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Foreword

Conventional agriculture has largely been characterized by tillage, which leaves
soil vulnerable to erosion. Continuous use of conventional farming practices with
conventional tillage and burning crop residues has degraded the soil resource base
and intensified soil degradation, with concomitant decreases in crop production ca-
pacity. Soil loss is expected to be a critical issue for global agricultural production
under conventional farming practices. For instance, global erosion rates from con-
ventionally ploughed agricultural fields averaged one to two orders of magnitude
greater than erosion under native vegetation, long-term geological erosion and rates
of soil production. Likewise, conventional tillage has also made agriculture a major
contributor to global warming due to increasing greenhouse gas emissions. Soil and
vegetation on the earth’s land surface store three times as much carbon as is present
in the earth’s atmosphere. Land clearing and degradation turn this valuable carbon
sink into a major source of greenhouse gas emissions.

Conservation agriculture is widely recognized as a viable approach to creating
a sustainable agriculture. It is a resource-saving agricultural production system
that aims to achieve production intensification and high yields while enhancing
the natural resource base through compliance with four interrelated principles viz.
minimal soil disturbance, permanent residue cover, planned crop rotations and in-
tegrated weed management, along with other good production practices of plant
nutrition and pest management.

Conservation agriculture is environment friendly and requires less fuel, result-
ing in lower emissions of carbon dioxide—one of the gases responsible for global
warming. In addition, conservation agriculture is very effective in reducing soil
erosion. A wide range of other environmental benefits accrue in conservation agri-
culture, including reduced run-off, improved nutrient cycling, reduced soil degrada-
tion, reduced soil and water pollution and enhanced activities of soil biota.

Although several papers and conference proceedings are available on the sub-
ject, a comprehensive textbook on conservation agriculture was lacking. This book
is a timely effort to fill the gap. The book describes various elements of conserva-
tion agriculture, highlights the associated breeding and modeling efforts, analyses
the experiences and challenges in conservation agriculture in different regions and
proposes some pragmatic options and new areas of research in this very important
area of agriculture.



vi Foreword

I anticipate that this volume will be a ready reference on conservation agriculture
and will reinforce the understanding for its utilization to develop environmentally
sustainable and profitable food production systems.

Dr. Nick Austin

Chief Executive Officer
Australian Centre for International
Agricultural Research

Canberra, Australia



Preface

The conventional mode of agriculture through intensive agricultural practices
achieves production goals, but simultaneously degrades the natural resources. The
growing concerns for sustainable agriculture are in response to the limitations of
both low-input, traditional agriculture and intensive modern agriculture relying on
high levels of inputs for crop production. Sustainable agriculture relies on practices
that help to maintain ecological equilibrium and encourage natural regenerative
processes such as nitrogen fixation, nutrient cycling, soil regeneration, and the pro-
tection of natural enemies of pest and diseases as well as the targeted use of inputs.
Agricultural systems relying on such approaches not only support high productivity,
but also preserve biodiversity and safeguard the environment. Conservation agri-
culture is a new paradigm for achieving sustained agricultural production and is a
major step in the transition to sustainable agriculture.

Over the past few decades, resource conservation technologies, such as zero
and reduced-tillage systems, better crop residue management and planting systems,
have evolved to enhance water and nutrient conservation. Conservation agricul-
ture—an array of four components including permanent soil cover, minimum soil
disturbance, diversified crop rotations and integrated weed management—is now
considered the principal road to sustainable agriculture and the protection of natural
resources and the environment. Currently, conservation agriculture is practiced on
more than 125 million ha worldwide.

While the adoption of conservation agriculture is increasing globally, in some
regions it is either slow or non-existent. As a result, we felt it timely to collect and
synthesize the latest developments on conservation agriculture research. The con-
tents of this book are divided into five sections and 23 chapters as detailed below:

(1) Introduction
Chapter 1 is a brief history and overview of the components and adaptation of
conservation agriculture.

(2) Elements of conservation agriculture

» Chapter 2 collates and performs a meta-analysis on existing literature on the
effect of crop rotations and crop residue management on maize grain yield
under conservation agriculture.

vii
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Chapter 3 describes weed problem in conservation agriculture systems and
proposes the strategies for integrated weed management.

Chapter 4 discusses the nutrient management perspectives in conservation
agriculture, and suggests the strategies for improving the nutrient use effi-
ciency in conservation agriculture systems.

Chapter 5 is an overview of the essential machinery requirements for the
different farm operations involved in conservation agriculture. Regional-
specific issues with emphasis on developing countries are also discussed,
and pragmatic solutions of vital interest to researchers, academia and policy
makers globally are proposed.

Chapter 6 describes the impact of conservation agriculture on the preva-
lence of insects, insect biodiversity, and proposes options for integrated
insect pest management in conservation agriculture.

Modeling and crop improvement for conservation agriculture

Chapter 7 covers crop breeding for conservation agriculture. Crop improve-
ment and breeding strategies are proposed to develop improved crop geno-
types better adapted to conservation agriculture.

Chapter 8 introduces the SALUS model and its tillage component to evalu-
ate the effects of tillage on soil water infiltration, time to ponding and soil
biophysical properties.

The status of conservation agriculture including some case studies

Chapter 9 discusses the evolution and adoption of conservation agriculture
in the Middle East.

Chapter 10 discusses Syrian experiences on conservation agriculture.
Chapter 11 describes the experiences, challenges and options regarding con-
servation agriculture in South Asia.

Chapter 12 covers conservation agriculture in South East Asia and intro-
duces the Conservation Agriculture Network for South East Asia.

Chapter 13 discusses conservation agriculture in China, particularly in rain-
fed areas, including early history and progress on research and adoption for
better soil and water conservation.

Chapter 14 discusses the future of conservation farming in Australia and
New Zealand, and recent advances in weed control strategies.

Chapter 15 outlines future prospects for up-scaling of conservation agri-
culture in Europe, and describes the likely impact of global changes and
constraints for its adoption and spread.

Chapter 16 describes the origins and impacts of conservation agriculture in
different regions of Latin America, highlights the factors limiting its adop-
tion and outlines the innovations and strategies developed in some countries
to overcome these limitations.

Chapter 17 illustrates the diversity of conservation agriculture adoption in
North America, and provides an overview of several contrasting production
regions.
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» Chapter 18 describes the diversity and heterogeneity of farms in sub-Saha-
ran Africa, and highlights the experiences and constraints in conservation
agriculture in the region.

(5) Conservation agriculture in agricultural systems.

* Chapter 19 covers the sustainable use of soil and other natural resources
in relation to agronomic productivity and environment quality. It also
addresses soil C sequestration potential through conservation agriculture,
and its management in diverse soils and agro-ecosystems.

e Chapter 20 discusses the potential applications of microbiology in
conservation agriculture.

e Chapter 21 discusses the experiences, challenges and opportunities of
conservation agriculture in organic farming in Europe.

e Chapter 22 outlines the potential role of conservation agriculture in
mitigating the impact of climate change on crop production.

* Chapter 23 discusses the factors driving the adoption of conservation
agriculture and proposes some possible future directions for conservation
agriculture adoption research.

Professor Kadambot Siddique’s research on conservation agriculture is partly
funded by the Australian Centre for International Agricultural Research (ACIAR)
and is gratefully acknowledged. We thank all the authors for their contributions, and
their help and cooperation during the manuscript writing and revision process. We
also thank Dr. Maryse Elliott, Senior Publishing Editor and Melanie van Overbeek,
Senior Publishing Assistant, Agronomy and Life Sciences Unit, Springer Dordrecht,
The Netherlands.

Faisalabad, Pakistan Muhammad Farooq
Perth, Australia Kadambot H. M. Siddique
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Chapter 1
Conservation Agriculture: Concepts, Brief
History, and Impacts on Agricultural Systems

Muhammad Farooq and Kadambot H. M. Siddique

Abstract Conservation agriculture (CA) is characterized by minimal soil distur-
bance, diversified crop rotations, and surface crop residue retention to reduce soil
and environmental degradation while sustaining crop production. CA involves
changing many conventional farming practices as well as the mindset of farmers
to overcome the conventional use of tillage operations. Although adoption of CA is
increasing globally, in some regions it is either slow or nonexistent. The adoption of
CA has both agricultural and environmental benefits but there is a lack of informa-
tion on the effects and interactions of key CA components which affect yield and
hinder its adoption. In this chapter, we discuss the basic concepts and brief history
of CA, and its impacts on agricultural systems.

Keyword Adoption * Crop rotations + Crop residues * Farm machinery - Weed
management

1.1 Introduction

Conventional farming practices, in particular tillage and crop residue burning, have
substantially degraded the soil resource base (Montgomery 2007; Farooq et al.
2011a), with a concomitant reduction in crop production capacity (World Resources
Institute 2000). Under conventional farming practices, continued loss of soil is ex-
pected to become critical for global agricultural production (Farooq et al. 2011a).
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4 M. Farooq and K. H. M. Siddique

Fig. 1.1 Elements of conser-
vation agriculture

Minimum soil
disturbance

Permanent

Weed
control

soil cover

Diversified crop
rotation

Conservation agriculture (CA) is a set of technologies, including minimum soil
disturbance, permanent soil cover, diversified crop rotations, and integrated weed
management (Fig. 1.1; Reicosky and Saxton 2007; Hobbs et al. 2008; Friedrich
et al. 2012), aimed at reducing and/or reverting many negative effects of conven-
tional farming practices such as soil erosion (Putte et al. 2010), soil organic mat-
ter (SOM) decline, water loss, soil physical degradation, and fuel use (Baker et al.
2002; FAO 2008). For instance, soil erosion, water losses from runoff, and soil
physical degradation may be minimized by reducing soil disturbance and maintain-
ing soil cover (Serraj and Siddique 2012). Using organic materials as soil cover and
including legumes in rotations may help to address the decline in SOM and fertility
(Marongwe et al. 2011). With less soil disturbance comes less fuel use, resulting in
lower carbon dioxide emissions, one of the gases responsible for global warming
(Kern and Johnson 1993; West and Marland 2002; Hobbs and Gupta 2004; Holland
2004; Govaerts et al. 2009). CA helps to improve biodiversity in the natural and
agro-ecosystems (Friedrich et al. 2012). Complemented by other good agricultural
practices, including the use of quality seeds and integrated pest, nutrient and water
management, etc., CA provides a base for sustainable agricultural production inten-
sification (Friedrich et al. 2012). Moreover, yield levels in CA systems are compa-
rable and even higher than traditional intensive tillage systems (Farooq et al. 2011a;
Friedrich et al. 2012) with substantially less production costs (Table 1.1).

CA is increasingly promoted as “a concept of crop production to a high and
sustained production level to achieve acceptable profit, while saving the resources
along with conserving the environment” (FAO 2006). In CA, modern and scientific
agricultural technologies are applied to improve crop production by mitigating re-
ductions in soil fertility, topsoil erosion and runoff; and improving moisture con-
servation and environmental footprints (Dumanski et al. 2006). CA improves soil
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OT? zfd}t}l)nglof}[i‘;r:fgr;zzr_‘ TA (USD ha )| CA (USD ha )| Cost saving (%)
servation agriculture (CA). Fuel 75 25 66.67
(Source: Data from Hanks Depreciation| 115 65 43.47
and Martin (2007); Meena Maintenance| 22 10 54.55
et al. (2010); Singh and Pesticides 35 45 —28.57
Meena (2013) Total costs | 247 145 41.30

water-use efficiency, enhances water infiltration, and increases insurance against
drought (Colmenero et al. 2013). CA is thus an eco-friendly and sustainable man-
agement system for crop production (Hobbs et al. 2008; Govaerts et al. 2009) with
potential for all agroecological systems and farm sizes. This chapter provides a brief
history and overview of the components and adaptation of CA.

1.2 History and Adoption of Conservation Agriculture

Tillage is defined as the mechanical manipulation of soil. Tillage started millions
of years ago when man shifted from hunting to more sedentary and conventional
agriculture especially in the Euphrates, Nile, Tigris, Yangste, and Indus valley (Hil-
lel 1991). The idea to plough or till the soil began in Mesopotamia around 3000 BC
(Hillel 1998). Lal (2001) identified tillage as a major component of husbandry prac-
tices in agriculture. After the industrial revolution in the nineteenth century, agricul-
tural machinery became available to carry tillage operations. More recently, a range
of equipment has become available for tillage operations in agricultural production
(Hobbs et al. 2008). Traditionally, tillage was aimed to soften the soil, prepare the
seedbed to ensure good and uniform seed germination, manage weeds, help in the
release of soil nutrients needed for crop growth through mineralization and oxi-
dation, and incorporate crop residues and soil amendments (fertilizers, organic or
inorganic) into the soil (Hobbs et al. 2008). Moreover, tillage helps to modify soil’s
physical, chemical, and biological properties, which improves conditions for crop
growth resulting in higher crop yields (Farooq et al. 2011a).

Tillage, particularly in fragile ecosystems, was questioned for the first time in the
1930s by Edward H. Faulkner, in a manuscript called “Plowman’s Folly” (Faulkner
1943) when dust bowls devastated wide areas of the Midwestern USA (Friedrich
et al. 2012). With time, the concept of protecting soil, by reducing tillage and keep-
ing the soil covered, gained popularity. This system of soil protection was then
named conservation tillage (Friedrich et al. 2012). Economic and ecological suf-
ferings caused by disastrous droughts in the USA during the 1930s drove the shift
towards CA (Haggblade and Tembo 2003). The development of seeding machinery
during the 1940s made sowing possible without soil tillage (Friedrich et al. 2012).
Moreover, increased fuel prices during the 1970s attracted farmers to shift towards
resource-saving farming systems (Haggblade and Tembo 2003). In this scenario,
commercial farmers adapted CA to combat drought-induced soil erosion together
with the fuel saving (Haggblade and Tembo 2003).
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During the early 1970s, no-tillage farming reached Brazil; and no-tillage and
mulching were tested in West Africa (Table 1.2; Greenland 1975; Lal 1976). The
CA experience in the USA helped motivate the CA movement in South Africa and
South America (Haggblade and Tembo 2003). Nonetheless, CA took more than 20
years to reach significant adoption levels in South America (Friedrich et al. 2012).
During this time, farm equipment and agronomic practices in no-tillage systems
were improved and developed to optimize crop performance and machinery, and
field operations (Friedrich et al. 2012).

In the early 1990s, the spread of CA hastened, which revolutionized farming
systems in Argentina, southern Brazil, and Paraguay (Friedrich et al. 2012). During
this time, several international organizations became interested in the promotion
of CA. Participation of these organizations in the promotion of these conservation
farming systems led to the adoption of these systems in Africa (Tanzania, Zambia,
and Kenya) and some parts of Asia (Kazakhstan, China, India, and Pakistan). CA
systems then made their way to Canada, Australia, Spain, and Finland.

Today, CA is practiced on millions of hectares across the globe (FAO 2011a)
including the USA, Argentina, Bolivia, Brazil, Chile, China, Colombia, Falkland
Islands, Finland, Kazakhstan, Kenya, Malvinas, Morocco, Uganda, Western Aus-
tralia, and Zambia (Friedrich et al. 2012) on soils varying from 90% sand (e.g.,
Australia) to 80% clay (e.g., Brazil’s Oxisols and Alfisols). Derpsch and Friedrich
(2009) reported that any crop can be grown effectively under CA including tuber
and root crops. In recent years, the spread of CA has been quite rapid. In 1973—
1974, CA was practiced on 2.8 M ha globally, increasing to 6.2 M ha in a decade;
by 1996-1997, this area had reached 38 M ha, and by 2003, it was 72 M ha. More
recently, CA has been practiced on 125 M ha (Friedrich et al. 2012).

CA has positive effects in terms of yield, income, sustainability of land use,
ease of farming, and the timeliness of ecosystem services and cropping practices.
As a result, its adoption rate has increased by 7 M ha per year in the past decade
(Friedrich et al. 2012). Of the total area under CA systems worldwide, 45 % is in
South America, 32 % in USA and Canada, 14 % in Australia and New Zealand, and
9% in the rest of the world including Asia, Europe, and Africa (Table 1.3; Friedrich
et al. 2012). In Canada, CA adoption has seen a pragmatic eco-friendly approach
as that helped to decrease the dust storms and increase the biodiversity (Lindwall
and Sonntag 2010). Carbon payment schemes have been introduced in Alberta and
Canada, which have resulted in the rapid uptake of CA in these areas (Friedrich
etal. 2012).

Despite the continued effort of international organizations and local NGOs, the
total area under CA is only 9% of the total cropped area (Friedrich et al. 2012). A
lack of CA extension programs is one reason for its slow uptake. In addition, region-
al traditions and mindset, along with a lack of technical knowledge, institutional
support, CA machinery, and suitable herbicides to facilitate weed management are
major constraints in the wide-scale adoption of CA systems (FAO 2008; Friedrich
and Kassam 2009; Friedrich et al. 2012). Certain other issues related to natural
assets of the farm also hinder CA adoption worldwide (Dixon et al. 2001; Gov-
aerts et al. 2009). However, in Asia, many agricultural lands may adopt CA systems
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Table 1.2 History of conservation agriculture

Year Development Reference
1930 Great dust bowl and start of conservation agricul- | Hobbs et al. (2008)
ture in the USA
1940 Development of direct seeding machinery, first Friedrich et al. (2012)
no-till sowing
1943 Book on no-till in modern agriculture entitled Faulkner (1943)
“Plowman’s Folly” by Faulkner
1950 No-till, direct-sowing of crops was first success- Harrington (2008)
fully demonstrated in the USA
1956 Experiments on various combinations of tillage and | Lindwall and Sonntag (2010)
herbicides were initiated
1960 Commercial adoption of no-till in the USA Lindwall and Sonntag (2010);
Friedrich et al. (2012)
1962 Paraquat was registered as first herbicide for broad- | Lindwall and Sonntag (2010)
spectrum weed control
1962 Long-term no-till experiments were started in Ohio, Perszewski (2005)
USA; the experiments are still running
1964 First no-till experiments in Australia Barret et al. (1972)
1966 Demonstration trials on direct drilling systems in Béumer (1970)
Germany
1967 Demonstration trials on direct drilling systems in Cannel and Hawes (1994)
Belgium
1968 First no-tillage trials in Italy Sartori and Peruzzi (1994)
1969 Introduction of CA in West Africa Greenland (1975); Lal (1976)
1970 First no-till demonstration in Brazil Borges (1993)
1970 Long-term no-till experiments were started in Boisgontier et al. (1994)
France
1970 First report on the development of herbicide resis- | Ryan (1970)
tance in weeds
1973 Phillips and Young published the book “No-Tillage | Derpsch (2007)
Farming.” This publication was a milestone in
no-tillage literature, being the first one of its kind in
the world
1974 First no-till demonstration in Brazil and Argentina | Friedrich et al. (2012)
1975 Book on CA entitled “One straw revolution” by Fukuoka (1975)
Fukuoka
1976 Glyphosate was registered for general broad-spec- | Lindwall and Sonntag (2010)
trum weed control
1980 Introduction and on-farm demonstration of CA in | Harrington (2008)
subcontinent
1980 Introduction of CA in Zimbabwe Friedrich et al. (2012)
1981 The first National No-till Conference held in Ponta | Derpsch (2007)
Grossa, Parana, Brazil
1982 Introduction of no-till in Spain Giraldez and Gonzalez (1994)
1982 Development of first glyphosate-resistant transgenic Fraley et al. (1983)
crops
1990 Development and commercial release of reliable Lindwall and Sonntag (2010)
seeding machines
1990 Commercial adaptation of CA in southern Brazil, | Friedrich et al. (2012)
Argentina, and Paraguay
1990 Introduction of CA in India, Pakistan, and Friedrich et al. (2012)

Bangladesh
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Table 1.2 (continued)

Year Development Reference
1992 Start of CA research in China Derpsch and Friedrich (2009)
1996 Commercial launch of transgenic glyphosate-resis- | Dill (2005)
tant soybean
1997 Commercial launch of transgenic glyphosate-resis- | Paarlberg (2001)
tant crops in China
1998 Identification of weed (rigid ryegrass) resistant to | Powles et al. (1998)
glyphosate
2002 Introduced no-tillage systems in Kazakhstan Derpsch and Friedrich (2009)

CA conservation agriculture

Table 1.3 Continent-wise Continent Area (M ha) | Percent of total
area under conservation agri- A fyica 1.01 1
culture in the world. (Source: A i 472 4
Friedrich et al. 2012) Australia and New Zealand | 17.16 14
Europe 1.35 1
South America 55.46 45
North America 39.98 32
Russia and Ukraine 5.1 3
Total 124.78

especially in Kazakhstan, China, and India in the next two decades (Friedrich et al.
2012). In the Indo-Gangetic Plains (Pakistan, India, Bangladesh, and Nepal), no-
tilled wheat plantations have reached 5 M ha in recent years especially in the rice—
wheat cropping system (Friedrich et al. 2012) and are expected to expand further.

In a nutshell, since the 1930s, farming communities have gradually shifted to-
wards no-tillage systems for potential fossil-fuel savings, reduced erosion, and run-
off, and to minimize SOM loss. The first 50 years was the start of the conservation
tillage movement and, today, a large percentage of agricultural land is cropped fol-
lowing CA principles (Hobbs et al. 2008). Sustained governmental policies and
institutional support may play a key role in the promotion of CA both in rainfed and
irrigated cropped lands by providing incentives and required services to farmers to
adopt CA practices and advance them over time (FAO 2008; Friedrich and Kassam
2009; Friedrich et al. 2009; Kassam et al. 2009, 2010; Friedrich et al. 2012).

1.3 Permanent or Semi-permanent Organic Soil Cover

In CA, crop residues—the principal element of permanent soil cover—must not
be removed from the soil surface or burned. The residue is left on the soil surface
to protect the topsoil enriched with organic matter from erosion. At the same time,
fresh residues must be added to the soil when existing residues decompose. Burning
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not only increases mineralization rates which rapidly depletes nutrients and organic
matter from the soil but also causes air pollution (Magdoff and Harold 2000). In CA,
plants are either left in the field or killed, with their residues left in the field to de-
compose in situ. This practice is primarily aimed at protecting the enriched topsoil
against chemical and physical weathering. Plant residues slow down the speed of
falling raindrops, provide a barrier against strong winds and temperature, decrease
surface evaporation, and improve water infiltration (Thierfelder and Wall 2009).

Cover crops/green manure crops are grown to increase or maintain soil fertility
and productivity. They increase SOM content either by adding fresh plant residues
to the soil or by reducing soil erosion. Legume cover crops can fix nitrogen from
the atmosphere into the soil increasing N availability to crop plants. Cover crops are
mowed or killed before or during soil preparation for the next economic crop. A gap
of 1 or 2 weeks before planting the next crop is needed to allow some decomposi-
tion and reduction in allelopathic effects of the residues, and to minimize nitrogen
immobilization (Miguel et al. 2011; Farooq and Nawaz 2014).

CA improves soil biodiversity, soil biological activity, water quality and soil
aggregation, and increases soil carbon sequestration through maintenance of crop
residues. By keeping residues on the surface and using cover crops, permanent soil
cover is maintained during fallow periods as well as during crop growth phases.
Giller et al. (2009) opined that the benefits of each principle need to be properly
evaluated as trade-offs exist and some farmers have not adopted all of CA compo-
nents. Retaining crop residues has positive and negative effects; researchers should
develop strategies to enhance the positive effects (Kumar and Goh 2000).

