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101 INTRODUCTION

During the twentieth century, global water withdrawal increased about sevenfold, from 579 to 3917
km?® year. In the same period, the share of total water use by agriculture declined from 91% to 66%
and it is supposed to decrease o around 61% by 2025 (Ghassemi and White 2007). Over the last

decades, there was a considerable decline in the ratio of water consumption (nonrecoverable with-
drawn water, i.e., lost by evapotranspiration [ET]) to water withdrawal, from 66% in 1940 to 60%
in 2000 (Shiklomanov and Rodda 2003), meaning that water was used more efficiently, especially

in the agricultural sector.

Whereas irrigation water use represents almost 70% of total human “blue” water use (water

withdrawn from water bodies such as river, lakes, and aquifers) (Rockstrom et al. 2009a), global
agricultural blue water consumption, that is, the amount of water that transpires productively
through crops or evaporates unproductively from soils, water bodies, and vegetation canopies,
is estimated to be even higher (Rost et al. 2008). In addition, nonquantifiable amounts of fossil,
nonrenewable groundwater resources, or nonlocal water resources from distant regions are used
for irrigation (Vorosmarty et al. 2005). Table 10.1 summarizes the global freshwater pools based
on the data compiled by Shiklomanov and Rodda (2003). Although 30% of the global freshwater
resources are stored as groundwater, and less than 0.3% in rivers and lakes, the latter are the main
sources of fresh water for human use as they represent the dy namic component of the carth’s total
water resources (Shiklomanov 1993). Whereas global groundwater withdrawals amount (O around
209%—25% of the total water withdrawals (Shiklomanov and Rodda 2003; Rosegrant cl al. 2002),
irrigation in many countries relies heavily on groundwater, with 53% and 46% of irrigation watet
being pumped from aquifers in countries such as India and the United States, respectively (Shah
et al. 2007). Locally, groundwater resources are already overexploited, with the rate of water with-
drawal being faster than recharge, causing water tables to fall (Gleick et al. 2002). Globally, about
15%-35% of irrigation withdrawals are estimated to be unsustainable; many of these withdrawal

are from groundwater sources (Rosegrant et al. 2009).

RSy

TABLE 10.1
Global Distribution of Fresh Water

Global Pools of Freshwater (10" m%) (%)
Fresh groundwater 10530 30.06
Glaciers, permanent SnOwW and permafrost 24364 69.55
Lakes (fresh water) 91 0.26
Marshes and swamps 11.5 0.03
River water 2.12 0.01
Biological water 1.12 0.00
Water in the atmosphere 129 0.04
Soil moisture 16.5 0.05
35029.14 100

Total
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In addition to the expected increase in agricultur.
i Hge . . al water use to meet the demand fi
L R Ele, gasgt:lag:]z;t;o:s?;" nt‘!;(:. worl;l s population wi‘ll require an increased share 0(1:”l ltl(l)é tErr,(:)'sr[:3 \I:(J:i‘:d,
B e Giiven by hinter s ionof a worlq populatlon of 9.2 billion people by 2050 and a die o
i i"glhe ::!rlcoTe§ and urbanguon, world food demand is supposed to 1'1'1(:1'::*,'“‘1&;y
e .On]y = veloping worl‘.i) wn'hi.n less than 50 years (Bruinsma 2009; Tho:}be :
etk \:Aayfs ul) cope with [hl.‘? mf:reased projected demand, not only ,for foodpzog
1 Fmduc[ivi[y s 1;?,{1“‘: : by a substantial increase in cropland and/or a large improvem ; t
B it s (.,roislped. Based on an optimistic scenario of water availabilit aend
B i o be availah;, l1:"euca max:mu.m qt 85% of the total ET from cropland and :t 3
e wm{: or bplam lransplragon and thus biomass production Rock%lrori Stur]e
B  oorioon Mhout 1m]pr0vemen§s in water productivity (WP), a ho'rizomgll Cro elai(i
B oo laa ;m; d be required to produce the food for >10 billion people \zh' *h
e e 055513]31'1“ (Ramankutty et al. 2008). In fact, regarding this option Th(;m *]L
e destmctigﬂ v 1‘I ity of the area of land in farm production being doubled b' t onl be’ﬂ
e massiv orests and the loss of wildlife habitat, biodiversi s
. ; ersity, and carbon sequestra-
Several authors consider a potential increase in ¢ i
B 00 - ropland of around 9%—12% as realisti ea-
- |£e | o y(ii,rl\c’i[sld;nszt.}[{)’!, Thompson 2007), not taking into account that ar(;Zt:Zlal?)dl\l/le:
. il 2 ropland expansion coul >
;l E w?t)h tr;:i ;:ite tl;; r:m,freasmg demand ‘has to be satisfied by higher cr:i)pb(:):cl)zit:t[i?f'?m
e Revo}]lnmo ”o SLlllb-Sahfflran Africa, most of the productivity enhancement c;tles-
i agricu[mr.r; te(zj nf)yo.gles has already been exploited (Molden 2007). This II')I'] -
e mi]f} pf;)_ uctivity must be achieved through advances in othe.r arc;ts ean;
- fun]{er enir::] étg [Ezde ;::iat.er-usc efficiency (WUE), and the use of biotech n:af(:;:i-
ngmance i remaaeeh ciency of the already applied inputs and to improve crop
Ithough water is consi 8
i_; E ing [erm::) }el;(;n ::ﬂg:e[ﬂ a; z:?g\;&bl];:et;ci(:ijtrcr becvausc it depends on rainfall, its availability
B e o 1me in any one region (Pimentel
3 i“cmegby ml[; E:;Zt]; slcl:,:arm, ;/Ioldcn {209?) estimates the agricultural watcretv?tll.ldzlfja?:ji
. ml;idl ?znc "yf-:ar ‘050. T.h.eretore, and bearing in mind the limited blue wat
e pmgucl- r.t;asm‘g competition of other sectors for this resource, the necess: y
e ‘1‘v1‘y W|I]‘dcpcnd strongly on improvements in the use 0;'"“ " “"‘“Y
e : ; 1s stored in the root zone) (Rockstrom 200 S
SEEEILa misconception to regard agricultural °r ¢ i s pwcminiim o i
B i et 2 5 ural water consumption as dependent primarily on blue
i raiméd lam(rjl Ihal% ‘01; global crop!and.is rainfed, and 60%-70% of the world’s
& e ROCkS[,mm 21:,),04)! the consumption of precipitation water infiltrated into
s op‘cd IE;nd in situations where blue wate:‘i: zzll;e;sfgetinsws t?r e ]?:ays e
B opiimal rov ' . . upplement the crop water requi
e thga - St}?;:((l)fp;’:;l:l;;l;n. ?dscd on the application of different mudelps, Ros: :‘Lt,‘.l:lm(zrggg;
oo o};) l:g‘reen water was being consumed on the global cmplar;d This
M) B et y Hoff et al. (2010) that an integrated water resources m. —
e water only can no longer ide c stai s Theis
B e o0 il Z prOV} e complete sustainable solutions. These
sing interest in the potential of the “invisible” green water resour;:Z

raddi
Mang,

llo.nal crop production.
8INg precipitati
ion as : o8 ion i
Tk wate]; - bci:, ;()k:ayl rteijoun,; for production intensification, through integrating
: stulated as the basis of : i |
R of a new paradigm to hel 5
. o ; ' elp close the water g:
In the semiarid areaqmt§004')' From a hy.drologlcal perspective, in many regions inclurdg‘lp
e mm.], 1:elre is enoug.h l.‘amfail to increase crop yields considerab‘l withmg
e - apﬁli fo ar‘gc-éca]e irrigation schemes (Rockstrom et al. 2007) R):)ck‘ e
stimates of rainfall losses due to unproductive soil cvaporalion s,:’ttltom
. surface
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nd interception losses of up to 70%—85%. Irrigation plays and will con-
le in feeding the growing world population, and there still exist a need
ansion of the irrigated cropland. However, (0 avoid at least half of the
Rockstrom et al. (2007) have suggested two possibili-
WP improvements in irrigated and rainfed agricul-

runoff, deep percolation a
tinue to play an important ro
and opportunities for an exp:
additional water requirements in agriculture,
ties: (i) reduction of green water losses, that is,
(ii) better use of the local rainfall water.

In this context, soil quality and its managemen
tive management of water resources, given that the hyd
intimately linked (Bossio et al. 2007). Bossio et al. (201

starting point of a negative cycle of soil-water relationships, creati
feedback loop with important negative impacts on water cycling and WP. Therefore, sustainable soj
he improvement of soil water

management corresponds to sustainable water management through t

management.

The purpose of
and their potential contribution to the im
WUE, and WP. Ultimately, these water-rel
enough food, feed, fiber, and biofuels for 1.5 ti
excessively with the existing natural ecosystems and their

cated to them and to other human activities.

ture, and

¢ must be considered as key elements for the effec.
rological cycle and land management are
0) have described soil degradation as the

ng a positive, seli-accelerating

this chapter is to review the existing options of soil water management systems

provement o

mes today’s world population, without competing

10.2 PROCESSES AFFECTING SOIL WATER DYNAMICS

rface (29.2% of total surface) contributes only 14% to total evap
of the precipitation falling on earth (Pimentel et al. 2004).

115 x 10'> m? of precipitation corresponds to about 780 mm of the land surface, on an aw
(Table 10.2). The transfer of this significant portion of water from oceans to land surface is of
importance not only to agriculture but also to human life and natural ecosystems. Equally impo
is the fact that soils are able to store around 20% of the water annually transferred from the

surface to the atmosphere by evapotranspiration.

Globally, it is estimated that out of the total precipitation ov
blue water, that is, runoff into rivers and aquifer recharge, and two-thirds infiltrate the soil,
ing the so-called “green water” that supports, productively or unproductively, biomass
tion and returns to the atmosphere as vapor (Hoff 2010). Numerous hydrological models

found in the literature that attempt to describe water partitioning at different scales, d€

Although the earth’s land su
tion, it receives around 20%

er the continents, one-third b

TABLE 10.2

Global Fluxes of Fresh Water (Annual)

Water Flux Component Units Amount
Total earth’s evapotranspiration 1012 m? 571
Evapotranspiration from oceans (86%0) 102 m* 4962
Evapotranspiration from land (14%) 102 m? 808
Average rainfall on land surface (20% of global ETP) mm 1‘80: :

10" m? .

River runoff (into oceans)

Shiklomanov, LA. and Rodda, J.C., World
Twenty-First Century, Cambridge University Press, New York, 2003
World freshwater resources. In Water in Crisis: A Guide to the World's 7€
Resources. edited by P. Gleick, pp. 13-24, Oxford University Press, New York, |

Source:

-

f the available soil water in the root zong,
ated aspects seem to be the only solution to produging

services and the water resources allo-

e U Sm—— sa— |
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on the pretended objectives. Lal (2008b), for

gricultur ; example, descri
ag al watersheds using the equation: ple, described the processes of water loss from

P=R+I+D+A0+[Edt+[Td,
(10.1)

where P is the precipitation, I is the " _
change in soil water storage, T]iz l:111(:: i::;?;?:t? - ]S-the poo
' Lal (20(_}811? considered the sum of the runoffon, Eis the s
live transpiration water as green water. Ngigi et ar]ld -
o characterize the available crop water overga se s
harvesting and management systems. Still otherazon o
fprcxumple, to model soil water storage, Mak omponen
water balance model from Savenije (1997), e

{.)ff, D is the deep drainage, A6 is th
0‘11 evaporation, and ( is the l,imc ’
atnage as blue water and the con;um
used [.he same partitioning compone It}
describe the aspects of in situ fainwalt‘fc:i
ts are used in water balance equations
(2010) used Equation 10.2, based on a

ds,  ds,  ds,
d[ dt _CII_=P~_ET_-EI_ES'_QS_-QW {]02
. 2)

(all terms in mm/day) P i :
i o ):I)] wr::sctI;? precipitation received in the system, E, is th :
e evaporation from the soil, Q >ption, that is, from the canopy cover ar;c[ lThls © transpiration,
Bt chance of surfac, ;Va&:ls [[he net surface runoff, Q, is the grOUndwate soil surface, E,_ is
: er storage, dS, /dt i B er run off, dS /dt i
and di . » t is the rate > Goydiis
Pawscfifrt:}f Itghc rate of change of gl'Ounriwatcr Storagem change of water storage in thr-: root
j ith Equation 10.1 Equati < *
: : .1, Equation 10.2 e :
‘runoff, considers th - -2, In addition to introduci
: e eva ; ucing the
ceording to Savenije (20%%31;311 OfdcanODy-lntcrcepted rainwatergand [igmp(inentl Ao
, dependin - wet soil surf;
0% of the total - g on the local cond urface
precipitation. Theref : nditions, the latte
. g ore, this auth T can amount to
ranspiration” as it only re e or advocates the :
_ y reflects the in : e abandonment of th
evaporation from i ; capacity to separate the dif ¢ term
interception, transpirati : e different evaporative ;
on, such as water retaj » spiration, soil evaporation processes,
. ained at the soil surf: » wet surface, and o
tive flux SVaorati il surface or flooded rice fi s pen-water
M > on through interception i ice fields. Although classifi
is responsible for th : rception is not regarded ¢ ssified as
. € moisture recycli A as a loss to the water s
Nt cannot be i : yeling that sustains s g system
- ﬂ;:g mﬁ?dcd in the green or blue water fra,c:lilol:: continental rainfall. Hence, this
1 artitionin 4 T .
B and plane [in% ;’ictht:..prcc:pllatlon into the different components of
depending on the ag :iop 10111] evaporation, transpiration, deep pemzfﬁt_thc): water bal-
ecological characteristi % ation) ma:
slope, plant ¢ g aracteristics of the si : ) vary
s over, and rainf: N e site, mainl o
.(1991) determined Ow::- ;amtgi)ldcharactenstlcs, O two it soi?; fi}Ille éml type and
all of 379 5 period of 4 years a blue wz entral India,
. nd 59%. W ! e water share (runof :
considerably, re ac:?;ea; ;unoff was similar at both sites (2(8% anfiaZnt;j‘?p)er;O]anon)
& ; ’ g 9% and 33% . 0), deep per-
: flon onsite observat: 3%, respectively. Modeli PP
. tions at t P - Modeling water partitioni
2 differe : 5 at two sites in north . partitioning at
Dig di nces in the wate hidecl: ern Tanzania, Makuri
practi r partitionin . g uriraet al. (2010) al
tices, usin £ when compari i also
g the runoff diversi paring the traditional and the i
: sion to crop plots the innova-
contributed decisi P plots. They found th
siv g atthe s Fthe
Interception accountede:‘y {o the partitioning of both the rainwater ;:::lpeh{)f el
or one-fourth and one-third of the total preci 'lt y i
Ipitation for the

"el)(- .E Igm’e 10 VES an overy W O al a C oV
7 - 1 S & i 3 (4}
NCi cr

 the ]:)m“]cd' land and water resourc
mw];l;eit:m, whilc sustaining ot
L y whlc_h agricultural
Improving water ma

€S sui

o CIE::;BI: clr(; prod.uce enough commodities for

i e services prow@cd by agriculture,

o nent can de.al with the large trade-
practices on agricultural lands (Gordon
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FIGURE 10.1 Water fluxes over a landscape or watershed and the destinations of rain and irrigation water.

et al. 2010). This requires a careful look at the water fluxes described in Figure 10.1 and examining
the processes affecting the soil water, which is ultimately the water source for plant growth and
biomass production.
Although WP and WUE have been questioned as useful concepts in agricultural water mana
ment (Blum 2009; Zoebl 2006), they are the terms commonly used to evaluate the efficiency v
which rain and/or irrigation water is transformed into grain yield or biomass production. Without
always having the same concept in mind (Ali and Talukder 2008), much has been written in
years about the ways 10 improve agricultural WP or WUE (Bossio et al. 2010; Fang et al. 2010b;
et al. 2010; Molden et al. 2010; Shaheen et al. 2010: Alvaro-Fuentes et al. 2009; Kang et al. 20
Katerji and Mastrorilli 2009; Rockstrom et al. 2009b; Evans and Sadler 2008; Khan et al. 2008
Ritchie and Basso 2008; Bluemling et al. 2007; Bouman 2007; Molden et al. 2007; Rockstrom
Barron 2007; Steduto et al. 2007; Adekalu and Okunade 2006; Singh et al. 2006; Zhang et al. 2003}
Regardless of the discussion about terms and definitions, the fundamental question
How to produce more with the same or even less amount of water available from rainfall and il
tion? This question is undoubtedly linked to the possibilities of minimizing, at least at field
unproductive water losses, namely, runoff, evaporation, and deep percolation. Whereas froma
cycle perspective, all these components are also important to replenish the blue water res
from an agronomist viewpoint, a reduction of these losses must occur, not only to achieve the
set above of a higher WP, WUE, or, as suggested by Blum (2009), efficient water us¢ (E
also because runoff losses, if uncontrolled, can have other severe and harmful consequences:
the shift from unproductive evaporation losses (0 an increase in crop transpiration is not
to alter significantly the return of water vapor to the atmosphere, a considerable blue-10-8re¢t
redirection, through either reduced runoff and deep percolation or water withdrawal for irfi
could involve a corresponding depletion of the stream flow (Falkenmark 2007). These U
should be kept in mind when searching for improved agricultural water resource manage
tems. They also point, in the first place, at soil and soil water management practices 1©
sustainable combination of maximizing transpiration and soil water storage and minimi
and evaporation. Technically feasible and cost-effective solutions for this achievement &
priority (Rockstrom et al. 2002) and form a basis for sustainable soil water manage’
These have to consider the different processes that affect the soil water, as indicated in FIEEE
and the parameters that influence these processes (Figure 10.2).
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FIGURE 10.2 The processes and parameters affecting soil water.

