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1 Introduction

Recent concerns about the continuing ability of soils to provide ecosystem services
essential for food security (Amundson et al., 2015) has given considerable importance
to the concept of soil health (Karlen, 2012; CDFA, 2016; FAO, 2017) advocated by
the United Nations Food and Agriculture Organization, United States Department of
Agriculture Natural Resources Conservation Service and California Department of Food
and Agriculture, among many other regional and local organizations. In the upcoming
three decades, the global demand for food is expected to double because of increasing
population and per capita income, while agricultural resources, such as water for irrigation
and arable land, are projected to become even more constrained and scarce (Tilman et al.,
2011; Foley et al., 2011; Sposito, 2013; Jagermeyr et al., 2016). Maintaining soil health
in the face of this increasing demand for food and increasing pressure on agricultural
resources is thus seen as one of the major challenges of the twenty-first century (Foley
et al.,, 2011; Hall, 2014). Managing water to optimize soil health in the world’s irrigated
regions is critical to meet these challenges.

One response to this challenge has been a call for sustainable intensification, that is,
increasing the quantity of food produced per unit of input resource without undermining
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2 Managing irrigation for soil health in arid and semi-arid regions

the ability of soils to deliver the ecosystem services necessary to meet future food
demand (Foley et al.,, 2011; Garnett et al., 2013). However, soil health management
that can be reliably and flexibly applied under a variety of climatic and soil conditions is
needed in order to achieve this goal (Foley et al., 2011; Giller et al., 2015). Because of the
fundamental role carbon (C) plays in soil ecosystem functions (Reicosky, 2003; Palm et al.,
2007; Franzluebbers, 2010; Delgado et al., 2011; Sposito, 2016), soil health management
has often been directly linked to soil C management and the associated goal of increasing
the C content of soils (Feger and Hawtree, 2013; CDFA, 2016). Key management principles
for increasing soil C content and, therefore, soil health include managing irrigation,
minimizing soil disturbance, maximizing surface plant cover and stimulating subsurface
biological activity (Franzluebbers, 2010; Lal, 2013; Reicosky, 2015; Sposito, 2014; CDFA,
2016). These principles are assumed to be universal in that they can be applied effectively
through regionally appropriate practices across diverse climatic environments.

The relationship between soil properties and soil ecosystem functions is not completely
understood (Wall, 2013) and incomplete evidence exists as to whether the ‘systematic bias’
towards soils with higher soil organic matter will actually lead to healthier soils (Castro
and Hartz, 2016), there is an ongoing debate over the role of soil health management in
science-based agriculture. There is also some uncertainty regarding the extent to which
managing soil health for sustainable intensification can be achieved successfully across
diverse climatic environments, in particular, arid and semi-arid environments (Sojka and
Upchurch, 1999; Bouma, 2009; Mitchell et al., 2017). To what extent, for instance, can soil
health management practices that have been proven effective in other regions be adapted
and applied with benefit to arid and semi-arid regions? The present chapter addresses this
overarching question by summarizing recent information on the application of soil health
management principles in irrigated and dry land arid and semi-arid environments, including
examples of cost-benefit trade-offs associated with reduced-disturbance no-tillage systems
and the use of cover crops.

2 Arid and semi-arid regions

Hyper-arid, arid and semi-arid regions, also termed ‘dry lands’, occupy almost 40% of the
terrestrial land surface, are home for at least 20% of the world population, nearly all residing
in developing nations and, when irrigated, account for around 40% of the global crop
production (Wang et al., 2012) (Fig. 1). These regions are characterized climatologically by
the ratio, P/ETo termed the aridity index (Al), where P is the precipitation and ETo is the
potential evapotranspiration (Wang et al., 2012). Hyper-arid zones have Al < 0.05, with
infrequent and highly irregular rainfall totalling below 100 mm annually. Arid zones have
0.05 < Al < 0.20 and can be farmed only with irrigation, with their annual rainfall being
between 100 mm and 300 mm. Semi-arid zones have 0.20 < Al < 0.50 and can support
rainfed agriculture, with annual rainfall ranging between 300 mm and 500 mm. Precipitation
in all these regions varies annually within the very broad range of -50% to +200% of the
mean value (Stewart and Peterson, 2015) and it occurs seasonally, usually either during
summer or winter. Semi-arid regions of California, for instance, receive precipitation
during winter, whereas areas of eastern Africa and the Central Great Plains area of North
America have dry winters and wet summers. Average annual ETo for California’s highly
productive Central Valley is about 1430 mm, while the region’s annual precipitation is
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Figure 1 Arid and semi-arid regions of the world, modified with permission from UN Decade for
Deserts and the Fight against Desertification (http://www.un.org/en/events/desertification_decade/
index.shtml).