1.4 Minimal Soil Disturbance

CA promotes minimal soil disturbance through no- or reduced tillage, careful man-
agement of residues and organic wastes, and a balanced use of chemical inputs;
all aimed at decreasing soil erosion, water pollution and long-term dependence on
external inputs, improving water quality and water-use efficiency, and minimiz-
ing greenhouse gas emissions by reducing the use of fossil fuels (Kumar and Goh
2000). Zero-tillage systems need minimal mechanical soil disturbance and perma-
nent soil cover to achieve sufficient living and/or residual biomass to control soil
erosion which ultimately improves water and soil conservation (Li et al. 2007).
CA emphasizes the importance of soil as a living body, particularly the most active
zone in the top 0-20 cm, to sustain the quality of life on this planet; yet this zone
is most vulnerable to degradation and erosion. Most environmental functions and
services—essential to support terrestrial life on this planet—are concentrated in the
macro-, micro-, and meso-flora and fauna, which live and interact in this zone. Hu-
man activities with regard to land management have the most immediate and poten-
tially maximum impact in this zone (Hobbs et al. 2008). By protecting this fragile
zone, the vitality, health, and sustainability of life on this planet may be ensured.
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A recent modeling analysis, for three sites with fine-textured soils and different
crop rotations in North America (Conant et al. 2007), simulated zero tillage until
equilibrium was reached and ran experimental models for 220 years thereafter. The
model demonstrated a substantial decrease (~27 %) in soil C content due to a shift
to conventional tillage from zero tillage (Conant et al. 2007).

1.5 Diversified Crop Rotations

Crop rotations play a critical role in determining the success of crop production en-
terprises, but are most important in determining the success of crop production sys-
tems using conservation tillage. CA addresses the problems of insect, pests, and dis-
eases by integrating crop rotations, which help break the cycle that perpetuates crop
diseases such as wheat rust and pest infestations (Witmer et al. 2003), resulting in
higher yield. A well-planned systematic crop rotation helps farmers to avoid many
problems linked with conservation tillage, such as increased soil compaction, plant
diseases, perennial weeds, and slow early season growth (Tarkalson et al. 2006).

Continuous maize planting in a no-till system may cause several problems such
as perennial weeds, leaf diseases, inoculum buildup in residues, and wetter and
cooler soils at planting due to heavy maize residues (Fischer et al. 2002). These resi-
dues interfere with seed placement resulting in uneven stand establishment; while
allelopathic effects from decomposing maize residues on young plants may slow
the growth of maize early in the season (Fischer et al. 2002). In such situations, a
maize—hay rotation—as an alternative to continuous maize—is gaining popularity
on dairy farms in Pennsylvania. Many problems linked to continuous no-till maize
may be eliminated in this rotation when the sod is killed in autumn. The residue
level will be manageable, the flux of perennial weeds will be less, insect problems
will be less, and the soil structure usually will be excellent resulting in higher yields.
Inclusion of Sesbania in direct-seeded rice as a green manure intercrop and then
knocking it down with broadleaf herbicide has been effective in suppressing weeds
and improving soil fertility in rice—wheat cropping systems (Yadav 2004; Hobbs
et al. 2008).

With systematic crop rotations, the benefits of CA can be achieved on soils or at lo-
cations where success is often difficult. Combining the timeliness and reduced-labor
benefits of CA with advantages of higher yield and reduced inputs when associated
with a better crop rotation significantly increased profit levels (Linden et al. 2000).

1.6 Weed Control

Weed control is considered a serious problem in CA systems and its success largely
depends on effective weed control. Multiple tillage operations are required to con-
trol perennial weeds by reducing the energy reserves in different storage organs
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or roots of weeds (Todd and Derksen 1986; Fawcett 1987). Weed control in CA
depends upon agronomic practices, herbicides, and level of tillage used (Lafond
et al. 2009). In CA systems, small-seeded weed species are favored (Chauhan et al.
2006a; Farooq and Nawaz 2014), while dormant weed seeds present in the soil do
not move to the soil surface (Cardina et al. 1991). In CA, crop residues are main-
tained on the soil surface that keeps the soil moist and cool, which increases the
survival of germinated small weed seeds compared with conventional agriculture.
In conventional tillage systems, weed seeds are buried in the soil, while in CA more
weed seeds are left on the soil surface (Chauhan et al. 2006b), which are generally
more susceptible to decay (Gallandt et al. 2004).

Chemical weed control is the most effective weed management option in CA;
however, its effectiveness depends upon several factors including application of
appropriate herbicides, time of application (postemergence vs. preemergence), and
the amount of crop residue present on the soil surface. Crop residues directly affect
weed germination and the bioavailability of herbicides such as trifluralin (Chauhan
et al. 2006c). Residue retention strongly impacts weed emergence; several factors
determine the extent of this influence including type and quantity of residue, na-
ture of the residue, soil type, weather conditions, and prevailing weed flora (Buhler
1995; Chauhan et al. 2006d). Phenolics in the surface residue may reduce the weed
infestation (Farooq et al. 2011b) in CA system. Nonetheless, the presence of plant
residues may reduce the persistence and efficacy of soil-applied herbicides, which
do not require incorporation into the soil and also intercept and bind the chemical
before it reaches the soil surface (Potter et al. 2008).

The availability of transgenic crops with resistance to nonselective herbicides,
such as glyphosate and glufosinate, can effectively control weed species while
decreasing labor demands and repeated applications of herbicides (Cerdeira and
Duke 2006). By using transgenic crops in CA, growers have boosted profitability
by reducing labor expenses. The introduction of herbicide-tolerant transgenic crop
varieties in CA systems provided effective weed control with substantial yield in-
creases (Duke and Powles 2008). A new challenge to develop herbicide-resistant
weed biotypes is threatening the use of herbicide-tolerant transgenic crops in CA
systems (Farooq et al. 2011a; Heap 2014). Several weeds have developed resistance
against herbicides. The first case was reported in 1970 in common groundsel (Se-
necio vulgaris L.), which developed triazine resistance (Ryan 1970). Worldwide,
the number of herbicide-resistant weed biotypes has reached 432, which demands
continued research to control the resistance and avoid the future spread of resistant
weeds (Appleby 2005; Heap 2014).

Kirkegaard et al. (2014) opined that herbicide rotation, green/brown manures,
and harvesting and destruction of weed seeds may help in weed management under
CA systems. They further proposed to include strategic tillage as a component of
integrated weed management approach where applicable and safe (with respect to
erosion risk; Kirkegaard et al. 2014). This may help to reduce the incidences of
development of herbicide-resistant weed biotypes.
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1.7 The Role of Policy and Institutional Support

CA is a multi-dimensional approach ensuring the sustainability of resource use and
food security. Principally, CA offers resistance to the irrational use of natural re-
serves through good management practices such as minimal soil disturbance using
optimized tillage operations, check on soil exposure to environmental calamities,
and biodiversity maintenance through diversified crop rotations. With the ever-
increasing global population and urbanization reducing the amount of land under
agriculture, food security has become a conundrum (Hobbs et al. 2008); the sustain-
able use of available resources is a key element of CA systems.

Adoption of CA is a paradigm shift requiring huge efforts and trade-offs at indi-
vidual and institutional levels. In the long run, CA should be the ultimate solution
to agricultural problems in small landholding farming communities (Derpsch 2003;
Giller et al. 2009). CA research has progressed but adoption at the farmer level is a
serious concern. Many factors hinder the uptake of CA by farmers and authorities:
lack of proper information, poor knowledge dissemination, lack of demonstration,
the need for long-term hard work, temporary decline in economic returns, hesita-
tion, vague policies, lack of institutional support and natural disasters. Institutional
support, innovative policy making, organizational collaboration, motivated think
tanks, and government supervision are critical to develop a strong system for prolif-
eration of CA (Kassam et al. 2012).

Policy making involves the realization of the available resources and serious
approach to rethink the issue and options. Ecological, social, and political activ-
ism on the issue of natural resource depletion and sustainability has been ignited
for 20-30 years at a global level. Understanding this problem provides the foun-
dation for structural development and promotion of sustainable approaches along
with an awareness campaign (Kassam et al. 2012). One important policy is “Save
and Grow” coined by the Food and Agriculture Organization. It covers the idea of
a two-way process of sustainable production and economical usage, which has sim-
plified and clarified the theme of CA. Policy formation strengthens the expression,
adoption, and promotion of this approach (FAO 2011b). Effective policies offer
pragmatic solutions to a number of challenges (Kienzler et al. 2012) such as:

» Useful practices to improve food production under limited inputs and thus sus-
tainable promotion of food production and the supply chain.

» Lowering the intensity of environmental damage through eco-friendly approaches.

* Economizing the production chain via improved cultural practices, judicious in-
put use, and reduced exploitation of on-farm resources.

* Preserving ecological hierarchy by maintaining biodiversity and natural habitats.

» Offering a wide range of adjustments, adaptations, and rehabilitation after fre-
quent natural and secondary disasters.

Plenty of evidence on the serious concerns, issues, and threats necessitating the
adoption of CA are available (Foresight 2011); however, intensified production
is still possible under a conservation regime with benefits including lower capital
costs, reduced inputs, flexibility in terms of adaptation, aggrandized ecosystem ef-
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ficiency, and environmental protection. In some parts of the world, conservation
tillage has been termed under transformed tillage packages like zero tillage, reduced
tillage, minimum tillage, etc.

Institutions are the main hubs for information gathering, knowledge sharing, and
technology transfer. The role of institutional development in agriculture is signifi-
cant. Linkage between research organizations, educational institutes, and extension
wings must be very strong to launch any technology. Considerable work is being
undertaken on the adoption of CA on national and international fronts. Govern-
ments are sensing the vitality of the system and reinforcing the approach through
multi-actions. In developed countries, the scientific community is leading the task
by innovating and modifying the steps for sustainability. Strict implication of the
rules and regulations has confirmed the success of CA in different cases.

Authorities are sensing their responsibilities, and public sector movements re-
garding CA adoption are flourishing. Different institutions support farming com-
munities to trial subsidized conservation packages. Incentives and visual economic
profitability help to promote adoption and reduce farming community concerns
(Kassam et al. 2012). Adoption of zero tillage in the rice—wheat cropping system in
the Indo-Gangetic Plains is a successful example of CA adoption in the developing
world. It is the result of consistent efforts by global institutions and organizations in
collaboration with local governments and NGOs. Similarly, successful progress is
being made in Central Asia, Africa, and other regions. Conservation approaches are
not only becoming popular but also being adopted at the farmer level, which could
improve with further institutional support and the right policy making in the future.

1.8 Conclusion

CA is a complex suite of technologies, including wise soil manipulation, retention
of crop residues as soil cover, planned and diversified crop sequences, and effective
weed management, for eco-friendly sustainable crop production. CA has proved
beneficial in terms of yield, income, sustainability of land use, ease of farming, and
the timeliness of ecosystem services and cropping practices. CA systems are being
increasingly adopted worldwide; however, in some countries, its adoption is either
slow or nonexistent. Sustained governmental policies and institutional support may
play a key role in the promotion of CA through the provision of required services
for farming communities and certain incentives. On-farm participatory research and
demonstration trials may help accelerate the adoption of CA. The development and
introduction of herbicide-tolerant transgenic crops resulted in the rapid spread of
CA systems; however, the development of herbicide-resistant weed biotypes is pos-
ing a new threat. This invites attention of researchers to develop economically vi-
able innovative alternative tools to prevent and manage herbicide-resistance devel-
opment in weeds and weed management strategies. The use of Sesbania in direct-
seeded rice as a manure intercrop and then using that as mulch with the application
of broadleaf killer herbicide is a good option for weed and fertility management.
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Developing crop genotypes with strong allelopathic potential against associated
weeds is another option in this regard.
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Chapter 2
Crop Rotations and Residue Management
in Conservation Agriculture

Leonard Rusinamhodzi

Abstract Yield increases and sustainability of conservation agriculture (CA) sys-
tems largely depend on systematic crop rotations and in situ crop harvest residue
management coupled with adequate crop nutrition. In this chapter, the beneficial
effects of crop residue management and crop rotations on maize (Zea mays L.)
grain yield in CA systems under rainfed conditions are explained through a meta-
analysis. The effects of crop residue management are most beneficial under rainfed
conditions as rainfall distribution is often erratic and seasonal dry spells common.
The meta-analysis was based on the weighted mean difference (WMD) effect size
using the random effects model. Yield advantages of CA systems over conventional
tillage systems were only significant when in rotation, under low rainfall conditions
and with large N fertiliser inputs. The WMD for CA with continuous maize ranged
from —1.32 to 1.27 with a mean of —0.03 t ha™!, and when rotation was included
the WMD ranged from —0.34 to 1.92 with a mean of 0.64 t ha!. Mulch retention
under low rainfall (<600 mm) had a WMD between —0.2 and 1.0 with a mean of
0.4 t ha™! while high rainfall (> 1000 mm per season) reduced the yield advantage
with the WMD ranging from — 1.2 to 0.02 with a mean of —0.59 t ha™!. CA is likely
to have the largest impact in low-rainfall environments where increased infiltration
of rainfall and reduced evaporative losses are achieved by retaining crop residues.
However, it is in these areas that achieving sufficient crop residues is a challenge,
particularly in mixed crop—livestock systems where crop residues are needed for
livestock feed in the dry season. The results suggest that CA needs to be targeted
and adapted to specific biophysical as well as socioeconomic circumstances of
farmers for improved impact. The ability of farmers to purchase fertiliser inputs,
achieve sufficient biomass production as well as produce alternative feed will allow
them to practise CA and possibly achieve large yields.
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2.1 Introduction

Systematic crop rotations and in situ crop harvest residue management are the pillars
of conservation agriculture (CA). Yet, they are also the most pronounced barriers to
its widespread practice especially on smallholder farms in the tropics. A crop rota-
tion is the sequence of crop types grown in succession on a specific field (Wibberley
1996; Castellazzi et al. 2008). Crop rotations play a key role in CA systems where
they facilitate soil fertility replenishment while at the same time minimising pest
and disease build-up (Trenbath 1993). Crop rotations with leguminous crops have
the potential to increase soil nitrogen (N) concentration through biological nitrogen
fixation (BNF; Giller 2001). Research results have shown that synthetic fertilis-
ers or organic manure do not solve the challenges of soil degradation and fertility
decline except when used in combination (Chivenge et al. 2009, 2011). The use of
mineral fertiliser is needed and should be combined with management practices that
build up organic carbon and achieve sustainability in the longer term. The underly-
ing hypothesis of this chapter is that yield increases in CA over conventional agri-
culture systems are underpinned by successful crop residue management and crop
rotation, and such yield increases differ according to fertiliser inputs by farmers and
the amount and distribution of seasonal rainfall.

The importance of crop residue retention to sustainability of crop production is
widely acknowledged. In situ retention of crop harvest residues coupled with no
tillage has the potential to increase substantially soil organic carbon (SOC) although
current data and knowledge are inconclusive (Govaerts et al. 2009). However, there
is consensus that consistent and sufficient C inputs are the major determinants of
SOC changes in soil and not so much the type of tillage (Chivenge et al. 2007).
Reduced tillage is important in reducing decomposition rates but this is only rel-
evant if sufficient organic inputs have been applied (Chivenge et al. 2007). The
absence of soil inversion may lead to SOC accumulation in the top layers of the
soil (Franzluebbers and Arshad 1996). Carbon increases are expected over time if
the amount of crop residue retained is more than that dissipated by the oxidation
process. Current literature suggests that the importance of crop residue retention in
the short term might be related to the maintenance of SOC rather than its absolute
increase.

Crop residues provide soil cover which decreases run-off and soil loss especially
on low slopes but it is less effective on steep slopes (Adekalu et al. 2007). In a study
on a utisol in Nigeria, Adekalu et al. (2007) reported that water infiltration increased
with increasing levels of mulch cover (giant elephant grass) and decreased with in-
creasing slope. The authors suggested that to improve infiltration and reduce run-off
and soil erosion, up to 90 % cover may be necessary especially if organic matter is
low and sand content is high. Other researchers have suggested mulch application
rates of 4-6 t ha™! as adequate (Lal 1976; De Silva and Cook 2003) but what these
quantities translate to in terms of soil cover for different crops is not well known
(Morrison et al. 1985). Some authors suggest that mulch rates of up to 6 t ha™!
may completely eliminate soil loss (Fig. 2.1, Lal 1998; Adekalu et al. 2006, 2007).
Understanding the interactions between the type and rate of mulch application, the
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Fig. 2.1 The relationship between the amount of crop residue retained and soil loss. (Data used
were reported by Adekalu et al. 2006, 2007; Lal 1998)

contribution to nutrient enhancement in soil and the potential for crop yield
improvement are needed (Cook et al. 2006). Crop residues have low thermal con-
ductivity such that mulching can reduce soil temperature for optimal germination
and root development in hot environments (Lal 1978; Riddle et al. 1996). They in-
sulate the soil surface and increase resistance to heat and vapour transfer leading to
increased available soil water (Hatfield and Prueger 1996; Dexter 1997; Cook et al.
2006). Mulch is also important for intercepting rainfall energy and reduces erosion.
In areas of relatively short duration and low-intensity rainfall, mulching may reduce
soil water recharge; this could be crucial in areas with frequent and small amounts
of rainfall because it can be intercepted before it recharges the topsoil (Sadler and
Turner 1993; Savabi and Stott 1994). It has also been suggested that the crop resi-
due thickness has a direct effect on total interception of rainfall (Savabi and Stott
1994). Thus, mulch application is not always positive and may be detrimental to
crop productivity.

In cereal-based systems which dominate the tropics, most crop residues are de-
rived from maize, millet and sorghum, which are rich in lignin and have high C/N
ratios that are generally greater than 60 (Cadisch and Giller 1997; Handayanto et al.
1997). Although crop residues are often on the soil surface, they are more likely to
partially incorporate and decompose as the season progresses adding to SOC (Park-
er 1962). However, the wide C/N ratio leads to prolonged N immobilization by
microorganisms, rendering N unavailable for crop growth in the short term (Giller
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et al. 1997). Thus, high N inputs are required when poor-quality crop residues are
used as mulch cover.

This chapter collates and performs a meta-analysis on existing literature on the
effect of crop rotations and crop residue management on maize grain yield under
CA. Meta-analysis allows combined quantitative analyses of experimental yield
data reported in the literature and estimation of effect sizes (Glass 1976; Rosenburg
et al. 2000; Ried 2006; Borenstein et al. 2009). The analysis increases the statistical
power available to test hypotheses and can help unravel differences in responses
between treatments under different environments (Gates 2002; Borenstein et al.
2009). The effect size for each individual study is considered an independent
estimate of the underlying true effect size, subject to random variation. All studies
contribute to the overall estimate of the treatment effect whether the result of each
study is statistically significant or not thus reducing publication bias. Data from
studies with more precise measurements or larger studies (many cases) are given
more weight, so they have more influence on the overall estimate (Gates 2002).
However, meta-analysis has potential weaknesses due to publication bias and other
biases that may be introduced in the process of locating, selecting and combining
studies (Egger et al. 1997; Noble 2006). Publication bias arises when researchers,
reviewers and editors submit or accept manuscripts for publication based on the
direction or strength of the study findings (Dickersin 1990). This means that studies
reporting contradictory or neutral results are likely to be omitted from publications.
To reduce publication bias, data searches were carried out online to find results
from all parts of the world under rainfed conditions. Some researchers were also
contacted to provide some grey literature. Moderators, i.e. factors likely to influ-
ence effect sizes such as mean annual precipitation (MAP) and N fertiliser input,
were identified during data collation and the random effects model was used during
the analysis (Ried 2006).

2.2 Meta-analysis

Maize grain yield data were obtained from studies on the effect of crop residue
management and crop rotation. Due to the voluminous nature of the search results,
meta-analysis was restricted to rainfed conditions in semiarid and subhumid envi-
ronments where the effects of mulch on crop productivity would be better assessed.
Data searches were predominantly online and obtained from refereed journals, book
chapters or peer-reviewed conference proceedings. The following keywords and
their combinations were searched: crop rotations, legumes, CA, mulch cover, no
tillage, maize yield, corn yield, subhumid, semiarid and rainfed. The treatments
from which maize grain yield data were collated are described in Table 2.1. Nutrient
inputs needed to be the same across the treatments tested in each study. Unpub-
lished data or grey literature was obtained from researchers working on CA. Result
moderators or factors likely to influence the meta-analysis outcome such as annual
rainfall and N input as reported in the literature were included in the analysis. Fifty
publications met the selection criteria and were used in the meta-analysis (Table 2.2).
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Table 2.1 Tillage treatments used in the meta-analysis

Tillage management option Short description

Conventional tillage (CT) Mouldboard ploughing without crop residue reten-
tion. The most widely practised tillage technique used
by communal farmers with animal draught power in
southern Africa

No tillage + mulch (NTM) Practice of minimising soil disturbance plus previous
crop residues to achieve soil cover after planting. Weed
control is accomplished primarily with herbicides

No tillage + mulch + rotation (NTMR) | As described above for NTM. Main crop of maize in a
rotation sequence with legumes such as soybean ( Glycine
max L.) or cowpea ( Vigna unguiculata (L.) Walp)

The meta-analysis procedure and calculation followed that described by
Rusinamhodzi et al. (2011) as presented below. Data required for the meta-analysis
were in the form of treatment mean (X ), standard deviation (SDy ), and number
of replicates (7 ) mentioned in the experimental design. Several authors presented
statistical data in different formats such as standard error SE; and coefficient of
variation (CV% ). These were converted to standard deviation (SD; ) using the
CVr%

100
obtained by computing the weighted mean difference (WMD) using the random
effects model (DerSimonian and Laird 1986; Borenstein et al. 2009). The mean
difference (Eq. 2.1) in yield between the treatment and control was used due to its
ease of interpretation and the relevance for comparing potential gains (Ried 2006;
Sileshi et al. 2008). To obtain overall treatment effects across studies, the differ-
ences between treatment and control were weighted (Eq. 2.3). The weight given
to each study was calculated as the inverse of the variance (Eq. 2.2). The random
effects model assumed that the true effect of CA on crop yield varied from site
to site and from season to season; thus, contributions of each study to the overall
effect size were considered independent. Nitrogen input and amount of seasonal
rainfall were chosen as the most important moderators and their effect tested on the
magnitude of the responses (mean differences). Nitrogen input and MAP classes
were categorized as reported by Rusinamhodzi et al. (2011) with MAP classes as
low (<600 mm), medium (600-1000 mm) and high (>1000 mm), and N fertiliser
input as low (<100 kg ha™") and high (> 100 kg ha™):

Mean difference(MD)=mean

following equations: SD_.=SE x+/n and SDX=( )X)? . Effect size was

_meancomml (2 1)

treated

1 1

L 2.2)
variance, SD;

weight, =

Weighted mean difference (WMD)

overall

= (weight, *MD)/ Y weight,  (2.3)
i=1

i=1

Cl,,,, =mean ,_, +(1.96*(variance ., )"") 2.4
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Table 2.2 Site information for experiments used in the meta-analysis

Country Treatments Reference

Madagascar CT,NT,NTR | Djigal et al. (2012)

USA CT,NT Wilhelm and Wortmann (2004)
USA CT,NT Karlen et al. (1991)

USA CT,NT Griffith et al. (1988)

USA CT,NT,NTM | Linden et al. (2000)
Nigeria CT,NT,NTM | Lal (1997)

Zimbabwe CT,NT Vogel (1993)

Zimbabwe CT,NT Moyo (2003)

Zimbabwe CT,NT Nehanda (2000)

USA CT,NT Olson et al. (2004)

USA CT,NT Wilhelm et al. (1987)
Australia CT,NT Thiagalingam et al. (1996)
USA CT,NT Iragavarapu and Randall (1995)
India CT,NT, NTM | Acharya and Sharma (1994)
Brazil CT,NT Sisti et al. (2004)

China CT,NTM Jin et al. (2007)

USA CT,NT Karunatilake et al. (2000)
Italy CT,NT Mazzoncini et al. (2008)
Canada CT,NT, NTM | Dam et al. (2005)

Mexico CT,NT, NTM | Fischer et al. (2002)

USA CT,NT Rice et al. (1986)

India CT, NTR Ghuman and Sur (2001)
USA NT, NTR Karlen et al. (1994b)

USA CT,NT,NTR | Ismail et al. (1994)
Zimbabwe CT,NT Nyagumbo (2002)

USA CT,NT Dick and Van Doren (1985)
Zimbabwe, Zambia CT,NT Marongwe et al. (2011)
Malawi CT,NT,NTR | Ngwira et al. (2012a)
Malawi CT,NT,NTR | Ngwiraetal. (2012b)
Malawi, Mozambique, Zambia, Zimbabwe | CT, NT, NTR | Thierfelder et al. (2012a)
Zimbabwe CT,NT, NTR | Thierfelder et al. (2012b)
Malawi CT, NT, NTR | Thierfelder et al. (2013a)
Zambia CT,NT,NTR | Thierfelder et al. (2013c)
Malawi, Mozambique, Zambia, Zimbabwe | CT, NT Thierfelder et al. (2013b)
Zimbabwe CT,NT Thierfelder and Wall (2012)
Kenya CT,NT, NTM | Paul etal. (2013)

Nigeria CT,NT Osuji (1984)

Zimbabwe CT,NT, NTR | Mupangwa et al. (2007)
Zimbabwe CT,NT,NTR | Mupangwa et al. (2012)
Nigeria CT,NT Mbagwu (1990)

Kenya CT,NT,NTR | Kihara et al. (2012)

CT conventional tillage, NT no tillage, NTM no tillage with mulch

Variance

1

overall — i=n . :
2 i weight,

(@5)
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2.3 Yield Data from Different Mulch and Crop Rotations

The WMD of CA with continuous maize cropping was almost zero but ranged from
—1.32to 1.27 t ha™! (Fig. 2.2). Including the rotation into the CA system increased
the WMD which ranged from —0.34 to 1.92 t ha™! with a mean of 0.64 t ha ™.
Retention of mulch alone without crop diversification does not necessarily lead to
improved crop productivity. The overall effect of mulch on crop productivity could
be considered neutral in this case. These results agree with Kapusta et al. (1996)
who observed no significant yield difference between no tillage and conventional
ploughing on poorly drained soils after 20 years of continuous no tillage. Similarly,
Dam et al. (2005) reported that, after 11 years, maize yields were more affected
by the amount of rainfall and temperature across years than tillage and crop resi-
due management. Rotations especially with legumes often have positive effects on
maize yield across soil fertility regimes (Karlen et al. 1991, 1994a). The larger yield
in rotation compared with continuous monocropping was attributed to reduced pest
infestations, improved water-use efficiency, good soil quality as shown by increased
organic carbon, greater soil aggregation, increased nutrient availability and greater
soil biological activity (Van Doren et al. 1976; Hernanz et al. 2002; Kureh et al.
20006). In the Highlands of Madagascar, Djigal et al. (2012) observed CA systems
that supported comparable or better yields in the long term than conventional tillage
if crop rotation was correctly managed.

