Degradative
processes, particularly soil organic matter decline, accelerate and wind erosion can become
serious.

Clearly, the most important steps in dryland farming are to capture, store, and utilize
the highly variable and scarce precipitation. This can be done by two different management
strategies - in situ water conservation and water harvesting. In situ water conservation aims
at preventing runoff and keeping the rainfall, as much as possible, where it falls and then
minimizing evaporation to the extent feasible. Water harvesting is the collection and concen-
tration of rainwater and runoff and its productive use for irrigation or for consumption by
people and livestock. Water harvesting practices are often designed to enhance water runoff
so that it can be collected and used later, often at another site. In both cases, water manage-

ment strategies should be accompanied by utilizing drought tolerant crop varieties.
3. Water Use Efficiency

Water use efficiency is the units of harvestable produce obtained for a given unit of eva-
potranspiration, and commonly expressed as kg/m?®. Evapotranspiration includes the amount
of water used as transpiration by the crop and evaporation from the soil surface between the
time the crop is seeded until it is harvested. This includes seasonal precipitation plus any
change in the amount of plant available soil water during that period plus any additional wa-
ter from irrigation. For cereal crops, the harvestable produce is generally considered the
grain. Studies from various parts of the world report that water-use efficiencies of fall-plan-
ted irrigated spring wheat is frequently in the range of 1.0 to 1.2 kg/m®. Some studies re-
ported values as high as 1.5 to 1.9 kg/m®. The highest values were often reported under
deficit conditions, especially when irrigation water was applied in relation to critical stages.
The stage between boot and heading was particularly critical. Much lower efficiencies, how-
ever, were reported for winter wheat grown under severe water deficits in the southern High

Plains of the U. S. In 25 years of dryland wheat after summer fallow, water use efficiencies
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averaged 0. 35 kg/m® for average yields of 1.1 Mg/hm?’. These values were about one-half
those for irrigated wheat grown at the same site over a wide range of water deficits with
yields of 3 to 6 Mg/hm?.

Theoretically, biomass production is directly related to transpiration and there is a
straight-line relationship indicating that for every unit of water transpired through the crop
leaves, there is a corresponding unit of biomass production. The slope of the line is crop-de-
pendent and also climate-dependent. For example, maize will have a steeper slope than
wheat, and wheat grown in a sub-humid region will have a steeper slope than wheat grown in
a semiarid region. When leaves open their stoma to allow carbon dioxide entry for photosyn-
thesis, water is lost and the drier the climate, the more the water loss. It is also important to
note that the line relating biomass production and transpiration passes through the origin
showing that transpiration does not occur in the absence of biomass production. In actual
field situations, there would be some water lost by evaporation from the soil surface in addi-
tion to that lost by transpiration, and if biomass production is plotted as a function of evapo-
transpiration, the line is shifted to the right and does not pass through the origin. For cereal
crops, producers are usually more interested in grain yield than biomass yield so the most im-
portant relationship is that between cumulative evapotranspiration and yield of grain. Again,
the slope of the line and the point where it intersects the X axis are dependent on both the
climate and the crop, but the important fact is that there is a certain amount of evapotranspi-
ration required before any grain is produced and beyond that point, there is theoretically a u-
niform amount of grain produced for each additional unit of water used by evapotranspira-
tion. In practice, however, the amount of grain produced for an additional unit of water can
vary considerably because of the timeliness that the water is received by the crop. Additional
water received during a critical growth period can increase yield more than the same amount
of water received during a less critical time. This relationship shows the importance of a
small amount of additional stored water at the time of seeding, or small amounts of supple-

mental irrigation water.
4. Irrigated Farming in Semiarid Regions

Because the lack of water is the primary constraint for crop production in semiarid re-
gions, irrigation is very common and is generally practiced to the fullest extent that water re-
sources are available. However, there is generally more land suitable for cultivation in these
areas than there is water available for irrigation so dryland farming and irrigate farming are
both commonly practiced. Both types will often be practiced on different fields of the same
farm. Irrigation in semiarid regions, however, mainly occurs on land that would be dryland
farmed if irrigation water was not available.

The relationship between grain yield and seasonal evapotranspiration discussed earlier is
why supplemental irrigation is so effective in semiarid regions. There is generally sufficient
precipitation to meet the threshold value required for grain production and to produce some
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grain. Therefore, additional water added by irrigation can result in a very significant increase
in grain yield.

The focus of any irrigation system should be on maximizing the evapotranspiration com-
ponent with added water and minimizing losses such as runoff and percolation. This is gene-
rally more difficult under semiarid conditions than under arid conditions because of the higher
rainfall amounts received in semiarid regions. Also, rainfall in these regions frequently range
from less than 50% of average to more than 200% of average. Large rainfall events, particu-
larly soon after an irrigation, can result in high losses by surface runoff and percolation be-
low the root zone.

A hypothetical example, adapted from Howell (1990) illustrating the relationships be-
tween water supply, evapotranspiration, biomass yield, and grain yield, is presented in Fi-
gure 1. The total water supply is the sum of the plant available soil water in the profile at the
time of seeding, the gross amount of irrigation water added during the growing season, and
the rainfall received during the season. In the example, the sum of the rainfall during the
growing season and plant available soil water was 250 mm. This resulted in a dryland yield of
approximately 6 Mg/hm?® of biomass production and about 2 Mg/hm? of grain. The example
also indicates that about 75mm of water use was required before any dry matter was produced
and about 150 mm was required before any grain was produced. This hypothetical example
further indicates that about 1 200 mm of irrigation water was required based on the jmplied
application efficiency, application uniformity, inherent soil variability, and irrigation water
salinity to obtain maximum crop production. The 1 200 mm added irrigation to supplement
the 250 mm of rainfall and stored soil water resulted in a total water supply of 1 450 mm and
resulted in maximum aboveground biomass production of 24 Mg/hm? and maximum grain
yield of about 11 Mg/hm?. As discussed earlier, the slopes of the biomass production line
and the grain production line are determined by the crop species and the environment (evapo-
rative demand as characterized by either potential ET or vapor pressure deficit). The slopes
of the biomass and grain lines are different because of the difference in partitioning between
dry matter and grain. The harvest index, defined as the ratio of grain to the aboveground dry
matter, is generally much lower when the grain yield is low as compared to a high yield. In
this example, the harvest index for the dryland yield was 0. 33 (2/6) compared to 0. 46 (11/
24) for the maximum yield. Prihar and Stewart (1990) concluded that there was a genetic
potential for the harvest index of a crop species that would be achieved if a crop could be
grown in the absence of stress. They estimated the upper-bounds of grain yield vs. dry mat-
ter yield for grain sorghum, maize and wheat from existing reports in the literature. The ge-
netic potential harvest index values for grain sorghum ranged from 0. 48 and 0. 53, and from
0.58 to 0. 60 for maize. The extent that the harvest index values of these crops is below the
genetic potential value is a reflection of the amount of stress that the crop experienced. The
stress can be either biotic or abiotic, but the most common stress experienced in dryland
areas is climate.
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