10.2.1  INFILTRATION
first step in converti i
p_rocgss = i\t::r:;n‘g b.lue wlater‘to green water is to maximize water infiltration into the soi
e lr;i:luorr; \zlttrl;;me are zinahinly governed by the initial wetness and Quct?oilogi;
, 85\ i . ure, and the uniformity of i i ‘
e y of its profile. While the soi
. Strl::tlre (l:ont.ent can hardly be changed, an enhancement of the amt:»:ilt[ 'te:tu}:e
e det:—ia::!ilni[g]gmgafles, total porosity and macroporosity, and thus hy:l;ll:'at:lii
Juct ,a ¢ surface crusti ic :
. sting and compaction are achievable through man-
umerous attempts have been made to descri
: escribe thoroughly th infiltrati
e : e ghly the process of infiltration a
. 1:23 E }a:;es(l;islezl }i?[ ;ziplr;;(s) )1 ngltrabthty as a function of time or of the total quzcrlltrirtl;g‘
N 80). 1 (.)we\ier, beyond the understanding of the pr i
g alg;:i:) to lr:‘lany stuc!les. it is of crucial importance to idcn%ify theprr?:;ass b
e fezg bzlin(:e the mﬁlt‘ratic.m flux, that is, to act on the factors that can bieil:fl: m
iﬁ-ﬁ]gra[ion i 3511 Ir e and cost-effective way. For that purpose, it is useful to distin ui;ll;
e cm]pp y;l, sqrfz}ce-, or proi‘il.eﬂmtrol led. Whereas supply control {amoungt and
e 3; :fl;czr ':rgtgat?d conditions, infiltrability of the soil surface layer (surface
surfz ydraulic conductivit rolle ‘
Qi -oeurhoe By y (profile controlled) are manageable condi-
ing the shar i irrigati
e inc; ](:f rg.llr!fall orirri gatmr.) water that infiltrates the soil can be achieved through
o g o .r[a ility or an extension of the time period during which water is cz ubgl
e nlu {Esurface retenuqn or pqnding). Whereas the former is strongly enhdapna Z
e ;ltst m?!c‘m?omsrty (man?ly biopores created by macrofauna activit zsd
determim; 5 erllopulds on the soil surface roughness and the overall slo ();f th
B, ts:‘z;-ncad eg surface storage capacity. An increase in the surface rop:l: hnesz
illoge o ed through any form of soil tillage, or it is intentionally ac%lieved
o ong contour lines or by creating “pockets” or “basins” i
= | i r “basins” over the soil
01l surface, the
; rocesses d icle i
ke L zumerabiliteﬁn:d as pz.ir[tdl,. detachment, sealing, and crusting are
. S thy 0 ;he Sf)ll.agg.regates to breakdown, which is caused
B B ta(zlfr ace irrigation water flow or the mechanical impact
e g (Lietal. 2009). Soils prone to crusting and sealing u
on rates (Ben-Hur and Lado 2008; Lal 2008b; Ramos et al 23003_;1)‘
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er the enhancement of the aggregate stability or the protection of the
f surface cover could help diminish the extent and impact of these pro-
asures that increase the soil organic matter (SOM) content or the
that enhance the aggregate stability contribute to improving the
Lado et al. 2004). In addition to the existing possibilities of
rough overhead irrigation, it is mainly the soil

that dissipates the energy load of raindrops before they reach the soil surface. Although

dies on the effect of mulching report improvements in water infiltration
sme did not find a response of water infil-

This suggests that eith
soil through any form o
cesses on infiltration. Thus, me
application of soil amendments

infiltrability of agricultural soils (
reducing the kinetic energy of water applied th

cover,
a large majority of stu
(Hula et al. 2010; Jordan et al. 2010; Roth 1985), sc

tration to mulching, because of the variability in th

Canqui and Lal 2007a; Singh and Malhi 2006).
In many situations, the subsurface properties, such as the underlying, less conductive, fine-
the hydraulic conductivity of the subsurface

textured layers, may restrict infiltration, meaning that
soil is lower than that of the soil at the surface, which occurs frequently in layered soil profiles or

through compacted layers. Subsoiling to break the restrictive soil layers as an emergency repair
measure and promoting the development of vertically oriented macropores through earthworm an
other macrofauna activities and/or the maintenance of former root channels, both achieved

the absence of soil disturbance as a long-term strategy, are the recommended measures (o imp

proﬁle-controlled infiltration rates (Tebrugge and During 1999).

¢ soil and subsurface conditions (Blango-

10.2.2 RUNOFF
Surface runoff occurs when the water supply to the soil surface exceeds the rate of infiltra il
after the surface storage capacity has reached its upper limit. Two basic types of runoff are i
distinguished: (1) laminar or “sheet” overland flow covering the whole soil surface of areas
little topographic relief and (2) stream flow in channels, also called rills or gullies, which rec

overland flow, generally forming a tree-like pattern down the slope.

Although surface runoff contrib
capable of being potentially reused for irrigation, uncontrolled runo
able as it is strongly associated with soil erosion and the transport of potential water po
Especially in regions where the amount of rainfall is at the margin of being insuffici
production, it is of particular importance that as much of the rainfall as possible infiltrd

and is held in the root zone.
As mentioned in the previous section, the reduction of the runoff depends essen i
infiltrability of the soil and its capacity to retain excess water on the surface, thereby
runoff into run-on by increasing the

ing the potential
figuration techniques, such as.

velocity of the runoff and transformi
able for infiltration. Several surface shaping and land con

a et al. 2008; Jadhav et al. 2008), vege
i et al. 2004), or different types of

contour ridges, flat bed or pit planting (Chirom:
or hedges (Cullum et al. 2007; Blanco-Canqu
(Mohammad and Adam 2010) have been found to considerably reduce the surface I
contrary, Gomez and Nearing (2005), based on rainfall simulation trials, attribute
effect of the initial surface r runoff. Other researchers also

oughness to the reduction of
variability in the effects of the soil surface characteristics and the conditions on

runoff (Armand et al. 2009; Seeger 2007).

Whereas runoff is generally considered as prejudicial from the viewpo
servation, as it always carries the risk of soil erosion, gully formation,
nutrients and chemicals, in some situations it may be desirable to withdraw excess
arable land to avoid prolonged waterlogging of the crops (Basch 1988) of to SUPFS
ping areas with additional water, also designated as runoff diversion 3k“_ma
f runoff through manifold means has been practiced since

deliberate inducement 0
to increase water availability in designated areas (Hillel 1980).

utes to the recharge of the surface water bodies (blue
£f from the land is 0

int of soi
and off-
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10.2.3  Soi WATER RETENTION AND Deep DrAINAGE

After water infiltr; 2
tational forc 28 t}_’e soil, its movement in or th :

es.afnd suction gradients. Dependi rough the soil is mainl

saturated conditions or an unsaturated stafe .

L]

tions (Hillel 1980), and the rate at which th

ynsaturated hydraulic co iviti
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4 eter-
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_— .
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i d in ET as a proportion
- ex consucsptively used n BT o2 ¥ PORC
P. WUE is defined as water ologically (or econo v)
s W'U(F bamiiflfer irrigation or rainfall. WP is defined biolog
of the water applied by €

e ( ere[es
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to ensure that WUE
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and Kassam, 2003; Sadras and ?;g:zsi?ble)for each crop in the cropping Eii:::ncz o M:;l:y
ey o e tta“r% the prevailing agroecological and 970(:10?(:; 2007), mainly involving
ping system as a wh‘fle Wltﬁ ‘d 0 enhance WUE and WP (Bluemhngle m.j s 2006: Hatell
strategies have been 13?::1 rianagement (Chiroma et ?113 200;; ;ll\d;g?o:'alcaterji ral 2010: Ll
‘ . nt, timing) (Fang i ; ; ment, includi
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il ai‘tig?:;:; T)rZeding offorts (Fang et al. 2010b; Passiou
the choice of cultl
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v 39 as
use 0‘1 water (E

2009). However, it we
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hieved at the expense Ol for which a particular i
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imi i ts, it is crucial to iner
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> he TE : in efficie
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which transpired wa . tion has been shown to be fairly X arized the
i transpiration ha: Bennett (2003) has summ L :
mass production to . Steduto et al. 2007). Be ; iations in
: s 2003; Stedu! ; h genetic var _
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efforts and bioengir indicator for differentiate irected toward the av
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10.2.5 [EVAPORATION
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degree to which it is covered either by growing vegetation or any form of surface mulch. With regard
{0 the soil water content, three evapor

ation stages are distinguished: the first stage is when the water
supply at/to the surface is sufficient t

o allow a more or less constant evaporation rate as a function
of the evaporative demand; the second stage, the falling-rate stage, depends on the soil properties

hat are responsible for the delivery of moisture to the evaporation zone; and the third stage depends

g

mainly on the rate of vapor diffusion. Both the soil texture and the structure may affect evaporation
due fo their influence on the soil hydraulic properties (Ndiaye et al. 2007, Jalota and Arora 2002).
Under similar soil structure conditions, finer-textured soils show higher evaporation losses than
coarse-textured soils (Jalota and Prihar 1986; Prihar et al. 1996). At low moisture levels when the
water is held in coarse-textured soils bet

ween soil particles rather than in continuous pores, evapo-
ration occurs mainly through the slower

process of diffusion instead of conductance in water-filled
pores Lo reach the zone of evaporation (Ward et al. 2009).

The most notable reduction of evaporation losses and the most casily attained through management
lices is through the cover of the soil by vegetation or any form of stubble and mulch, whether of
B nic (crop residues, waste products, cover crop, etc.) or inorganic (stones, plastic films, etc)) origin.
cover interferes with the evaporation process mainly by providing a mechanical barrier or resistance
| removal of moisture over the soil, reducing the energy supply (heat flux) to the zone of evaporation
lowering the evaporative demand), and decreasing the conductivity or diffusivity of the topsoil
if superficially incorporated. Numerous studies have been conducted to evaluate the effectiveness
ent mulching types and practices (Yuan et al. 2009; Ward et al. 2009;

Sauer et al. 1996), and they generally agree that the soil cover is especially effective in reducing the
ion losses at the first evaporation stage,

thereby contributing to a more favorable soil water status,
\under relatively dry soil conditions, a soil cover in the form of standing stubble may sometimes
evaporation, which is attributed to the hydraulic redistribution along the senesced roots and
ard et al. 2009; Leffler et al. 2005).

3 MANAGEMENT PRACTICES THAT AFEECT SOIL WATER AVAILABILITY

ives and arguments for soil tillage are many, including weed control, soil decompaction,
© management, and adequate seedbed preparation. However, the results in the literature
15 of tillage operations on the soil water and its use through crops are highly variable
dictory. The inconsistency of the effects of different tillage systems on the soil’s physi-
draulic properties is attributed to the transitory nature of the soil structure after tillage,
0ry, the initial and the final water contents, the time of sampling, and the extent of soil
(Azooz and Arshad 1996).
the processes that affect

soil water (outlined in Figure 10.2), this section reviews the
lillage practices on these

processes and the consequences on crop-available soil water

S on Infiltration and Runoff
S change the infiltration and r

45 the stability of the structu

unoff components, basically by modifying the soil
i¢ conductivity,

ral soil aggregates, the total porosity and macropo-
the surface crusting and compaction, and the SOM. Generally,
Mproves with the conversion from conventional soil tillage to no-till (NT) soil

* d result, pore connectivity takes place, enhancing the soil quality and the water
Tlies.

_the effect of tillage on infiltration is ambiguous. Reviewing the state-of-science
= A8ricultyra) management efl

fects on the soil hydraulic properties, Strudley et al,
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(2008) showed that there is a trend of NT systems t0 promote an increase in the macropore con-
nectivity and the infiltration rate; however, because of the differences in soils, climates, and specific
practices of tillage, it is not possible to generalize these results without a detailed knowledge of
all the controlling factors. As related to water infiltration, several researches have highlighted the
great advantages of the NT systems over conventional tillage (CT) practices. However, the site-
specific conditions could indicate the need for a surface, shallow soil disturbance to destroy the
surface crust or compacted layers, which can occur as a consequence of little crop residue on the
soil surface (Thierfelder and Wall 2009; Singh et al. 2005) or intense tillage and machinery traffic
(Reichert et al. 2009b; Mary and Changying 2008: Sasal et al. 2006; Hamza and Anderson 2005),
Even considering that this surface disturbance may promote some increase in water evaporation,

probably the gain in water infiltration due to the runoff reduction will surpass the aforementioned

effect. However, tillage seems 10 have only a short-lasting effect on the improvement of the infiltra-

tion rate (Freese et al. 1993).
Experiments performed in several regions of the world show that NT systems promote soil aggre-

gation (Stone and Schlegel 2010; Rhoton et al. 2002) and water infiltration. One study carried out in
southern Brazil showed that rainwater infiltration increased from 20 mm/h under CT to 45 mmﬁ
under NT (which included cover crops and crop rotation) (Calegari et al. 1998). In Kansas, TB’W;
on a silt loam soil, Stone and Schlegel (2010) observed that the infiltration rate under NT (30 ﬁ
mm/h) was 1.99-fold and 2.67-fold greater than in reduced tillage (RT) and in CT, respecti
The infiltration rate was positively correlated with the mean weight diameter (MWD) of the
stable aggregates (WSA), which, in turn, was also positively correlated with the total soil o
carbon (SOC). The authors attributed this greater steady-state infiltration rate in the NT system
the presence and stability of the gurface-connected macropores, the greater concentration of |
water-stable aggregates in the surface layer, and the reduced surface sealing due to the protect
from raindrop impact promoted by the residues. In their review of the effects of tillage s
on the physical properties of the soil and the water content in the Argentine Pampas, Alvare
Steinbach (2009) clearly document the higher infiltration rates under NT when compared with
ited tillage, especially plow tillage (Figure 10.3).
Soil disturbance caused by many tillage practices increases the surface roughness, the it
porosity, and the initial infiltrability, although the infiltration rapidly declines with time as a¢
quence of aggregate collapse (Guzha 2004). On a silt loam, Wahl et al. (2004) also observed
infiltration dependence on macroporosity. Their results showed that the infiltration rates mes
with a tension infiltrometer were higher in the soil surface layer in CT than in conservation |
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FIGURE 10.3 The relationship between soil infiltration under limited tillage sys
systems (a). The change in soil infiltration (limited tillage—plow tillage) in relation to plow ‘_ e
(b). Full circles—no tillage; empty circles—chisel or disk tillage. (From Alvarez, R. and Stei

Till. Res., 104, 1,2009)
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At depths greater than 50

: cm, the water intake i
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(Podwojewski et al. 2008). Although soil roughness may play a key role in retaining precipitation
rm and dry environments, the soil surface sealing that follows till-
uickly evaporates,

in situ and retarding runoff, in wa

nce the water that ce for even a short time q

ponds on the soil surfa
the infiltration and the effective rainfall (Peterson and Westfall 2004).
comprehensively described the importance of the effects induced by
Based on long-term studies of a silt
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ies and the surface runoff.
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concluded that the most important soil property explaining runoff was bulk density under NT ang
aggregate stability under CT (chisel plough and disk harrow). Further, they concluded that bulk dep-
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10.3.1.2 Effects on W
ater Retention Capaci
pacity and Deep Drain
age

As previously outlined i i
n Section 10.2, pl :
the amount of mesopores th -2, plant-available water in a of
it : in a giv il L3
the roots on demand. Second ?;].Z i‘b]:]to retain water against gravii tiz:a‘;olfume of soil depends on
is equally important as plam; . O‘l soil volume that the roots are abl orces and to deliver it to
B by incroasing the waatm compensate for water stress in the ue to explore (rooting depth)
management may directly or in d'er uptake from deeper layers (Teulin pptf-‘l‘, e o
B i ooperios of the o all]l:lul:]t]y affect the pore size dislrihutiongt;e al. 2006). Thus, tillage
B it wided : ence, the plant-availabl ) E pore geometry, and th
: y recogni e soil water. ¢
B ormotes SOM aCCumgulaZ[?j tl{lat the absence of soil disturbance irm
g‘i;ent promotion of soil aggregagodnd S(;ab:hzation. Through the buildusr(‘)’fvessoiislgregate stability
B s it e n and structure stabilization, the reduction of and the conse-
B 5009 da VPCigaeI:taag]c ;g 6ntermediate pores in r‘elati(;n [(:; Lf,‘;d::,iu?n of [‘l”agf: intensity
B civecn the struciura) 8; Bescansa et al. 2006). Many rese ah porosity (Fernandez-
off et al. 2010: Abid and Lalqlzj(z)ltl)lty of the soil and the SOM content Zr;;hers have found a high
L T — 9 So et al. 2009; Mrabet et al. 2001 ganlfava:]able water
e o (f;oof31t¥l m'lhe surface soil layer under 1\}T th ). Despite a frequently
board plough), Carvalho and B e hdlsturba‘n ce. After 6 years of di flécrec :f)tal volume of meso-
n the 0—0.1 m soil layer; howavaescv (1995) found a lower total and medi:: n:at?d bl
the pore space referring to plall-;nlz::_‘; %]] and 0.3 m soil layers, the tota]-?;z‘:op?tmsny ey
- s cor -available water were consid : : sity and espe-
respondence to bulk density and the S(;ﬁbcl:i)r:?cmalsied S
ent. Results obtained

some cases where tillage-i
; age-induced chanees i

s . s

pretation, only long-term studies are ab In mesoporosity did not occur. Ackotding

B chances | ble to provide consi L i
ges in the SOM and the changes in the pore Si;‘:iﬂl’l[ rAntorm&uon especially
ractions.

cal and phySiCﬂl subsoil i
§ straints fre imi W uptake from he (l{.,e[l{: 80
. l ; constra quently limit the ater P
eta acEwan et al, 2010., Nuttall and AI‘H’ISU‘OHg 2 ]U‘)t W El[fr th o , ]p]
2010: M E 010). er that is stored dee
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less evaporation losses in the case of residue maintenance, and a

deep drainage is more likely to occur under NT than under CT. However,
the withdrawal of excess water from the saturated topsoil through deep drainage provides a basis

for a positive trade-off between the consequent increase in infiltration and the reduction in runoff,

d il- efier pore connectivity,
sed soil management practice where power(t;ull lr?ctgr:rzﬂfms‘;lm; better p
i idely u inpi slotting ¢
luaysais el '?a\gll: Tglamza and Anderson 2005). Deep nm:ngac 8::355 of roots to additi
ing equipment are 3‘{:; overcome these constraints and to 1mprgg; ‘t ;dcock ral. 2007: Sadras il . |
proposed opt;raﬂ?rrilzms (MacEwan et al. 2010; Hartmann etﬂ a(li‘r%:sult; have been variable and the ben 10.3.1.3 Effects on Soil Evaporation
soil water and ni the documen e
n 2003). However, differ from one year o another and
2005; Hamza and Anderso nt crop response may di . enefit f)
’ i and the conseque : likely to benefit from
elgsat der 70 100563121:5 @ettcr locations and coarser-textured soils are more
from one place to anotnet.