Legume rotation - I

= 1 (n=392)

Continuous maize - b

1 (n=418)

Conservation agriculture option

Jesssssssn @ e nsnnnnsnnnnnafssnnEnnNnnn

-25 -20 -15 10 -05 0.0 05 1.0 15 20 25

Weighted Mean Difference (WMD)

Fig. 2.2 The weighted mean difference (WMD) for continuous maize under conservation agri-
culture (CA) and for maize in rotation with legumes under CA. The WMD were computed as the
difference in yield of the CA options over continuous maize cropped using conventional tillage
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Subgroup analysis of continuous maize production with mulch suggested that
the amount of seasonal rainfall and fertiliser inputs are important yield modera-
tors. The most yield advantage (WMD between —0.2 and 1.0 t ha™!) from mulch
retention was obtained in environments where seasonal precipitation did not exceed
600 mm, with an overall effect of 0.4 t ha™' (Fig. 2.3). The yield advantages from
mulch application decreased with increasing seasonal rainfall as expected; above
600 mm, there was no yield advantage from mulch retention over conventional
tillage. The retention of mulch increases rainfall infiltration into the soil and reduces
evaporative losses resulting in waterlogging. In other studies, yields under CA prac-
tices were 5-20% less than under conventional tillage practices in wet years, but
10-100% higher in relatively dry years (Hussain et al. 1999). Similarly, Lueschen
et al. (1991) reported larger crop yields with CA practices than conventional tillage
in a relatively dry year.

Retention of mulch requires a concomitant increase in N inputs to ensure larger
yields. WMD for systems where N input was less than 100 kg ha™! indicated that
conventional systems would yield more than CA options tested (Fig. 2.4). When N
fertiliser input was raised beyond 100 kg ha™!, the WMD had a yield advantage for
CA over conventional tillage. The results agree with Vanlauwe et al. (2014) who
identified adequate nutrient management in CA systems as another critical factor,
i.e. the need for a fourth principle. Similarly, Diaz-Zorita et al. (2002) reported that
maize yields increased more with nitrogen fertilisation than tillage under subhumid
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Fig. 2.3 The weighted mean difference (WMD) for continuous maize under conservation agricul-
ture (CA) under different rainfall categories. The WMD were computed as the difference in yield
of the CA over continuous maize cropped using conventional tillage
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Fig. 2.4 The weighted mean difference (WMD) for continuous maize under conservation agricul-
ture (CA) under different N fertiliser categories. The WMD were computed as the difference in
yield of the CA over continuous maize cropped using conventional tillage

and semiarid regions of Argentina. The most notable crop residues in semiarid areas
are those of maize, millet and sorghum of poor quality due to high C/N ratios,
generally greater than 60, which immediately immobilizes N (Cadisch and Giller
1997; Handayanto et al. 1997). Thus, high N inputs are required when poor-quality
crop residues are used as mulch.

2.4 Constraints to Systematic Crop Rotations

Poorly developed markets, minimal household food contributions and limited
land sizes are the major impediments to successful crop rotations by smallholder
farmers. Widespread poverty prevents farmer access to credits and inputs such as
fertiliser, seed and pesticides (Graham and Vance 2003; Sanginga and Woomer
2009). Specialized agrifood markets such as those in Laos limit the integration of
grasses and legumes into diversified crop rotations (Lestrelin et al. 2012). Limited
landholdings are becoming a major problem due to the rising population pressure—
a classic example is in Malawi where land sizes are often below 1 ha limiting the
number of crops farmers can grow in a season (Ellis et al. 2003; World Bank 2007).
Soil fertility decline is another major challenge in the field where deficiencies of
phosphorus (P), potassium (K), sulphur (S) and micronutrients such as zinc (Zn),
molybdenum (Mo) and boron (B) may limit legume growth and N, fixation (O’Hara
et al. 1988). P availability is often regarded as the most limiting factor (Giller and
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Cadisch 1995). At the farm level, it is important that grain legumes provide multiple
benefits especially as a food and are acceptable to farmers (Giller 2001). Formal seed
systems are poorly developed with limited varieties of maize seed available, often
open-pollinated varieties. Most farmers use retained seed, informal seed exchanges
with other farmers and seed bought from local markets. They see their local seed as
better adapted to their conditions but lack of quality uniformity means they are
less preferred at the market (cf. Rohrbach and Kiala 2007). Widespread adoption
of legume production will be achieved by strengthening seed systems, improving
farmer access to input markets for improved, short-season and disease-resistant
varieties and P fertiliser and output markets for better prices and trade terms.

2.5 Constraints to Crop Residue Management

A comprehensive appraisal of the benefits and constraints related to crop resi-
due management has been explored (Erenstein 2002; Lal 2005). Major con-
straints to successful crop residue management in CA systems are related
to the small baseline crop productivity and other alternative economic uses
of crop residues such as livestock feed, fuel, bedding in kraals (animal pad-
docks) during the rainy season and construction (fencing and thatching) for
some farming households (Mazvimavi et al. 2008; Erenstein 2011; Rufino et al.
2011; Johansen et al. 2012). Crop and livestock production are closely integrated in
mixed smallholder farming systems in much of the tropics (Thornton and Herrero
2001; Rufino et al. 2011). Crop residues are needed to provide livestock feed during
the dry season where feed is severely limited while manure is needed for crop pro-
duction (Rufino et al. 2011; Rusinamhodzi et al. 2013). The application of livestock
manure has been shown to increase crop productivity especially targeted to respon-
sive fields (Zingore et al. 2008; Rusinamhodzi et al. 2013). Such yield benefits
derived from manure, whose quantity and quality partly depends on crop harvest
residues (Nzuma and Murwira 2000; Lekasi et al. 2003; Rufino et al. 2007), suggest
that farmers face trade-offs in crop residue management and it might be benefi-
cial for them to follow the manure production pathway than apply crop residues as
mulch (Naudin et al. 2012; Valbuena et al. 2012; Rusinamhodzi 2013). Moreover,
livestock provides a source of cash income and spreads the risk (Sumberg 2002;
Rufino et al. 2006). In most situations, alternative grazing does not exist as commu-
nal rangelands are often degraded and characterized by poor-quality fodder (Rufino
et al. 2011). Although development agents have made potential legume, grass and
other agroforestry trees available for use as a fodder, farmers reject them because
they do not contribute directly to food security despite the enormous labour inputs
required (Giller 2001). The unimodal nature of the cropping seasons suggest that
farmers concentrate all their limited resources to major food production and other
crops are considered much later in the season leading to small productivity.

On the other hand, the availability of crop residues is not a technological panacea.
The overall effect depends on the local biophysical and socioeconomic environ-
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ment; i.e. they differ substantially between the agricultural settings of developed
and developing countries (Erenstein 2002). In South Asia, Aulakh et al. (2012)
concluded after a 4-year study that future efforts are required to develop new tech-
nologies to alleviate the negative effects of relatively cooler environments created
by surface-retained crop residues especially during germination and initial growth in
the subtropical region. In the Trans-Gangetic plains of India, crop residue manage-
ment practices are largely incompatible with year-round mulch retention needed in
CA despite significant biomass production (Erenstein 2011) due to other important
activities for the household.

2.6 Future Outlook

Much of the research on CA has been conducted at plot level, focusing on the effects
of CA on soil quality, with little effort on how CA fits into broader farming systems
(Giller et al. 2009; Baudron et al. 2012). Retention of crop residues as a mulch in
the field is not feasible for most farmers due to competition for livestock feed and
the need for more fertiliser, making CA unattractive for most farmers. Retention of
crop residues will lead to depressed yields in the short term due to immobilization
of N which contrasts sharply with farmers’ needs. Therefore, the short-term needs
of farmers may be a threat to CA uptake. While the short-term crop yield response
to CA is highly variable, yields often improve in the long term when the continued
accumulation of crop residue increases the availability of SOC and nutrients for
crop growth.

Until recently, the discourse around CA has been the inadequate amounts of crop
residue produced against multiple important uses, i.e. creating trade-offs for their
use. The success of CA was considered directly related to the ability to provide
enough soil cover, and little attention has been paid to adequate nutrient manage-
ment, firstly to offset the N deficit caused by immobilization due to poor-quality
residues and secondly to provide a balanced nutrient supply to the growing crop.
Recently, Vanlauwe et al. (2014) suggested the need for a fourth principle to add
to the principles of no till, mulch retention and crop rotation. Optimum fertiliser
application may help to increase biomass production which may allow both the
retention of crop harvest residues for mulch as well as providing livestock feed.
Both crop rotations and fertiliser inputs are important for improved yields in CA
systems. Future research needs should be devoted to identifying appropriate nutri-
ent management strategies in CA systems together with crop residue retention and
crop rotations to boost crop productivity (Vanlauwe et al. 2014). Efforts are needed
to increase fertiliser use by smallholder farmers especially in Africa where figures
as low as 8 kg ha™! are often mentioned (Groot 2009; Sanginga and Woomer 2009).
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2.7 Conclusions

The meta-analysis suggested that to achieve any meaningful yield increases in CA
systems, crop residues must be retained in situ coupled with crop rotations and
increased N fertiliser inputs to offset the immobilization effect of crop residues.
Moreover, CA is likely to have the largest impact in low-rainfall environments
where increased infiltration of rainfall and reduced evaporative losses will be
achieved by retaining crop residues. However, it is in these areas where achieving
sufficient crop residues is also a challenge, particularly in mixed crop—livestock
systems where crop residues are needed for livestock feed in the dry season. CA
needs to be targeted and adapted to specific biophysical as well as socioeconomic
circumstances of farmers for improved impact. The ability of farmers to purchase
fertiliser inputs, achieve sufficient biomass production as well as produce alterna-
tive feed will allow them to practise CA and achieve large yields. Considerable
efforts are needed in the future to develop nutrient management strategies tailored
for the practice of CA.
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Chapter 3
Weed Management in Conservation Agriculture
Systems

V.P. Singh, K.K. Barman, Raghwendra Singh and A.R. Sharma

Abstract Conservation agriculture (CA) does have several advantages over con-
ventional tillage (CT)-based agriculture in terms of soil health parameters. How-
ever, weeds are the major biotic constraint in CA, posing as a great challenge
towards its adoption. The presence of weed seeds on the upper soil surface, due to
no tillage operation, leads to higher weed infestation in CA, and so far, herbicides
are the only answer to deal with this problem. Overreliance of herbicide use showed
its consequence in terms of environmental pollution, weed shift and herbicide resis-
tance development in weeds. Growing herbicide-tolerant crops using nonselective
herbicides could be a broad-spectrum weed management technique to tackle weed
shift, but the same is being resulted in the evolution of more problematic ‘super
weed’. These observations indicate the need of integrated weed management tech-
nologies involving the time tested cultural practices, viz. competitive crop cultivars,
mulches, cover crops, intercrops with allelopathic potential, crop diversification,
planting geometry, efficient nutrient, water management, etc., along with limited
and site-specific herbicide application. The modern seeding equipment, e.g. ‘Happy
Seeder’ technology, that helps in managing weeds through retention of crop residues
as mulches, besides providing efficient seeding and fertilizer placement, shows the
promise of becoming an integral part of CA system.

Keywords Allelopathy - Herbicide-tolerant crop -+ Herbicide * Soil seed bank -
Weed shift - Weed ecology * Intercropping * Crop cultivar + Mulch

3.1 Introduction

The rapid increase in the use of chemical fertilizers and pesticides, farm mecha-
nization, along with high-yielding crop varieties accelerated modern agriculture
and initiated the ‘green revolution’ era. However, this growth in conventional ag-
riculture was based on capital depletion and massive additions of external inputs,
e.g. energy, water, chemicals, etc. Consequently, the transformation of ‘traditional
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animal-based subsistence farming’ to ‘intensive chemical- and tractor-based con-
ventional agriculture’ led to a multiplicity of issues associated with sustainability
of these production practices. Clean cultivation involving removal or burning of
residues after harvesting led to continuous mining of nutrients and moisture from
the soil profile under conventional agriculture systems. Intensive tillage, bare soil
with no soil cover, indiscriminate use of insecticides and pesticides, and excessive
and imbalanced use of chemical fertilizers further deteriorated soil health leading
to declining input-use efficiency and factor productivity. These concerns compelled
researchers to critically look at the agronomic management in conventional crop
production systems with an overall strategy of (i) producing more food with re-
duced risks and costs, (ii) increasing input-use efficiency, viz. land, labour, water,
nutrients and pesticides, (iii) improving and sustaining the quality of the natural
resource base and (iv) mitigating emissions and improving resilience to changing
climates. These have led to the innovations of conservation agriculture (CA)-based
crop management technologies, which are said to be more efficient as they address
the emerging problems and improve production and income (Gupta and Seth 2007).
CA has increased crop yields compared with conventional tillage (CT) in many
countries, viz. the USA, Australia, Mexico, Canada and Brazil (Dick et al. 1991;
D’Emden et al. 2009; Govaerts et al. 2005; Malhi and Lemke 2007; Saturnino and
Landers 2001). For example, a sizable yield increases and income stability have led
to wide-scale adoption of CA among farming community in Brazil (Saturnino and
Landers 2001). Similarly, farmers in developing countries, like India and Pakistan,
have also started to practice some CA technologies. For example, zero-till (ZT)
wheat in the rice—wheat system is currently being practiced on >3 million ha in
north-western parts of the Indo-Gangetic Plains. Globally, the concepts and tech-
nologies for CA are being practiced on more than 154 million ha with the major
countries being the USA, Brazil, Argentina, Canada and Australia (FAO 2014).

Farmers have benefited from the adoption of this technology in many ways,
viz. (i) reduced cost of production (Malik et al. 2005; RWC-CIMMYT 2005); (ii)
enhanced soil quality, i.e. soil physical, chemical and biological conditions (Hoyle
and Murphy 2006; Hobbs et al. 2008; Govaerts et al. 2009; Jat et al. 2009a; Kaschuk
et al. 2010; Gathala et al. 2011b); (iii) increased C sequestration and build-up in soil
organic matter (Blanco-Canqui and Lal 2009; Saharawat et al. 2012); (iv) reduced
incidence of weeds (Malik et al. 2005; Chauhan et al. 2007b); (v) increased water
and nutrient-use efficiencies (Blanco-Canqui and Lal 2009; Kaschuk et al. 2010; Jat
etal. 2012; Saharawat et al. 2012); (vi) increased system productivity (Gathala et al.
2011a); (vii) advances in sowing date (Malik et al. 2005; Hobbs et al. 2008); (viii)
greater environmental sustainability (Sidhu et al. 2007; Pathak et al. 2011); (ix) in-
creased residue breakdown with legumes in the rotation (Fillery 2001); (x) reduced
temperature variability (Blanco-Canqui and Lal 2009; Jat et al. 2009b; Gathala et al.
2011b) and (xi) opportunities for crop diversification and intensification (Jat et al.
2005).

CA addresses the complete agricultural system—the ‘basket’ of conservation-
related agricultural practices. Three key principles have been identified, viz. mini-
mal soil disturbance, permanent residue cover and planned crop rotations, which are
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considered essential to its success (Hobbs et al. 2008; Reicosky and Saxton 2007).
Weeds being one of the most difficult management issues within this system in
several countries (Lafond et al. 2009; Giller et al. 2009), it was advocated to include
integrated weed management as a fourth component that is crucial for successful
implementation of CA (Farooq et al. 2011a). A study on the adoption and impacts
of ZT wheat in the rice-wheat systems of Pakistan’s Punjab province showed not
only a stagnation in diffusion but also there has been a significant proportion of
disadoption (Farooq et al. 2007). It was noted that the ZT adopters, non-adopters
and disadopters differ significantly in terms of their resource bases; and disadopters
also had more problems in controlling weeds. About 39 % ZT users of this region
had the perception often increased in weed problems due to ZT, with 37 % reporting
no effect and 24 % a decrease (Tahir and Younas 2004). Crop—weed competition and
management strategies also affect CA yields and sustainability; as it was argued by
Giller et al. (2009), weeds are the Achilles heel” of CA.

3.2 Weed Problems in CA

Tillage affects weeds by uprooting, dismembering and burying them deep enough
to prevent emergence. Ploughing also moves weed seeds both vertically and hori-
zontally, and changes the soil environment, thereby promoting or inhibiting weed
seed germination and emergence. Compared to CT, the presence of weed seeds is
more in the soil surface under ZT, which favours relatively higher weed germina-
tion. Hence, reduction in tillage intensity and frequency, as practiced under CA,
generally increases weed infestation. Further, changes from conventional to con-
servation farming practices often lead to a weed flora shift in the crop field, which
in turn dictate the requirements of new weed management technologies involving
various approaches, viz. preventive measures, cultural practices (tillage, crop resi-
dues as mulches, intercropping, competitive crop cultivars, herbicide-tolerant culti-
vars, planting dates, crop rotations, etc.) and herbicides, is of paramount importance
in diversified cropping systems. It may be noted that weed control in CA depends
upon herbicides and agronomic practices, and limited tillage in minimum till sys-
tems (Lafond et al. 2009).

3.2.1 Weed Ecology

In CA systems, the presence of residue on the soil surface may influence soil tem-
perature and moisture regimes that affect weed seed germination and emergence
patterns over the growing season (Spandl et al. 1998; Teasdale and Mohler 2000;
Bullied et al. 2003). There is mounting evidence that retention of preceding crop
residues suppresses the germination and development of weeds in minimum tillage
systems, thus enhancing system productivity. Gill et al. (1992) advocated residue
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Fig. 3.1 The effect of tillage on the relative density of grasses and broad-leaved weeds in different
geographical locations of Punjab, India. (Source: Brar and Walia 2007)

mulching as a practical method for early season weed control in minimum till-
age systems for smallholder farmers in Zambia. Similarly, in Zimbabwe, retention
of the previous season’s maize residues significantly suppressed weed biomass in
ripped plots compared to the un-mulched treatment (Vogel 1994). In the USA, work
by Buhler et al. (1996) showed that retaining maize residue often reduced the den-
sity of some annual weeds in untilled soils, except during the drought year when
maize residue retention resulted in increased weed growth. Thus, the changes in the
soil microenvironment that result from surface mulching (Erenstein 2003) can re-
sult in either suppression in germination of annual weeds (Bilalis et al. 2003) or in-
creased weed growth of some weed species (Chauhan et al. 2006). The composition
of weed species and their relative time of emergence differ between CA systems
and soil-inverting CT systems. Brar and Walia (2007) reported that CT favoured the
germination of grassy weeds in wheat compared with ZT in a rice—wheat system
across different geographical locations of Indian Punjab, while the reverse was true
in respect to broad-leaved weeds (Fig. 3.1).

Some weed seeds require scarification and disturbance for germination and emer-
gence, which may be enhanced by the types of equipment used in soil-inverting tillage
systems than by conservation tillage equipment. The timing of weed emergence also
seems to be species dependent. Bullied et al. (2003) found that species such as com-
mon lamb’s quarters (Chenopodium album L.), field pennycress ( Thlaspi arvense L.),
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Table 3.1 Infestation of various weed species under ZT compared to CT

Weed species Relative infestation Reference

Awnless barnyard grass Increase Mishra and Singh (2012a), Chauhan
and Johnson (2009), Kumar and Ladha
(2011)

Rice flat sedge Increase Mishra and Singh (2012a), Kumar and
Ladha (2011)

Indian sorrel Increase Chhokar et al. (2007)

Nut sedge Increase Curran et al. (1996), Kumar and Ladha
(2011)

Field bindweed Increase Shrestha et al. (2003)

Johnson grass Increase Curran et al. (1996)

Common knotgrass Increase Gill and Arshad (1995)

Crabgrass Increase Tuesca et al. (2001), Chauhan and John-
son (2009)

Burclover Increase Mishra and Singh (2012a)

Goat weed Increase Chauhan and Johnson (2009)

Crowfoot grass Increase Chauhan and Johnson (2009)

Little canary grass Decrease Chhokar et al. (2007, 2009), Franke et al.
(2007), Malik et al. (2002)

Wild oat Decrease Mishra and Singh (2012a)

Lamb’s quarters Decrease Mishra and Singh (2012a)

Bermuda grass Decrease Bhattacharyya et al. (2009)

Italian ryegrass Decrease Scursoni et al. (2014)

Yellow starthistle Decrease Scursoni et al. (2014)

green foxtail (Setaria viridis (L.) Beauv.), wild buckwheat ( Polygonum convolvu-
lus L.) and wild oat (Avena ludoviciana L.) emerged earlier in a CA system than
in a CT system. However, redroot pigweed (Amaranthus retroflexus L.) and wild
mustard (Sinapis arvensis L.) emerged earlier in the CT system. Changes in weed
flora make it necessary to study the composition of weed communities under differ-
ent environmental and agricultural conditions.