only 100-450 mm (http://wwwcimis.water.ca.gov/App_Themes/images/etozonemap.jpg).
Since these regions are drought-prone, managing water resources by conservation and
efficient use throughout the year is a requirement for and a major challenge to agricultural
production (Wallace, 2000; Hsiao, 2007; Stewart and Peterson, 2015). Irrigated arid and
semi-arid agricultural regions are found in all continents and cover both developed and
developing  countries  (http://www.fao.org/ag/agl/aglw/aquastat/irrigationmap/index.
stm), with particularly high percentages of total land area in the Great Plains and western
United States, India, China, southeastern Australia and throughout the Middle East.

In most dry lands, there is a very limited likelihood of substantially increasing the amount
of water currently withdrawn for use in irrigated agriculture. To meet future challenges, it is
important to optimize water use efficiency in these regions through systematic approaches
(Wallace, 2000; Hsiao, 2007; Chukalla et al., 2015; Barron et al., 2015; Jdgermeyr et al.,
2016). In addition, it is increasingly recognized that although soil has been an under-
appreciated component of water management, it must now become more central to
policies and practices in order to ensure its effectiveness in the capture and retention of
water to maximize the availability at the times and places it is required (Wallace, 2000;
Bettner et al., 2012; Stewart and Peterson, 2015; Chukalla et al., 2015). It is well known
that soils which are managed to maintain or increase their C content to improve soil health
(CDFA, 2016) show improved infiltration characteristics, as well as greater water storage
capacities, through the well-known positive effects of organic matter on soil porosity and
structure (Palm et al., 2007; Franzluebbers, 2010; Feger and Hawtree, 2013; CDFA, 2016).
Thus, soil carbon management, although not yet widely emphasized in arid and semi-arid
regions, can be viewed as a major management option to increase water use efficiency
(Hudson, 1994; Rawls et al., 2003).

Current global assessments indicate that a large fraction of water consumed by
agricultural production in arid and semi-arid zones is actually used quite inefficiently due
to the losses associated with runoff, soil evaporation and deep percolation (Brauman
etal., 2013). Therefore, a major goal is to increase the productive flow of soil water, that is,
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increase its consumption by crop transpiration and reduce its loss by runoff, evaporation
and deep percolation, through practices that maximize both water infiltration into soil
and soil water retention (Réckstrom and Falkenmark, 2000; Wallace, 2000; Franzluebbers,
2010; Kirkegaard and Hunt, 2010). This goal may be accomplished through applying the
three fundamental soil health management principles: minimize soil disturbance, increase
plant diversity and keep soil covered (Klocke et al., 2009; FAO, 2017; Mitchell et al., 2017).

For instance, no-till and cover crop management techniques applied for 17 years at
the Conservation Agriculture Systems Project, located in the San Joaquin Valley (CA,
USA), have increased the soil C content more than doubling at the 0-15 cm depth when
compared to standard-tillage no cover crop management (Mitchell etal., 2017). In addition,
24 mm more water was retained in the soil following wheat silage harvest and before
corn seeding under no-tillage management as compared with tilled soil (Mitchell et al.,
2012). Assuming a seasonal evapotranspiration demand of 760 mm, Mitchell et al. (2012)
estimated that no-till management combined with high surface residue coverage could
reduce soil evaporation losses by up to 100 mm, or about 13% of the estimated seasonal
crop ET demand (Mitchell et al., 2012). Surface crop residues reduce the evaporation
of water from soil by shading, lowering the surface soil temperature and reducing
wind effects (Klocke et al., 2009; van Donk et al. 2010). In regions of the world where
such practices are common - Brazil, Argentina, Paraguay, Canada, Western Australia,
the Dakotas and Nebraska in the United States — generating and preserving surface
residues while reducing soil disturbance are integral parts of soil health management
and primary strategies of sustainable agricultural production (Crovetto, 1996, 2006;
Junior et al., 2012). For instance, at Kansas State University’s Southwest Research and
Extension Center (Garden City, KS, USA), full-surface residue coverage with corn (Zea
mays L.) stover and wheat (Triticum aestivum L.) stubble has been shown to reduce soil
evaporation by 50-65% as compared to bare soil without shading (Klocke et al., 2009).
Significant reductions in soil evaporation resulting from organic surface mulching were
also reported by Chukalla et al. (2015) in a comprehensive simulation study using the
AquaCrop model. Decreasing soil water loss by evaporation may thus be a means not
only for increasing water use efficiency, but also for maintaining the soil food web in a
biologically active state (Ferris et al., 2004), which can in turn contribute to improving soil
health in irrigated arid and semi-arid regions.