ed soils and drier locations (Wong and Asseng 2007). Negative results fron
SO

ili i occurred (Wong and
subsoiling than fine-(SXIVE® 0 o iry years or when deep drainage losses
deep soil loosening We

i ially if not accom-
i offects are often of short duration, especia o e e R
Asseng 2007)._F_unher, the deip ;Esﬁe;;‘;i;o“ conditioners (i.e., gypSur'n), lze 1912?1[::;(::02“03{%}’
panied by additional measulrleeé traffic (Lopez-Fando et al. 2007; Hamza an eful balancalil
crops, or rzd;ced t;)l' gg(r)l:t’,;oAdcock et al. (2007) also highliglét ;he ’:":: ::?;?1: zmelioralion
Yunusa and Newton Z085). : nd the costs and duratl :
the expectable increase in “T“ﬂgsh:;ttﬁgﬁen the soil physical l-:c-mStral?itszi;::itr;?égg),
In order to establish i}: 0 Sse of indicators such as grow'th—llmltmghbl.‘l been proposed. 1l
the soil-avatlable waiers eR and integrated water capacity (IWC) has densities for a giM:
limiting water r::nge (TII‘(L;? P;;:rce et al. (1983), provides thr.eshgldLEl\lﬂl:;{ SZI:ieS as an indeds
L i becomes excessively restricted. : d the soll 8
texture at which water 'awatlab{llty lues of the soil matrix potcnllal,' aeration, 31: v i
soil structural quality, mtegratm%(;‘aIWC has been proposed as a flexible Trlle’tm‘l (;l?d then
(Dasilvaetal. 1994). e comeg‘lculm:ing the available water in nonswelling ;:ﬁlfough ol
soil physical limll_ﬂl’ilOns w-h i C\,erburden pressures (Groenevelt et al. 2001). T
o e iy oo prochcion(Lowo ot L 006 a8
useful indical( : used LLWR indica ; R
the applicability of Lgfor-ngu?f:‘ll); et al. 2010; Reichert et a1: 2009b; 3::;1{?::“;: il y also affect soil evaporation through increased surface roughness, exposing a greater
(Asgarzam:'h-ﬁ:t e h ’ ritical values used for some of _tt}e soil charac cal the posc il overlying atmosphere and winds and th rough a change in the soil surface temperature
agreeing mainly on the ¢ Jer NT, the critical bulk densities do not rev 009b: Bolliged Jespite a higher surface albedo on a smooth bare soil when compared with moldboard
conditions. Especially un crssari,ly restrict root growth (Reichert et al. 2 ; ] ilor CT, Oguntunde et al. (2006) found only small differences in the soil moisture con-
HES? ace layer. On swelling and shrinking soils, evaporation losses may be considerable.
Ritchie and Adams (1974), evaporation from the cracks near the end of the sorghum
M was 0.6 mm/day and an additional 15 mm o

f'soil water is lost by evaporation before
and cracks close from the rains. Mulching or superficial soil tillage could prevent the

Ks or at least obliterate them after they have begun to form.

absence of soil disturbance th rough the practice of NT has been viewed as a method
poration losses (Kosgei et al. 2007; Fowler and Rockstrom 2001), information on
X effects on water evaporation from bare soils is scarce, as NT treatments are usu-
th the Mmaintenance of some form of residues over the soil surface. The effects of
* Water and especially evaporation, whether in combination with NT practices or
Subject of extensive studies and will be discussed in the following section.

In arid and semiarid regions, the main unproductive water loss i
gspecially if there are many low-intensity rainfall events
2006; Passioura 2006). Reducing the evaporation losses
in water-scarce regions where fallow periods are used

od Mediterranean conditions in central Aragon (no

s caused by direct evaporation,
(Lampurlanés and Cantero-Martinez
is a major challenge for farmers, especially
to accumulate additional soil water. Under

rtheast Spain), based on field measurements
model simulations, Moret et al. (2007) obtained evaporation losses during the fallow p

eriod in
range of 55%-91%, whereas deep drainage losses were in the range of 5%-28%. Thus, com-
ng continuous barley and a barley—fallow crop rotation, Moret et al. (2006) measured only an
tional 20 mm of soil water storage through the fallow period.

poration reduction from a bare soil surface during the initial evaporation stage can be attained
i a coarse or disturbed layer (or mulch) overlying the wet

tillage operations with the purpose of reducing evaporati
moisture conditions, which is almost at the end of the ini

ning and exposure boosts water losses from the cultivated soil layer as tillage operations favor

the formation of air pockets in which evaporation occurs (Licht and Al-Kaisi 2005). Within
' the primary soil tillage, Moret et al. (2006) measured up to 16 mm of evaporation losses
mm under NT. After the secondary tillage, they still obtained differences of up to 3 mm of
es between the tilled and the until

led treatments. Therefore, the performance of tillage with

¢ of reducing evaporation is the result of a balance between the short-term evaporation

irough enhanced drying of the soil layer disturbed by any form of tillage and the possible long-
§ through the breakup of a faster upward capillary movement in the undisturbed soil.

subsoil. In a conventional system,
on are carried out with the soil at
tial evaporation stage. In addition,
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ux of energy and water by interacting with components of the atmo-

biosphere, and the pedosphere (Lal 2009). The conversion of natural
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leads to a significant change in the partitioning of the water,
nutrient, carbon, and energy flow. During and after a rainfall event, rainwater may infiltrate into the
soil to replenish the soil water or flow through it to recharge the groundwater, and some may run off
as overland flow and evaporate back into the atmosphere (directly from an unprotected soil surface
and from plant leaves) (Bot and Benites 2005). The soil cover and residues directly affect the runoff
and soil evaporation and indirectly affect deep percolation, all of them representing unproductive
water losses. The objectives of sustainable soil and soil water management are to redirect these
losses into an increase of soil water storage and availability to plants.

In this section, we address the influence of the soil cover, including the application of organic and
inorganic mulching material, cover crops, and crop residues on the soil water, either through their
direct impact on infiltration/runoff and evaporation or their indirect effects on the SOM content and

macrofauna activity. Additionally, we present evidence on how the soil cover type (including cover

crops) and the residue characteristics and their management affect the soil water conservation ang

the soil productivity.

environments into agricultural areas

10.3.2.1 Effects on Infiltration and Runoff
Soil macroaggregate breakdown is seen as the major factor leading to surface pore clogging by
primary particles and microaggregates and thus to the formation of surface seals or crusts (Lal and
Shukla 2004). The soil cover prevents this breakdown by reducing the kinetic energy with w h
raindrops reach the soil surface (Ben-Hur and Lado 2008). In addition to the detachment of the
aggregates through direct raindrop impact and the physicochemical dispersion of the clays, slaki
is considered another important process in the disintegration of the aggregates and the conseque
seal formation (Lado et al. 2004). The faster the wetting rate of the dry soil, the higher are the sla
ing forces. As the aggregate breakdown due to slaking is inversely related to the antecedent
content (Haynes 2000), the higher topsoil moisture of the covered soil reduces the slaking forces.
The tendency of a soil to form a surface seal, the resulting decrease in infiltration, and the am
of the resulting runoff and soil loss depend on the aggregate stability (Ben-Hur and Lado 21
Many reviews have been published on the effects of the soil properties, such as texture, or
matter content, soil mineralogy, and soil salinity and sodicity, on aggregate stability (e.g.. Lad
Ben-Hur 2004; Kay and Angers 1999). The amount of crop residues and their management,
ever, can have a decisive effect on the resilience of the aggregate breakdown. After applying
ent amounts of wheat straw on an untilled loamy Fluvisol in the southwest of Spain over ap
of 3 years, Jordan et al. (2010), using the water-drop test and ultrasonic disruption methods,
clearly improved aggregate stability with an increase in the amount of straw residues rar
0 to 15 Mg/ha (Figure 10.6). However, only the two highest mulching rates provided a sign
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FIGURE 10.6 The relationship between the aggregate stability and the mulching rate. (F
Zavala, L.M., and Gil, J., Catena, 81,77, 2010.)
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better aggregate stability after 3 years. A more li
‘ : ; re linear and positive correlation b
¢ et
0} whﬁtt straw and the percentage of WSA and the MWD was found by Mu [umb‘:iﬁ:itl]f 13“218378“
Af}ertivcjriiars on a stagnic LPVISOI in central Ohio. Yet, it seems that crop residues a]on‘1 ( }
e hTzh o azlc[l)r;\;ng ’tll:e smil aggregate stability. After 7 years of different residue man:girr‘;en?
W with residues, residue incorporation th i isk ti csiduc
’ » Tes rough chisel/disk tillage i
mmfevz::t::fi'zr:ahain(;i rst,placement after tillage, Wuest (2007) found no differences in tﬁe’l\il&d@rejﬁl:e
2‘3& ; fer under;} T— : E;nl\l;%{e;) between the straw mixed and surface-applied in the tilled treatmcm:
: ; was more than two times greater. This signifi i of
' L $ 2 gnificant impro e
Ehet ;f%ﬁg;tf n:‘.t:l(l;iilllly under NT,‘ when compared with the mixed treatment, was allz.o Zi?rig:;
m o .be ayer. According .l? the author, an improved fungal activity might explain th
obser\.«‘lll no a better aggregate stability in the 5-10 cm layer when the straw was surfac g ml' a
. o . . " . i
after tillage instead of being incorporated into the surface soil. Under NT, this eff e
(0 other changes such as an increase in the SOM. (s elfectwouldalso add
-S?I lnci:::;zrt\;nh Cl]‘{)pT residue .alst) promotes topsoil porosity, improving the water entry and tran
mlss on e soil. ] he continuity of the pores left by decayed roots plays an import 1 in
-.m vmgdlhle infiltration rate, particularly in a very fine textured soil SR
is widely accepted that the random roughness of the soi Hge
gL i : e soil surface created by tillage m:
- t;o It-;: ‘:;‘l'gozry reét.ardatlon of the runoff, mainly through an increased deypressi%ma] goi:;;
. : , depending on several soil properties, there is a more
pacity . ral s , or less sharp decline i
: ;?Zi:);t?;:ig;u:nh thala ?rogres},lswe impact of the raindrops (Gomez and Nearilfg ;3(;26(;2;::
s are left on the soil surface, or are i i i :
. ‘ . partially incorporated in the u i
th:;l;gl}:e?is?fauna, not on].y is the |mpact of the raindrops reduced, but also the streaml::z?;csi?l]
- m(I: as a'lsuccessu:m of pl.aysmal barriers (Verhulst et al. 2010; Jin et al. 2009) Th{;
c;; ()I; levmcs s; ;I:il ;1: ;2 t]I;e;tq()}f sgr}t}aci:: roughness, that is, increasing the time for inﬁltrati.on to
3), with the difference that their effect 1 {
i r effect lasts longer. Therefore, the
greater when the crop residue is lefi i £ :
0) and the transmission losses (turni o g o
( : . E ning small-scale runoff into 1 -$
increasing vegetation or residue cover (Leys et al. 2010) g e, s
y ‘ Rt - :
: ;{;)ft;pg?;]e: into tl:]e surface soil, the amount of residues also seems to affect the infiltra-
Iimorp(;mwd rnezan Govers (2008) measured an extra shear stress created by the freshly
e esidues and a reduced flow velocity, both of which were well correlated with
i eues.n?cor:porated. However, at high runoff rates, their effect on reducing the
B ;:):11\‘;113 ;’s de::r?ased(.oiz)udying the effect of shredded and spring-incorporated
_ opulations , 50%, and 100%) on runoff and erosi i
; 1t ple %o, rosion, Wil
m ;::;cu'?;: in the average a.nnual soil loss of around 50% for the 50% and |I03?;2 e:aarh
s runoﬂ“gf 6[2;) 0% population with. no residues (bare soil), but a very small reducption
g 5% and 1 9.8%, respectively. The 50% and 100% population did not differ
b amount of residues left, which was around 7 Mg/ha.
- .i:rr:;d crop residues left at the soil surface seem to be effective in improvin
-ciOSely mlal:cslntg the surface runoff and soil loss. It also appears that the amount 0%
i 0? lila the degree to }Vhltl.h the runoff is decreased. After 3 years under dif-
; differencw §at straw, rainfall simulation measurements at intensities of 65 mm/h
es in the surface runoff between mulching rates (Jordan et al. 2010)

n this study, the hi
B o Y, ighest rates of 10 and 15 Mg/ha were necessary to almost com-

ence . ;
e wh;-?‘:h??egf? and low slz'lndmg,‘ surface cut and removed stubbles has been
e ion otf snow is crucial for supplying water to the following crop.
R er s_tu ble trapped more snow, reduced the depth of frost penetra-
g of the soil profile by at least 25 days, when compared with short stubble

oval. Further, e
£} [h& 1
B cover variability in the soil water recharge was closely related to the
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7 The variation of the mean runoff rates un | n oo
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for ea;h mulching rate treatment. Vertical bars indicate + standard deviation. (From AL T

and Gil, J., Catena, 81, 77, 2010.)

10.3.2.2 Effects on Evaporation 5
The transfer of water from the liquid phase to the vapor phase occurs at thfh ex;t:n;;o (i tt ;:ea Sg
heat energy and depends on the occurrence of the water vapor deficit in the wps
face and the diffusion resistance along the pathway. The amount otj geatl er;ai;gn)tf — i
deficit are increased proportionally due to the absorption of the 1;(:1 lt;:ln raore o
i ing i ase in the temperature. Furthermore, ._
1 surface and the resulting increase Int : _ o
gfl;ht?l';ﬁi the soil is increased by the wind. Thus, the main approac.h for reiucur:l%t}:j;cr]- :;u i
is by reflecting the incident energy to reduce the energy absorpman b¥ t nf: t:; e imo o
wind speed at the soil surface, and impeding or reducing the vapor ‘ul:( n:l):.e e
sphere. The soil cover and residues act on all these processes, but it has
ir effects on the processes separately. _ _ ]
tthrcails mulched with crop residues or cover Crops hlavg daoged;c;cl. Zn;a:;ltn:ilrg gglsl)teTﬁ';l;;eh
i : ilva et al. ; Fabri : !
er amplitude (Zhang et al. 2009; da Si ( : Ny
3ei$e‘:tivity 2nd low thermal conductivity of the crop residues p;e;ente:na;nmirzaiei I;Itler -
; Hi itting a long-term ar &
inners et al. 1994; Hillel 1980). On submitting 2 oy
Esb:l;::ll?fmts) to different tillage practices (NT, mouldboard plough, and (l,)hls;lt)l; ::; 2; I\an -
found that the cover crop residues on the soil surface under NT reducc:id g:) e
perature and the daily amplitudes. Trevisan et al. (2002) sh(t:rl\lved ahre tutc;] -
i i traw cover throughou ;
itude down to 20 cm in depth with an oat s st G
E\lvr;f]{;uli a straw cover. Thus, a lower portion of the surface enfalrgy balance will be use
i i ter from the soil.
in the system, reducing the evaporation of wa . -
in Bot}flranspiration and soil evaporation depend on the evctaporatwe demzﬁ ;)i v;:;)o -
order to study the interaction between the soil type, the residue cover, amd e
Freitas et al. (2006) treated a loamy sand and a heavy clay soil cove(rieq oy m
amounts of residues to three different evaporative demands of around 3, 5.2-0,
ble 10.4). ' _
(Tawherea: the uncovered soil remained in the first eva!:uora:tmn st‘aget 01;13:“?61‘ .
demand of 3 mm/day, both residue-covered treatments maintained this svtgr W
period for the medium and highest evaporati;e demalncls. O?az\;raiel;igh e
i S Ited in total evapo \ X
types, the highest amounts of residues resu ) =
;gasured in the treatment without residues. Esp‘.ecmlly on the loamy sar::aﬁve i
under the highest amount of residues was almost independent of the evap

at the
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TABLE 10.4

Total Soil Evaporation during 21 Days (after Reaching Field Capacity) for Two Different
Soils under Different Types and Amounts of Residues and Different Evaporative Demands

Evaporative Demand (mm/day)

Residues (kg/ha) Corn Wheat
soil type Corn Wheat 8 6 3 7 5.2 3
Loamy 0 0 742 82 57.2 592 68 479
sand
Heavy clay 0 0 56.4 74.2 56.4 54.7 59 46.9
Loamy 5000 3500 40.2 28.9 19 38 284 18.5
":asnd
Heavy clay 5000 3500 35.7 30.1 222 35.2 32 22.8
10000 7000 20.4 19.8 18.6 20.6 20 16.5
clay 10000 7000 21.1 18.1 13.6 20.3 17.1 13.1

o: Adapted from Freitas, PS.L., etal., Rev. Bras. Eng. Agr. Ambient. 10, 104, 2006,

contribution of residues, whether alone or in combination with NT, to reduci ng the evaporation
ponent of total ET has been confirmed by numerous studies and under many different condi-
. In Punjab, India, Jalota and Arora (2002) observed that straw mulching (6 Mg/ha) substan-
reduced the soil water evaporation under medium-textured and coarse-textured soils by 18.5 and
m in maize, 23.8 and 16.6 cm in cotton, and 23.6 and 17.6 cm in sugarcane crops, respectively.
concluded that the irrigation requirements of summer crops can be reduced further by mulching
op residues. Lamm et al. (2009) also suggest that strip tillage and NT, due to the maintenance
p residues, should be considered as improved alternatives to CT, particularly when the irriga-
ty is limited. In Texas, Lascano et al. (1994) found in cotton production that the total ET
lar between a conventional and a wheat straw residue—based strip-tillage system. However,
und large differences in the components of ET, with a share of the transpiration of 50% with
1o residue against 69% under straw mulch, which resulted in a 35% increase in the lint yield.
It Study using undisturbed mini-lysimeters, Klocke et al. (2009) compared the effect of bare
the soil partially or completely covered with wheat stubble and corn stover and with and
effect of the corn canopy. On average over 3 years, the evaporation in the field study (with
d full residue cover) was reduced by almost a half through both types of residues. Even with
Coverage between 91% and 100%, the higher the amount of residues, the more pronounced
tion in evaporation. In the trial without a canopy, evaporation compared with bare soil
d by 20% or less by residue treatments with partial cover, but significantly more by the full
‘wheat and corn residues. Standing wheat stubble surpassed the evaporation reduction
ﬂat corn residue, an observation that the authors attribute to the possible aerodynamic
HINg straw.

i the residue management effects on the evaporative water losses may vary with differ-
ditions. For example, in contrast to a possible reduction of the convective component
_ﬂll'OlIgh standing wheat stems, advanced by Aiken et al. (2003), Ward et al. (2009),
_'PPSQH conditions, observed an increased evaporation in the presence of standing
Compared with cut and removed stems or slightly buried stems. A possible capillary
Nt of water through the senesced roots is provided as a possible explanation. It has

X _that residue thickness (volume) is more important than mass per unit area for
Aation (Steiner 1989).
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Although high porosity and pore continuity are favorable characteristics for increasing the soil
water storage capacity and deep infiltration, they also enhance the upward water movement from
the deeper soil layers (Lampurlanes and Cantero-Martinez 2006). Therefore, compared with the
retention of a sufficient amount of residues at the soil surface to reduce evaporation effectively, some
authors found better results with a very shallow surface incorporation of residues because this ig
best at breaking the unsaturated hydraulic conductivity, a process that, for Sillon et al. (2003), seems
to be more important for evaporation reduction than the differences in albedo and surface rough-
ness. Prihar et al. (1996) found that the benefits of the residue management treatments followed
the order of residue-undercut > residue-mulch > residue-incorporated. According to Gill and Jalota
(1996), incorporating lower rates of straw mulch into the top few centimeters can be as efficient op
more efficient than higher mulch rates at reducing evaporation.