3.2.2 Weed Dynamics

Certain weed species germinate and grow more profusely than others under a con-
tinuous ZT system. As a consequence, a weed shift occurs due to the change from a
CT to a ZT system (Table 3.1). Mishra and Singh (2012a) observed a higher emer-
gence of awnless barnyard grass ( Echinochloa colona (L.) Link) and rice flatsedge
(Cyperus iria L.) under continuous zero tillage (ZT—ZT) than continuous conven-
tional (CT-CT) systems due to their small seed size, which failed to germinate
when buried deeply in CT. A shift in weed populations towards small-seeded an-
nuals is generally observed under conservation tillage systems (Childs et al. 2001).
Contrary to this, in spite of small seed size, little canary grass has shown a remark-
able reduction in their population under ZT compared to CT system in the Indo-
Gangetic Plains. This may be attributed to (i) higher soil strength in ZT because of
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crust development in the absence of tillage, which can mechanically impede seed-
ling emergence (Chhokar et al. 2007), (ii) less soil temperature fluctuation under ZT
(Gathala et al. 2011b) or (iii) relatively lower levels of light stimuli, N mineraliza-
tion and gas exchange under ZT, all of which are known to stimulate germination of
many weed species under CT system (Franke et al. 2007).

Shifts in weed populations towards perennials have also been observed in con-
servation tillage systems (Derksen et al. 1993; Froud-Williams 1988). Perennial
weeds thrive in reduced or no-tillage (NT) systems (Curran et al. 1996) because the
root system is not disturbed and herbicides used to control annual weeds are not ef-
fective on perennial weeds. Perennial monocots are considered a greater threat than
perennial dicots in the adoption of reduced tillage systems. Unlike annuals, many
perennial weeds can reproduce from several structural organs other than seeds. For
example, purple nutsedge ( Cyperus rotundus L.), tiger grass (Saccharum spontane-
um L.) and Johnson grass (Sorghum halepense (L.) Pers.) generally reproduce from
underground plant storage structures, i.e. tubers or nuts and rhizomes. Conservation
tillage may encourage these perennial reproductive structures by not burying them
to depths that are unfavourable for emergence or by failing to uproot and kill them.
Weed species shifts and losses in crop yield as a result of increased weed density
have been cited as major hurdles to the widespread adoption of CA. Crop yield loss-
es in CA due to weeds may vary depending on weed dynamics and weed intensity.

3.2.3 Weed Seed Bank

The success of the CA system depends largely on a good understanding of the dy-
namics of the weed seed bank in the soil. A weed seed bank is the reserve of viable
weed seeds present in the soil. The seed bank consists of new seeds recently shed
by weed plants as well as older seeds that have persisted in the soil for several
years. The seed bank builds up through seed production and dispersal, while it de-
pletes through germination, predation and decay. Different tillage systems disturb
the vertical distribution of weed seeds in the soil, in different ways. Under ZT,
there is little opportunity for the freshly rained weed seeds to move downwards in
the soil and hence remain mostly on the surface, with the highest concentration in
the 0-2 cm soil layer, and no fresh weed seed is observed below 5 cm soil depth
(Fig. 3.2). Under conventional and minimum tillage systems, weed seeds are dis-
tributed throughout the tillage layer with the highest concentration of weed seeds in
the 2—5 cm soil layer. Mouldboard ploughing buries most weed seeds in the tillage
layer, whereas chisel ploughing leaves the weed seeds closer to the soil surface.
Similarly, depending on the soil type, 60—90 % of weed seeds are located in the top
5 cm of the soil in reduced or NT systems (Swanton et al. 2000). As these seeds are
at a relatively shallow emergence depth, they are likely to germinate and emerge
more readily with suitable moisture and temperature than when buried deeper in
conventional systems.

A small percentage of the fresh weed seeds that shattered in the crop field actu-
ally emerge as seedlings due to seed predation (Westerman et al. 2003). Therefore,
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tional tillage, ZT zero tillage

unlike in conventional practice of burial that makes weed seeds largely unavailable,
seed predation could be important in NT systems where newly produced weed seeds
remain on the soil surface and are most vulnerable to surface-dwelling seed preda-
tors like mouse, ants and other insects (Hulme 1994; Baraibar et al. 2009; Chauhan
etal. 2010). For example, reduced seed input from 2000 to 360 seeds m 2 as a result
of post-dispersal predation of barnyard grass (Echinochloa crus galli P. Beauv.)
was reported by Cromar et al. (1999). Further, CA systems may favour population
growth of harvester ants by not damaging the nests, and may minimize the redistri-
bution of weed seeds stored in superficial chambers (Baraibar et al. 2009).

Weed seed predation can be encouraged to manage weeds in CA as it can sub-
stantially reduce the size of the weed seed bank. Such approaches are possible with
no additional costs to growers. Predators prefer certain kinds of seeds, e.g. the ant
species; the tropical fire ant (Solenopsis geminate) prefers grass weed seeds over
broadleaf weed seeds (Risch and Carroll 1986). Vertebrate and large invertebrate
predators usually prefer larger seeds. Such selectivity in seed consumption may re-
sult in shifts in weed population. The seed size and ease of consumption are factors
influencing the preference of granivores, particularly ants.

3.3 Weed Management

It is important to understand weed management as it is the major hindrance in CA-
based production systems (Lafond et al. 2009; Giller et al. 2009). Weed control in
CA is a greater challenge than in conventional agriculture because there is no weed



46 V.P. Singh et al.

seed burial by tillage operations (Chauhan et al. 2012). The behaviour of weeds and
their interaction with crops under CA is complex and not fully understood. The weed
species that germinate in response to light are likely to be more problematic in CA.
In addition, perennial weeds become more challenging in this system (Vogel 1994;
Shrestha et al. 2006). In the past, attempts to implement CA have often resulted in a
yield penalty because reduced tillage failed to control weed interference (Muliokela
et al. 2001). However, the recent development of post-emergence broad-spectrum
herbicides provides an opportunity to control weeds in CA (Nalewaja 2001). Crop
yields can be similar for conventional and conservation tillage systems if weeds are
controlled and crop stands are uniform (Mahajan et al. 2002). Various approaches
that may be employed to successfully manage weeds in CA systems are described
here.

3.3.1 Preventive Measures

Preventive weed control encompasses all measures taken to prevent or arrest the
introduction and arrest of weeds (Rao 2000). Weed seeds resembling the shape and
size of crop seeds are often the major source of contamination in crop seeds. Con-
tamination usually occurs at crop harvesting if the life cycle of crop and weeds is
of similar duration. Preventive measures are the first and most important steps to
manage weeds, in general and especially under CA, as the presence of even a small
quantity of weed seeds may cause a serious infestation in the forthcoming seasons.
The various preventive measures (Das 2014) include the following:

» Use weed-free crop seed.

» Prevent the dissemination of weed seeds/propagules from one area to another or
from one crop to another by using clean machinery/implements, screens to filter
irrigation water and restricting livestock movement.

» Use well-decomposed manure/compost so that it does contain any viable weed
seeds.

* Remove weeds near irrigation ditches, fencerows, rights of way, etc. prior to
seed setting.

* Mechanically cut the reproductive part of weeds prior to seed rain.

» Implement stringent weed quarantine laws to prevent the entry of alien invasive
and obnoxious weed seeds/propagules into the country.

3.3.2 Cultural Practices

A long-term goal of sustainable and successful weed management is not to merely
control weeds in a crop field, but rather to create a system that reduces weed estab-
lishment and minimizes weed competition with crops. Further, since environmental
protection is a global concern, the age-old weed management practices, viz. tillage,
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mulching, inter-cultivation, intercropping, cover crops, crop rotation/diversification
and other agro-techniques—once labelled as uneconomical or impractical—should
be relooked and given due emphasis in managing weeds under CA. One of the
pillars of CA is ground cover with dead or live mulch, which leaves less time for
weeds to establish during fallow or a turnaround period. Some other common prob-
lems under CA include emergence from recently produced weed seeds that remain
near the soil surface, lack of disruption of perennial weed roots, interception of
herbicides by thick surface residues and a change in the timing of weed emergence.
Shrestha et al. (2002) concluded that long-term changes in weed flora are driven by
an interaction of several factors, including tillage, environment, crop rotation, crop
type and timing and type of weed management practice.

3.3.2.1 Tillage

Tillage has long been an essential component of conventional agricultural systems
and it is the most important among the traditional means of weed management in
agriculture. The effect of primary tillage on weeds is mainly related to the type of
implement used and to tillage depth. These factors impact the weed seed and propa-
gule distribution over the soil profile, and therefore directly affect the number of
weeds that can emerge in a field. Differential distribution of seeds in the soil profile
subsequently leads to changes in weed population dynamics. Weed seeds buried
deep germinate but fail to emerge due to the thick soil layer above it, resulting in
death of the weed seedling. Tillage stimulates weed germination and emergence of
many weed seeds through brief exposure to light (Ballard et al. 1992). ZT wheat in
a rice—wheat system reduces little seed canary grass (Phalaris minor Retze) infesta-
tion, which is highly competitive and can cause drastic wheat yield reductions under
heavy infestation (Fig. 3.3), but it favours the infestation of toothed dock (Rumex
dentatus L.) and cheeseweed mallow (Malva parviflora L.; Chhokar et al. 2007)
and wild oat (Mishra et al. 2005). Cheeseweed mallow is favoured by shallow seed
burial and scarification (Chauhan et al. 2007a; Chhokar et al. 2007) leading to more
weed population under a ZT system.

A reduction in weed density occurs if the weed seed bank depletion is great-
er than weed seed shedding. However, this situation is rarely achieved with NT.
Therefore, weed densities in NT systems are generally higher (Table 3.2) than in
plough-based systems (Cardina et al. 1991; Spandl et al. 1999, Mishra et al. 2012).
The findings of a long-term experiment with four tillage systems adopted for 12
consecutive years in a continuous winter wheat or a pigeon bean—winter wheat rota-
tion showed that total weed seedling density in NT, minimum tillage using rotary
harrow (15 cm depth) and chisel ploughing (45 cm depth) was relatively higher in
the 0—15-, 15-30-, and 30-45-cm soil layers, respectively (Barberi and Lo Cascio
2001). But NT may affect seedling emergence of some particular weed species un-
der a particular cropping system.

The impact of tillage on weed infestation varies depending upon the weed seed
morphology vis-a-vis agro-climatic situations. For example, infestation of little seed
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Fig. 3.3 The effect of tillage on wheat yield and population of Phalaris minor at different loca-
tions in Haryana, India. (Source: Gupta and Seth 2007)

canary grass in the crop sown with ZT was 21-33 % less compared to the conven-
tional method of sowing (Singh 2007). However, the benefit of ZT in reducing the
P. minor population was relatively lower under late-sown conditions (Lathwal and
Malik 2005). In a black cotton soil, ZT planting reduced the infestation of little seed
canary grass and lamb’s quarter but increased the problem of wild oat under trans-
planted rice-wheat system (Mishra et al. 2005). On the other hand, a DSR—wheat
system with continuous ZT reduced the population of wild oat and lamb’s quarter in
wheat (Mishra and Singh 2012a). Some authors (e.g. Derksen et al. 1993) observed
a small difference in weed populations between conventional and ZT fields, while
relatively less weeds were reported in ZT wheat from the Indo-Gangetic Plains
(Hobbs and Gupta 2013; Singh et al. 2001; Malik et al. 2002). Variation in the com-
position of the soil seed bank and prevailing agro-climatic conditions among the
site is responsible for such observations. Mulugeta and Stoltenberg (1997) noticed
a several-fold increase in weed seedling emergence due to tillage. The impact of
tillage vis-a-vis weed infestation in the crop field is influenced by the previous crop-
ping systems. Continuous ZT increased the population density of awnless barnyard
grass and rice flatsedge in rice, but rotational tillage systems significantly reduced
the seed density of these weeds. Continuous ZT with effective weed management
using recommended herbicide + hand weeding was more remunerative and energy
efficient (Mishra and Singh 2012b). Similarly, ZT with effective weed control was
more remunerative in soybean—wheat system (Mishra and Singh 2009).
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Table 3.2 Effect of tillage on total weed density, dry matter of weeds in different locations in India

Location | Weed density (no. m?) | Weed dry weight (g m?) | Reference
CT ZT FIRB |CT ZT FIRB
Faizabad |— - - 1440 | 202 |- Yadav et al. (2005)

Palampur |270.0 |283.3 |241.0 |131.3 |1394 |107.3 Chopra and Angiras (2008a)
Palampur |228.0 |245.0 |203.0 |113.0 |126.0 91.0 Chopra and Angiras (2008b)

Karnal 832 | 620 |- 18.1 20.7 |- Chopra and Chopra (2010)
Delhi 1379 168.5 |— 15.6 9.1 |- Tuti and Das (2011)
Jabalpur | 155.0 |213.0 - Mishra and Singh (2012b)

Hisar 89.3 | 874 96.1 30.1 26.5 324 |Jatetal. (2013b)
CT conventional tillage, ZT zero till, FIRB furrow-irrigated raised-bed system

Furrow-irrigated raised-bed system (FIRBS) and ridge tillage systems are the
form of reduced and conservation tillage, respectively, that appear to overcome
weed control problems associated with conventional and NT systems (e.g. Chopra
and Angiras 2008a, b; Mishra and Singh 2012a; Sharma et al. 2004). Besides im-
proved weed management, FIRBS has been found to improve input-use efficiency.
Chauhan et al. (1998) obtained reasonably good control of little seed canary grass
in wheat on raised beds but broad-leaved weeds in furrows were not controlled. The
problem with little seed canary grass was less as the weed seeds lying on top of the
raised beds failed to germinate as the top of bed dried quickly. This method also
facilitated mechanical weeding as the area in the furrows could easily be cultivated
and even manual weeding could be done. When crop plants are 40 cm tall, soil is
excavated from the furrows and is moved back to the ridge crest, thereby affecting
weeds, weed control and the crop—weed interaction (Forcella and Lindstorm 1998).
However, changes in weed communities were influenced more by location and year
than by tillage systems (Derksen et al. 1993).

3.3.2.2 Stale Seedbed

Seedbed preparation can contribute to weed management by affecting weed seed
dynamics and seedling densities at planting (Buhler et al. 1997). In CT, disking
or ploughing at intervals achieves control of initial weed populations before crop
sowing. Cultivation for seedbed preparation affects the weeds in two ways: (i) it de-
stroys the emerged vegetation after primary tillage and (ii) it stimulates weed seed
germination and consequent seedling emergence and reallocation of seeds towards
the soil surface; this phenomenon could be exploited to manage weeds through ap-
plication of the stale (false) seedbed technique.

NT stale seedbed practice can help to reduce weed pressure in CA systems. In
this technique, the field is irrigated 10—15 days prior to actual seeding to favour
the germination of weed seeds lying on the soil surface. Emerged weeds are then
destroyed by the application of non-selective herbicides like glyphosate, paraquat
or ammonium glufosinate. It depletes the seed bank in the surface layer of the soil
and reduces subsequent weed emergence. Where light rains occur for an extended
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period before the onset of the monsoon or irrigation is available, it may be possible
to kill several flushes of weed growth before planting. To ensure success, cropping
should be delayed until the main flush of emergence has passed. However, this
practice may not be exploited where the season available for crop growth is short,
which may reduce the yield potential of the crop. The main advantage of the stale
seedbed practice is that the crop emerges in a weed-free environment, with a com-
petitive advantage over late-emerging weed seedlings. The practice of false seedbed
technique may decrease weed infestation in crops by 80% or more compared to
standard seedbed preparation (Van der Weide et al. 2002).

The stale seedbed technique is widely used in many countries to manage weedy
rice and awnless barnyard grass in rainfed rice (Fischer 1996). Stale seedbeds re-
duce weed populations in direct-seeded rice (Rao et al. 2007) and may be especially
effective when combined with NT practices (Chauhan et al. 2006). Pittelkow et al.
(2012) reported that NT stale seedbed practice was effective at reducing the popu-
lation of sedges and grasses, but not for controlling redstem weeds. This practice
is very effective in ZT wheat in the north-western Indo-Gangetic Plains (Mahajan
et al. 1999).

3.3.2.3 Crop Residues

Crop residues present on the soil surface can influence weed seed germination and
seedling emergence by interfering with sunlight availability and creating physical
impedance, as well as improving soil and moisture conservation and soil tilth (Locke
and Bryson 1997). Residues on the soil surface can vary greatly in dimension, struc-
ture, distribution pattern and spatial heterogeneity. Weed biology, and the quantity,
position (vertical or flat, and below- or above-weed seeds) and allelopathic potential
of the crop residues may influence weed germination (Chauhan et al. 2006).

Soil cover using crop residues is a useful technique to manage weeds. Weed
emergence generally declines with increasing residue amounts. However, the emer-
gence of certain weed species is also favoured by some crop residue at low amounts
(Mohler and Teasdale 1993). For example, germination and growth of wild oat and
animated oat (Avena sterilis L.) may get stimulated with low levels of wheat resi-
due. High amounts of crop residues have implications for weed management in CA
through reduced and delayed weed emergence. The crop gets competitive advan-
tage over weeds due to delayed weed emergence, which results in relatively less
impact on crop yield loss. Further, late emerging weed plants produce less number
of seeds than the early emerging ones (Chauhan and Johnson 2010). For example,
the residue of Russian vetch (Vicia villosa Roth) and rye (Secale cereale L.) re-
duced total weed density by more than 75% compared with the treatments with
no residue (Mohler and Teasdale 1993). The presence of rye mulch in corn signifi-
cantly reduced the emergence of white lamb’s quarter, hairy crabgrass (Digitaria
sanguinalis (L.) Scap.), common purslane (Portulaca oleracea L.) (Mohler and
Calloway 1992) and total weed biomass (Mohler 1991). However, crop residues
alone may not be able to fully control weeds, e.g. hairy-vetch residue suppressed
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Table 3.3 Some important weed biomass reducing intercropping systems
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Main crop(s) + smother crop

Weed suppression effect stronger than main
crop(s) alone

Alfalfa + barley

Moyer (1985)

Alfalfa + oats

Lanini et al. (1991)

Faba bean + red clover

Palada et al. (1983)

Maize + Italian ryegrass/perennial ryegrass

Samson et al. (1990)

Maize + red clover/hairy vetch

Palada et al. (1983)

Maize/cassava + cowpea/peanut/sweet potato

Unamma et al. (1986), Dubey (2008)

Pigeonpea + urdbean/mungbean/soybean/

Ali (1988)

cowpea/sorghum

Rice + Azolla pinnata
Sorghum + cowpea/mungbean/peanut/soybean
Chickpea + mustard

Janiya and Moody (1984)
Abraham and Singh (1984)
Rathi et al. (2007)

weeds early in the growing season but herbicide was needed to achieve season-long
weed control (Teasdale 1993). The effectiveness of crop residue to reduce weed
emergence also depends upon the nature of weed species to be controlled. Chauhan
and Abugho (2012) reported that 6 t ha™! crop residues reduced the emergence of
jungle rice, crowfoot grass and rice flatsedge by 80—95 % but only reduce the emer-
gence of barnyard grass by up to 35 %.

The increased moisture content and decreased temperature of soil due to the pres-
ence of crop residue may increase the germination of some weed species (Young
and Cousens 1999). In dry land areas, the amount of available crop residue may
be insufficient to substantially suppress weed germination and growth (Chauhan
et al. 2006; Chauhan and Johnson 2010). Further, certain crops like oilseeds and
pulses produce less biomass than cereals. Therefore, the effects of crop residue on
the weed population depend on the region, crop and rainfall. There is a need to in-
tegrate herbicide use with residue retention to achieve season-long weed control. In
high-residue situations, it is important that residue does not hinder crop emergence.

3.3.2.4 Intercropping

Intercropping involves growing a smother crop between rows of the main crop such
that the competition for water or nutrients does not occur. Intercrops help to ef-
fectively pre-empt resources used by weeds and suppress weed growth (Table 3.3),
and hence can be used as an effective weed control strategy in CA. Intercropping
of short-duration, quick-growing and early-maturing legume crops with long-du-
ration and wide-spaced crops leads to quick ground cover, with higher total weed
suppressing ability than sole cropping. This technique enhances weed control by
increasing shade and crop competition. Like cover crops, intercrops increase the
ecological diversity in a field. In addition, they often compete better with weeds for
light, water and nutrients. Success of intercropping relies on the best match between
the requirements of the component species for light, water and nutrients, which
increases resource use. Many short-duration pulses like cowpea, greengram and
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soybean effectively smother weeds without reducing the yield of the main crop. For
instance, total weed growth reduced under intercropping combinations of chickpea
+ mustard over the sole chickpea crop without losing productivity of the main crop
(Rathi et al. 2007). Similar observations were also recorded by Dubey (2008) under
a maize + cowpea intercropping system. Compared with the sole crop, increased
canopy cover and decreased light availability for weeds in maize—legume intercrop-
ping was responsible for the reduction in weed density and dry matter (Kumar et al.
2010). However, intercropping cowpea in maize under CA had the greatest impact
on weeding activities in the farmer’s field, with labour hours increasing by 40 % due
to the additional precision required for weeding compared with maize-only fields
(Lai et al. 2012).

One of the principles of CA is to include green manuring, with its bioherbicidal
characteristics (Lazzeri and Manici 2000) and weed-smothering capabilities, along
with an additional benefit of adding biomass to soil. Sesbania can be grown with
rice as a coculture to suppress weeds (Torres et al. 1995), and in addition to weed
control it can also fix large amounts of N (Ladha et al. 2000). Sesbania intercrop-
ping for 25-30 days in a dry-seeded rice under CA followed by killing of Sesba-
nia using 2,4-D or mechanical means was effective in controlling weeds, but the
contribution from N fixation was small because of intercropping and short growth
duration (Singh et al. 2007). This practice was also a highly beneficial resource
conservation technology for soil and water conservation, weed control and nutrient
supplementation in maize (Sharma et al. 2010). The Sesbania option also provides
an alternative to crop residue.

3.3.2.5 Cover Cropping

Ground cover with dead or live mulch, allowing less time for weeds to establish
during fallow or turnaround period, is an important component of CA technology.
The inclusion of cover crops in a rotation between two main crops is a good pre-
ventive measure when developing a weed management strategy. Cover crops are
fundamental and sustainable tools to manage weeds, optimize the use of natural re-
sources and reduce water runoff, nutrient leaching and soil erosion (Lal et al. 1991).
Competition from a strong cover crop can virtually shut down the growth of many
annual weeds emerging from seeds. Aggressive cover crops can even substantially
reduce growth and reproduction of perennial weeds that emerge or regenerate from
roots, rhizomes or tubers, and are more difficult to suppress. Cover crop effects on
weeds largely depend upon the species and weed community composition. Weed
suppression is exerted partly through resource competition for light, nutrients and
water during the cover crop growing cycle, and partly through physical and chemi-
cal effects that occur when cover crop residues are left on the soil surface as a dead
mulch or ploughed down (Mohler and Teasdale 1993; Teasdale and Mohler 2000).