3 No-till cropping systems

The use of fallow periods to capture and store water in soil for subsequent cropping
is a common practice in many dry lands (Verburg et al., 2012; Stewart and Peterson,
2015). Dry lands in which fallowing is routinely followed have benefited from no-till
residue retention practices as means of diversifying and intensifying crop production. For
instance, the adoption and consistent use of no-till management practices throughout
the vast Canadian prairie in Alberta, Saskatchewan and Manitoba provinces, beginning
in the 1990s, has reduced the reliance on the traditional summer fallow, enhanced soil
health, increased soil water availability in near-surface layers (Larney et al., 2004; Larney
and Lindwall, 1995) and permitted the introduction of new crops, including oilseeds and
legumes (Larney and Lindwall, 1995). Also, there is evidence that no-till management has
improved, become more reliable in recent years, and that changes in soil properties under
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no-till cropping tend to be positive (Smith et al., 2012). No-till, in fact, has become the
recommended cropping system throughout this region. As an example, no-till agriculture
in Alberta, Canada, increased from about 5% of the seeded area in 1991 to over 80%
by 2011. A comprehensive history of the development of no-till cropping systems in the
Canadian prairie has been compiled by Lindwall and Sonntag (2010).

In the Central Great Plains (USA), no-till has also impacted agricultural management,
permitting both the intensification and the diversification of cropping by initiating what
has been termed ‘a spiral of soil regeneration where interactions among more favourable
water relations, residue production and crop yield are continually improving soil health and,
consequently, future crop performance’ (Anderson, 2011). No-till cropping has also been
extensively adopted for cereal production in the dry lands of southwestern Australia (Ward
etal., 2012). In this region, the benefits of surface residues include increased availability of
soil water during germination and early growth of the subsequent crop (K. Flowers, pers.
comm.). Harvesting techniques that retain tall-standing crop residues in combination with
adequate horizontal residue coverage optimize water capture (Swell et al., 2015). Verburg
etal. (2012) concluded from their field and lysimeter experiments and simulations that the
role of fallow management in accumulating soil water for subsequent cropping could, in
some cases, account for up to 45 mm of reduced evaporation losses under high-residue
levels, and could be even more important than either genetic or in-crop improvements.
The conservation of soil moisture as well as improved soil structure and soil health has
been reported as a major impetus for increased adoption of no-till practices in Australia
(Scott et al., 2013).

Such benefits of residue retention and no-till management have not been seen, however,
in the Mediterranean climate region of the Pacific Northwest, USA, which has high winter
precipitation and low summer rainfall (Wuest and Schillinger, 2011). In this dry land region,
the over-summer seed-zone water loss under no-till fallow is greater than that under tillage
fallow. Evidently, the surface soil mulch that results from tilled summer fallow insulates
against heat flow downwards during the day in early summer. The tilled soil mulch also
reduces water movement to the soil surface from depth. Thus, the system works to keep
a high-water-content seed zone within the reach of a deep furrow drill, usually until fall
(Wuest and Schillinger, 2011). In the Pacific Northwest, no-till rarely results in adequate
seed-zone water content relative to tilled summer fallow, underscoring once again the
importance of crop management that respects both the timing and the frequency of
precipitation in dry lands (Wuest, 2010).