Other types of surface covers have been proposed to reduce unproductive evaporation losses,
such as plastic films or sand or gravel mulch (Liu et al. 2009; Yuan et al. 2009; Tao et al. 2006),
Despite some positive results with regard to reduced evaporation and improved water storage and
productivity, labor and capital investment are clearly the major constraints to the widespread use of
these materials, at least with the objective of evaporation reduction.

The process of evaporation and its control remain a complex issue as they strongly depend on the
soil and climate conditions and the length of time over which treatments or practices are applied.
Nonetheless, it is widely agreed that an increase in the rate of the soil surface mulch can reduce the
amount of short-term and probably long-term soil evaporation (Verhulst et al. 2010; Blanco-Canqui and
Lal 2009; Singh et al. 2006; Burt et al. 2005). Occasionally, under dry rainfed conditions and on sandy
soils, surface mulch may not be effective for evaporation reduction (Ward et al. 2009; Burt et al. 2005)
However, under these conditions, the response of the soil evaporation and that of the soil water stora
to rainfall are in a phase where all rainfall is evaporated, irrespective of the soil cover (Monzon 200

10.3.2.3 Effects on Soil Water through the Increase in Soil Organic
Matter and Macrofauna Activity
The removal of crop residues through burning or for fodder and biofuel purposes is conside
be a major threat to soil productivity, environmental quality, and overall sustainable develo
(Blanco-Canqui and Lal 2009; Hakala et al. 2009; Lal 2009). In addition to the physical pro
of the surface soil layer and its impact on infiltration and evaporation, organic residues enh
buildup of SOM and soil fauna activity, which contribute to improve the soil porosity. soil
aggregation, soil moisture storage, and deep water infiltration (Lal 2009; Wuest et al. 2005).
The improved pore space is a consequence of the bioturbation activities of carthwort!
other macroorganisms and the channels left in the soil by decayed plant roots. Studying the ¢
of earthworms in Germany, Ernst et al. (2009) found that the soil water was strongly @
the activity of ecologically different earthworm species. The epigeic Lumbricus rubellus b
to enhance the storage of soil moisture in the topsoil, and the endogeic Aporrectodea ca
strongly improved the water infiltration and hastened the waler discharge through the soil.
the benefits of increased earthworm populations are mainly attributed to the absence of
turbance (two to nine times more in NT than under CT [Chan 2001] and relatively less
amount of residues retained at the soil surface [Eriksen-Hamel et al. 2009]), Blanco-Cang
(2007b) found a strong effect of corn stover removal on the reduction in the number of
On all three soils studied, stover removal at rates above 25% drastically reduced the
carthworms and, on the occasionally anaerobic clayey soil, stover removal above 50% ¢
the earthworms. At a different site after 10 years of applying 0, 8, and 16 Mg/ha year of
without crop and cultural operations, Blanco-Canqui and Lal (2007a) found 158 £ 52
per square meter in the medium and 267 + 58 earthworms per square meter in the hig
treatment, whereas no earthworms were present in the zero mulch level.
Whereas the authors associate the higher water infiltration rates obtained with
removal in the study under three different soils (Blanco-Canqui and Lal 2007b)
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:llll:rail;a-;rlt(;;ts;g:‘lfizzco;l:ected C;j.]'th()!‘l'I'l burrows and other biopores, they found no difference in
s between the residue levels at the other site (Bla i
‘ eve nco-Canqui and Lal 2007
In I;(:![nl1t Z:ruile.z, however, they fneasured significantly higher soil water retenti?m under life l?ioplild)'
d:1t % abuni; ues, although this was confined to the surface soil layer. While some reports indiaf;
that an s ance of earthworms h‘as a strong influence on the soil porosity and the consequent
water 1n ;altllen in mulched NT soils, Bottinelli et al. (2010), Kladivko et al. (1997), and quum
Canq;ll an : al (2007a) conc]u.ded that increases in the earthworm population by n;ulchin 3300'
qaot always increase the water infiltration rate in all soils, depending on the dominati A
garthworms. g e dominating type of

Increases in the surface mulch or the residues inco i

. . s s incorporated into the soil tend to increase th
(Wuest e['zl. 200;5, Shar.ma and Achary.a 2000). Even under NT, the amount, type, and mana etjn(?:
of mef;:m uc’s: ph'fly an important .rlee in the evolution of the SOM. Basch et a]., (2010) cof‘n a nd
the r(,[.:l ues of ¢ ickpea and the different amounts and management of wheat straw with re -}: dﬁi
gn?ﬁz:ﬁfz ;Ff the SOM u:de;(;\/ledilerranean conditions. After 3 years, they had alreadygf;ung
signi erences in the SOM in the following order (letters indi -
chickpea residues (c) >stubble only (bc) >in-field i e b
s iy grazing of straw and stubble (b) >>straw retained
) SOLI{gp;?molrs ?011 bi[{):logical activities and processes, resulting in more bacterial waste prod
ucls, organic gels, fungal hyphae (polysaccharides), and worm s i i
g : cl s), secretions and casts (Wuest et
03), which improve the aggregate stability and porosity. Directly or indirectly, these orgarflil(;

« pounds are related to the water-holding capacity, although it is the total SOC or organic matter

{ 1sun u:zzlrli/ FRo;s:ge::d la.szgg ;)mgorilant aggregate indicator in a discussion on water retention
do al. 3). Evaluating the efficiency of the { i
awls ‘ pedotransfer functions to esti-
t?tse;'ilret,zer:tlon 1:112 ?‘Zi soil samples from the state of Rio Grande do Sul, Brazil coverin;:s:llll
xtures, Reichert et al. (2009a) concluded that organi . ,
| s R th )09a) ganic matter must be included as
1;1cwn; t\;arlgl}:h,, because it had an individual positive effect on the field capacity and the plas:j
P i ; ratar:?z aMnd Acharya .(2000) found that the application of fresh lantana (Lantana
: inc;eawd lh{; ‘; - g DtMi t]a etl]lhcr as a surface mulch or incorporated over 4 years signifi
/ content in the layer 0—15 cm. At the different sowi ; i
! : t sowing dates, th le
ts compared with the unmulched tr o y e
eatment showed a highe i
E : : gher amount of stored soil water
Signiﬁizrc]ll122 ':nnll]) in the 0—45 cm layer. From the third year onward, both mulch treatments
g y higher than the ur}mulched treatment, and in the fourth year the yield in th
r&p"li I_nulch surpassed those in the incorporated mulch )
N S‘ . . . ’
A amll.lzllil;::ic::'ptora:}llonbis n::t the best residue management practice because it implies soil
0 ates the beneficial effects of the residues retained i ;
B s etained on the soil surface. Even so.
, Singh et al. (2005) found that rice straw in i ,
e ! ! ' corporation was less detri-
E cl(l) n}:hyswjl a‘nd hydraulic properties than the burned or removed rice straw Where::s
k- ag}g)i:;at i\;;th :hc otl)hcr residue management systems performed worst with regard
, Straw burning led to reduced water retenti i
- . ‘ . etention due to an increased water
e .“zer_s(():l] stlrfaccs; Comparing lhg effect of rice straw incorporation plus 60% of the
130, i“cl‘easeyi nrfliltn;gt over 8 years in a sweet potato—rapeseed rotation, Zhu et al. (2010)
B The M v\:'lth the rice straw application and a significant increase in the
. The correlation between these two parameters was highly significant

 Influence of T :
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on Soil Water and Crop Productivity i igragement

1 the previ i
. revio i isi
B enha:izisecllons, the soil cover has a decisive effect on the soil water dynamics
e coveri;g éh.e green water component and promoting WP. The possibilities and
nd its impact depend, in addition to the main objective behind it, on the

* S0il properties
» the management and croppi ilhelm
ag c pping system (Wilh
of biomass (Lal 2009), among others. g sy (Wilhelm et al. 2004), and the
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Whereas the use of cover crops is mainly restricted to humid or subhumid regions, in semiarid
environments, soil cover through crop residues is the most commonly used option to improve the
use efficiency of the main limiting factor to crop productivity. On a very limited scale, other materi-
als such as plastic films, gravel or sand, or organic waste products are used for mulching to protect
the soil and enhance the green water component. The use and the effectiveness of these materialg
have been reported mainly from Asian countries and are considered an option for reducing the soi]
evaporation, thereby increasing the infiltration of rainwater and soil water retention (Liu et al. 2010:
Ghosh et al. 2006; Ramakrishna et al. 2006). In studies using soil cover with plastic film, Wang
et al. (2009) found that transpiration was the main component of total ET. From a 2-year study, Liy
et al. (2010) reported an increase of 19%—24% in maize yield and 23%-25% in WUE in soil covered
with plastic film compared with rainfed bare soil. Total and partial covers of plain soil or ridges and
furrows with different materials (straw, plastic film, gravel-sand) and their combinations have beep
proposed and studied with regard to WUE and crop performance (Liu et al. 2010; Wang et al. 2009;

Yuan et al. 2009; Zhou et al. 2009). Although these techniques have been found to be more or less
proving infiltration and soil temperature, haln@

] activity and soil fertility (Li 2003), their use on

effective in reducing evaporation and runoff, im
wind and water erosion, and enhancing biologica
extensive agricultural land can be seriously questioned for several reasons.

Therefore, in large-scale agriculture under semiarid conditions, crop residues, including those
from cover crops, seem to be the only technically feasible and economically viable option to co
and protect the soil, while improving the soil water and WUE. Conservation of the soil moisty
is one of the major advantages of the mulch farming systems (Mulumba and Lal 2008; Baum
and Jones 2002). In semiarid environments with rainfall above the minimum threshold for a
in terms of water storage, straw mulching generally increases yields by enhancing the soi

storage (Bescansa et al. 2006; Monzon et al. 2006), but in poorly drained soils or in te

climates with suboptimal springtime temperatures, residue retention may sometimes reduce yie
oil temperature (Lal 2008a; Fabrizzi et al

below optimal levels due to the decreases in the s
Anken et al. 2004) and the soil nitrogen (Gao and Li 2005).
As already discussed, the impact of the residues on soil water conservation may depend on
composition, management, and amount (Leys et al. 2010; Ward et al. 2009; Blanco-Ca
Lal 2007b; Sauer et al. 1996; Steiner 1989). Although the possible impacts of the crop resid!
the hydrophysical characteristics of the soil are well studied and it is widely recognized the
management systems that retain crop residues at the surface deliver the highest benefit in t
soil water availability (Coppens et al. 2006; Burt et al. 2005), studies that relate long-term
cover to soil water availability and crop productivity under field conditions are scarce and &
times inconclusive or contradictory (Blanco-Canqui et al. 2006) as the benefits of the resid!
in terms of soil fertility and water availability might be offset mainly by lower soil lemp
during the initial crop stages and weed and pest problems (Liu et al. 2004; Mann et al.
increasing demand for residues for biofuel production (Graham et al. 2007; Wilhelm el
is raising concerns regarding excessive residue removal (Lal 2009) and that the benefi
term NT management may be lost by removing the crop residues (Dabney et al. 2004
the different percentages of corn stover removal over 2 years on three long-term
Blanco-Canqui and Lal (2007b) found a decrease in the plant-available water with an in¢
this was reflected in higher crop yields only at
ed that soils with different characteristics mightr

threshold level was continued over a longer U
tly needed. How

percentage of stover removal. However,
drained but erosion-prone. They conclud
effects if stover removal above a certain
and that site-specific determination of these threshold levels was urgen
thresholds should also be assessed with regard to other ecosystem services prO\fidf’_‘-l
crop residues, such as offsetting CO, emissions and maintaining the overall soil quality’
Cover crops are grown for multiple reasons and their use may present advantages ¢
tages, as comprehensively reviewed by Dabney et al. (2001). With regard to soil mois '

for the main crop, the benefits may derive from higher water infiltration,
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;r;}:?g)gl;:t:elr?lzze;sg?lr}::sidue cover, anfincrease in SOC, improved soil physical properties (Lu et al-
X e excess water from a wet soil to allow timel i L
; i y establishment of the next ¢rop
(Unger and Vigil 1998). However, the reduction in soil mois i i
_ , isture is the main reason wh Srops
qre more suited to subhumid and humid regions, unless irrigation i i st
‘ , unless irrigation is available to compensate for the
a.,m-a watlfj::‘r con(;‘.t:jmptlon by the cmfer cr'op. The use and the choice of cover crop species are highly
sg'le-spem ¢ an cpend on tl.le main objective to be achieved. Short-cycle and early maturing Spe-
cies ora pre‘malure Inteljruptlon of the cover crop cycle have been proposed to reduce competition
with the main crop (Whish et al. 2009; Salako and Tian 2003; Zhu et al. 1991). In semiarid regions
=

\with summer or winter rainfall, norm - ; > _
ally a single cash or food crop is produced during the grow-

ing season, often followed by fallow. In some regions, more than one-third of the agricultural land

‘may be Pnder fallow. With the NT system of soil and crop management, it has been shown that
I-I.iuuodl..l()lﬂg cover crops (for forage or grain) in rotation can reduce the fal’low land andh i WIl‘!‘l“‘i'
-:_,bgs}y improve the soil cover, rainwater infiltration, soil water storage, biological nitro Slmﬁl-I ‘lliOﬂ
(i ca::;e of legurpes), and SOM and fertility (Goddard et al. 2008; Cr;blrce 2010) whﬁ:n b -T‘:cing
the soil evaporation as already indicated from crop residues (Jalota and Arora 2002;) This ;::xlhccn

how éo W(:lrk ;;1 ':?.cmiarid regions in many parts of the world, including North Africa (Mrabet
008). (s;;la al( aig and Gamache 2009; Lindwall and Sonntag 2010), the United States (Ransom
2007), Australia (Flower et al. 2008), and Eurasia (Gan et al. 2008). Similarly, with irri sated
ms, off-season cover crops provide similar advantages. , .

PRODUCTION SYSTEM MANAGEMENT
1 Crop MANAGEMENT

t:ha: f::f“iuses on [htj: difff:rem ways that crops can be managed within production systems (o0
mans ; mv\:rllt::r a\(;allgbl{lty, WUE, and WP, apart _for .cultural practices related to soil tillage,
- ag i ,l and soil cover, wh ich were dealt with in the earlier sections. These constitute
| tigce iz:‘: r:::c ude crop and cultivar choice.,‘ crop establishment and yield response to walter,
etic provement, pest management, fertilization and nutrient management heno-
pression, and crop rotation and intensification. i
. m:i go n‘;;st be:i stre'ssed tivlat individual practices that form a constituent part of good crop man-
mmlatg;o‘ uction system‘ management for optimizing the use of rainfall or irrigation water
. llrll terms of their effects on the final outcome. The interactions among practices
&e“‘l;rghde ?S l); rtgelzrt(:::]c;] outcomef,s in lcrms”of soil moisture availability, WUE, and WP,
e :3 saum of the parts.” For e?(amp}e, for a given amount of rainfall,
B e A];) nh§ hepegds on how_tl.wf soil surface, the SOM, and the plant oot
B nu;mioo,‘ 1gcl water pfoc!uctwltles under a good soil moisture supply are
e imprm{ent;ls a“;egnéale. Slml]arly,.no amount of fertilizer application and use
B wt; . :Lnd t}?e WP if the 50f1 has a 20-30 cm hard plough pan
oo and orrze?ll ; e soil has no organic matter and life in it to build and
e Oladpw :; ¥ {%r maximum moisture storage and root growth. Equally
i isgm)t :s‘ [:1 tn llt:ratlon sFau.xs of the sm! afld without the soil cover O
b E e ec;ual, soi]f{:h ;l ;.riomull]ytoptlrgl.zc and maximize water use and WP.
B i are g;ns?):;]e in gom? he?a]th and quality will offer the
B o : moisture dvzfll.a.ble for crop production im_d
o B ot Ho\sz an wat(;’::r productivities thn‘:ugh good agronomic
lion of how sustainah.iy the ;fcln‘;lggl?oncmp s g o
e : ‘sty:stem as a whole is managed in ofr dl?r
h rnessing the desired ecosystem servic is with this
Hal the following sections discuss some of the k ; L I s
'enLin relation to soil water availabilit e e
y, WUE, and WP.
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10.4.1.1 Crop and Cultivar Choice

The choice of adapted crops and cultivars in irrigated or rainfed production systems, from a moisture
viewpoint, is dictated primarily by the nature of the water supply (amount, frequency, and variability)
and the type of production system deployed (tillage system or NT system; also generally known as the
conservation agriculture [CA] system) (Friedrich et al. 2009; Kassam et al. 2009). Production systemg
define the possible biological space—time relationships with the prevailing environment and resource
use and have an overriding influence on crop agronomy or crop management and cultivar choice,
whereas the economic and environmental objectives of the producer will dictate which adapted crops
and their cultivars can best fit into the cropping system in space and time. For example, relatively early
sowing is possible with NT production system, with improved WUE and WP, compared with tillage
systems. The NT system can also offer the opportunity to introduce crop cultivars of longer maturity
and higher yield potential or to include a shorter maturity relay crop variety for food or as cover crop,

The water relationships of crops depend on many attributes of the crop and the soil, but they
depend, in the case of rainfed crops, even more on the seasonal climate and the weather conditions
of the place where it is grown—which determine how much water the crop will receive and when,
and how fast the water will be used, and how much of water can be stored in the root zone. It is
therefore important that the environmental physiology of the crops and the crop cultivars fit appro-
priately into the time available for crop growth and phenological development and that the crops
and their cultivars participating in the cropping system are able to adjust their life cycles to match
the unpredictable year-to-year variations in the length of the growing period and in the soil moisture
balance. The ability to withstand diurnal water deficits and to survive dry periods in a state of physi-
ological dormancy seems likely to be important during this stage under both rainfed and irrigated
conditions (Blum 2009; Soriano et al. 2004; Bunting and Kassam 1988).