Weed pressure in CA can be reduced by including short-duration legume crops,
e.g. cowpea, greengram, Sesbania, etc., during the fallow period between harvest-
ing wheat and planting rice. This practice facilitates emergence of weeds during
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the legume period (stale seedbed effects) and reduces the population during the
rice season (Kumar et al. 2012). The density of annual ryegrass plants in a wheat
crop decreased to one third after green-manured lupins compared with the harvested
lupin crop, and to <20% after green manured oats and mustard (Gill and Holmes
1997; Anderson 2005). In India, Seshania grown as a cover crop produced green
biomass up to 30 t ha™! in 60 days, and controlled most of the weeds (Mahapatra
et al. 2004).

Growing green manure or cover crops in the summer season or as a relay crop to
efficiently suppress weed growth is a cost and labour efficient practice. Therefore,
green manures are sometimes also called the herbicides of small farmers. Perennial
grasses such as cogon grass (Imperata cylindrical (L.) P. Beauv.) and Bermuda
grass (Cynodon dactylon (L.) Pers.), and other problem weeds like Striga spp. and
Siam weed (Chromolaena odorata (L.) King & H. E. Robins.) can be suppressed
by one or two seasons of cover crops. In CA, a number of cover crops, including
legumes (alfalfa, Sesbania, sunhemp, clover, soybean, lupin and cowpea) and non-
legumes (sunflower, rapeseed, rye, buckwheat and sudan grass), could be exploited
to suppress and smother various weeds.

3.3.2.6 Crop Diversification

Crop rotation involves alternating different crops in a systematic sequence on the
same land. It limits the build-up of weed populations and prevents weed shifts as
the weed species tend to thrive in a crop with similar growth requirements. Dif-
ferent crops require different cultural practices, which help to disrupt the growing
cycle of weeds and prevent any weed species to dominate. Johnson grass was the
predominant weed in a continuous maize system but could be controlled by rotat-
ing with cotton (Dale and Chandler 1979). In monocropping systems, several weed
species persist and expand rapidly. Cropping sequences provide varying patterns
of resource competition, allelopathic interference, soil disturbance and mechani-
cal damage, and thus provide an unstable environment that prevents the prolifera-
tion and dominance of a particular weed, and discourages growth and reproduction
of troublesome weed species. The prolonged cultivation of the rice-wheat system
in north-western India has resulted in increased population of sedges and grassy
weeds. The diversification of the system even for a short period and intensification
by including summer legumes/green manuring decreased the weed menace (Singh
et al. 2008).

Certain crop-associated weed species, e.g. barnyard grass in rice, wild oat and
little seed canary grass in wheat, dodder (Cuscuta spp.) in alfalfa, etc., may be
discouraged by following a rotation of crops with contrasting growth and cultural
requirements. Crop rotation is an effective practice for management of little seed
canary grass because selection pressure is diversified by changing patterns of dis-
turbances (Bhan and Kumar 1997; Chhokar and Malik 2002). Changing from rice—
wheat to any other sequence not involving rice reduces the population of little seed
canary grass in wheat. In the case where sugarcane is taken followed by one ratoon,
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little seed canary grass population goes down considerably (Bhan and Singh 1993).
Replacing wheat with other crops like Egyptian clover (Trifolium alexandrinum
L.), potato (Solanum tuberosum L.), sunflower (Helianthus annuus L.) and annual
rape (Brassica napus L.) for 2-3 years in a rice—wheat cropping system signifi-
cantly reduced the population of little seed canary grass (Brar 2002). A rice—wheat
rotation suppressed the establishment and growth of wild oat in wheat, while a
maize—wheat rotation resulted in a gradual build-up of wild oat. Integration of red
clover in continuous maize resulted in a higher weed seed bank or emergence of
several summer annual weeds compared to maize alone. In contrast, integration of
red clover in the sweet corn—pea—wheat rotation led to a 96 % reduction in the seed
bank density of winter annuals (Brainard et al. 2008). The inclusion of sesame in
several cropping sequences reduced the aerial growth of nutsedge (Varshney 2000).

Parasitic weeds can be successfully managed by rotating the host crop with trap
crops, as they induce germination of weed seeds but are themselves not parasitized.
The added advantage of the crop rotation is that it also allows growers to use new
herbicides that may control problematic weeds.

3.3.2.7 Cultivar Competitiveness

Crop species and cultivars differ in their competitiveness with weeds. The expres-
sion of competitive advantage of crop genotypes against weeds is strongly influ-
enced by environmental conditions. The competitive ability of a crop variety is re-
flected either by its ability to reduce weed growth and seed production or to tolerate
weed interference and maintain higher levels of grain yield. Different genotypes of
the same crop may differ in their competitive ability against weeds due to varying
morphological traits (Table 3.4). Although there is conflicting evidence as to which
crop characteristics contribute most to competitiveness, several studies have high-
lighted the role of rapid germination and emergence, vigorous seedling growth, rap-
id leaf expansion, rapid canopy development, extensive root systems (Frick 2000;
Rasmussen and Rasmussen 2000), and also production of allelopathic compounds
by the crop (Baghestani et al. 1999). However, mostly the crop competitiveness is
enhanced by vigorous growth that reduces light quality and quantity beneath the
crop canopy (Buhler 2002).

A quick-growing and early canopy-producing crop is a better competitor against
weeds than crops lacking these characters. Seed size within a species also influ-
ences competition through vigorous growth of plants from larger seeds. Use of
weed-suppressing genotypes may therefore reduce the need for direct weed control
measures. However, not all traits that give a crop-competitive advantage against
weeds can be exploited. For example, plant height is usually correlated with weed
suppression but it is often negatively correlated with crop yield and positively cor-
related with sensitivity to lodging. Competitive ability can also be related to the
production and release of allelochemicals. There is considerable allelopathic poten-
tial in some rice varieties against weeds, which indicates potential for using crop
genotype choice as a cultural method for weed management (Olofsdotter 2001).
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Table 3.4 Dominant crop characteristics for weed competitiveness
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Crop Weed-competitive Crop characteris- | Weeds References
cultivar tics accounted for | suppressed
competitiveness
Rice PR 108 Leaf area index Mixed flora Ghuman et al.
(LAI) (2008)
Rice PI1 312777 Allelopathic Barnyard grass | Gealy et al. (2014)
compound
Wheat Sonalika, Sujata, HD | LAI; biomass Wild oat Mishra and Singh
2285, PBW 343 production (2008)
Wheat Saleem—2000 Biomass production Wild oat Khan et al. (2008)
Ghaznavi—98
Wheat PBW 154, WH 435, |LAI Mixed flora Chauhan et al.
PBW 343 (2001), Walia
(2002)
Corn AG 1051 LAI; shoot and root| Mixed flora Silva et al. (2011)
biomass
Oat Blaze Biomass produc- | Lamb’s quarters | Grimmer and Masi-
tion; allopathic unas (2005)
compound
Barley Aura 6 Plant height Field pansy, Auskalniene et al.
chickweed (2010)
Canola and | Yellow mustard Quick emergence; | Mixed flora Beckie et al. (2008)
mustard biomass accumula-
tion; plant height
Canola F1 hybrids Plant height; vigor- | Wild oat Zand and Beckie
ous canopy growth (2002)
Sugarcane | B41227 Sprawling type Mix flora Yirefu et al. (2012)

Negligible emphasis has been given on breeding cultivars for competitive ability
with weeds. Major focus given so far on breeding for yield and quality may have
inadvertently eliminated competitive traits in crops (Hall et al. 2000; Lemerle et al.
2001). Therefore, development of weed-competitive cultivars without sacrificing
yield potential is essential for integrated weed management. Future breeding and
variety-testing programs should take such factors of crop-competitive ability with
weeds into consideration.

3.3.2.8 Planting Geometry

Planting density and pattern modify the crop canopy structure, and in turn influence
weed smothering ability. Narrow row spacing brings variation in microclimate, viz.
light intensity, evaporation and temperature at soil surface. The establishment of a
crop with a more uniform and dense plant distribution results in better use of light
and water, and leads to greater crop-competitive ability. Crops grown in narrow
rows start competing with weeds at an earlier stage than those in wide rows because
of more rapid canopy closure and better root distribution. Narrow row widths and a
higher seeding density will reduce the biomass of late-emerging weeds by reducing
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the amount of light available for weeds located below the crop canopy. Reduced
growth of weeds was reported due to increased population and decreased spac-
ing in rice (Ghuman et al. 2008). The leaf area index (LAI) of closely planted rice
increased but photosynthetically active radiation (PAR) decreased, and grain yield
was significantly higher than the widely spaced crop. Similarly, bidirectional sow-
ing and closer row spacing (15 cm) were quite effective in suppressing the growth
of little seed canary grass in wheat (Azad et al. 1988).

3.3.2.9 Allelopathy

There has long been observed an inhibitive response by plant species to certain
neighbouring plants. The Greek philosopher and botanist, Theophrastus, noted this
effect from cabbage as early as 300 BC (Willis 1985). In 1937, Austrian botanist,
Hans Molisch, described this phenomenon as allelopathy, which he determined to
be the result of biochemical interactions between plants (Putnam and Duke 1978).
For instance, rapeseed, mustard and radish contain a number of compounds called
glucosinolates that break down into powerful volatile allelochemicals called iso-
thiocyanates during residue decomposition (Boydston and Hang 1995; Al-Khatib
1997; Uremis et al. 2009). These chemicals may suppress weed growth for several
weeks or months. Several Brassica spp. could be useful allelopathic cover crops
because these are winter hardy and can be grown almost anywhere. Rye residue
contains good amounts of allelopathic chemicals, viz. isothiocyanate benzyl and
isothiocyanate allyl. When left undisturbed on the soil surface, these chemicals
leach out and prevent germination of small-seeded weeds. The magnitude of al-
lelopathic influence depends on allelopathic crops as well as on target weeds in a
crop—weed environment.

Crop allelopathy against weeds may be exploited as a useful tool to manage
weeds under CA. Several crops are able to strongly suppress weeds, such as alfalfa,
barley, black mustard, buckwheat, rice, sorghum, sunflower and wheat, by exud-
ing allelochemical compounds either from living plant parts or from decomposing
residues (Tesio and Ferrero 2010). The growing need for sustainable agricultural
systems has necessitated increased cover crop research to better utilize these covers
for effective weed control. Thus, it is necessary to understand the role of allelopathy
for weed suppression within various cover crops (Burgos and Talbert 2000; Khanh
et al. 2005; Price et al. 2008; Walters and Young 2008). Allelopathic interference
on weeds is generally higher when grasses or crucifers are used as cover crops than
when legumes are used (Blum et al. 1997). The use of allelopathic traits from crops
or cultivars with important weed inhibition qualities, together with common weed
control strategies, can play an important role in the establishment of sustainable CA
systems, for instance, significant inhibitory effects of sunflower residues incorpo-
rated into field soil on the total number and biomass of weeds growing in a wheat
field (Alsaadawi et al. 2012). Similarly, mulching of allelopathic plant residues, in-
clusion of certain allelopathic crops in cropping rotation or as intercrop or as cover
crop may be practiced for weed management in CA (Table 3.5). These multiple
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Table 3.5 Weed control through allelopathic mulches, crop residues incorporation, cover crops
and intercropping

Allelo- Application | Crop | Weed species Reduction | Yield Reference
pathic mode in weeds dry | increase
source matter (%) | (%)
Sorghum | Soil Wheat | Little seed canary |48-56 16-17 Cheema
incorporation grass, lamb’s and Khaliq
quarter (2000)
Surface Cotton | Desert horse purs- | 5-97 69-119 | Cheema
mulch lane ( Trianthema et al. (2000)
portulacastrum
L.), field bind
weed (Convol-
vulus arvensis),
bermuda grass
Allelopathic | Cotton | Desert horse 29 45 Cheema
extract purslane et al. (2000)
Wheat | Little seed canary | 35-49 11-20 Cheema
grass, Indian and Khaliq
fumitory (Fumaria (2000)
indica L.), lamb’s
quarter, toothed
dock, nutsedge
Sunflower | Soil Maize | Desert horse 60 41 Khaliq et al.
+ rice + incorporation purslane (2010)
Brassica
Cotton + | Intercropping | — Desert horse purs- | 92 24 Igbal et al.
sorghum lane, field bind (2007)
weed
Allelopathic | Wheat | Little seed canary | 2—-16 2-6 Cheema
extract grass, wild oat et al. (2000)
Rye Cover crop | — Common purslane | — - Nagab-
(Portulaca olera- hushana
cea L.), pigweed etal. (2001)

approaches of allelopathic application have potential to act as natural weed-con-
trolling agents with varying degree of success depending upon environmental and
managerial factors (Farooq et al. 2013). Allelopathy thus offers a viable option for
weed management in CA (Farooq et al. 2011b).

3.3.2.10 Sowing Time

Planting time influences the occurrence and manifestation of weed species. Thus,
sowing time should be manipulated in such a way that ecological conditions for the
germination of weed seeds are not met. In the north-western part of the Indo-Gan-
getic Plains, farmers advance wheat seeding by 2 weeks to get a head start over the
noxious weed little seed canary grass and provide higher yield (Singh et al. 1999).
Malik et al. (1988) reported more weed infestation in early-/timely-sown chickpea
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than when sowing was delayed. Similarly, delayed sowing of lentil and chickpea
reduced the infestation of Orobanche (Linke and Saxena 1989). However, this is
not a viable approach in all cases as delayed sowing may also result in reduced
yield. Sinha et al. (1988) reported that early sowing and closer row spacing not only
reduced weed growth and increased dry matter accumulation but also resulted in
lower seed yield of pigeonpea. Lenssen (2008) reported that early planting of barley
resulted in a small accumulation of weed biomass, and no weed seed production,
while delayed planting resulted in decreased forage yield with high amounts of
weed biomass and seed production, especially in ZT.

3.3.2.11 Nutrient and Water Management

The competitive interactions between crops and weeds get altered with increasing
levels of soil fertility as both crops and weeds compete for the same nutrient pool.
With added nutrients, resource use by weeds often increases more rapidly than by
crops, resulting in a greater ability of weeds to compete for other resources. Ni-
trogen, the major nutrient for which the plants compete, should be banded close
to the crop row, thus enhancing crop accessibility to the nutrient. Increasing rates
of fertilizer application encourage more weed growth than crop growth if no weed
control measure is followed (Sharma 1997). Under this situation, it is better to apply
fertilizers at a lower rate than needed to maximize yields. Pre-sowing N fertilization
can increase the competitive ability of the crop plant against weeds, particularly in
crops with high growth rates at early stages. However, this effect is modulated by
the type of weeds prevailing in a field. For example, in sunflower grown in Medi-
terranean conditions, a pre-sowing application of synthetic N fertilizer increased
the suppression of late-emerging weeds such as lamb’s quarter, black nightshade
(Solanum nigrum L.) and common cocklebur (Xanthium strumarium L.) com-
pared to a split application, i.e. 50 % each at pre-sowing and top dressing (Paolini
et al. 1998). In contrast, the same technique resulted in a competitive advantage
for early-emerging weeds like wild mustard. Anticipation or delay of top-dressing
N application in sugar beet increased crop-competitive ability with dominance of
late- or early-emerging weeds respectively (Paolini et al. 1999). Das and Yaduraju
(2007) observed that an increasing N level decreased the infestation of little seed
canary grass but had no effect on wild oat in wheat. Inclusion of green manures not
only adds nutrients and organic matter to the soil but also suppresses weed growth
due to its dense foliage cover on the ground surface and the incorporation of exist-
ing weeds in the soil. In order to offset the likely initial setback to the ZT crop due
to poor crop stand and vigour, it is advocated to use a 25 % higher dose of nutrients,
especially in crops like wheat (Sharma et al. 2012). Further, a greater proportion
of N (up to 75%) can be applied as basal because top dressing of N may not be as
beneficial especially under residue-retained and rainfed conditions.

In addition to fertilization, irrigation has a significant role in crop—weed compe-
tition. It offers selective stimulation to germination, growth and establishment of
one plant over the others, and results in varying weed dynamics and competition in
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crops (Das and Yaduraju 1999). Dry weight of little seed canary grass was higher
when wheat was irrigated at CRI and CRI + flowering stage than at other stages.

3.3.3 Mechanical Measures

Farm mechanization plays a vital role for the success of CA in different agro-
ecologies and socio-economic farming groups. It ensures timeliness, precision and
quality of field operations; reduces production costs; saves labour; reduces weather
risk under the changing climatic scenario; improves productivity, environmental
quality and sustainability and generates rural employment on on-farm and off-farm
activities (Ladha et al. 2009, Saharawat et al. 2011). Reduced labour and machinery
costs are economic considerations that are frequently given as additional reasons to
use CA practices. Compared to intensive tilled conventional rice-wheat system, ZT
systems require much lesser energy and give higher energy output to input ratio as
well as system productivity (Gangwar et al. 2006; Mishra and Singh 2012a; Kumar
et al. 2012). Mishra and Singh (2012a) reported lower cost of cultivation as well
as higher net returns and benefit: cost ratio in ZT rice-wheat systems. Similarly, in
ZT maize—wheat cropping system, low cost of cultivation, minimum energy usage,
higher water productivity, higher net returns and enhanced energy input to output
ratio were reported by Ram et al. (2010).

3.3.3.1 Farm Machinery

CA is essentially machine driven and suitable farm machinery is required for land
levelling, sowing, fertilization, weeding, irrigation, harvesting and other operations.
Hence, the availability of suitable farm machineries is of paramount importance for
adoption of this technology by farmers. For example, Farooq et al. (2007) noticed
that access to ZT drills contributed towards the adoption pattern of the ZT wheat
technology in Pakistan’s Punjab province. ‘NT’ seed drill invented by Morton C.
Swanson in 1975 was a great milestone in the history of modern day CA. It has
allowed the farmers to sow seeds without tilling the land. Direct drilling with ZT
drill is a practice that addresses the issues of labour, energy, water, soil health, etc.
(Gathala et al. 2011a; Jat et al. 2013a). However, this machine faces difficulties if
crop stubbles are in high quantity, a situation that commonly occurs in CA systems.
‘Happy Seeder’ technology—an improved version of the NT seed drill and initially
developed for direct drilling of wheat into rice residues (typically 5-9 t ha™' of
anchored and loose straw) in north-west India—is a recent novel approach which
combines stubble mulching and seed-cum-fertilizer drilling functions. The stubble
is cut and picked up in front of the sowing tynes, which engage almost bare soil,
and is deposited behind the seed drill as surface mulch. In addition to the benefits
of direct drilling and retaining organic matter, the mulch also assists in moisture
conservation and weed control. Observations from farmers’ fields across Indian
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Punjab showed that the Happy Seeder (ZT) and rotavator (reduced tillage) are ef-
ficient methods for control of weeds as well as for in situ management of paddy
straw (ACIAR 2013; Kang 2013). The average reduction in the weed population
in the Happy Seeder-sown wheat crop over the rotavator and farmer’s practice was
26.5 and 47.7%, respectively. However, the reduction in weed population in the
rotavator-sown crop was 29.3 % over the farmer’s practice (Singh et al. 2013). Ad-
vanced versions of the Happy Seeder, viz. turbo seeder, post-consumer recycled
(PCR) planter and easy seeder are also being developed for more efficient sowing
and fertilizer placement. These machines could be used under CA systems for both
seeding as well as managing weeds.

3.3.3.2 Land Levelling

Laser land levelling, an integral component of CA, provides uniform moisture dis-
tribution to the entire field and ensures a proper crop stand and growth with reduced
weed infestation. Unlevelled fields frequently exhibit patchy crop growth with
higher weed infestation. Compared to an unlevelled field, weed management in a
laser-levelled field is relatively easy, and requires less labour for manual weeding
operations due to less weed infestation. Weed populations in wheat were recorded
under precisely levelled fields (200 no. m™2) compared to traditional levelled fields
(350 no. m%; Jat et al. 2003). Precision land levelling may reduce up to 75 % of the
labour requirement needed for weeding operations (Rickman 2002).

3.3.4 Chemical Weed Management

Herbicides are an integral part of weed management in CA. The use of herbicides
for managing weeds is becoming popular because they are cheaper than traditional
weeding methods, require less labour, tackle difficult-to-control weeds and allow
flexibility in weed management. However, to sustain CA systems, herbicide rota-
tion and/or integration of weed management practices is preferred as continuous
use of a single herbicide over a long period of time may result in the development
of resistant biotypes, shifts in weed flora and negative effects on the succeeding
crop and environment. In CA, the diverse weed flora that emerges in the field after
harvesting the preceding crop must be killed using non-selective herbicides like
glyphosate, paraquat and ammonium glufosinate. Non-selective burn-down herbi-
cides can be applied before or after crop planting but prior to crop emergence in
order to minimize further weed emergence.

Unlike in a conventional system, crop residues present at the time of herbicide
application in CA systems may decrease the herbicide’s effectiveness as the resi-
dues intercept herbicide droplets and reduce the amount of herbicide that reaches
the soil surface. Proper selection of herbicide formulations for application under
CA is necessary to increase their efficacy. For example, preemergence herbicides
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applied as granules may provide better weed control than liquid forms in NT sys-
tems. Some herbicides intercepted by crop residues in CA systems are prone to
volatilization, photodegradation and other losses. The extent of loss, however, var-
ies depending upon chemical properties and formulations. Herbicides with high
vapour pressure, e.g. dinitroanilines are susceptible to volatilization from the soil
surface. Climatic conditions and herbicide application methods significantly affect
herbicide persistence under CA systems (Curran et al. 1992). Crop residues can
intercept 15-80% of the applied herbicides which may result in reduced efficacy
of herbicides in CA systems (Chauhan et al. 2012). Weed control by herbicide ap-
plication was better in the CT system (80-96 %) than in the ZT system (50-61 %;
Chauhan and Opena 2012). Choosing an appropriate herbicide and timing of its
application is critical in CA systems as weed control under NT systems varies with
weed species and herbicides used.

Preemergence herbicides may not be as efficient in controlling weeds in CA
systems due to the presence of crop residues which can bind to soil-applied herbi-
cides and favour the weed seedlings to escape the applied herbicides. For example,
barnyard grass was fully controlled by pendimethalin and oxadiazon when applied
on bare soil (without residue cover); however, some seedlings survived when these
herbicides were applied in the presence of residue cover (Chauhan and Abugho
2012).

Several selective postemergence herbicides, some of which are low dose and
high-potency molecules, are now available to effectively manage weeds in major
field crops like rice, wheat, soybean etc. under CA (Table 3.6). The effectiveness of
postemergence herbicides may be reduced by the presence of crop residues. Wolf
et al. (2000) observed that the quantity of spray lodged on smooth pigweed (Ama-
ranthus hybridus L.) was reduced by 38—52 % by standing wheat stubble depending
upon the spray travel speed. Hartzler and Owen (1997) suggested that postemer-
gence herbicides should be applied once the weeds become established, since the
timing of weed emergence is less uniform in CA systems than in CT systems.