4 Cover cropping systems

Cover crop management techniques bring demonstrable soil health benefits to agricultural
systems (Snapp et al., 2005; Schipanski et al., 2014; Poeplau and Don, 2015; Mitchell et al.,
2017). They increase soil C content (Popelau and Don, 2015) along with other nutrients
(Creamer and Baldwin, 2000) and, if cover crop residues are used as mulch instead of being
incorporated as green manure, cool the soil surface while reducing soil water evaporation.
There is, however, very limited information on cover crop water demand, especially in arid
and semi-arid climates. Delaune et al. (2015), working under the exceptional drought
conditions that Texas (USA) has experienced in recent years, found that soil infiltration
properties may be enhanced by certain cover crop mixtures sufficiently to offset or reduce

© Burleigh Dodds Science Publishing Limited, 2018. All rights reserved.



6 Managing irrigation for soil health in arid and semi-arid regions

soil water losses from cover crop demand. Prichard (1989) in California evaluated year-
long cover cropping and found that (i) cover crop water use varied according to specific
species mixtures, (i) seasonal water use by cover crop mixtures ranged from 96% to 136%
of that of the residual-herbicide control and (iii) when used in surface mulches, cover crop
water use may be similar to that of residual herbicide and chemical mowing controls.
Other research in California (Mitchell et al., 1999, 2015a) indicates soil water depletion
from 0 cm to 90 cm depth was on the order of 50-70 mm greater in cover-cropped versus
winter-fallowed soils in mid-March, at the time of cover crop termination, relative to
water storage in fallow soils over three years. Thus, an investment of irrigation water to
establish and augment winter precipitation in no-tillage, high-residue production systems
in this region may be warranted as a means for adding residues, increasing soil carbon
and enhancing soil health when the combined water conservation aspects of the overall
production system are considered (Mitchell et al., 2012).

In the semi-arid Mediterranean climate of Western Australia, with hot, dry summers,
cover cropping with surface residue retention had a limited impact on the total evaporation
during the summer and fall periods (Ward et al., 2012). Because of the high potential
evapotranspiration and low precipitation during the summer in Australia, cover crops
converted to surface mulch did not have a major result in greater soil water retention and
did not have major impact on the water balance. Any benefits of the cover crop residues,
in fact, lasted only a few days after summer rainfall (Ward et al., 2012).

The amount of aboveground biomass that is produced by intercrop winter cover
crops in semi-arid zones depends on a number of factors, including rainfall and irrigation
amounts as well as timing and the specific cover crop species mixture used. In a long-term
study (17 years) conducted in the San Joaquin Valley (Mitchell et al., 2015b), a total of
64.6 MT ha™' (annual average, 3.8 Mg ha™") aboveground rye (Secale cereale), triticale and
faba bean (Vicia faba) cover crop biomass was produced (Fig. 2) with an average annual
precipitation (October-April) of 160 mm, but also with a range of annual amounts from 64
to 434 mm. There was, however, a large variability in the annual biomass produced due to
variability in water inputs, ranging from 0.039 Mg ha™" during the 2006-2007 winter, with
very little rainfall (88 mm), to 9.34 Mg ha™" during the first winter, when 100 mm of irrigation
water was applied initially. During the years when small volumes of irrigation water were
applied (2000, 2013-2016), the cover crop growth exceeded the 17-year average. These
results are consistent with the observations of Brennan and Boyd (2012) that, in dry lands,
annual cover crop biomass varies considerably, with both rainfall frequency and irrigation
timing playing critical roles.

Soil water depletion by winter cover crops (Fig. 3) in California tends not to be large
because potential evapotranspiration during the winter cover crop growing season is
much lower - only about 10% of that in mid-summer (Department of Water Resources,
2017), resulting in low cover crop transpiration. In addition, once the winter cover crop
canopy is developed, it will shade and cool the soil surface, thereby further reducing soil
water evaporation - ‘taking the E out of ET' — and increasing water use efficiency by higher
productive flow of soil water through the cover crop (D. Beck, pers. comm.). Furthermore,
it is speculated that a cover crop canopy, with its greater surface area than bare soil, may
also aid in increased dew interception during damp winter mornings, which may also offset
cover crop transpiration. The research by Mitchell et al. (2017) has recently documented
that, over time, cover crops increase soil water infiltration, as also noted by Delaune et al.
(2015), and can lead to greater capture of precipitation. Cover crops have also been used
in the semi-arid regions of California (USA) as a means of improving soil health in the
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Figure 2 Cover crop biomass produced in the long-term study in Five Points, CA, USA.
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production of walnuts (Juglans californica S. Wats.) (R. Lester, pers. comm.), tomatoes
(Solanum lycopersicon) (D. Ramos, pers. comm.) and almonds (Prunus dulcis Mill.) (S.
Boone, pers. comm.). Similar evaluations of trade-offs between cover crop production
and soil water depletion are underway in Australia (S. Groff, pers. comm.). In addition to
conserving soil water by providing surface cover in semi-arid zones, cover crops play a
role in soil health management by reducing wind and water erosion, scavenging excess
leachable nitrate fertilizer from the shallow soil profile and suppressing weeds and harmful
insects (Weinert et al., 2002).