Within any irrigated or rainfed production system, only a portion of the soil-available water
(between field capacity and wilting point) is readily available to crops, which is equal to the level
of the maximum depletion of the soil water that a crop can tolerate without a decrease in the plant
growth rate. This varies with the type of crop as well as the cultivar. The value of readily available
water for production depends in part on the crop cultivar, the quality of the soil, and the evapora-
tive demand of the atmosphere. All these factors, including the crop and the cultivar environmental
adaptability requirements, and in combination with economic factors alongside the length of Lime
that the water supply from irrigation or rainfall will be available and its reliability, will influence
the choice of crops and cultivars that might be considered for the cropping system (Kassam et ak
2007; Gregory et al. 2000; Bunting and Kassam 1988; FAO 1978-1981; Doorenbos and Kassam
1979). Some crops, such as potato, onion, and strawberry, require the soil to be continuously moist
if they are to produce good yields; others, such as cotton, wheat, sorghum, safflower, and olive, will
tolerate drier soil conditions. However, the level of depletion that a crop will tolerate varies greatly
with their stage of development; most grain crops are vulnerable at the time of germination or plant-
ing, particularly under rainfed conditions, and, once established, prefer a smaller depletion during
changes from the vegetative to reproductive growth, or in the case of cereals, during the period of
panicle initiation, heading, and flowering to fruit and seed setting.

Further, crops vary in the extent to which the leaf water potential can fall without interrupting
transpiration or doing damage to the leaves or other parts of the plant. For a given soil type or qual-
ity and level of evaporative demand, differences in the root system properties, the leaf and issue
water relations, and the crop development characteristics are all important in determining the dif-
ferences between crops and among cultivars in the magnitude and time course of the readily avail-
able soil water. Doorenbos and Pruitt (1977) have reviewed the general information for (Jil'ft:l't_ﬂlt
crops on the rooting depth and on the readily available water for different soil types and cvaporalive
demand. Such information together with the information on the yield response to water provides
a basis for designing cropping systems that can optimize the available water and offer best waler
productivities, including under deficit irrigation (FAO 1992; Doorenbos and Kassam 1979).
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The WUE and WP of rainfed crops can be improved through crop and cultivar choice by ensur-
ing a good fit between the crop growth cycle and the length of the prevailing rainfed growing period
across the different climatic zones and also ensuring that the chosen crop cultivars have access to
adequate nutrients and pest control (including weeds) to offer best WUE and WP. For example, in
(he warm tropical climatic zones with rainfall between 400 and 600 mm, annual grain crops of sim-
ilar maturity are selected to fit the moisture regime, but there are specific component crops included
in the crop association that allow for fuller use of the end of wet season moisture. In areas of higher
rainfall up to 1000 mm, crop mixtures of grain crops with some root and tuber crops, especially
those involving different maturities, are common. In areas with above 1000 mm of rainfall, crops
and their cultivars are selected to fit into multiple cropping systems that are based on both the simul-
raneous (intercropping) and sequential (relay cropping) principles to maximize the use of the avail-
able soil water (Bunting and Kassam 1988; Kowal and Kassam 1978; Andrews and Kassam 1976).

In warmer regions with a long wet season as in the humid tropics, or a shorter wet season as in the
seasonally dry tropics, with irrigation facilities, crops can be grown year round. Once crop cultivars
of a certain duration have been selected to match the prevailing moisture regime, and barring other
constraints such as poor soil health, soil compaction, and limited soil rooting volume, WP improve-
ment is a function of good crop nutrition and protection, and ensuring minimum soil evaporation
Josses and the maximum proportion of available water consumed as transpiration (Passioura and
Angus 2010), aspects that are discussed later in this section. Under drought-prone environments,
WP can be improved or maintained by selecting cultivars that have an effective dehydration avoid-
ance ability (Blum 2009) so that they can endure or withstand a dry period. Usually, this is based
on the cultivars’ ability to extract more stored water from the soil profile, by developing a bigger
working range in the water potential in leaves and other plant parts through osmotic adjustment and
by storing water in their tissues so that wilting is delayed (Chimenti et al. 2006; Blum 2009; Sellin
2001; Ali et al. 1999; Ludlow and Muchow 1988; Kassam et al. 1979).

10.4.1.2 Crop Establishment and Yield Response to Water

Good and timely crop establishment is essential for achieving high WUE and WP, However, crop
establishment can be a precarious or a vulnerable stage in a crop’s life, particularly if the crop must
be established with soil moisture derived from rainfall. This is because not only must the soil mois-
ture supply be adequate for the seed to germinate, but it must also continue to supply the seedling
roots with water and nutrients for growth. Under rainfed conditions, in a seasonally dry climate,
whether in the tropics, subtropics, or a temperate climate, every year the farmer and the crop must
cope with the variability of the soil moisture supply around the onset of the rains, and therefore
al the start of the growing period. Each year, the start of the growing period can be different.
However, for the seasonally dry tropics, it has been shown that an adequate soil moisture supply for
rop establishment is reached when the rainfall is around 0.5 ET, increasing subsequently to meet
the actual crop water requirement of the growing crop as its leaf area increases (FAO 1978-1981;
Kowal and Kassam 1978). The actual crop water requirement is dictated by the evaporative demand
ﬂf the atmosphere and the crop growth stage, in particular the crop leaf area. Dry spells soon after
‘ermination can be harmful if the soil moisture supply drops below 0.5 ET.

It is possible to make practical estimates of actual evapotranspiration (ETa), and hence the crop
‘:'I“_‘_ﬁtt’:r requirement, from computed ET using empirically derived crop coefficients (kc), such as
:'B‘.a=kc ET. Values of ke for different crops at different growth stages are given in Doorenbos
nd Kassam (1979). As indicated, for many dryland crops, ke at the time of crop emergence and
!!mblishmem is 0.4-0.6, increasing to a maximum of 1.0-1.3 when the crop canopy covers most
Iﬁ' all of the ground and is able to intercept most or all of the incoming radiation. This occurs in
m’m’)’ crops and environments when the leaf area index (LAI) is around 3 (Stewart 1991; Bunting
m Kassam 1988; Kowal and Kassam 1978). The relationship between relative ET (ETa/ET) for
Several field crops shows that at a given LAI crops of markedly different canopy structures (e.g.,
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sorghum, cotton, groundnut, pearl millet, and maize) use water at very similar rates (Kowal and
Kassam 1978). Thus, factors that control the leaf area, particularly the nutrient fertility and the plant
population, will dictate the time course of ETa, or WUE, and yield or WP.

In general, the relationship between yield (Y) and ET is linear and that each cultivar has its owp
ration of yield decline to ET deficit, provided water is the only limiting factor (Stewart 1991) and the
required inputs of nutrients were used and weeds were controlled, etc. However, a water deficit of 3
given magnitude may occur either continuously over the total growing period of the crop or it may
occur during any one of the individual growth periods,that is, establishment, vegetative, flowering,
yield formation, or ripening. The effects of a water shortage on yield at the different growth stages
of a number of crops are reviewed in Doorenbos and Kassam (1979), where the response of the yield
to the water supply was quantified through the yield response factor (ky), which relates the rela-
tive yield decrease to the relative ET deficit. In the case of deficits occurring continuously over the
total growing period, the effects of increasing water deficits on yield were less (ky < 1) for alfalf,
groundnut, safflower, and sugar beet than for banana, maize, and sugarcane (ky > 1). In the case of
deficits occurring during the individual growth periods, the effect on yield is relatively small for the
vegetative and ripening periods and relatively large for the flowering and yield formation periods,

This means that when water and crop management are not limiting, an analysis of the crop water
production functions when performed for a range of crops can serve to identify those crops and

cultivars that are best suited ecologically to the prevailing or expected water regime from rainfall
or irrigation. They also help identify what crops and cultivars should be selected for the different
seasonal moisture expectations from rainfall or irrigation. When the effects of the management
decisions (such as plant population and fertilizer application levels) are simulated in the analysis,
optimal management practices for different types of rainfall and irrigated moisture regimes can be.

identified. They can thus provide the basis for an economic evaluation for better estimates of pro
duction capabilities (Stewart 1991).

For irrigated conditions, crop management for the optimal use of water (i.e., to achieve
WUE and WP) can be simulated against particular objective functions, and actual crop man
ment can follow the planned simulations. In the case of rainfed conditions, the rainfall prob
analysis and the associated soil water balance analysis are required to quantify the probabiliti
different rainfall amounts in selected time periods. This also quantifies the dates when the
period may begin and end and reveals the probability of dry (or wet) spells in specific time p
This provides a basis for broad-based planning, including an analysis of the risk, allowing
ence crop and cultivar mix and cropping systems to be identified. Linking such an analysis 1
additional analysis of rainfall predictions, as is done in the case of response farming, allows
management decisions regarding crop and variety types, planting dates, plant densities, and [
izer levels and application to be made in response (o the upcoming season (Stewart 1991
water management for improved WUE and WP based on response farming relies on the no i
just prior to the start of each season, it is possible to exclude a significant portion of the probs
(from the total range of probabilities) and have new probabilities assigned to the remainder.
principle of response farming, as elaborated by Stewart (1991), is the reduction of the ¢
variability through an improved rainfall prediction, which does not mean pinpointing
occur, but, rather, identifying a portion of the range of recorded happenings that should not
be considered as possibilities in the current season. This concept is based on the findings
ent locations that there is a relationship between the time the rainfall season begins (date
a particular soil moisture supply may be reached) and the rainfall amount and duration
(Stewart 1991; Stewart and Kashasha 1984; Kowal and Kassam 1978).

Thus, from the above, it is clear that the crop management strategy for imprﬂ\f'ed or
WUE and WP requires attention to a whole suite of elements. There are additional factors
a significant impact on the overall water-related performance. For example, with tillage-?

ing and crop establishment, time is required to prepare the seedbed at the start of the
actual rainfall is needed for germination, since after preparation, the seedbed dries out &
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loses its C::.lpil]ary contact to the deeper soil water. As a result, moisture and time are spent that can
delay sowing and crop establishment, as well as expend energy that may be saved or spent on some-
thing more productive. Also, the effective rainfall is reduced, thereby decreasing the potential WP,
as well as WUE or effective water use (Blum 2009; Soriano et al. 2004). ’

The key to the effective use of soil water under rainfed conditions is to be able to plant the crop
as early as possible. Any delay in crop establishment usually leads to a loss in yield in the case of
rainfed crops. Where the average length of the growing period is short, as in the case of the semiarid
pegions, early sowing reduces the chances of late season water deficit. Given the rainfall variability
at the start of the rainy season, often it is not possible to take full advantage of early sowing with
lillage-based approaches in which the soil moisture that is available at the beginning of the season
is used unproductively in land preparation through tillage for subsequent sowing.

An alternate approach to sowing in tilled soil is the possibility of sowing early into dry soil or just
at the time of the onset of rain, if the soil has some moisture. This is only feasible under CA, which
involves direct seeding into a soil with an organic mulch cover that allows, as seen earlier, maxi-
mum infiltration and therefore maximum effective rainfall. Where the rainfall climate is S(;miarid
savannah with Ees;-:, than 90-120 days or it is a dryland type with no humid period during the rainy
season, an adaptation such as dry sowing in mulch-covered microbasins or pits (called likoti, tassa
and zai) help achieve maximum infiltration and early sowing and crop establishment (Malzongwe:
¢t al, 2011; Owenya et al. 2011; Silici 2010). In undisturbed dry soils, germination can occur on the
is of the available humidity in the soil pores from subsoil moisture, even when the bulk soil is
the permanent witling point. Similarly, in rainfall climates that are humid, a mulch-covered
permanent bed system provides a good basis for crop establishment and for achieving higher
and WP (Govaerts et al. 2007). This is because the soil moisture in undisturbed mulch-
ed soils is still at much higher levels and closer to the seeding soil horizons than in fully tilled

!Whe.re the rainfall season is longer, it is possible to increase the WUE and the WP through an
¢ in the cropping intensity as well. Early sowing and crop establishment of the first crop
: a seco_nd crop to be fitted into the cropping system more optimally, and in certain cases, can
create tlme for a third short-season crop to be fitted into the cropping system. This has ,hap—
d in Brazil in the Cerrados with the maize—soybean cropping system (Landers 2007) and in
0-Gangetic Plains with the wheat-rice cropping system (Hobbs et al. 2008; Hobbs 2007).

3 Crop Genetic Improvement

ogically, a{‘l improvement of the genetic yield potential, and therefore WP, with modern culti-
bee_n achieved through improving the HI by improving the sink capacity. At the same time
higher WUE and WP, the root system must be able to exploit the largest possible soil root:
€ .for'avallable water. Also, key phenological and physiological processes that determine
‘:nd ){mld' formation, for cxam.plc, panicle initiation, flowering and seed setting in cereals
: .m.atlon in tuber crops, and yield components such as the number of head-bearing tillers
Pll‘(elet. or seeds per cob, etc., are protected against drought or extreme temperatures a;
Wﬁ:lt?ilﬁgﬁil';h;s[, tliw selection of improved WUE and WP has tended to lead to a larger root
iy in ;t also to physiological resilience to drOl:lght and temperature stress. The

e . ;‘ces and represent the qutcomes of a series of crop ecophysiological pro-
e g ut \:;ay gndef normal circumstances as well as under situations of stress
e nder sdlluallops pf heat stress. Outcome-related indices are not helpful

envimnmem:gt and genetic lmprov‘ement programs. Il}stead, for water-limited and
. enableo{ hlarget plant adap.)twe characterlsucs. including dehydration avoid-
e glcrop to u?'stabllsh as e:arly as possible and reach and exploit the
able water for transpiration and the maximum photosynthesis and

;':' pal‘ti[icm' §_E iy 3 :
(Blum 2009) ing and (2) help minimize the impact of dehydration under water deficit
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This is supported by the fact that in water-limited environments, the timing of flowering is per-
haps the most important trait for breeders to select in order to achieve a good balance between the
water used during canopy development and the water used during seed setting and grain filling
(Passioura and Angus 2010; Fischer 1979). This is because the yield is correlated with the soil mois-
ture available from the soil storage and is supplemented by the rainfall or irrigation during the yield
formation period for all crops.

However, because of the yearly variation in the length of the rainfed growing period, the crop
in which yield formation begins early may do better in one season whereas the crop with a later set
of yield formation may do better in another season. Under water deficit or drought situations, many
short-duration modern cultivars are less able to cope due to the lack of elasticity and, combined with
the high-density close spacing approach, often fail completely to produce a yield. Local cultivars,
on the other hand, often have a better ability to respond to drought with a reduction in yield rather
than complete failure.

The ability to withstand, tolerate, and recover from drought depends on the extent to which
the crop can adjust its solute potential to maintain turgor in the roots and in the shoots and leaves
(Passioura and Angus 201; Blum 2009: Ali et al. 1999; Ludlow and Muchow 1988; Kassam el al,

1979). Thus, it should be possible to produce cultivars that have a full complement of drought-
tolerant and drought-resistant genes introgressed through marker-assisted breeding as well as.
through gene transformation including trait-specific genes from novel sources. Such drought toler-

ance would also impart salinity tolerance, making possible the more effective use of saline water,
However, it must be emphasized that the best drought proofing cannot be achieved through
genetic improvement alone. In the final analysis, adaptability to drought is a production system
responsibility in which agronomic manipulation and the management of all the different compo-
nents of the soil-plant-nutrient-water system have an influence on the final outcome in terms
WUE and WP. Often, the agronomic manipulation and the soil management to improve the
formation and the rooting depth, as in the case of CA or the system of rice intensification (SRI) i
uncompacted and well-structured soils with deep reaching biopores, is the best foundation layer ¢
resilience against drought that can be deployed. |

10.41.4 Pest (Weeds, Insects, and Pathogens) Management
Unhealthy and weak plants in degraded agroecosystems tend to succumb to infestation by p
all kinds, thereby reducing both the WUE, or EUW, and WP. The reductions in WUE and WP
occur mainly through a reduction in the photosynthesis and the growth of the crop plants, inc!
the root system, due 10 competition from weeds or an attack by insect pests or pathogens.