3.3.5 Integrated Weed Management

Considering the diversity of weed problems in CA systems, no single method of
weed control, viz. cultural, mechanical or chemical, provides the desired level of
weed control. Therefore, a combination of different weed management strategies
should be evaluated to widen the weed control spectrum and efficacy for sustainable
crop production. The integrated weed management (IWM) system is not meant to
replace selective, safe and efficient herbicides but is a sound strategy to encourage
judicious use of herbicides along with other safe, effective, economical and eco-
friendly control measures. The use of clean crop seeds and seeders and field sanita-
tion (weed-free irrigation canals and bunds) should be integrated for effective weed
management. Weed control efficiency of applied herbicides and crop competitive-
ness against weeds could be improved by combining good agronomic practices,
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Table 3.6 Promising herbicides for weed control in different field crops under conservation agri-

culture (CA)

Herbicide ‘ Dose (g ha™) ‘ Time of application | Remarks

a. Rice

Azimsulfuron 35 20 DAS/DAT" Annual grasses and some broad-
leaved weeds

Bispyribac-sodium 25 15-25 DAS/DAT Annual grasses and some broad-
leaved weeds

Chlorimuron + 4 15-20 DAS/DAT Annual broad-leaved weeds and

metsulfuron sedges

2,4-D 500-750 20-25 DAS/DAT Annual broad-leaved weeds and
sedges

Pendimethalin 1000-1250 | 6-7 DAS/DAT Annual grasses and some broad-
leaved weeds. Ensure sufficient
moisture at the time of application

Pyrazosulfuron 25-30 20-25 DAS/DAT | Annual grasses and some broad-
leaved weeds

Fenoxaprop-p-ethyl 60-70 30-35 DAS/DAT Annual grasses especially Echino-
chloa spp.

Fenoxaprop-p-ethyl + | 60-70+500 | 20-25 DAS/DAT Annual grasses and broad-leaved

2,4-D weeds

Fenoxaprop-p-ethyl + | 60-70+20 | 20-25 DAS/DAT | Annual grasses, broad-leaved

almix weeds and sedges

Bensulfuron + pretila- | 10,000 0-3 DAS/DAT Annual grasses and broad-leaved

chlor (londex power) weeds

b. Wheat

Clodinafop propargyl | 60 25-30 DAS Annual grasses specially wild oat

2,4-D 500-750 20-25 DAS Annual broad-leaved weeds and
sedges

Metribuzin 175-200 30-35 DAS Annual grasses and broad-leaved
weeds

Sufosulfuron 25 25-30 DAS Annual broad-leaved weeds and
grasses

Pendimethalin 1000-1250 | 0-3 DAS Annual grasses and some broad-
leaved weeds. Ensure sufficient
moisture at the time of application

Sufosulfuron + 30+2 25-30 DAS Annual grasses, broad-leaved

metsulfuron weeds and sedges

Mesosulfuron + 12+24 20-25 DAS Annual grasses, broad-leaved

idosulfuron weeds and sedges

Isoproturon + 1000+4 20-25 DAS Annual grasses and broad-leaved

metsulfuron weeds

c. Soybean

Chlorimuron ethyl 6-9 15-20 DAS Annual grasses, broad-leaved
weeds and sedges

Fenoxaprop 80-100 20-25 DAS Annual grasses

Fenoxaprop + 80+6 20-25 DAS Annual grasses and broad-leaved

chlorimuron weeds

Imazethapyr 100 20-25 DAS Annual grasses and broad-leaved
weeds

Metribuzin 35-525 0-3 DAS Annual grasses and broad-leaved

weeds

" DAS Days after sowing; DAT Days after transplanting
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timeliness of operations, fertilizer and water management and retaining crop resi-
dues on the soil surface. For example, effective ryegrass control (up to 97 %) has
been observed in a NT stubble-retained system by using soluble herbicides and min-
imal disturbance seeders (Crabtree 1999). Similarly, integrating superior genotypes
with a high seeding rate and early weed control led to a 40 % yield increase com-
pared with the combination of weaker genotype, low seeding rate and delayed weed
control (Harker et al. 2003). Approaches such as stale seedbed practice, uniform and
dense crop establishment, use of cover crops and crop residues such as mulch, crop
rotations and practices for enhanced crop competitiveness with a combination of
pre- and postemergence herbicides should be integrated to develop sustainable and
effective weed management strategies under CA systems.

3.4 Herbicide-Tolerant Crops

Biotech crops have become the fastest adopted crop technology in the history of
modern agriculture. Since commercialization in 1996, the biotech crop area has
progressively grown for the past 17 years. Weeds of different types emerge in the
field; therefore, farmers have to use several types of narrow-spectrum herbicides
to control them. This weed control method can be very costly. Weed management,
however, could be simplified by spraying a single broad-spectrum herbicide over
the field anytime during the growing season. The important contribution of biotech-
nology has been the development of herbicide-tolerant crops (HTCs) for effective
weed management. Several crops have been genetically modified for resistance to
non-selective herbicides. These transgenic crops contain genes that enable them
to degrade the active ingredient in an herbicide and render it harmless. They give
farmers the flexibility to apply herbicides only when needed, to control total input
of herbicides and to use herbicides with preferred environmental characteristics.
Farmers can therefore easily control weeds during the entire growing season and
have more flexibility in choosing times for spraying. HTCs offer farmers a vital
tool in fighting weeds and are compatible with CA systems. HTCs of soybean,
corn, canola and cotton are being grown on a large scale. In 2012, herbicide-tolerant
soybean alone occupied 80.7 m ha, which is nearly half of the global biotech area.
CA systems have been adopted on a large scale worldwide; and the expansion in
the area under CA was accelerated due to the introduction of HTCs (Cerdeira and
Duke 2006). For instance, introduction of HT soybeans encouraged rapid adoption
of CA practices in the USA (Ammann 2005). In fact, these two technologies have
registered a double-digit growth in area with one complementing the other. Weed
management in ZT-sown HTCs is much easier and post-emergence application of
non-selective herbicides like glyphosate provides a weed-free environment without
harming the crop plant. This results in considerably less costs for different opera-
tions such as ploughing, sowing, fertilization as well as weed control. Farmers in
developing countries can benefit from relatively higher yields with reduced costs
by adopting such technologies. There is a need to address some of the technologies
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and apprehension about GM crops in general and HTCs in particular, for practicing
CA-based technologies.

Compared to selective herbicides, the use of non-selective herbicides in HTCs
offers several potential advantages:

» Application of fewer herbicides to a crop.

* Reduced number of sprays in a season.

» Flexibility—possible to control weeds later in the plant’s growth.

» Saving labour and fuel because of less spraying.

» Reduced soil compaction because of less spraying by tractors.

» Ability to control weeds that previously could not be controlled in a particular
crop because of the absence of a suitable selective herbicide.

» Use of low-toxicity compounds which do not remain active in the soil. This may
help farmers to manage weeds without the need for environmentally suspect
herbicides.

» Ability to use NT or conservation-till systems, with consequent benefits to soil
structure and organisms.

» Excellent weed control and hence higher crop yields.

The potential for weed resistance to a specific herbicide is always a concern with
herbicide programs, and this concern increases with HTCs in CA systems. For in-
stance, many farmers in the USA have adopted CA with repeated use of glyphosate
on glyphosate-resistant crops (Givens et al. 2009). Some HTCs are becoming vol-
unteer weeds and causing segregation and introgression of herbicide-resistant traits
in weed populations (Owen and Zelaya 2004). Beckie and Warwick (2010) reported
that oilseed rape transgenes can survive for several years even if all cultivars with
the conferred trait are removed from the area. There are also other apprehensions
that HTCs can lead to:

¢ Increased herbicide use,

* Adverse effects on biodiversity on the farm,

* Promotion of development of herbicide-resistant weeds due to overreliance on
a single herbicide or a group of closely related herbicides. Horseweed ( Conyza
Canadensis (L.) Cronquist) has reportedly developed resistance to glyphosate in
ZT roundup-ready corn—soybean rotations in the USA (Mueller et al. 2003),

* Gene drift from HTCs to similar species may confer resistance to their wild rela-
tives which can become a serious weed in the crop, constituting a new phenom-
enon of intensification, the ‘transgenic treadmill’ (Binimelis et al. 2009),

» Poor application of herbicides can cause serious damage to non-HTC crop culti-
vars in adjoining areas.

Therefore, HTCs should not be considered as a stand-alone component of weed
management. An integrated weed management strategy should be used to ensure
that this important weed management tool remains profitable and environmentally
sound over a long period of time.
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Table 3.7 Two sides of the conservation agriculture (CA) system. (Source: Adopted from Huggins
and Reganold 2008; Sharma et al. 2012)

Payoffs Trade-offs

Timeliness of operations Mindset: transition from conventional farming to
no-till farming is difficult

Reduced soil erosion Relatively knowledge intensive

Water conservation CA equipment not available locally and adds to
cost for transport

Improved soil health Reliance on herbicides and their efficacy

Reduced fuel and labour costs Prevalence of weeds, disease and other pests may

shift in unexpected ways
Reduced sediment and fertilizer pollution in | Reduced crop yield in initial year if not properly

lakes and streams practiced
Carbon sequestration Need to refine nutrient and water management
practices

Climate smart production practices

3.5 Constraints in Adopting CA Systems

CA is not a panacea to solve all agricultural production constraints but offers poten-
tial solutions to break productivity barriers and sustain natural resources and envi-
ronmental health. Despite several benefits, the adoption of CA systems by farmers
in developing countries is still in its infancy as they require a total paradigm shift
from conventional agriculture with regard to crop management. CA technologies
are essentially herbicide driven, machine driven and knowledge driven, and there-
fore require vastly improved expertise and resources for adoption in large areas. For
wider adoption of CA, there is an urgent need for researchers and farmers to change
their mindset and explore these opportunities in a site- and situation-specific man-
ner for local adaptation. The current major barriers to the spread of CA systems are:
(1) lack of trained human resources, (ii) lack of suitable machinery and no quality
control mechanism in place for CA machinery, (iii) competing use of crop residues
in rainfed areas, (iv) weed management strategies, particularly for perennial spe-
cies, (v) localized insect and disease infestation and (vi) likelihood of lower crop
productivity if site-specific component technologies are not adopted. Several fac-
tors including biophysical, socio-economic and cultural limit the adoption of this
promising innovation of the twentieth century by resource-poor, small land farmers
in south and south-cast Asia (Lal 2007). Despite several payoffs, there are also
many trade-offs to the adoption of CA systems (Table 3.7).

3.6 Future Outlook

Development of integrated weed, disease or pest control strategies is paramount
under CA systems. Weed management research is lacking under conditions of CA.
Effort is needed to understand weed, disease and insect responses to NT soil and
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microclimate conditions on a long-term basis. Research should be conducted on
soil biological aspects and the rhizosphere environment under contrasting soils and
crops with particular emphasis on optimizing fertilizer management under CA.
Other areas of research include machinery development for local farming systems,
sowing into crop residues, understanding herbicide performance in crop residues
with reduced tillage, changes in nutrient cycling and nitrogen demand, leaf and
root diseases, etc. More focus on the influence of residue and weed management
components in CA is required.

Since herbicides cannot be eliminated from NT, crop management, degradation
pathways, adsorption—desorption and transport processes of herbicides remain im-
portant research areas. Further, overreliance on herbicides in a CA system is con-
cerning from an environmental point of view. A major research effort in this area
should be towards developing economically viable strategies to prevent and manage
herbicide resistance. Inclusion of allelopathic crop cultivars for managing weeds in
the CA systems could be a strategy to avoid development of herbicide resistance.
Crop cultivars differ significantly in their ability to inhibit the growth of certain
weed species. To date, progress has been made in understanding the genetics of
crop allelopathic activity. However, more research is needed to thoroughly under-
stand the genetic control of allelopathic activity. Several genes might be involved
in regulating the production and exudation of allelochemicals. Concerted efforts
using advances in plant biotechnology will help to unveil the genetics of this trait.
A breeding program to transfer the allelopathic genes into modern cultivars to en-
hance their allelopathic activity for weed suppression may help to reduce overreli-
ance on herbicides.

There is a need for analysis of factors affecting adoption and acceptance of NT
agriculture among farmers. A lack of information on the effects and interactions
of minimal soil disturbance, permanent residue cover, planned crop rotations and
integrated weed management, which are key CA components, can hinder CA adop-
tion (Farooq et al. 2011a). This is because these interactions can have positive and
negative effects depending on regional conditions. The positive impacts should be
exploited through systems research to enhance CA crop yields. Information has
mostly been generated on the basis of research trials, but more on-farm-level re-
search and development is needed. Farmers’ involvement in participatory research
and demonstration trials can accelerate adoption of CA, especially in areas where
CA is a new technology.

3.7 Conclusions

CA is a complex suite of ‘new’ resource-efficient technologies. It is possible to
achieve the same or even higher yields with CA compared with CT. Altering tillage
practices changes the depth of weed seeds in the soil, which play a role in weed
species shifts and affect the efficacy of control practices. ZT systems cause a shift
in weed flora, and may result in the emergence of perennial weeds like purple nut
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sedge, Bermuda grass and Johnson grass in most crops; and others like cheeseweed
mallow and toothed dock in wheat. Restricting tillage also reduces weed control
options and increases reliance on herbicides; consequently, evolvement of weed
resistance to herbicides has become a serious and escalating problem for many CA
farmers worldwide. The use of HT crops further aggravates the situation. ZT along
with residue has beneficial effects on soil moisture, temperature moderation and
weed control. CA is a machine-, herbicide- and management-driven agriculture for
its successful adoption. Integrated weed management involving chemical and non-
chemical methods (residue, cover crops, varieties, etc.) is essential for the success
of CA systems in the long term.
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Chapter 4
Nutrient Management Perspectives
in Conservation Agriculture

Christos Dordas

Abstract Conservation agriculture (CA) has been promoted as a major way for-
ward to make agriculture sustainable by protecting soils from degradation pro-
cesses. The focus of this chapter is on nutrient management in CA. Special attention
is given to crop management and its effect on nutrient management with particular
emphasis on the three major principles of CA—tillage, crop rotation, and residue
management. Nutrient management has received little attention in CA despite the
fact that it has a direct effect not only on crop yield but also on the tolerance of
crop plants to pests. Further research on nutrient management could increase the
adoption of CA worldwide. In this chapter, nutrient management in CA is discussed
and proposed as the fourth principle of CA. Breeding genotypes for better nutrient-
use efficiency in CA is also important, as is the control of weeds, insect pests, and
diseases. In addition, the appropriate use of fertilizer and nutrients is essential to
increase crop productivity and to produce sufficient crop residues in the different
climates that CA is practiced.

Keywords Nitrogen - Phosphorus * Potassium - Nutrient-use efficiency - Fertilizers -
Mulch - Crop rotation - Tillage

4.1 Introduction

Sustainability is a term that has been used extensively in modern agriculture in
recent years because of the effect that certain crop production methods have on
the environment (Atkinson and McKinlay 1997; Hanson et al. 2007). Sustainable
agriculture is the management and utilization of the agricultural ecosystem in a way
that maintains its biological diversity, productivity, regeneration capacity, vitality,
and ability to function, so that it can fulfill—today and in the future—significant
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ecological, economic, and social functions at local, national, and global levels that
does not harm other ecosystems (Lewandowski et al. 1999).

The sustainability of agriculture has faced significant challenges in recent years
(Oborn et al. 2003; Hanson et al. 2007) including: (1) increased food demand for
the ever-increasing human population, (2) overdependence on fossil energy and the
increased monetary and environmental costs of nonrenewable resources, (3) global
climate change (Diamond 2005; Brown 2006), and (4) globalization (Hanson et al.
2007). These dominant issues are challenging agriculturists to develop more sus-
tainable management systems. To meet the food and nutritional needs of a growing
population, agriculture needs to move beyond the past emphasis on productivity
to encompass improved public health, social well-being, and a sound environment
(Hanson et al. 2007).

Conservation agriculture (CA) is an important aspect of agriculture that con-
tributes to sustainability. CA is based on the integrated management of different
agricultural resources such as soil, water, and other resources to create an economi-
cally, ecologically, and socially sustainable agricultural production system. It relies
on three major principles:

a. Minimal soil disturbance by direct planting through the soil cover without seed-
bed preparation.

b. Maintenance of a permanent vegetative soil cover or mulch to protect the soil
surface.

c. Diversified crop rotations in the case of annual crops or plant associations in the
case of perennial crops.

Nutrient management has received little attention in CA despite its direct effect on
crop yield. Further research on nutrient management should increase the adoption
of CA worldwide. In this chapter, nutrient management in CA is discussed and pro-
posed as the fourth principle of CA (Vanlauwe et al. 2014).

4.2 Nutrient Management Perspectives

Nutrient management is an important aspect of CA for crop productivity and for
the adoption of CA by farmers (Vanlauwe et al. 2014). CA improves nutrient-use
efficiency (NUE) as it reduces soil erosion and prevents nutrient loss from the
field. Nutrient loss may be minimized due to reduced runoff and the appropriate
use of deep-rooting cover crops that recycle nutrients leached from the topsoil
(FAO 2001). This leads to the greater availability of both native and applied nu-
trients to crop plants which can have a significant effect on fertilizer efficiency. It
was found that in a rice—wheat system, fertilizer efficiency increased by 10—15%
due to better placement of fertilizer with the seed drill compared with broadcast-
ing in the traditional system (Hobbs and Gupta 2004). There are reports of lower
N fertilizer efficiency when soil microorganisms immobilized mineral N in the
crop residues (Verhulst et al. 2010). Nonetheless, long-term experiments have
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indicated an increased release of nutrients owing to microbial activity and nutri-
ent recycling (Carpenter-Boggs et al. 2003). In addition, increased soil organic
matter (SOM) at the soil surface may increase NUE and water-use efficiency
(Franzluebbers 2002). Similarly, crop residues can increase plant availability of
phosphorus and its efficiency in no-tillage systems (Iyamuremye and Dick 1996;
Sanchez et al. 1997).

A few studies have evaluated the effects of cover crops combined with different
tillage systems on N mineralization and release, as well as P sorption (Fontes
et al. 1992; Afif et al. 1995; Bhatti et al. 1998). Adsorption sites of goethite can be
blocked by organic matter (OM) components, e.g., humic acids, and other organic
compounds, such as oxalate and malate, which decreases P sorption in the soil
(Fontes et al. 1992; Afif et al. 1995; Bhatti et al. 1998). In addition, it is not clear
whether this positive effect of organic compounds on decreasing P sorption by soils
exists in the field as most studies have been conducted under controlled environ-
ments (Ziadi et al. 2013).

Legume-based crop rotations in CA significantly improve nutrient availability
for crop plants (Burle et al. 1997; Govaerts et al. 2007b). Higher levels of exchange-
able calcium (Ca), potassium (K), and magnesium (Mg) were found when pigeon
pea (Cajanus cajan L.) and lablab (Lablab purpureus L.) were used compared with
when white clover ( Trifolium repens L.; Burle et al. 1997). In addition, others found
higher C, N, K, and lower sodium (Na) concentration when the crop residue re-
mained in the field compared to residue removal (Govaerts et al. 2007b). The effect
of CA practices on nutrients can be due to decreased infiltration, which can decrease
deep drainage and the leaching of mobile nutrients, and most of the applied N is
retained in the topsoil (Erenstein 2002; Scopel et al. 2004).

4.2.1 Nutrient-Use Efficiency

Fertilizers and especially N fertilizers are an important input for many crops and
account for approximately half of the energy inputs in cereal production worldwide
(Raun and Johnson 1999). In addition, cereal crops are quite inefficient in using N
and other nutrients as only 33 % of the applied N as fertilizer can be recovered in
the grain (Raun and Johnson 1999). The term NUE has been used extensively to
describe nutrient use by a crop and is defined as grain yield divided by the supply
of available nutrient from the soil and added fertilizer (Moll et al. 1982; Fageria
et al. 2008). NUE is an important index that can be used in CA in order to quantify
the different nutrient management practices and to determine which is better for
increasing the NUE. NUE has two components: (1) nutrient uptake efficiency (crop
nutrient uptake per unit of nutrient available from the soil and fertilizer) and (2)
nutrient utilization efficiency (which is grain dry matter (DM) yield per unit crop
nutrient uptake at harvest; Moll et al. 1982; Fageria et al. 2008). However, “nutrient
efficiency” has many different meanings in crop production and several definitions
within the literature (Fageria et al. 2008). In short, there are two primary efficiencies
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to consider, one is fertilizer efficiency and the other is crop efficiency. Fertilizer ef-
ficiency is the fraction of freshly applied fertilizer that is recovered in the current
crop.

Fertilizer efficiency can be measured in CA in several ways:

1. The fertilizer is labeled with a stable isotope, e.g., > N for nitrogen to differen-
tiate fertilizer N from indigenous soil N. In winter wheat, the crop recovered
68 % of the N applied, of which 18 % was retained in the topsoil (as nitrate and
ammonium ions in the soil solution, as exchangeable ammonium ions on clays,
and as organic N incorporated into microbes), and 14 % was lost by leaching and
denitrification (Powlson and Jenkinson 1981).

2. The “apparent fertilizer recovery efficiency” is less accurate but more easily
measured. It is the total nutrient uptake (in aboveground parts of the crop at
maturity) at a given fertilizer rate minus the uptake at zero fertilizer rate, divided
by the amount of the nutrient applied. It is called “apparent” because part of the
total uptake will be from mineralized soil organic nutrient and the amount that
was mineralized varies with the amount of fertilizer that has been applied.

3. Fertilizer efficiency can be calculated by dividing the total nutrients removed in
grain by the nutrients applied as fertilizer. Raun and Johnson (1999) calculated
that only 33 % of the fertilizer applied to cereals is removed by the harvested
grain, resulting in 67 % either lost from the soil or remaining in the soil.

4.2.2 Strategies for Improving NUE

An important target of modern crop production is to improve NUE as this will
increase profitability through increased yields or reduced fertilizer costs, and envi-
ronmental protection through reduced greenhouse gas emissions (Hirel et al. 2007).

NUE can be increased by adopting appropriate nutrient management strategies
and through crop breeding. NUE is affected by soil conditions particularly leaching,
denitrification, volatilization, and immobilization of nutrients in the soil; fertilizer
rates; source, placement, and timing of fertilizer application; climatic conditions;
plant type which can affect absorption, translocation, assimilation, and retransloca-
tion of the nutrient; and plant characteristics such as tissue nutrient concentration,
size, and number of reproductive sinks.

Management strategies involve manipulation of soil, plant, climatic, and fertil-
izer variables. These strategies involve soil sampling and analysis, crop monitoring
and sampling, crop rotation, tillage practices, form of fertilizer and time of applica-
tion, irrigation, and precision agriculture. Adopting these strategies could lead to
increased crop yield and enhanced NUE. Ways to increase NUE include:

1. Crop rotations, especially when legumes are used, can significantly improve
NUE (Raun and Johnson 1999).

2. Forage production systems which have lower plant gaseous losses due to leaf
senescence and higher NUEs as they tend not to flower (when N losses are



4 Nutrient Management Perspectives in Conservation Agriculture 83

greater) and the biomass is harvested and removed from the field, e.g., wheat
forage has N-use efficiency of 77 % compared with grain at 33 % and corn forage
has N-use efficiency at 70 % (Raun and Johnson 1999).

3. Improved cultivars with higher NUE. Wheat cultivars were produced by genetic
selection under low nutrient inputs to increase NUE. These wheat cultivars have
high harvest index, low nutrient loss, and increased NUE. In addition, high NUE
has also been observed in rice varieties with high harvest index (Raun and John-
son 1999).

4. Conservation tillage can improve NUE. In addition, erosion control and subsur-
face placement of fertilizers such as N has the potential to significantly improve
N availability and NUE (Raun and Johnson 1999).