5 Soil food web management for nitrogen availability in
arid and semi-arid areas

In conventional production systems in arid and semi-arid regions of most developed
countries, nitrogen (N) and other plant nutrients are applied as mineral fertilizers prior
to planting or early in the growing season (Ferri et al., 2004). Such approaches typically
exceed plant requirements at the time of application; they can result in adverse effects on
plants and on soil organisms, and in losses through leaching with rainfall or over-irrigation
or denitrification (Poudel et al., 2001; Joyce et al., 2002; Mosier et al., 2002). An alternative
is to manage the soil food web so that it is active year round and can function to cycle and
mineralize nutrient in greater synchrony with periods of crop demand. This requires the
application of soil health management practices that minimize environmental constraints
and limitations of resource availability. In the semi-arid Sacramento Valley of California,
USA, Ferris et al. (2004) irrigated dry soil in late summer and provided C sources via cover
crops to test whether grazing on bacteria and fungi by microbivorous nematodes in the
spring increased N availability to the next crop. In general, maintaining the soil food web
in a biologically active state during the fall with irrigation, when the soil would normally be
dry, and without vegetation or cover, but warm enough for biological activity, enhanced
N availability for the subsequent summer crop. Such soil health management approaches
are not, however, widely used due to perceived uncertainties related to costs or trade-offs
associated with diverting irrigation water from ’direct’ crop requirements. However, the
relatively small investments of water that might be required to establish cover crops to
‘keep the soil biologically active’ at key times within certain semi-arid regions suggest that
the use of cover crops offers a wide range of management options to improve overall soil
health. Additionally, reducing tillage can also contribute to increases in fungi, enhance the
soil food web and result in accelerated soil C storage (Minoshima et al., 2007).

6 Conclusion

To meet the global food security challenge that is widely projected in the upcoming three
decades, in light of ever more stringent resource constraints for agricultural production,
water scarcity (Richter, 2016), declining rates of growth in crop yields (http://www.fao.
org/wsfs/forum2050/wsfs-forum/en/), limited potential for cropland expansion (Lal,
2013; Alexandratos and Bruinsma, 2012) and climate change (Solomon et al., 2009), the
food production must somehow increase by 70% (Alexandratos and Bruinsma, 2012).
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Recognition of the enormity of this challenge has put ‘soils back on the global agenda’
(Bouma, 2009) as a vitally integral factor in our ability to ultimately and sustainably
produce enough food for the world’s population (Paustian et al., 2016). Increasingly, there
are calls to ‘radically rethink agriculture’ (Federoff et al., 2010) and avoid extractive farming
practices (Lal, 2013).

Taken together, the principles and practices that have been described in this chapter,
namely no-tillage, residue retention and the use of cover crops, are part of what have
been called ‘conservation agriculture’ (CA) systems (Lal, 2015). The potential benefits
of CA systems, including reduced soil erosion, increased water use efficiency that may
be achieved by higher soil water infiltration and retention and decreased soil water
evaporation and enhanced soil biology, are particularly important in the irrigated arid
and semi-arid areas that have been the emphasis of this chapter. While the rationale for
the core principles of these CA systems (i.e. reducing soil degradation and production
costs) has received considerable attention over the past two decades, more flexible and
less dogmatic approaches to what has been termed ‘systems agronomy’ and the overall
goals for sustainable production have also recently been urged (Giller et al., 2015). These
urgings stem from two interrelated sources of concern or insights related to how CA
systems are first of all defined, implemented and evaluated across diverse regions, and
how they actually perform (Pittelkow et al., 2014; Stevenson et al., 2014), as well as how
they have been promoted or, at times, been rather dogmatically prescribed (Giller et al.,
2015). A detailed exposure of these concerns is beyond the scope of this review; however,
it is important to note that the vigorous and at times acrimonious debate that has been
undertaken about CA in recent years has been useful in focusing attention on what may be
the best ideas for moving food production systems forward in all environments.