In the case of weeds, the decrease in WUE and WP occurs because water that would oth
be available for crop growth is transpired by weeds. The loss of water through weeds can o
any stage in the cropping cycle, but this has to be balanced with evaporation loss from the
surfaces. Weeds also compete with crops for nutrients and light, thereby reducing their
In the case of semiparasitic weeds such as Striga, the host plant becomes stunted, thereby
ing both WUE and WP. Where cropping relies on stored water in the soil in water-limited
ments, WUE and WP can be increased by keeping the land weed free through the entire
season, as was shown by Anderson and Greb (1987) for proso millet grown in dryland
in the Great Plains of the United States. Similarly, in the case of summer fallow periods (08
late and conserve soil moisture for subsequent cropping, weed growth during the fallow P&
reduced or avoided by using herbicides.

Herbicide technology eliminates the need for tillage in many cropping systems (She
However, tillage is still common in many regions of the world, and where it is practicﬁda'
WP are lower as a result of the loss of soil moisture in land preparation and also due o
sowing. Many weed seeds are relatively small and can only thrive because of tillage, W
improved seedling establishment conditions. Where crop residues are used to develop &°
cover, many weeds are disadvantaged. Thus, integrated weed management involving the
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and mulch cover offers an important o i i
' pportunity for weed i

R y ed suppression (Liebman and Mohler 2001),

In situations where there is no alternative use i i

i of soil water, growing spontaneous vegetati
‘ ; atio
have a positive impact on the overall WUE and WP because the biomass generated caﬁ be us]::c(t: ?2
dcvcl()}:; mulch ;0;&r as well as protect the soil from erosion. Such vegetation can also include plants
normally regarded as weeds, provided their further pro ion i i
. pagation is avoided by adequate
Insect pest and diseases usually reduce the cro i i ; "
. . p capacity to protect itself against unproducti

water loss. This can occur because of a loss in the leaf surface area from attack bs leaf-ealfng 1:;:{:::;
;;;‘d t:iy pathogens tl:iat cause leaf spots, leaf streaks, and crinkling, thereby reducing photosynthesis

¢ damage caused to the root systems by soil diseases and nem ;

i : § >matodes leads to a reduc ili

to fully exp.ltl)re anq utilise soil water, thereby reducing WUE and WP. Such damage calr:(‘t(:: gart::l:z:}t{'
ur.;dcr LOI‘ldlthl’l!? of cerea.l m{?nocropping. Losses can be reduced by using nonhost crops in rotation
with cereals, as is 0010urrmg in southern Australia, Canada, and Eurasia (Baig and Gamache 2009;
Flower et al. 2008; Gan et al. 2008; Goddard et al. 2008; Blackshaw et al. 2008) ,

10.4.1.5 Fertilization and Nutrient Management
Plant nutrients play an important role in determining the growth of roots and the yield (Rockstrom

md Barron 2007).because the source of the substrate for root growth is photosynthesis, which
ﬁepe nds on the unit leaf rate as well as on the leaf area, both of which are nutrient-depcn:ient as
well as age-dependent. The leaf area directly affects the transpirational losses, and there is a lin’ear

onship betwecl? the transpiration and the biomass that a crop produces, but the slope of the li
r.lds on the nu.irlcm availability. However, the portion of the biomass tilat is harvcpsted a ; '"!13
1) is a feature of the crop type or variety and of the moisture regime and the sensitivity of thS -
stage to water deficit and nutrient stress (Doorenbos and Kassam 1979) ’ yisiis
An adequate and balanced nutrient supply from a healthy soil is a prerequis-ite for good h
mqts and the aboveground plant parts, for yields, and therefore for WUE and \gVP (i;’PWtd
5 _2008; Hatfield et al. 2001; Ryan 2000; Liu et al. 1998). For example, when the ro tl b
mpaired by gathogens, the higher N status of the crop leads to a larger rool, system and t(?: rSnz;:
extracl_lon (Deng et al. 2{?03; Angus and van Herwaarden 2001; Liu et al. 1998). However
ted earlier, .under the variable rainfed conditions of the semiarid tropics and subtropi ,
. mer and winter rainfall, effective nutrient management for improved WUE and Wr;pcl:zsl;
0 &r:uglh tfzft!:;{':dcmfe of response farm.ing in \_vhich risk can be minimized by delaying
) kin]:ipoyl; =5 1 iLCI;, c‘md hov.v J:nuch, un.lil later in the season when it becomes possible to
e 1:hurt, season it is most likely to be (Stewart 1991). In southern Australia,
. Ol‘c;wn. 1['0 work and the ad\fantage of delaying the decision to top dress is
g (?rgollz(;r and avoiding yield loss by not applying fertilizer if the season
i musglgltl;; Seen,i:;ilﬁf(g‘ﬂ[k AntgL}s and ljlisch;:r 1991). In practice, effective
; : e nutrient needs of the crops within the croppin
I;::]:E:::pizgu:?(;so Ithat t'hc cwcra.ll produc.tion system deployed is also conduci[:fl:: tg
: i ;:l y ac1 ongside the aim of ma‘tmtaining desirable levels of WUE and WP.
e ut: er the CA system for improved WUE and WP is a fundamentally
B 2000, deerc:rt: sél:tegy compared with that under a tillage-based system (Kassam
e il ise . )sgstems, the WP and Li'le nutrient productivities are higher, and
el [?:i e l:;ecause of greaFer biological nitrogen fixation and improved
ey ropping system (Baig and Gamache 2009; Friedrich et al. 2009;
gw":‘;:.h Il:-la:ht (:;:act r;:] fmon to water use, as well as to the yield and WP for a given
i se cl{ Le{'eals, thlS.lS bccau.se .the vegetative biomass at the time of
N uer (I)bgrams per unit area. Slrmlarly for legume crops, biomass at the
. quent biomass gf‘owth during further flowering determine the numbers
$ produced per unit area. In the case of root and tuber crops, biomass at
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the time of tuber initiation and the subsequent growth of the crop determine the number of tubers
per unit area, the number that actually bulk, and the extent of bulking. Assuming healthy crop roots,
vegetative growth and the formation of reproductive- or yield-forming parts depend on the nutrient
status of the soil and of the plants. Too little vegetative growth, and therefore suboptimal WUE and
WP, can be caused by insufficient nutrients, late sowing, and suboptimal plant density. On the other
hand, early sowing, excessive nitrogen, and high plant density cause excessive vegetative growth. In
areas that suffer from end-of-season drought, excessive growth can lead to the exhaustion of the soil
water, leaving insufficient soil water for transpiration and grain filling (Passioura and Angus 2010),
There is also evidence that excessive nitrogen can lead to greater structural carbohydrate rather than
stored carbohydrate that can be translocated to the grain together with nitrogen during grain filling,
thus reducing WP. Further, excessive nitrogen can lead to foliar diseases and insect attack (Kitchen
et al. 2008; Chaboussou 2004) and crop lodging, all of which can lower WUE and WP.

The above effects from an excessive nitrogen supply have been recorded when using minera]
sources of nutrients under production systems involving tillage over many years so that the soil
health is often in a suboptimal condition from compaction, poor infiltration, and low SOM. Results
can also be in the opposite direction when organic sources of nutrients are used or when inorganic
and organic sources are used in combination. For example, with maize, an increase in the WUE and
WP was recorded when the ratio of the organic to the inorganic nitrogen fertilizer was 1:2 (Xiaobin
et al. 2001). Larger root systems are produced when there is an organic source of nutrients and

where the SOM content is higher and the soil microorganisms are more active and diverse (Uphoff
et al. 2006). In this regard, the behavior of the rice grown under mostly aerobic soil conditions, asis

the case under the SRI methods, is of particular interest. Under the SRI approach, some 20%-30%

less fertilizer is required compared with irrigated flooded rice grown under the best management

practice, and 40%—-50% less water is required to produce a full crop. Because of the greater yields
with SRI and the reduced water requirement, both WUE and WP are higher, and nutrient productiv-
ity is superior (see the SRI case description for more details).

Examples of soil nutrient deficiencies affecting WUE and WP also relate to the zinc deficieney in
wheat in Turkey (Cakmak et al. 1996) and the sulfur deficiency in groundnuts in India (Patel et a
2008). The role of calcium and magnesium in improving the pH, the soil structure, and the w
holding capacity and, consequently, WUE and WP is well known. Similarly, several resea
(e.g., Cakmak 2005) have recorded the role of the potassium nutritional status in alleviating
detrimental effects of abiotic stresses through osmotic adjustment.

Evidence shows that mineral fertilization requirements, particularly of N and P, decrease in
that have been under the CA system for extended periods of time (Landers 2007), and the pro
of low availability or immobilized P in soil is ameliorated, even when soil analyses do not show
quantities of soluble P (FAO 2008; Turner et al. 2006). Thus, combined water and nutrient p
tivity improved over time in CA systems, whereas with tillage-based production systems, Il
and total productivity including WP remained at a suboptimal level.

10.4.1.6 Agronomic Manipulation for Best Phenotypic Expression
Much of our scientific thinking about agronomic practices and crop production has been b
the assumptions that a crop can be best produced with soils that must be tilled year aftet
with increasing tillage intensity in many cases; that soil microorganisms and the SOM are not
tial to soil fertility or to the maintenance of soil health and ecosystem health; that plant root
and their interactions with the soil microorganisms can be ignored in studies aimed at uf
ing the ecophysiological basis of nutrient- and water-use efficiencies and productivitys ¢
mulch cover and crop rotation can be considered as optional in the maintenance of soil.
ecosystem health and in the optimization of the use of resources such as water and nu
there is only one standard way of agronomically manipulating the crop—soil—nutrient—-walef'
eters; that the so-called undefined and unbridled quest for genetic improvement must couee
override improvements that are possible through alternative crop production practices:
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For example, the CA and SRI approaches to crop production show us a different way forward.
CA and SRI are both works in progress and their concepts and methods are being extended to
more Crops and more agroecologies, for small-scale and large-scale production. These systems are
harnessing an agronomic performance that cannot be predicted by current models or the scientific
knowledge generated through the reductionist scientific research approaches that have character-
ized much of the agricultural research during the last century and still continue to do so. It would
appear that there has been a “closure of the mind” in the last three to four decades, particularly
within the global public research system, with regard to the additional opportunities that exist in
improving WUE and WP through agronomic manipulation of soil-plant—water—nutrient relation-
ships as well as the manner in which the soil health and root systems are managed. Systems such
as the CA, SRI, and CA-SRI have not been receiving the kind of attention they should from the
scientific community. Given that such systems and agronomic manipulation can help small farmers
1o improve their overall and factor productivity and livelihood, this lack of attention is a serious gap
in the current knowledge system.

While early planting with CA and SRI permits better WUE and WP because of improved soil
moisture, upon which the nutrient productivity depends, optimal spacing appears to depend on
{he soil fertility conditions. Although, generally, a high seed rate and closer spacing have been the
dominant approach with modern cultivars that are selected within such conditions, this may not
always be optimal, as has been recently shown by the SRI approach for rice, as well as with other
crops such as sugarcane, wheat, and finger millet (Uphoff and Kassam 2009). The high-density seed
rale appears to have been favored over the past three to four decades, but the SRI approach shows
that it is possible to improve the genetics X environment (G X E) interactions and achieve higher
WUE and WP through the integration and manipulation of a crop establishment strategy with crop
ition and weed management. In fact, CA and SRI have revealed a whole new set of opportuni-
s to improve WUE and WP based on alternative approaches to crop and water management (as
rated in the CA and SRI case details elsewhere).

1.7 Crop Rotation and Intensification

y advantages and benefits are associated with crop rotations, including the possibility of higher
UE and WP for the individual crops participating in the rotation and for the cropping system as
ole, when compared with monocropping. In environments of variable rainfall, crop rotations
crops of different maturity allow the reduction of climatic risk because in poor years, not all
S are affected equally and there are positive effects between crops in the rotation, involving
ieal and legume crops, from the yield viewpoint, and therefore improved WUE and WP (Tanaka
M)..Equal ly, rotations also reduce the risk of attack by insect pests and diseases (Chabossou
Krupmsl:{y et al. 2002), thus maintaining WP. Rotations involving high biomass legume crops
o the in situ production of functional biomass in terms of crop residues and green manure
‘Bl'lq can help add organic matter to deeper layers in the soil as well as increase the soil bio-
Fnedrlci.l et al. 2009; Shaxson et al. 2008) Mixed sequences of crops, plus the presence of
anent soil cover, tend to inhibit the buildup of specific weed species that would thrive under

led Or monocrop conditions and reduce WUE and WP.
Tolation Of crops involves the rotation in sequence of several species of crops, including
s symbiotic (plant x rhizobia) sources of plant-fixed atmospheric N, and other usable
HUIE cover crops, for maintaining the soil cover at all times, as well as the provision of
nic rf%Sld}ies both at and below the surface. It is important that the nutrient balances in
ils!‘l:l;named .from one rotation cycle to the next. C accumulation only seems to occur
.k')st fr:gutr;:e in the system that fixes more N than is removed in the crop products or is

_ siﬁc::i e‘system (Bodc}ey et al. 2006; Uphoff et al. 2006).

o onclll;\.x(?lves making tju]l.er use of the time available within the annual cropping
B i) g a .1t|0na[ crops within and between seasons, thereby making fuller use of
¢ keeping the ground covered for longer periods. According to Gan et al. (2008),
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long-term studies in Kazakhstan have shown that reducing and gradually eliminating summer fal.
low are feasible (Suleimenov and Akshalov 2007), thus improving WUE and WP. Similarly, stud-
ies in the Canadian prairie have indicated that conventional summer fallow can be replaced using
annual grain legumes or green manure Crops (Gan et al. 2008), and similarly in North Dakota in the
United States (Ransom et al. 2006). Such replacement in the rotational system has been shown to
improve the overall farm productivity as well as profitability and improving WUE and WP by 30%
(Gan and Goddard 2008; Peterson and Westfall 2004).

The greater the range of plants grown, in mixtures or in sequence, the more varied will be the
biodiversity of associations of organisms above ground and inhabiting the rooting depth, and the
greater the competition that can suppress those that may be detrimental to the root function and thus

considered weeds or pests. A crop rotation will further help in interrupting the infection chain of )

diseases and might have other insect pest—repellent and insect pest—suppressing characteristics. For
the alterations in cropping systems to be worthwhile to farmers, there need to be local uses and/or
markets for additional outputs generated by improved crop sequences and mixtures.

10.4.2 IRRIGATION MANAGEMENT

Irrigation plays and will continue to play an important role in global food security, and the need
and the opportunities for expansion of irrigated cropland still exist (Oweis and Hachum 2003;
Seckler et al. 2003). However, and in agreement with Rockstrom and Barron (2007), to minimize
further blue water withdrawals and increase WP, a reduction in green water (water that is stored Hl
the root zone) losses is critical. In irrigated agriculture, the fundamental question still lingers: How
to produce more with the same or even less amount of water? The answer to this question is
undoubtedly, linked to the possibilities of minimizing unproductive water losses. namely, r

(tail water), evaporation, and deep percolation (Rockstrom et al. 2002). Sustainable managen
practices and technically feasible and cost-effective solutions to maximize crop transpiration
soil water storage and minimize runoff and evaporation, as well as irrigation systems to carry
such efforts, are examined here. They have to consider the different processes that affect
water (Figure 10.1) and the parameters that influence the processes (Figure 10.2).

10.4.2.1 lrrigation Performance
Worldwide, irrigation schemes are often designed and managed to maximize irrigation effic
and minimize labor and capital requirements. For this multiobjective goal, one major ¢h
that confronts every designer and irrigator is that the soil that conveys the water over the fi
properties that are highly variable both spatially and temporally, creating an engineering p
in which at least two of the primary variables, discharge and time of application, must be estl
not only at the field layout stage, but must also be judged by the irrigator prior to the start of @
irrigation event (Trout et al. 1992; Keller and Bliesner 2001; Walker and Skogerboe 1987).
developments in surface irrigation technology, with its array of automating devices, have
caught up with the irrigation efficiency advantages of the sprinkler and microirrigation
(Duke et al. 1992; Heerman et al. 1992). Thus, while it is possible for the new generation
irrigation systems to be attractive alternatives to the sprinkler and drip systems, thei
design and management practices are much more difficult to define and implement (de So
1999: Clemmens et al. 1998; Clemmens and Dedrick 1982; Heerman et al. 1992). |

Among the factors that are used to judge the performance of an irrigation system OF IS s
ment, the most common are efficiency and uniformity (Clemmens and Molden 2007:
Santos 1996a, 1998; Heerman et al. 1992; FAO 1989). These parameters have been SUO
defined in a multitude of ways and have been named in various manners (Hamdy 20
Nugteren 1990; ASCE 1978; ICID 1978). However, there are other factors inﬂueﬂ‘f
efficiency, building a chain of efficiency steps (Hsiao et al. 2007), and irrigation efficie
or farm level may not be the same as at water basin level (Jensen 2007). In a,gric“l
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FIGURE 10.8 The relationship between the deficit coefficient, the application efficiency, and the distribu-
{ion uniformity (DU), assuming normal distribution of the infiltrated applied water. The deficit coefficient is
the fraction of the root zone that has not undergone irrigation. (From Playan, E. and Mateos, L., Agr. Wafe.r
g_ymage., 80, 100, 2006. With permission.) , '

ion Project managers, and river basin authorities may define WUE quite differently, consist-
of various cpmponents and taking into account losses during storage, conveyance, and appli-
to irrigation plots (Hamdy 2007; ICID 1978). More consensually, uniformity (distribution
ity) is used to express the variation in the depths of application or supplied volumes (ICID
Christiansen 1942). Conceptually, the adequacy of on-farm irrigation (field level) depends on
uch water is stored within the crop root zone, the losses percolating below the root zone, the
oc:::urring as surface runoff or tail water, the uniformity of the applied water, and the remain-
icit or underirrigation within the soil profile following irrigation (Fereres and Soriano 2007;
2007; Heerman et al. 1992; Bos and Nugteren 1990; Losada et al. 1990). Assuming that the
al distribution of the infiltrated water follows a normal distribution (Santos 1996a.,b, 1998;
et al. 1990; Till and Bos 1985), Figure 10.8 illustrates the relationships between unifr;rmity,
deficit, and the percolation (Playan and Mateos 2006). For a given target deficit coefﬁi
e lower the distribution uniformity, the lower is the application efficiency.
| proper and careful design and operation, high on-farm irrigation efficiency and uniformity
achicved directly with systems such as sprinkler and microirrigation systems (Keller and
1 2001; Solomon and Keller 1978; Hart and Heerman 1976) that do not depend on the soil
for wate.r distribution. The issue is more challenging for surface irrigation systems that
tt!e soil to convey water and where the depth of water infiltrated (defining the distribution
y) is a fu.nction of the opportunity time, the length of time for which water is present on
ace to m.ﬁl.trale (Heerman et al. 1992; FAO 1989). It is worthwhile remembering that the
I surface irrigation is thousands of years old and, collectively, it still represents perhaps
__95% of the common irrigation activity of today (Oweis and Hachum 2003; FAO 1989;
kogerboe 1987). , ,
. sources of surface irrigation system inefficiency in mind, deep percolation and
: i:;iaiﬂ \t\l’]ater, a very lgrge number of causes of poor on-farm irrigation performance
M in':d e techmc-ft] literature (Hamdy 2007; Heerman et al. 1992; Trout et al. 1992).
-Water sueqlllatfe q;c.s?gn and management at the farm level to inadequate operation of
o alpseze :{;tlltlf-s.(Wa!ker and Skn.:)gerboe 1987). Nonetheh‘tss, since the depth of
- e inﬁlatlratz@tlons in t};e field is com n.m‘nly taken asa function of the oppor-
i ,in tef'm.s o a'root cause, it is a most (.)tten 3ccepted fact that the
- characteristics, primarily the soil infiltration capacity, constrain the
irrigation and the economical production of irrigated crops (Tarboton
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and Wallender 1989). Management practices that can eliminate or at least mitigate these constraints
are reviewed in Heerman et al. (1992), Trout et al. (1992), and FAO (1989), among others. Outlined
management options include both cultural practices that alter the undesirable soil condition and
irrigation practices that minimize or avoid the constraints. The underpinning conclusion is that soi]
must absorb adequate water during irrigation to meet the crop water requirements between irriga-
tions, with water absorption depending on the soil infiltration characteristics, the irrigation system,

and the system’s management.