5. Fertilizer form. In many cases, the form of fertilizer can affect NUE, e.g., N as
NH,-N is more efficient as plants require more energy to assimilate NO; com-
pared with NH, form. N uptake is higher at 35% (NH,), assimilation of N (NO,
20 mol ATP/mol NO;~, NH, 5 mol ATP/mol NH4+; Raun and Johnson 1999)

6. Fertilizer application should be in season; foliar application is more effective
(pre-plant N reduces NUE, late-season N increases grain protein and NUE, foliar
applied N (at flowering) and increases protein content and NUE; Raun and John-
son 1999).

7. Irrigation can increase NUE as maximum NUE obtained with low N rates, which
were applied in season together with irrigation (Raun and Johnson 1999).

8. Precision agriculture practices can improve NUE. These practices include timely
and precise application to meet plant needs; exact implementation of all manage-
ment operations uniformly applied to a single field; site-specific management
within a field to account for spatial variation in soil and pests; crop management:
variety/hybrid selection, tillage, planting date, density and row spacing, nutrient
amount, formulation, and placement; integrated pest management; and amount
of irrigation and timing (Raun and Johnson 1999).

4.2.3 Management of N, P, and K in CA

CA practices, especially tillage, residue management, and crop rotation have
a significant impact on nutrient distribution and transformation in soils (Etana
et al. 1999; Galantini et al. 2000), and the effects of these practices are related
to soil organic matter content (SOC). The distribution of nutrients in a soil under
zero tillage differs from that in tilled soil as enhanced conservation increases the
stratification of nutrients and their availability near the soil surface compared to
conventional tillage (Follett and Peterson 1988; Franzluebbers and Hons 1996;
Duiker and Beegle 2006; Table 4.1). The altered nutrient availability under zero
tillage is probably due to the surface placement of crop residues as opposed to
the incorporation of crop residues with conventional tillage (Blevins et al. 1977,
Unger 1991; Ismail et al. 1994). Slower decomposition of crop residues left on
the soil surface (Kushwaha et al. 2000; Balota et al. 2004) can prevent rapid
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Table 4.1 Soil organic carbon, total nitrogen and phosphorus content under conventional and zero
tillage from different studies

Organic C (g kg™) Total N (g kg™") P(mggh) Reference

CT ZT CT 7T CT ZT

49.00 50.00 3.60 3.80 6 12.2 Astier et al. (2006)
27.4 33.40 - - 11.13 19.6 Lal et al. (1990)

9.80 8.80 1.18 0.99 - - Kushwaha et al. (2000)
22.60 28.20 — — 0.031 0.058 | Duiker and Beegle (20006)
10.75 11.30 — - 12.00 11.5 Roldan et al. (2007)
50.00 67.60 4.40 5.80 21.9 23.8 Borie et al. (2006)

27.10 29.20 2.85 3.03 — — Larney et al. (1997)

CT conventional tillage, ZT zero tillage

leaching of nutrients through the soil profile, which is more likely when residues
are incorporated into the soil. However, the possible development of continuous
pores between the surface and subsurface under zero tillage (Kay 1990) may lead
to more rapid passage of soluble nutrients deeper into the soil profile than when
soil is tilled (Franzluebbers and Hons 1996). Furthermore, the response of soil
chemical properties to tillage practices in site-specific management depends on
soil type, cropping systems, climate, fertilizer application, and management prac-
tices (Rahman et al. 2008). The density of crop roots is usually greater near the
soil surface under zero tillage compared to conventional tillage (Qin et al. 2004),
as more nutrients are taken up from near the soil surface as illustrated by a sig-
nificantly higher P uptake by corn from the 0—7.5 cm soil layer under zero tillage
than under conventional tillage (Mackay et al. 1987).

4.2.3.1 Nitrogen

Nitrogen is the most important nutrient for plant growth, yield, quality and the en-
vironment, with extensive literature on the effect of N on crop yields (Marschner
1995; Fageria et al. 2008). The efficient use of N fertilizer is important for crop
yield, the environment, and the adoption of CA and depends on the level of avail-
able N in the rooting zone. Applied N fertilizer rates should consider the available N
in soils and other factors that affect crop response to N fertilization. Despite the im-
portance of soil tests for N application, the adjustment of fertilizer rates as a result
of soil tests is rare, together with calculations for N agronomic efficiency and the
profit that can be gained by N fertilization. This is because these studies require tri-
als on farmers’ fields for several years. In addition, apart from inorganic N, organic
soil N mineralized during crop growth can provide N for the crop (Mengel et al.
2001). A number of different extraction methods have been proposed to determine
soil N levels (Sparks et al. 1996; Mengel et al. 2001).

In addition to soil N status measurements, several other diagnostic tools have
been developed to determine N deficiency, which is used to improve N manage-
ment and decrease the risk of N loss to ground and surface waters (Fageria and
Baligar 2005; Lemaire et al. 2008). The plant-based diagnostic methods such
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as chlorophyll meters provide a valuable estimation of the N status of the crop
(Piekielek and Fox 1992; Dordas and Sioulas 2008; Dordas et al. 2008; Lemaire
et al. 2008; Ziadi et al. 2008; Lemaire and Gastal 2009; Ziadi et al. 2010). Other
diagnostic tools such as the nitrogen nutrition index (NNI) may be used to deter-
mine the level of plant N nutrition (Debaeke et al. 2006; Prost and Jeuffroy 2007,
Dordas 2011) and is calculated by dividing the actual N concentration by the criti-
cal N concentration (N_). N is defined as the minimum N concentration in shoot
biomass required for maximum growth. The NNI is considered as a reference tool
for assessing plant N status, but has limitations at the farm level as the actual crop
biomass and its N concentration need to be determined at different growth stages
which can be difficult. A more simplified method to evaluate crop N status and
estimate NNI is needed.

During the first few years of CA, N is mainly found in organic forms (immobi-
lized) and is not available for plants (Verhulst et al. 2010) because the mineraliza-
tion process in the first years is quite slow and there is a need for application of N
fertilizer which can speed up the mineralization process. In the years following the
adoption of CA, soil microorganisms will significantly increase and essential plant
nutrients will be efficiently recycled leading to less need for fertilizers. Therefore,
N needs to be managed carefully to avoid N deficiency due to slow mineralization,
immobilization, and volatilization, and to avoid excess N fertilization. There are
several options that allow sufficient time for SOM to decompose before sowing the
crop. Application of N fertilizer (25-70 kg ha™") before sowing will speed up miner-
alization. During sowing, N can be applied in bands to prevent immobilization and
provide young seedlings with adequate N. The use of nitrate fertilizers is preferred
over ammonium fertilizers as nitrate dissolves easier and is more mobile in soil.

Soil mineral N available for plant uptake depends on the rate of C mineralization.
There is no clear trend on the effect of reduced tillage on residue retention and N
mineralization as zero tillage is generally associated with lower N availability due
to increased immobilization by residues left on the soil surface (Rice and Smith
1984; Bradford and Peterson 2000; Table 4.1). The net immobilization phase, when
zero tillage is adopted, is transitory and immobilization of N under zero tillage
systems in the longer term reduces the opportunity for leaching and denitrification
losses of soil mineral N (Rice et al. 1986; Follet and Schimel 1989). Higher im-
mobilization in CA systems can increase the conservation of soil and fertilizer N
in the long run, and the higher initial N fertilizer requirements decrease over time
because of reduced losses by erosion and the buildup of a larger pool of readily
mineralizable organic N (Schoenau and Campbell 1996). In addition, the efficiency
of chemical fertilizers can be increased by applying them to mulch rather than to
soil (Verhulst et al. 2010).

CA affects total N content, which is closely related to total SOC, as the N cycle
is closely linked to the C cycle (Bradford and Peterson 2000; Table 4.1). A higher
total N content under both zero tillage and permanent raised beds compared to con-
ventional tillage has been reported (Borie et al. 2006; Astier et al. 2006; Govaerts
et al. 2007b). However, no influence of tillage or cropping system on SOC and
total N contents has been observed in some experiments (Sainju et al. 2008). Zero
tillage affects mineralizable N and the light fraction of soil N more than total N
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(Larney et al. 1997). Significant increases in total N have been measured with in-
creasing additions of crop residue (Graham et al. 2002) and the amount of straw
retained under permanent raised beds (Govaerts et al. 2007b).

Tillage practices also affect N mineralization as tillage increases aggregate dis-
ruption, and the SOC is more accessible to soil microorganisms (Beare et al. 1994;
Six et al. 2002); thereby increasing mineral N released from active and physically
protected N pools (Kristensen et al. 2000). In permanent raised beds, residue reten-
tion caused more stable macroaggregates and increased the protection of C and N
in the microaggregates within the macroaggregates compared to conventionally
tilled raised beds (Lichter et al. 2008). In addition, there is increased susceptibility
to leaching or denitrification if the growing crop does not take advantage of these
nutrients at the time of their release (Doran 1980; Christensen et al. 1994; Randall
and Iragavarapu 1995). In corn, NO,-N losses were about 5 % higher with conven-
tional tillage compared to zero tillage (Randall and Iragavarapu 1995). In the initial
years after switching to zero tillage, there was no effect on N availability (Jowkin
and Schoenau 1998). However, the N mineralization rate increased as tillage de-
creased (Larney et al. 1997). Similarly, Wienhold and Halvorson (1999) reported
that N mineralization generally increased in the 0—5 cm soil layer as the intensity
of tillage decreased. Govaerts et al. (2006) observed that after 26 cropping seasons
in a high-yielding, high-input irrigated production system, the N mineralization
rate was higher in permanent raised beds with residue retention than in conven-
tionally tilled raised beds with all residues incorporated, and that it increased with
increasing rate of inorganic N fertilizer application. The tillage system determines
the placement of residues. In a conventional tillage system, crop residues are in-
corporated, while in the case of zero tillage, residues are left on the soil surface.
These placement differences contribute to the effect of tillage on N dynamics. In-
corporated crop residues decomposed 1.5 times faster than surface-placed residues
(Kushwabha et al. 2000; Balota et al. 2004). However, the type of residues and the
interactions with N management practices may also affect C and N mineralization
(Verachtert et al. 2009).

The composition of crop residues left on the field can affect their decomposition
(Trinsoutrot et al. 2000). The C/N ratio of crop residues is used as a criterion for resi-
due quality (Vanlauwe et al. 1996; Nicolardot et al. 2001; Hadas et al. 2004) together
with initial residue N, lignin, polyphenols, and soluble C concentrations (Thomas
and Asakawa 1993; Trinsoutrot et al. 2000; Moretto et al. 2001). Inorganic N can be
immobilized during decomposition of SOM especially when organic material with a
large C/N ratio is added to the soil (Zagal and Persson 1994). Total soil N mineraliza-
tion has been significantly correlated with the C/N ratio of crop residues (Kumar and
Goh 2002). Some plant species used as cover crops (such as Tithonia diversifolia)
have relatively high N and P contents, while their crop residues have very low N (ca.
1%) and P contents (ca. 0.1%; Palm et al. 2001). However, these residues are more
important in contributing to SOM buildup than as inorganic nutrient sources for plant
growth because of their lignin and polyphenol contents (Palm et al. 2001). N im-
mobilization can be significant when cereal residues are incorporated during the first
years of implementation (Erenstein 2002). Kandeler et al. (1999) found that after a
4-year period, N mineralization in a conventionally tilled treatment was significantly
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higher than that in minimum and reduced tillage plots due to buried organic materials.
In contrast, others observed that in soil with retention of maize residues, N immo-
bilization still occurred after 13 years in an irrigated maize—wheat rotation system
(Govaerts et al. 2000).

In conclusion, CA affects N soil levels especially during the first years of ap-
plication as mineralization is quite slow which can lead to N deficiency. However,
this can be corrected with N application to speed up the N mineralization process
and with careful N management to ensure the availability of N for the crop plants.
In addition, in the following years after adoption of CA, soil microorganisms in-
crease and the essential nutrients are efficiently recycled leading to lower need for
chemical fertilizers.

4.2.3.2 Phosphorus

Phosphorus (P) is the second most common nutrient applied to crops, is a part of
many organic molecules of the cell (deoxyribonucleic acid (DNA), ribonucleic acid
(RNA), adenosine triphosphate (ATP), and phospholipids) and is involved in many
metabolic processes making it an important plant nutrient. Conservation tillage in
most cases improves the availability of surface phosphorus by converting it into
organic phosphorus. Plants take up P from below, “mining” and depositing it on the
surface. In conventional tillage systems, P is remixed into the soil profile, whereas
in conservation tillage P accumulates at the soil surface (Robbins and Voss 1991;
Zibilske et al. 2002). Therefore, conservation of P may be a potential benefit of
conservation tillage, improving P availability.

Several studies found higher extractable P levels in zero tillage compared with
tilled soil (e.g., Follett and Peterson 1988; Franzluebbers and Hons 1996; Du Preez
et al. 2001; Duiker and Beegle 2006; Table 4.1). This is because reduced mixing
of fertilizer P with the soil leads to lower P-fixation. This is an important benefit
when P is limiting, but may be a threat when there is excess P due to the possibil-
ity of soluble P losses in runoff water (Duiker and Beegle 2006). After 20 years of
zero tillage, extractable P was 42 % greater at 0—5 cm, but 8-18 % lower at 5-30 cm
depth compared with conventional tillage treatments in a silt loam soil (Ismail et al.
1994). Others found higher extractable P levels in zero tillage compared to tilled
soil in the topsoil (Unger 1991). Therefore, accumulation of P at the soil surface
under continuous zero tillage is commonly observed (e.g., Eckert and Johnson
1985; Follett and Peterson 1988; Franzluebbers and Hons 1996; Table 4.1). Con-
centrations of P are higher in the surface layers of all tillage systems compared to
deeper layers, but are most striking in zero tillage (Duiker and Beegle 2006). When
P fertilizers are used on the soil surface, a part of P will be directly fixed by soil
particles making it unavailable for the crop plants. However, when P was banded
as a starter application below the soil surface, there was P stratification which was
taken up by the crop plants (Eckert and Johnson 1985; Duiker and Beegle 2006).
This suggests that there may be less need for P starter fertilizer in long-term zero
tillage because of high available P levels in the topsoil where the seed is placed
(Duiker and Beegle 2006). Placement of P in zero tillage deeper in the soil may be
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beneficial if the surface soil dries out frequently during the growing season. How-
ever, if mulch is present on the soil surface in zero tillage, the surface soil is likely
to be moister than conventionally tilled soils and the need for deep P placement
is unlikely, especially in humid areas. Extractable P is redistributed in zero tillage
compared with conventional tillage which is likely a direct result of surface place-
ment of crop residues leading to accumulation of SOM and microbial biomass near
the surface (Duiker and Beegle 2006). However, others found higher extractable P
levels below the tillage zone, probably due to accumulation of P in senescent roots
and the higher SOC content of the soil (Franzluebbers and Hons 1996). In contrast,
in other studies available P was not affected by tillage system, soil depth, and crop
type (Roldan et al. 2007).

4.2.3.3 Potassium

After nitrogen and phosphorus, potassium (K) is the nutrient most likely to limit
plant production. In conservation tillage systems, K stays at the surface because
it is not remixed by tillage (Robbins and Voss 1991). This redistribution of K
can limit its availability to deeper-rooting crops or increase salinity problems.
Cover cropping and conservation tillage may conserve K by taking up and re-
distributing it to the soil surface. Zero tillage conserves and increases the avail-
ability of K and other nutrients near the soil surface where crop roots proliferate
(Franzluebbers and Hons 1996). Govaerts et al. (2007b) reported 1.65 and 1.43
times higher K concentrations in the 0—5 cm and 5-20 cm layers, respectively,
on permanent raised beds than conventionally tilled raised beds, both with crop
residue retention. A higher extractable K levels at the soil surface with decreased
tillage intensity has also been reported (Lal et al. 1990; Unger 1991; Ismail et al.
1994). Du Preez et al. (2001) found higher levels of K in zero tillage compared to
conventional tillage, and this effect declined with depth. However, others found
surface accumulation of available K irrespective of tillage practice (Hulugalle
and Entwistle 1997; Duiker and Beegle 2006). There is no clear trend with regard
to soil extractable K as some authors reported either higher or similar extract-
able K levels in zero tillage compared to mouldboard tillage (Follett and Pe-
terson 1988), while others reported no effect of tillage or depth on available K
concentrations (Roldan et al. 2007). In contrast, Standley et al. (1990) observed
higher exchangeable K in the topsoil (0-2 cm) when sorghum stubble was re-
tained rather than removed. The increased K concentration was more pronounced
for wheat than for maize because wheat takes up large amounts of K, and most
of this remains in harvest residues (Du Preez et al. 2001). K accumulated in the
rows of the previous crop, probably because it leached from the crop residue that
accumulated there (Duiker and Beegle 2006). Higher concentrations of K were
observed in crop rows of the zero tillage treatment but not the mouldboard tillage
(Mackay et al. 1987).
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4.3 Crop Management and its Effect
on Nutrient Management

Sustainable agriculture approaches provide balanced plant nutrition and help to in-
crease the availability of certain elements (Oborn et al. 2003). Approaches such as
crop rotation, green manuring, manure application, residue retention, and tillage can
affect nutrient availability and also plant growth and crop yield.

4.3.1 Soil Organic Matter

SOM content and quality affects many soil functions which are related to soil
health such as moisture retention, infiltration, release, and plant health. Field-
applied organic residues (crop residues, cover crops, and organic wastes) can af-
fect soil microorganisms and thus the availability of nutrients (Stone et al. 2004).
Practices such as addition of sphagnum peat, green manures, and animal manures
have produced suppressive soils on which plant pathogens do not establish or
persist and do not affect crop plants. Suggested mechanisms involved in biologi-
cal and organic material-mediated disease suppression include microbiostasis,
microbial colonization of pathogen propagulates, destruction of pathogen propa-
gulates, antibiosis, competition for substrate colonization, competition for root
infection sites, and induced system resistance (or systemic acquired resistance
(SAR); Dordas 2008; Huber and Graham 1999). SOM quantity and quality can
affect plant nutrient status and impact not only total soil nutrient content but also
nutrient availability through the activity of soil microorganisms (Dordas 2008;
Huber and Graham 1999).

4.3.2 Crop Rotations and Residue Management

Crop rotation is the practice of growing a sequence of different crops on the same
field. Long-term experiments (more than 100 years) have shown that crop rotation
together with other fertility management practices is fundamental to long-term ag-
ricultural productivity and sustainability (Reid et al. 2001; Stone et al. 2004). The
most straightforward principle underlying crop rotation is disease and pest control
as plant pathogen propagules have a lifetime in soils and by rotating with nonhost
crops, starves them (Reid et al. 2001). Crop rotation can increase N levels and affect
the availability of other nutrients which can then affect growth and yield of crop
plants (Huber and Graham 1999; Reid et al. 2001). Crop rotation also affects the
survival of pathogens and has been used extensively to reduce the severity of many
diseases, pest and weed infestations.
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Soil cover and residue management can change soil chemical, physical, and
biological properties including the composition of the soil microbial community,
and can affect the availability of nutrients (Dordas 2008). The extent of the effect
depends on the plant species and cultivars. Cover crops can increase the active OM
content in the soil, microbial biomass, and microbial activity and contribute to the
suppression of pathogens and better crop growth. Cover crops affect the rhizosphere
and indirectly can affect plant nutrient status (Huber and Graham 1999).

Green manure can affect the availability of N and other nutrients such as P and
K. Most green manure species can fix N with N-fixing bacteria and increase soil N
levels by 459 kg N ha™! (Cherr et al. 2006). This can have a significant effect on dis-
ease and pest development. Green manures can also affect the availability of other
nutrients such as P, Min, Zn, which can affect disease and pest tolerance and crop
growth and yield (Graham and Webb 1991; Huber and Graham 1999).

4.3.3 Tillage, Pest and Nutrient Management

Reduced-tillage systems or zero tillage can increase SOM content in many agricul-
tural systems. Reduced tillage has the advantage that it conserves SOM and reduces
erosion, energy consumption, and production costs (Carter 1994; Fernandez et al.
1998). It can also alter the soil environment and these changes can result in an in-
crease, decrease, or no change in disease and pest incidence or severity depending
on the cropping system and disease/pest (Dordas 2008; Ziadi et al. 2013). Minimum
tillage concentrates residues at the soil surface and therefore concentrates pathogen
propagule numbers at the soil surface; this may or may not impact disease inci-
dence. Minimum and zero tillage do not disrupt plant residues on the soil surface
as much as conventional tillage (i.e., since they tend not to bury them), thereby
leaving more stubble on the soil surface. The adoption of conservation tillage by
farmers has led to an increase in the incidence and severity of many stubble-borne
diseases. Stand residues or residues lying on the soil surface are colonized by soil
organisms much more slowly, and pathogen survival and growth in undisturbed
residues is favored in these systems. Residue-colonizing pathogens are therefore
favored over the reduced-tillage system and can generate significant yield reduc-
tions (Bockus and Shroyer 1998). Conservation tillage systems concentrate plant
residues in the surface soil layer and microbial biomass and activity are higher in
that layer (Dick 1992).

4.3.4 Impact of CA on Soil Microorganisms

Several microorganisms such as Actinomycetes, bacteria, fungi, protozoa, and algae
exist in the rhizosphere. Actinomycetes play an important role in the soil especially
in the decomposition of plant material as they produce bioactive metabolites that
can be used to produce antibiotics and synthesize enzymes such as cellulase or lig-
nin-degrading enzymes (McCarthy 1987; Wellington and Toth 1994). Filamentous
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fungi are decomposing OM such as lignin and play an important role in nutrient
cycling (Parkinson 1994; van Elsas et al. 1997). Arbuscular mycorrhizal fungi are
important for agriculture and are ubiquitous symbionts of most of the higher plants,
including crops. Arbuscular mycorrhizal fungi act as an extension of host plant
roots and absorb nutrients from the soil, especially those with low mobility such
as P, Cu, and Zn (Li et al. 1991; Burkert and Robson 1994). In addition, arbuscu-
lar mycorrhizae interact with pathogens and other rhizosphere inhabitants affecting
plant health and nutrition. Fungi are also important in soil conservation as they are
involved in soil aggregation (Roldén et al. 2007).

Crop residues can serve as a continuous energy source for soil microorganisms
when retained in the soil. Crop residues can increase microbial abundance as condi-
tions are ideal for reproduction (Carter and Mele 1992; Salinas-Garcia et al. 2002).
Govaerts et al. (2008) found increased populations of Actinomycetes, total bacteria,
and fluorescent Pseudomonas under both zero and conventional tillage when crop
residue was retained which indicates a clear interaction between tillage and residue
management on microflora populations. Others found that reduced tillage stimu-
lated rhizosphere bacteria, particularly Agrobacterium spp. and Pseudomonas spp.,
in different soil layers in different crop species, e.g., winter wheat, winter barley,
winter rye, and maize (Hoflich et al. 1999). The combination of zero tillage and
residue retention seems to increase microflora and not zero tillage per se.

Crop residues that remain at the soil surface under no-tillage conditions have
increased populations of fungi (Hendrix et al. 1986). Under zero tillage, parameters
which indicate the size of the mycorrhizal population such as arbuscular mycor-
rhizal spore number, active hyphal length, and glomalin concentration are higher
in the topsoil (0—10 cm) compared with those in the tillage treatments (Borie et al.
2006; Roldan et al. 2007). Under zero tillage systems, fungi generally dominate
while under conventional tillage systems the bacterial population increases depend-
ing on whether the measurements are made near the soil surface or deeper in the soil
profile (Kladivko 2001).