7 Future trends

There are many clear requirements for additional flexibly designed research in the arena of
soil health management in arid and semi-arid regions and in recent years, there have been
suggestions for what such research might look like. Giller (2015) and the internationally
focused group based in Wageningen in the Netherlands have urged that a broader
‘systems agronomy’ approach be pursued rather than the ‘dogmatic and prescriptive’
emphasis of CA to overcome problems associated with continuous no-till such as ‘soil
compaction, excessive buildup of soil organic matter in the surface horizons and herbicide-
resistant weeds'. Pittelkow et al. (2015) argued in a similar fashion for ‘development and
improvement of no-till crop management under various conditions across the globe’ and
this suggestion certainly has value in many parts of arid and semi-arid production regions
where such approaches have not been attempted. Lal (2015) had eloquently called for soil
stewardship and soil care to be ‘embedded in every fruit and vegetable eaten, in each
grain ground into the bread consumed, in every cup of water used, in every breath of air
inhaled and in every scenic landscape cherished’, and that these goals may be realized
through the development of an appropriate package of farm operations and cultural
practices that enable CA systems to succeed.

Beyond these encouragements for technical advances, there is also recognition of
the complementary importance of other drivers for change including the requirement
for broader education related to improved performance systems and the critical roles
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of local farmer knowledge, innovative farmer associations and public policy support for
such required advances (Reicosky, 2015). Scaling up the successful adoption of the core
soil health management principles and practices of CA systems that have been presented
in this chapter throughout the world's irrigated agricultural lands will require, however,
region-specific adaptations and options. Challenges to increased adoption by farmers
in California’s irrigated and historically highly productive Central Valley may require the
learning of new production paradigms and mindsets (Mitchell et al., 2016), whereas
scaling up CA adoption in developing regions such as Africa may mean creating locally
appropriate techniques that avoid both the shortcomings of production models that have
been developed and intensively employed in regions such as California (Wright, 2005)
and also the indictments recently made of CA as being dogmatic and inflexible (Giller
et al., 2015). Franzluebbers (2010) has pointed out that ‘monetizing the value of carbon’
may also be a necessary aspect of the need for public education on the importance of
soil for ‘numerous ecosystem services that are currently taken for granted'. Finally, there is
recognition of the role of potentially reducing the trend towards meat/animal-based diets
in favour of plant-based foods as a future societal goal (Lal, 2013).

8 Where to look for further information

A number of programmes are active worldwide on various aspects of soil health
management in arid and semi-arid regions including the internationally affiliated research
group of Professor Ken Giller in the Plant Production Systems Department at Wageningen
University in the Netherlands (http://www.wur.nl/en/Persons/prof.dr.-KE-Ken-Giller.htm),
work in Canada’s prairie provinces involving many researchers at or connected with
Agriculture & Agri-Food Canada and the Lethbridge Research & Development Centre at
the University of Lethbridge (http://www.agr.gc.ca/eng/science-and-innovation/research-
centres/alberta/lethbridge-research-and-development-centre/?id=1180547946064),
ongoing programmes of Dr. Li Hongwen at the Conservation Tillage Research Center
which is part of the Chinese Agricultural University in Beijing (http://caa-ap.org/news/158.
html) and the Conservation Agriculture Systems Innovation (CASI) Center in California,
US (http://casi.ucanr.edu/). In addition, the Food and Agriculture Organization of the
United Nations provides considerable information related to CA (http://222.fac.org/ag/
ca/. The Conservation Technology Information Center in Lafayette, IN, USA (http://www.
ctic.purdue.edu) has also brought together a group of North American CA groups. Finally,
there are a number of organizations in South American countries (e.g. Brazil, Argentina
and Paraguay) involved in conservation agriculture, including Aapresid (http://www.
aapresid.org.ar/) and CAAPAS (American Confederation of Farmers Organizations toward
a Sustainable Agriculture) (http://caapas.org/?reqp="1&reqr=pT5hL25zYz2WygN==). A list
of CA associations and links is available at http://www.rolf-derpsch.com/en/links/.
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