10.4.2.2 Infiltration
Infiltration changes a great deal from irrigation to irrigation (temporal variability), from soil to soil
(excessive, inadequate, and inherent spatial variability) and is neither predictable nor effectively
manageable. Thus, the infiltration rate is an unknown variable in irrigation practice (Tarboton and
Wallender 1989; Walker and Skogerboe 1987). Soil infiltration varies both locally and with time,
the former resulting from a nonuniform soil texture and structure, topography, soil cover rate, (ill-
age, and wheel traffic, and the latter from soil structure changes caused by SOM accumulation or
depletion, frost action, tillage, consolidation from wetting and drying, surface sealing due to drop
impact and overland flow, soil animal and microorganism activity, and changes in the ionic soil
composition (Trout et al. 1992; Tarboton and Wallender 1989; Undersander and Regier 1988). Soils
that absorb water rapidly (excessive infiltration) or slowly (inadequate infiltration) or store only lim-
ited quantities in the soil profile (inadequate water-holding capacity) often increase the costs and/for
decrease the efficiency of irrigation. j
Soils that slowly absorb water constrain the irrigation process by requiring low application
to avoid water wastage (redistribution and runoff) and long application times or short irrigati
intervals to maintain adequate soil moisture in the root zone. Management strategies that i
infiltration require determining the location and the nature of the restricting layer and the pro
that created it (Trout et al. 1992). The agronomic remedial actions that are required to improve.
existing conditions are (1) NT to promote the formation and maintenance of biopores created
the macrofauna activity and the former root channels, in combination with surface residue
(Jordan et al. 2010; Tebrugge and During 1999; Miller et al. 1987); (2) reduced or controlled tr
to decrease the formation of dense tillage pans and compaction of the tillage layer (Fornstrom
1985; Eisenhauer et al. 1982); (3) deep, vertical, noninversion subsoiler to break tillage hard |
(4) increased organic matter content or a decrease in the proportion of sodium in the soil, to
soil aggregate stability (Ben-Hur and Lado 2008); (5) use of chemical soil stabilizers such as
acrylamide (PAM) to maintain soil stability (Orts et al. 2000; Lentz and Sojka 1994); (6)
of clay dispersion by calcium addition (Trout et al. 1992); and (7) use of plants and residues
protection of the soil surface aggregales from water drop impact (pressurized systems) and th
force of the overland flow (Silva 2010; Cary 1986). As already outlined in previous sectio
are ways to approach agricultural production systems, whether rainfed or irrigated, (0 €0l
that are close to those of natural ecosystems in terms of hydrophysical conditions, ich
show the most favorable, site-specific behavior in terms of water infiltration. However in
based production systems where soil infiltrability is below the necessary rate. the irrigatic
and the system’s management must be adapted to the low rate, to improve the existing €
with (1) use of long and frequent irrigations and systems (level-basin, surge flow, cable
allow for the rapid advance of surface flows and uniform infiltration opportunity times
et al. 1999; Clemmens 1998; Shahidian et al. 1998; Clough and Clemmens 1994; Keitl
1987); (2) use of sprinkler spray heads on drop tubes (Thompson and James 1985); 3)
booms or long throw nozzles to reduce sprinkler application rates (Solomon et al. 193_5-);
sion of center pivots to lateral move or stationary systems that allow for the application
application depths with an increased irrigation frequency (Trout et al. 1992; Solomoft!
(5) use of microbasin or reservoir (Garvin et al. 1986) to pond and hold water until 1t
and (6) conversion to or use of microirrigation (drip irrigation), which allows low &
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to match the low soil infiltrability (Keller and Bliesner 2001; Solomon and Keller 1978). Cablegati
systems are automated surface irrigation gated-pipe systems (de Sousa et al. 1999; Sh‘ah 'E(l!' osiey
1998; Kempervet avl. 1987) that inherently provide for cutbacks in the furrc;w stre,am anldli;ln .
sequent reduction in runoff, potentially increasing the irrigation efficiency in low infilt t‘[ - Sl‘lb-
SUTge 'ﬂovff (surge irrigation) (de Sousa et al. 1999; Miller et al. 1987) is a process bnEl mhg' 5}?"15-
irnga!tlon is acfcomplished through a series of individual pulses of water onto the field 51): :ﬂ:c ”
flow ITEU}:E“O“ is long enough to infiltrate all surface water. st e
Soi s wi excessive infiltration are usually coarse-textured soils, fre i i
Jarge w?lds betv\{een aggregates following tillage, and shrinkingr‘swél:ir:l‘;hga;lsl Iigesd(:::?nth?:lqev}?og
infiltration rate is difficult, with irrigation usually increasing the cost and/or ;iecreasing the";Vlg
(Trout et E.ll. 1992). A mix of agronomic and irrigation management practices is needed tﬁ C , I'JE
the cnnd!tlons of excessive infiltration: (1) compaction (Khalid and Smith 1978) and comp: tOIEe .
with equipment aqdfor pacing wheels (Fornstrom et al. 1985; Musick et al. 1985); (2) NT 0]:‘:10 ; i
of the depth and disturbance of the tillage to improve the soil aggregation and to,reduce the i lu il
_\m;eragglregates; (3) surge irrigation (de Sousa et al. 1999; Miller et al. 1987); (4) high surfac S irrigat .
applications, level basin systems (Clemmens 1998; Santos 1996b; Clough a;ld Clemmens lgEl)Tgatl(;m
peduced ﬁel.d lt?ngt.h to cle.crease the time required to spread the water across the field and thus i), s
i water dlSll‘Ibl.lllOI} uniformity; and (5) conversion from surface to sprinkler or drip system Thpm;e
- _depeqd on I:h'e .501] surface for water distribution, therefore circumventing the pmlz)]gm .
All smlslex}_nblt some degree of soil infiltration variability, locally (spatial) and with‘ ti -
al). S_patlal infiltration variability results from a nonuniform soil texture and Qtructurelmeh(mmv
ability), topography, tillage, and wheel traffic (Miller et al. 1987, Fornstmm‘ et al I9§‘; ;I‘e"l
..-:Kemper 1983), w.hiie temporal infiltration variation results from structural chan les cau,qeéol?t
. lf:aus'es. Identifiable, large-scale spatial variability is best dealt with Lhri:!ugiflg (D) dil‘T }’
,appllcat}on of the residue and other organic matter that counteracts it and (2) subdivifei::l:e ";
fields into management subunits based on infiltration. Inherent soil variability is dif[‘;cult?
ate. However, spatial variability resulting from tillage and wheel traffic can be ameliorat g
h (l) management of tillage and equipment traffic to reduce uneven soil compaction; (fl)rﬁl\.!e
-a:ht)ss all or alternate furrows; and (3) wheel compaction (better used with surge irri éatioi}ig
tlﬂivsu‘l:aaiu{'faice tf:xture or §1ructure of nonuniformity soils (Purkey and Wallender 1989). As
delivering irrigation waler is concerned, the fix is more challenging and complex because the
, _adjﬁsai t\;:h b01t'h tl?e spatial and lempor’al variabilities in infiltration is to monitor the irriga-
R andagi]: ication rates, and to set tllTles to obtain acceptable performances (Trout et al.
L womat;litﬁ‘b(::j .19871)]. Mapua! adjustn.lans are critical, but costly. Feedback control
. }t{a'] ljust the irrigation application rates and times based on automatically
b e Sul‘hwater runoff ha.ve been effectively used (de Sousa et al. 1999; Purkey
B (.)f g i{., - lcasc?S, accc!rdt‘n.g to Purkey and Wallender (1989), surge irrigation
N alnzot(;'gtlon v.arlablllty by .els.m!.lch as 50%. Precision irrigation has also
E f ). S]?rm.klmt and drip irrigation systems that do not depend on the
i gh; or water dlsflnb.unon are the next best option to deal with the infiltration
e ér water appllcatl(.)n rates do not exceed the infiltration rates, water will
- eniee ;t ol.mlterac.:tmg the infiltration variability problems (Silva 2010; Keller and
R a‘. 985; Solomon and Keller 1978).
tohal::dlc t;:; Supp]y‘managem‘em, an'd prec.isicm irrigation certainly present real
. n;:;i:r'tamly associated with variable soil infiltration and to apply water
e hT ciently (l‘-leem.lan et al. 1992; FAO 1989). The literature suggests
R 1 g evels .of umformlty and efficiency were achieved, irrigators utilized
ollowing practices: (1) precise and c: ion; i irri
) e Mp an careful field preparation; (2) timely irriga-
B p ow dlsch.argcs;. and (4) tail ‘v\:'ater. runoff restrictions, reduction,
B braciices 4. disCusSZ?;:f]egﬁ;g:eT:r (s;)c(?sgremsmn irrigation and cutting-edge soil



266 Soil Water and Agronomic Productivity

10.4.2.3 Soil Water Storage

The water storage capacity varies primarily with the texture, the SOM (Rawls et al. 2003), the
inherent restrictive layers, and the compacted soils layers formed by tillage and equipment traffic
(Voorhees et al. 1986), limiting the maximum amount of water that can be efficiently applied and
the allowable interval between irrigations. The worse situation is when irrigation management must
adapt to spatial soil variations in infiltration alongside variations in the soil water storage capacity,
Either or both of those characteristics being lower in one location than in the bulk of the field can
cause runoff from that location, despite the irrigation system being optimally designed for the bulk
of the field (Sadler et al. 2005). Runoff water collecting within the irrigated area or leaving the field
damages crops, wastes water, and moves sediments, nutrients, and biocides.

The frequent, light irrigation applications required on soils with a low-water-holding capacity
increase the labor costs (except for mechanized irrigation systems) and decrease the water distriby-
tion uniformity of the surface systems (Trout et al. 1992; Walker and Skogerboe 1987). Management
practices, such as restricted traffic; lightweight tillage or no-tillage, harvesting, and transport equip-

ment; and the avoidance of traffic in moist soil, have been successfully used to slow the creation

of compacted layers (Musick et al. 1985; Kaddah 1976). Since short or frequent irrigation intervals

require the systems to apply small amounts of irrigation water efficiently, conversion to automated,
mechanized, or microirrigation systems is advocated when possible (Sadler et al. 2005; Buchleiter

et al. 2000; Camp et al. 1998; Batchelor et al. 1996; Duke et al. 1992).

10.4.2.4 Soil Crusts
Soil crusts occur over a wide range of soils due to the action of rainfall and irrigation water and
more prevalent in soils with a low organic matter and a high silt content (Ben-Hur and Lado 200
Lado et al. 2004; Bjorneberg et al. 2003; Ramos et al. 2003; Santos and Serralheiro 2000; Miller '
Gifford 1974). Created when the water-drop impact and the overland flow break down the s
structure and rearrange particles into a denser, amorphous, and hard mass, the crusts impede §
ling emergence and impact the exchange of water, air, and heat between the soil and the atmosp
thereby substantially lowering the infiltration (Trout et al. 1992; Miller and Gifford 1974).1
management practices comparable to ones used to deal with low infiltration soils (described @
are advocated (Ben-Hur and Lado 2008; Lado et al. 2004). Reduced and especially NT systel
leave enough crop residues and promote the accumulation of organic matter at the surface pr
the effect of shielding the soil surface from those destructive forces and are the first option
considered in preventing soil sealing and crusting (Lado et al. 2004; Rawls et al. 2003; Mi
Gifford 1974). Comparing different irrigation methods, sprinkler systems arc the main cu
causing surface crusts. Minimum sprinkler application—in amount, intensity, and kinetic
breakdown—with reduced sprinkler height and droplet sizes can decrease the soil €O
crust formation (Silva 2010; Bjorneberg et al. 2003). Soil conditioners, such as PAM, also
stabilize the soil aggregates from the destructive impact energy of the sprinkler jrrigation
water droplets (Bjorneberg et al. 2003; Sojka and Bjorneberg 2002) and the surface irmig
forces of the overland flow (Sojka and Bjorneberg 2002; Santos and Serralheiro 2000).

10.4.2.5 Irrigation-Induced Soil Erosion
An overview of water erosion from irrigation by Koluvek et al. (1993) indicates that mEas
sediment yields from furrow-irrigated fields often exceed 20 t/ha with some fields ex

Under the center pivot, sediment yields as high as 33 t/ha were measured, with anft
yields as high as 4.5 t/ha also reported from irrigation tracts. Typically, overland flow
forces to the soil surface, which causes particle Jetachment and movement (Sojka a8
2002; Koluvek et al. 1993). As flow velocities increase, shear forces increase and VNt
the shear stress required to overcome the cohesive forces between the soil particles- ©5
irrigation, as the water infiltrates the soil, the sediments deposit at the furrow surface 10
seal or depositional layer (Orts et al. 2000; Trout and Neibling 1993). The process is pot
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if the deposulqnal seal formation is slowed down and high infiltration is maintained th h

of know.n erosion .comrol practices coupled with minimum soil disturbance and th 1]'0"5-_' L
3pp::opriate cropping sequences (Lado et al. 2004; Koluvek et al. 1993; Trout et :IST;;;OIILOf -
cn:jsls(;r:i 323 ?jf:o redzl(c::ed u;s;nggs )various approaches, including straw pla;:,f:d in furrov.;s (Bro)‘;vn ‘;‘;;’;
an ws (Cary . With a large perce i e i

i dorin e fr rigaion Tllowing llge (Lot 1. 1953, PAME withan 6% egaive harge
density injected in the irrigation furrow advance water has also been used to reduc:anfegatwe Chafge
(Orts et al. 2000; Lentz and Sojka 1994; Lentz et al. 1992). Santos and Serralheiro (200(])-‘)”2W 61'0 bai
PAM mcrea.sed the cumulative infiltration by 15%-20% on furrow-irrigated Medite “ Owuj‘ [!la[
pgrmanel{l ridges for furrow irrigation systems and crop establishment under NT h: "brd“ef%“ -
fully applied (Cahoon et al. 1999) and could substantially reduce furrow erosion Ry pae

sllva (2010) has re\.'iewed the factors affecting runoff and control practices l.mder sprinkler irri

gation that cause erosion only if the application rate exceeds the soil infiltration ralep:::: lf'r i
.Iwm:er‘pondmg and_ subsequent surface flow (Lyle and Bordovsky 1983). The soil and,t : mghl'rl
\variations, along with the water supply and economic constraints, often compromise syst;)rfloc;‘g;saignf

md repcaleifl])', th.e afppl fcatlon rates exceed soil infiltration rates, primarily under the outer spans of
the center pivots irrigation system and with the use of low-pressure nozzles that have smaller wet-

dlarn.cters (Silva 2010; Bjorneberg et al. 2003; Sojka and Bjorneberg 2002; Trout et al. 19

h an improper average operating pressure as the most common cause for po,or s rinkl: s s

ormance (He:erman et al. 1992), reducing the sprinkler application rate or incEeas' ; ;YSte"_ﬂ

Fratmn. ca_pacny Fdescrlbed above) reduces or eliminates runoff. Tillage practices Sl.: “;‘:’ : T}SO'II

reservoir Flllagc, increase the surface storage to prevent overland flow (Garvin eE al CIQ?BSG e
étsi.{::-gl?ll?rsﬁ latpp[l.ymg high molecular weight, water-soluble, anionic PAM wer;: shovzf: I::)l

1 .m ration rate and reduce soil erosion (Santos et al. -
to the soils through the irrigation water acted as g binding :::dzsoe?g} %azzeea:tatli; ::czgri)::lsI;Atll:g

aggregate stability and infiltration and reduce runoff i
and sedim :
erg and Aase 2000; Aase et al. 1998). SASES AR AL A%

6 Deficit Irrigation

| cgta?lrtlﬂorr;Zif;r:‘?;x:ﬁiz;feoi;c;n:vn1fon?rtl}i]tyhof bthe irrigation systems implies that some
n less than the volume of water neede; ?0:’]'511 chope\ilta!tgt:fz “0_" sl VOI'umeS -
| . : vatel quirement), under deficit irriga-
E‘:;:;ﬁ ;s?li:zdwwhitlzr ﬁr:{;l]a:::ﬁ l}?athe root zor.lle and may be used in ET (Fereres and S;)rrif:()
; : ve some soil water deficit after irrigati i
a lz::ilozfoc:;gmt tha't1 may be d]:atrimental for production (Fereres a%]zglsosr?;rgot;gge?wzlu;i
-n 2004), emphasizing the need for irrigation systems that can deliver hi i -
r‘l:sl;iia?:tés'r()l?)%ttl;e ]0.8}.. 1In .tht.a process, the WP (either taken as yield or net iszlo?r::f;;ﬂr
B croe applied 1rr!gat10n water unFIer deficit irrigation, that is, the applica-
i S rg wrvllc‘r requirements or ET, is higher than under full irrigation (water
B qm.ru.ncn't) (Fcrercs: and Soriano 2007).
. 20{;0(-:'1{: irrigation, sus?lamcd (SDI) and regulated (RDI), are assumed
ey redl;ced d, .ereres and Soriano 200?.; Santos et al. 2007; Shatanawi 2007). In
B urzlt?g‘the whole season whfle RDI starts with normal irrigation and
- lOssesybn, u;ec%: In RDI, the deficit irrigation strategy is based on limiting
B T deﬁc“yi reducing .the amount of water for the crop during the noncritical
et rrlgatlor! is Cfmtrolled d.urmg times when the adverse effects on
i (2007).ﬁeldsumrlnar1zed in Aboukeira (29]0), Geerts and Raes (2009), and
e j;rj - r)‘esu ts frc{l)m both tht?se practices in annual crops and fruit trees
By, i pc'temiag] b t: n ;an r: uce‘lr.ng‘athn wate!' use and raise crop WP in a number
o WISEts of deficit lrrlgatlgn derive from three factors: reduced costs
, and the opportunity costs of water (Aboukeira 2010).
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Accomplishments in the irrigation of fruit trees and vines with an innc_wative techr.lique of imp(?s_
ing deficit irrigation by alternating drip irrigation on either side of the fruit tree and vine row (partia]
root zone drying; PRD) are summarized in Fereres and Soriano (2007), dos Santos et al. (2003), and
Goldhamer et al. (2002). In Perry et al. (2009), Ali and Talukder (2008), and Bouman (2007), the
factors affecting WP in crop production and technigues to increase WP are analyzed.

10.4.2.7 Evaporation ‘ .
Reducing evaporation while increasing productive transpiration‘ can enhance WP if there is ade-
quate plant nutrition. Evaporation varies with agricultural practices (Burt et al. 2905)_ and rangeg
from 4% to 15%—25% in sprinkler irrigation systems (Burt et al. 2001) whe.re wu.ld is the major
concern (Playan and Mateos 2006). The adverse effects 0‘1~ an incremental wind drift increase the
evaporation losses and sharply reduce irrigation uniformity. The amount of evaporation depends
on the climate, the soils, and the extent of the mulch cover and of the crop canopy that shade.s the
soil, with evaporation claiming a very high share of ET with low plant densities. As f9r the rainfed
systems, evaporation losses under irrigation can be drastically reduced by ‘bolh [hp t‘11]a_ge system
and stubble or mulch. In a furrow-irrigated cotton crop with 325 mm of rain pl.us irrigation water,
Lascano et al. (1994) measured 100 mm of evaporation under NT with standing stubble againsi
160 mm under CT without residues. The importance of the surface mulch rates was reported by

Hares and Novak (1992), who found 1-day evaporation losses of 1.9, 1.7, 0.6, and 0.3 mm m
0, 907, 9070, and 18140 kg/ha spread straw, respectively. Burt et al.. (2005) report that dr!p
sprinkler irrigation systems do not necessarily result in less &?vaporat.wn tha.n goc?d su rf.ace_u-

tion systems. Nonetheless, the decreased area of surface wetting obtained 'wnh microirrigation
distinct advantage to minimize the evaporation from the soil SurffiCt? (P&?relra 2007': Batch.elnr _
1996). Burt et al. (2005) also highlight that frequent microspray irrigation .and rapid cycling of
center pivots can result in a high percentage of soil/plant surface evaporation.

10.4.3 Cast STUDIES ON IMPROVED PRODUCTION SYSTEM MANAGEMENT

The following two case studies have been chosen to illustrate how changes in the production ¢
concepts and the associated management practices can improve land productivity through bet
of water and improvements in the soil quality.

10.4.3.1 Soil Tillage Systems in the Central Great Plains

A field study was set up in 1989 by the Kansas State University near Tribung, aregion witha
continental climate (mean annual precipitation = 425 mm, mean annual air temperature =
on a deep and well-drained loess-derived silt loam, very characteristic_ of the west-cent
Plains. Three different tillage systems were established on a virgin, native grass praific €
a 3-year rotation of wheat—sorghum—fallow (WSF) under rainfed conc}itions. The CT
based on a sweep plow, also used for the necessary weed control during the fallow p
to four operations). RT used a combination of tillage and herbicides to 9{{1111111 weeds
low, whereas in the NT system, weed control was entirely based on herbicides bolh d
and between crops. In all three systems, in-crop weed control was done by herbicides
Fertilization was identical for the three systems, as well as the maintenance of the
in the field. The only difference between the tillage treatments was that the row spact
drill system used in the wheat crop was 30.5 cm (hoe drill) for CT and RT and 19.1 cm
opener drill) for NT (Stone and Schlegel 2010). ..
This study continues today and the effects of the tillage systems on the soil phy’
are described in several publications. Based on soil samples taken in 2000, Stone
(2010) measured the bulk density, the total N and C, the water content at =15 MJ_’a p
and the aggregate stability, the latter through the determination of the conf:entral(l}ﬂnsins ;
the MWD. The ponded, steady-state infiltration rate was also measured in 2000 ¥ i
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TABLE 10.5

Some Soil Parameters after 10 Years under Different Tillage
Systems

Tillage System

Parameter Units NT RT CcT NP

Total carbon glkg 193 18.1 17.5 20.1

Water content at ke/kg 0.131 0.124 0.122 0.145
-1.5 Mpa

Mean weight Mm 1.55 0.66 0.57 3.78
diameter

Ponded steady-state mm/h 30.6 15.3 114 243
infiltration

Sowrce: Adapted from Stone, L.R. and Schlegel, A.1., Agron. J., 102, 483, 2010.
Note: NT: no-till; RT: reduced tillage; CT: conventional tillage; NP: native
prairie.

trometers. The results of these measurements are summarized in Table 10.5, and the respec-
yield data can be found in the Report of Progress 997 of Kansas State University Southwest
carch-Extension Center (2008), available online through the Kansas State University library.
recent measurements regarding this experimental site and other long-term tillage studies in
ntral Great Plains have been published by Blanco-Canqui et al. (2009a,b). Those studies focus
- aggregate properties with regard to soil erodibility and SOC, maximum bulk density (BD
cal water content (CWC).
¢ data presented by Stone and Schlegel (2010) on some soil parameters after 10 years of differ-
tillage treatments indicate that of the three tillage treatments, NT maintains soil conditions
it to those determined under native prairie. Although the water content at —1.5 MPa matric
is not an indicator for plant-available water, the authors interpret its good correlation to
a strong reason for the water-holding capacity of the soil. Together with the much higher
on rate under NT, which surpassed even the infiltration capacity of the native soil, there
2 evidence that the decrease in tillage intensity improves plant-available soil water. The
the parameters MWD and the concentration of WSA from samples taken in 2000 are
icator for better aggregate stability under NT when compared with the two tilled treat-
¢ results were confirmed 19 years after the start of the study by Blanco-Canqui et al.
‘Who found that 4.75-8 mm aggregates from the NT treatment required a significantly
Ic energy to be disintegrated than the aggregates from RT and CT. This behavior was
d by the water-drop penetration test and measurements of BD,,,, and CWC. Although
by water is certainly not a major issue on the plain and the permeable soil of this study,
With even gentle slopes may lose part of the scarce precipitation through runoff.
ields obtained in this study show a clear benefit of the conservation tillage systems
h was more pronounced in grain sorghum. On average, over 17 years, CT produced
and RT 87% and 79% of NT yields, for wheat and sorghum, respectively. Both graphs
: ﬂ|80 indicate a trend for the differences increasing with time.
no m:ﬁeld soil moisture data are available from this study, Stone and Schlegel (2010)
: l:llell‘.r‘tiasults that the better conditions of aggregation and water infiltrability under
Are indicators for a better water intake and therefore enhanced precipitation use
fact, the considerable differences in yield between the tillage systems, especially in the

: C'T-fp, corroborate the interpretation of water availability being the main respon-
St the differences in crop performance.

max)’
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FIGURE 10.9 Relative grain yields of (a) wheat and (b) sorghum of conventional (CT) and reduced 1

; ; 008
as compared with no-till (NT). (From Kansas State University Southwest Research-Extension Center, 200

10.4.3.2 The System of Rice Intensification )
The SRI—a rice production system based on altcrnative.ldeas about crop anfl .wat;l;
practices—has taken root on an international scale, rnovlmg‘ far beyoqd its (’)’r.lglmstill ol
At the same time, the diversity of reports shows that SRI is “not yet finished,” it 15i rsemem' J
changing. The productivity gains, including WP and a def:reasc in the W;t(:‘,l‘ r(:jc::n gnstm.
changes in the management of crops, soil, water, and nutrients have now been -
than 40 countries by farmers and a diverse group .of stakeholder's who suppor o
small-scale rice farmers in raising their output and incomes by using locally avai

ively as possible. _
pmgt\lfztr“z:cm ;Przars, the merits of the SRI system as compared with thzd re?g:)th ;
bic (flooded) rice production systems have become better understood, basf (f)six .
empirical data. The SRI production concept has been deﬁm’ed on the basns; 0 8 (}.
tices: (1) the use of very young—about 10 days old—seedlings for transpdan ndi,ng :
plant/hill; (3) wide spacing of transplants, from 20 X 20 cm to 50 x SQ cm epr!: Simes ke
and the soil fertility; (4) mainly moist (not saturated and flooded) soil water F

mend
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intermittent irrigation; (5) regular weeding through a rotary hoe to also facilitate soil aeration; and
(6) liberal use of organic fertilizers. These practices were first described in detail some 30 years
ago by Henri de Laulanié, a Jesuit priest, who recognized that small rice farmers in Madagascar
simply lacked the resources to invest in intensifying their rice cultivation practices through the rec-
pmmended “modern” technological package based on costly (and unavailable) external inputs and
inadequate or nonexistent extension support.
de Laulani€ paid little attention to the issue of genetically improved and input responsive mod-

ern varieties (the backbone of “modern” rice production and indeed of industrialized agriculture
in general). Yet, by manipulating the other crop management factors, including their interactions,
he recorded a large decrease in the water requirement and spectacular yield increases, for the local
yarieties. This corresponded to large water savings as well as greatly increased WP. In essence,
SRI crop management and water management at the level of practice represents an “integrated”
agronomy. Through integrated management of its various crop—soil-soil biota—water—nutrient—
space-{ime components, SRI seeks to capitalize on a number of basic agronomic principles aimed
at optimizing the aboveground as well as the belowground plant growth and development and the
womance of the crop as a whole,
- Of particular interest here is the SRI recommendation of keeping the soil just moist but not con-
ously flooded, either by making minimum daily applications of water or by intermittent irriga-
SRI practices of single seedling per hill and wider spacing together with aerobic soil conditions
reported to increase the yields of irrigated rice by 25%—-75% or even more with an even greater
rease in WP and a reduction in the water requirement by 40%—50%, in seeds by 80%—90%, in
st of production by 20%, and in the use of fertilizer by some 50%.
us, SRI offers an opportunity to reduce water demand while enhancing yields and WP. As
been shown in several studies, the most evident phenotypic difference with SRI is in the plant
| growth. Direct measurements confirm that the SRI methods induce both greater and deeper
gl'owth, which contributes to increased WUE and nutrient uptake throughout the crop cycle,
2d with the shallower rooting and shorter duration of root functioning under continuous
ng. Rice plants grown with the SRI methods take up more macronutrients than the roots of
ionally managed plants.
e is accumulating that making the changes in the rice-growing practices that constitute
result in win-win outcomes—for farmers, consumers, and the environment—in terms of
well as water savings. These gains are possible across a wide range of agroecosystems and
limited to smallholders. Although the greatest benefits come from using the full set of

and using them as recommended, there are demonstrable advantages from “partial SRI.”
i the results of large-scale factorial trials in Asia and Africa, one can predict that in most
reported, there are opportunities to achieve still-greater benefits from SRI methods.
0ds, with appropriate adaptations, are effective in a wide variety of environments:
_ id ecology (Panama), a semiarid region on the edge of the desert (Mali), midaltitude
tropical environment (Madagascar), sandy-marshy regions (southern Iraq), various dry
d€nvironments in Asia (India, Pakistan, and Indonesia), and even mountainous areas with
Wing season (northern Afghanistan). In each of these environments, farmers have found it
gh their modifications of standard rice-growing practices, according to the SRI prin-
® microenvironments that are favorable to a more beneficial expression of rice genetic
C10p management and water management strategy such as SRI is not an alternative to
HIE genotypes best suited to a given production situation; rather, it is a way to make
Y given variety’s production capability.
5 Of SRI is not dependent on using more modern rice cultivars, although most of the
ds have come from combining its practices with high-yielding varieties or hybrids.
has been, and will continue to be, successful in improving yield and other crop
true, however, that SRI methods can also raise the yields of most indigenous variet-
HIESe command a higher market price because of consumer preferences, farmers
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may find these “unimproved” varieties more profitable. This can help with the conservation of rice
biodiversity.

Another important consideration is that SRI phenotypes are widely reported by farmers ang
observers to be less susceptible to pest and disease damage. In 2005-2006, a systematic evalua-
tion was carried out in eight provinces in Vietnam, comparing SRI plots with neighboring farmer
practice plots. This found the prevalence of major rice diseases and pests (sheath blight, leaf blight,
small leaf-folder, and brown planthopper) to be 55% less on SRI plants in the spring season and 70%
less in summer (National IPM Program, 2007). Farmers frequently say that with SRI managemen,
their rice plants are resistant enough to crop damage that agrochemical protection is unnecessary
or it gives them no net economic benefit. The SRI approach is an example of a paradigm shift, (o
more biologically driven, agroecological strategies for crop production, in contrast to chemically
dependent ones.

With any agricultural strategy, we should be concerned about the genetic potentials, as these
are the starting points for all life. However, the SRI experience is showing that better optimizing
management of the environment for growth can achieve a fuller expression of these potentials while
using overall water use and maximizing crop WP.

10.5 CONCLUSION

At the end of the first decade of the twenty-first century, there is more awareness than ever before
regarding the future need and the importance of producing more food, feed, fiber, and biofuels
that must be attained through a 70% increase in total global output based on increased produea
tivity per unit of land and production inputs rather than by extending agricultural production o
so far untouched terrestrial ecosystems. The production inputs used to push forward the “Gree
Revolution” in the 1960s and 1970s, mainly based on high yielding “modern” varieties, more
better use of fertilizers, plant protection products, and tillage, contributed decisively (o produci
increases over the past few decades to keep pace with population growth. Today, there are
voices highlighting the fact that the potential productivity gains through increases in the HI and
the use of water, agrochemicals, and tillage have been met and that a new kind of Green Revolull
is needed to match the increasing demand for agricultural commodities while conserving :
enhancing natural as well as altered ecosystems and environmental quality. Additionally, suc
Green Revolution must address the challenges of increasing food, energy and input costs, pert
poverty, water scarcity, land degradation, loss of biodiversity, and climate change.

In this context, two aspects are of fundamental importance for agricultural intensification: 56
quality and the EUW. Within the ecosystem, both soil resources and water resources are I
cably linked, and so is their management for agricultural and nonagricultural uses. Howe
expansion of irrigated land and the withdrawal of blue water for irrigation purposes arc I
their normal exploitable limits, thus making further improvements in WUE and WP a
in both irrigated and rainfed agriculture. This entails increasing the productive use of rar
infiltrates the soil and is accessible to plants, for use in transpiration in support of biomass
and harvestable yields. The latter also applies to irrigated lands, because a larger green
in the soil water balance effectively reduces the amount of supplementary irrigation.

The key message of this chapter, based on substantial empirical and scientific evidence, !
is perfectly possible to design and put into practice sustainable production systems, both rail
irrigated, that are simultaneously productive, profitable, resource conserving, and envi
protective. In such production systems, the management of the soil water balance in favor®
able intensification and therefore the optimization of rainfall infiltration, soil water St
and WP, as well as all the ecosystem services required by society, can be achieved, provict=
principles of CA are applied simultaneously: minimum soil disturbance, permanent
cover, and diversified cropping system. Similarly, SRI agronomy and water manag
there is a large scope for improving WUE and WP in conventional irrigated or flooded
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However, CA and SRI (or CA-SRI) systems are “works in progress” and their development
has been led largely by farmers. These systems deserve much greater attention from the scientific
research community and policy makers. Improved modern varieties and irrigation systems can be
important in enhancing WUE and WP, but in themselves, they can only do so much. CA and SRI
pmvide excellent examples of how to obtain “more output for less input” from most adapted cul-
(ivars, traditional or modern. They show that when production systems pay attention to ecosystem
services, it is possible to achieve sustainable intensification. While CA and SRI are not organic, they
can be; they are probiotic and promote biodiversity in all parts of the production systems. They can
maintain high overall farm productivity as well as individual factor productivities by promoting
soil life and biodiversity, large root systems, organic matter as a substrate for soil micro-organisms
and soil organic cover, and species diversification in the cropping systems. These attributes strongly
suggest that the principles of the CA and CA-SRI systems need to be better understood and spread
over ever-larger areas to meet the future global food security and ecosystem service needs. They
embody the notion of sustainable soil water management.
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