Under conventional tillage, root colonization by arbuscular mycorrhiza may de-
crease due to disruption of the mycorrhizal hyphae network. In addition, tillage
transports hyphae and colonized root fragments to the upper soil layer, reducing
and diluting their activity as viable propagules for the following crops (Borie et al.
2006). The differences in fungal populations between zero and conventional till-
age systems are due to the ability of an ecosystem to withstand disturbance, where
bacterial-dominated systems are more resilient than fungal-dominated systems due
to the different energy pathways (Bardgett and Cook 1998; Simmons and Cole-
man 2008). Fungi are characterized as slow energy microorganisms while bacteria
breakdown quicker via a “fast” energy channel (Coleman et al. 1983; Hendrix et al.
1986; de Ruiter et al. 1998). An increased population of fungal feeding nematodes
in the 0-5 cm layer under zero tillage, reportedly showed decomposition processes
occurring predominantly through the slower, fungal-based channel instead of the
bacterial-based energy channel (Bell et al. 2006).

CA can affect soil microorganisms and especially biological N fixation (N,) by
legumes, an important biological phenomenon that adds N to agricultural systems
reducing the need for chemical fertilizers. Crop rotation with legumes can maintain



92 C. Dordas

productivity of the land for many years (Papastylianou 1999; Cherr et al. 2006).
More than 60% of the N inputs to natural plant communities have a biological
origin (Postgate and Hills 1979). The amount of N fixed by legumes depends on
the soil-plant environment and can be around 70 kg N year ! ha™' (Larue and Pat-
terson 1981). Better crop management can increase N fixation in cropping systems,
e.g., in the case of acid soils where N, fixation is low and increasing the pH of soil
through liming improves N, fixation significantly (Correa et al. 2001). Organisms
living free in the soil and not directly associated with higher plants are capable of
nonsymbiotic N fixation. Many bacteria were studied for N fixation including Bei-
Jerinckia, Azotobacter, and Clostridium (Davis et al. 2003). Azospirillum is a bac-
terium that lives in the rhizosphere of tropical grass roots. There are photosynthetic
bacteria and cyanobacteria (blue-green algae) that live near the soil surface which
can fix N nonsymbiotically (Davis et al. 2003). The contribution of nonsymbiotic
N, fixation from microorganisms to arable soils is quite small and can be around
5 kg N ha! year™! (Steyn and Delwiche 1970).

4.4 Breeding for Better NUE in CA

Plant breeding may contribute to increasing productivity of CA by investigating and
exploiting genetic variability under CA conditions. Studies have shown significant
differences among cultivar performance when evaluated under different agronomic
systems (O’Leary and Smith 1999). Thus, in order to identify suitable genotypes
for CA, it may not be enough to merely evaluate genetic material developed for CA
under high inputs with conventional tillage and without crop rotation, and with no
residue retention. Selection for system yield under CA revealed adaptation to the
CA environment that was not matched by selection for crop yield in conventional
agriculture (O’Leary and Smith 2004). This suggests the need for further research
on the value of separate breeding programs to develop varieties adapted to CA con-
ditions and cultural methods.

As previously mentioned, for a CA system to be biologically advantageous,
the genotypes need to be chosen with care. Unfortunately, the interactions among
plants, animals, and microorganisms in a crop are so subtle and specific to particular
locations that present knowledge only provides a rough guide as to what crops and
varieties should be tried. Consequently, if the advantages of CA are to be exploited,
then local experimentation will be needed using different crop species and cultivars
over several seasons. However, in reality, it is not usually the biological but the eco-
nomic advantage which decides which cropping systems are actually used.

Breeding and selection for nutrient-efficient species or genotypes within a spe-
cies is important to reduce fertilizer input costs and contamination of soil, air, and
water resources (Fageria et al. 2008). Significant efforts improved the yield poten-
tial in wheat, maize, soybean, and peanuts (Gifford et al. 1984; Ho 1988). In addi-
tion, several studies found genetic variability for macro- and micronutrient use or
requirement in several species (Clark and Duncan 1991; Baligar and Fageria 1999;
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Baligar et al. 2001; Fageria and Baligar 2005; Hillel and Rosenzweig 2005). Since
micronutrients are required in small amounts by crop plants, the use of efficient
genotypes can meet their requirements. In addition, important research has identi-
fied crop species and genotypes within a species which are efficient in nutrient
use and tolerate elemental toxicity (Graham 1983; Foy 1984, 1992; Maas 1986;
Clark and Duncan 1991; Marschner 1995; Baligar et al. 2001; Blamey 2001; Okada
and Fischer 2001; Fageria et al. 2003; Yang et al. 2004; Epstein and Bloom 2005;
Fageria and Baligar 2005; Fageria et al. 2006). Despite the published studies on
breeding for nutrient efficiency, the release of new crop cultivars with improved
nutrient efficiency is limited. Iron deficiency selection for iron-efficient genotypes
in maize, sorghum, rice, and soybean lead to increased yields in calcareous soils
(Graham 1983). Iron deficiency is widespread and a major problem for crop plants
grown on calcareous or alkaline soils; the use of efficient genotypes is the best
solution for correcting this problem (Welch et al. 1991; Marschner 1995; Fageria
et al. 2003). Iron efficiency ranges from monogenic to polygenic control and the
gene action can be additive or dominant (Duncan 1994; Duncan and Carrow 1999).
Efforts to find efficient genotypes for major nutrients, e.g., N, P, and K concluded
that under nutrient deficiency, grain yield is very low, so efficient genotypes need
an appropriate amount of fertilizer. The genetic basis for the plant responses to N, P,
and K are not well understood and appear complex (Clark and Duncan 1991). The
heritability of some N-efficiency traits was relatively high, however, the heritabil-
ity of other traits was low (Clark and Duncan 1991). In addition, P efficiency is
heritable and can be used to improve germplasm (Clark and Duncan 1991). Yield
of crop plants is a quantitative trait affected by many gene and yield improvements;
nutrient efficiency deserves special attention in relation to identifying physiological
components causing differences among cultivars. Soil P uptake can be increased by
increasing the area of the root system (Lynch 1995). Biotechnology offers the op-
portunity to manipulate the structure and function of plant roots for improved acqui-
sition of soil P (Richardson 2001). Technologies developed by molecular biology
can help to isolate, identify, localize, and characterize gene(s) carrying desirable
nutrient efficiency traits (Clark and Duncan 1991). Genetic engineering techniques
have not been used in nutrient efficiency studies. There is potential to improve nu-
trient efficiency in crop plants by transferring the identified genes into other species
or using them as molecular markers in breeding programs for CA.

There are several traits that can affect NUE (Fig. 4.1) such as demand at a
cellular level (compartmentation, binding form), utilization within the shoot
(e.g., retranslocation) and from seed reserves. In addition, the transport of nutrients
a short distance (within the root) or long distance (root—shoot transport), and
the compartmentation/binding form within the root can affect plant nutrient use
(Marschner 1995). It is also important that the acquisition of nutrients by plants, is
affected by root geometry/morphology (such as decreasing root radius, increasing
mean root density, increasing root length and depth, increasing lateral spreading,
branching, and number of root hairs). In addition, root physiology and biochemistry
can affect nutrient uptake through the higher affinity of the uptake system (K )), the
threshold concentration (C . ), and modification of the rhizosphere (pH, oxidation

min
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Fig. 4.1 Mechanisms of nutrient efficiency in plants. (Marschner 1995; Fageria et al. 2008)

potential, rhizodeposition, root exudates of organic compounds; Marschner 1995;
Fageria et al. 2008).

Genetic variation in NUE and its components is important for improving NUE
under low and high nutrient levels. Improvements in NUE (especially N) in wheat
under low N supply occurred by improving N uptake efficiency (NUpE; Ortiz-Mon-
asterio et al. 1997; Muurinen et al. 2006; LeGouis et al. 2000) or N utilization ef-
ficiency (NUtE; Foulkes et al. 1998; Barraclough et al. 2010). Under high N supply,
improved NUE was explained approximately equally by NUpE and NUtE (Foulkes
et al. 1998; Ortiz-Monasterio et al. 1997; Muurinen et al. 2006). In contrast, others
reported that NUpE was the most important component of NUE under both low and
high N supply (Dhugga and Waines 1989). From these studies, it is clear that there
is an interaction between N supply and genotype which affects NUE and its com-
ponents. In addition, grain yield was closely correlated with either NUpE or NUtE
at low N supply depending on location, whereas at high N supply grain yield was
correlated more with NUtE than with NUpE (Ortiz-Monasterio et al. 1997; LeGouis
et al. 2000).
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4.5 Effect of Nutrient Management on Weed
Dynamics in CA

CA can affect the weed population. Certain practices can control weeds, such as
crop rotation, mulching, nutrient management, and the efficient and reduced use
of herbicides (Mousques and Friedrich 2007). These practices significantly affect
nutrient levels, so it is possible that better weed control can be due to the nutrient
effect. Use of CA for a long time can reduce weed infestations and weed pressure
even after 1 year. Mulching can have positive effects on reducing the number and
weight of weeds (Mousques and Friedrich 2007). Crop residues inhibit weed seed
germination, and growth leads to reduced weed seed viability and therefore reduced
weed numbers (Nurbekov 2008). Seed germination of weeds was lower under CA
in rice—wheat systems due to less soil disturbance as was found for littleseed canary
grass (Phalaris minor L.; Hobbs 2007). The residues from certain crop species
such as cereals can have an allelopathic effect on inhibiting weed seed germination
(Steinsiek et al. 1982; Lodhi and Malik 1987; Jung et al. 2004). Certain crop man-
agement techniques can affect weeds, such as when the cover crop is cut, rolled flat
or killed by herbicides. Zero tillage increases the perennial weed population more
than conservation tillage because tillage destroys the weeds and prevents them from
setting seeds (Carter et al. 2002).

The use of mulch residue can reduce the weed population due to light exclusion
(Ross and Lembi 1985). Under zero tillage systems, germination of some weeds
such as littleseed canary grass decreased as a result of less soil disturbance in the
wheat crop (Hobbs and Gupta 2003). The use of herbicide-tolerant crops (soybeans,
maize, cotton, canola) reduced weed problems associated with zero tillage in many
countries where CA is used. Moreover, crop rotation is important in CA and leads to
diversification of cropping practices which can significantly affect the weed popu-
lation (Hobbs and Govaerts 2010). In addition, soil microorganisms and microbial
activity increases under CA which can suppress the weed population (Kennedy
1999). However, the net effect of crop residues maintained in CA on weed control
is sometimes contradictory. In some cases, the maintenance of crop residue reduced
herbicide efficacy (Erbach and Lovely 1975; Forcella et al. 1994) while in other
cases, rainfall washed intercepted herbicides into the soil and efficacy remained
high (Johnson et al. 1989) or the crop residue suppressed weed seed germination
and/or seedling growth, thereby complementing the effects of herbicides (Crutch-
field et al. 1986). All these CA practices have a direct effect on nutrient availability,
yet there are no studies on the effect of nutrient availability under CA conditions on
the weed population and dynamics. Therefore, research is needed on the interaction
between CA, nutrient management, and weed population and infection.
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4.6 Effect of Nutrient Management on Insect Pests
and Disease Infestation in CA

Nutrients are important for growth and development of plants. They are also im-
portant factors in insect pest and disease control (Agrios 2005; Dordas 2008). The
essential nutrients can affect the infestation of crop plants by pests and the disease
severity (Huber and Graham 1999). There is no general rule of thumb as one nutri-
ent can decrease the severity of a pest and at the same time increase the severity of
other pests, and could have the opposite effect in a different environment (Huber
1980; Graham and Webb 1991; Marschner 1995). Despite the importance of nutri-
ents on pest and disease control, nutrient management to control pests and diseases
in CA has received little attention (Huber and Graham 1999; Dordas 2008).

Nutrients can affect pest and disease resistance or tolerance (Graham and Webb
1991). Resistance of the host is its ability to limit the penetration, development, and
reproduction of attacking pests (Graham and Webb 1991). Tolerance of the host is
measured in terms of its ability to maintain its own growth or yield in spite of the
infection. Resistance depends on the genotype of the two organisms, plant age,
and with changes in the environment. Although plant pest and disease resistance
and tolerance are genetically controlled (Agrios 2005), they are affected by the
environment, particularly by nutrient deficiencies and toxicities (Marschner 1995;
Krauss 1999). The physiological functions of plant nutrients are generally well un-
derstood, but there are still unanswered questions regarding the dynamic interaction
between nutrients and the plant—pathogen system. A number of studies have shown
the importance of the correct nutrient management to control diseases in order to
obtain higher yield (Marschner 1995; Huber and Graham 1999; Graham and Webb
1991; Dordas 2008 and references therein). However, there is no enough informa-
tion regarding appropriate crop management practices in CA to reduce yield losses
from pests and diseases. Many factors can affect the severity of plant disease, such
as seeding date, crop rotation, mulching and mineral nutrients, organic amendments
(manures and green manures), liming for pH adjustment, tillage and seedbed prepa-
ration, and irrigation (Huber and Graham 1999). Many of these practices are used in
CA and can affect the level of nutrients available for both plant and pathogen which
affects disease severity.

It is important to manage nutrient availability through fertilizer or change the
soil environment to influence nutrient availability; in that way, plant disease is con-
trolled in an integrated pest management system (Huber and Graham 1999; Graham
and Webb 1991). The use of fertilizers produces a more direct means of using nu-
trients to reduce the severity of many diseases and, together with cultural practices,
can affect the control of diseases (Marschner 1995; Atkinson and McKinlay 1997,
Oborn et al. 2003).

Nutrients can affect the development of a pest or disease by affecting plant phys-
iology or by affecting the pest, the pathogen, or both. The level of nutrients can in-
fluence plant growth which can affect the microclimate and therefore the infection,
growth, and development of the pathogen (Marschner 1995). The level of nutrients
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can affect the physiology and biochemistry of crop plants, especially the integrity
of cell walls, the membrane leakage, and the chemical composition of the host, e.g.,
the concentration of phenolics can be affected by B deficiency and therefore the
infection by fungi (Graham and Webb 1991). Nutrients can affect the growth rate of
the host which enables seedlings to escape/avoid infection at the most susceptible
stages. In addition, fertilizers and especially organic fertilizers can influence the soil
environment by altering the microorganism population and species and the develop-
ment of pathogens and pests.

Fertilizer application affects the development of pests under field conditions
directly through the nutritional status of the plant and indirectly by affecting the
conditions which influence the development of pests, such as dense stands and
changes in light interception and humidity within the crop stand. It is important to
provide balanced nutrition at the critical time when the nutrient is most effective
for pest control and higher crop yields. It is not only fertilizer application that af-
fects disease development but other factors also affect the soil environment, such
as pH modification through lime application, tillage, seedbed firmness, moisture
control (irrigation or drainage), crop rotation, cover crops, green manures, ma-
nures, and mulch.

There are several studies on insect-pest dynamics under CA with different re-
sults. Reduced tillage generally increases the number of insect pests (Musick and
Beasley 1978) and increases the diversity of predators and parasites of crop-dam-
aging insects (Stinner and House 1990). Crop rotations used in CA can reduce the
insect pest population by breaking the cycles of insect pests, diseases, and weeds.
During the transition from conventional agriculture to CA, there may be more
crop loss due to insect pests when the population of predators/parasites is low. It is
possible that a diversified double-cropping system can be effective in solving the
problems associated with insect pests, diseases, weeds, and herbicide resistance
(Mousques and Friedrich 2007). Reduced soil tillage and soil cover can protect
the biological components of the soil and keep pests and diseases under control
while increasing biological diversity (Hobbs and Govaerts 2010). When the di-
versity of microorganisms has increased, it is possible to have integrated pest
control under CA and, together with better nutrient management, the effects will
be better. Moreover, conservation practices which enhance biological activity and
diversity and predators/competitors can improve pest management. In addition,
nematodes can increase as SOM increases which stimulates the action of several
fungi-attacking nematodes and their eggs (Forcella et al. 1994). Reduced tillage
can affect the various pathogens differently depending on their survival strate-
gies and life cycle (Bockus and Shroyer 1998) and soil moisture and temperature
(Krupinsky et al. 2002).

Crop rotation is important under zero tillage as it decreases pathogen numbers
and reduces pathogen carryover from one season to another (Reid et al. 2001; Stone
et al. 2004). This environment can be more antagonistic to pathogens due to com-
petition (Cook 1990) and to cooler temperatures (Knudsen et al. 1995). Residue
management can affect the balance of beneficial and detrimental microorganisms
in the soil (Cook 1990). Zero tillage over the long term creates favorable conditions
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for the development of predators, by creating a new ecological stability. In addi-
tion, some crop residues reduce the damage to crops which can be due to inhibitory
chemicals, stimulatory chemicals that promote beneficial microbial control agents,
high C/N ratios which increase the populations of competitive pathogenic species,
and higher soil water contents that increase crop vigor making them less susceptible
to diseases (Huber and Graham 1999; Graham and Webb 1991). Crop residues are
sources of food for bacteria, fungi, nematodes, earthworms, and arthropods which
can cause major changes in disease pressure in CA (Hobbs and Govaerts 2010).
Increased soil microbial biomass suppresses pathogens as increased numbers of
microorganisms compete for resources or cause inhibition through antagonism or
the release of antibiotic (Cook 1990; Sturz et al. 1997; Weller et al. 2002). Better
disease control occurred in zero tillage and conservation tillage compared with con-
ventional tillage (Govaerts et al. 2007a).

4.7 Challenges and Future Outlook

More research is needed to find the effect of different CA practices on crop yield
and nutrient dynamics especially in long-term experiments. Best integrated manage-
ment approaches should be optimized with new varieties which can be combined
with specific cultural management techniques and CA. The influence of different
management practices on nutrient dynamics should also be explored. Despite the
fact that each nutrient has several functions, mild deficiency can usually be linked
to one or more sensitive processes which are linked to secondary metabolism and
not immediately necessary for the survival of the organism. Secondary metabolism
is involved in the defense against pests and weeds; some of the roles are well under-
stood while others remain to be determined.

The reduction in crop production costs, conservation of beneficial biological
enemies of pests, preservation of environmental quality, and slowing the rate of
development of pesticide-resistant strains are some of the benefits that fertilizer
use can have on integrated pest management and sustainable agriculture. Increases
in NUE under CA should be studied, especially the use of more efficient geno-
types. Breeding programs should be developed under CA conditions in different
environments.

4.8 Conclusions

CA is a sustainable and eco-friendly crop production technique which is practiced
in many countries of the world. Although slight yield reductions have been reported
during the initial years of adoption, the reduction in cultivation costs due to reduced
tillage and higher input-use efficiency has resulted in minimal effects on economic
returns for farmers. In addition, CA has important benefits such as soil conser-
vation with improved soil health, higher rain-water-use efficiency, climate change



4 Nutrient Management Perspectives in Conservation Agriculture 99

mitigation and adaptation, improved biodiversity, resilience to climate shocks,
higher economic returns, and more leisure time for farmers. It is important that
medium to long-term studies on CA and nutrient management are conducted in dif-
ferent environments to better guide farmers to successful adoption. In sustainable
agriculture, balanced nutrition is an essential component of any integrative crop
protection program because in most cases it is more cost-effective and environ-
mental friendly to control plant disease with adequate amounts of nutrients and no
pesticides. Nutrients can reduce disease to an acceptable level or at least to a level
where further control by other cultural practices or conventional organic biocides
are more successful and less expensive.

Many CA practices affect soil processes such as increased SOM content and soil
porosity, increased biological nitrogen fixation by legumes in rotation, or exploitation
of deeper soil layers by crops with deep and dense root systems, all of which have a
significant bearing on nutrient management. In addition, the nutrient requirements of
CA systems are lower than conventional agriculture, as nutrient efficiencies are higher
and the risk of polluting water systems with mineral nutrients is lower. Moreover, nu-
trients are a necessary production input but not a sufficient condition for sustainable
production intensification. In CA systems, the emphasis is on managing soil health
and productive capacity simultaneously, which depends on many complex cropping
system relationships in space and time, and biodiversity and OM within soil systems
when enlisted for agricultural production. The management of nutrient input—output
relationships in CA systems must balance the nutrient accounts. The output levels of
biological products will dictate the levels of inputs, and ongoing nutrient balances
must remain positive. The major difference with CA systems is the management of
multiple sources of nutrients and the processes by which they are acquired, stored,
and made available to crops are more biologically mediated. More research is needed
on different aspects of soil health and nutrient management in CA systems, as more
countries begin to adopt and integrate CA concepts and practices into commercial
production activities at both small and large scales for future sustainable production.
In many countries, there is a growing interest in applying CA technologies and prac-
tices, and as attempts are made to move farming towards CA, policy and institutional
support must be provided to accelerate the transformation of these agricultural prac-
tices. This transformation must be backed up by new scientific thinking and research,
including in the area of nutrient management, to fill the knowledge gap that currently
exists about CA in different environments and countries.
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Chapter 5
Farm Machinery for Conservation Agriculture

S. Mkomwa, P. Kaumbutho and P. Makungu

Abstract Conservation agriculture (CA)—a farming strategy based on three prin-
ciples of minimum soil disturbance (or direct seeding), permanent vegetative soil
cover and crop rotation—is seen as the alternative to tillage, with multiple benefits
with regard to productivity and sustainability. The first two core principles of CA
call for specialised machinery for seeding on unploughed fields with residues, man-
agement of cover crops or crop residues and weed management. With two thirds of
CA being about mechanisation and use of specialised machinery, it is not surprising
that close to 97 % of the 155 million ha under CA worldwide is large-scale commer-
cial farming. Direct seeding and management of soil cover are also the most difficult
to implement without access to appropriate farm machinery and, in essence, are the
weakest links in the CA adoption chain. Contrary to the farmer-ownership model,
a farmer-to-farmer CA service provision model is a preferred approach to enable
smallholders’ access to farm machinery. This chapter provides an overview of the
essential machinery requirements for the different farm operations involved in CA.
Regional-specific issues with emphasis on developing countries are also discussed,
and pragmatic solutions of vital interest to researchers, academia and policy makers
globally are proposed.
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5.1 Introduction

Historical events and trends have compelled farmers in the last five decades to
reverse the culture of ploughing for food production in a bid to reduce the amount of
fossil fuels used, soil and wind erosion, pollution of water bodies and air pollution.
With close to 40% of the global workforce, agriculture is the world’s largest
provider of jobs for more than 1.3 billion people. In developing countries, where
the agricultural sector employs 60—70% of the population with significant contri-
butions to the growth domestic product, ploughing (synonymous to farming) needs
to transform to increase productivity and override crop yield stagnation to feed the
hungry and burgeoning population.

Farmers worldwide are faced with the challenges of rising production costs due
to rising input costs including machinery, land degradation and the need to cope with
climate change and variability. Climate-smart agriculture technologies are being
promoted for greener production which leaves a smaller footprint. Conservation
agriculture (CA), defined by Food and Agriculture Organization FAO (2014) as
a farming strategy based on three principles namely minimum soil disturbance
(or direct seeding), permanent vegetative soil cover and crop rotation is seen as
the alternative to tillage, with multiple benefits for productivity and sustainability.
Globally, CA is expanding at the rate of 6 million ha annually (Kassam et al. 2011).

Some elements of CA are said to have started with the early Egyptians who used
dibble sticks to plant crops on unploughed land. This was gradually replaced with the
animal-drawn ploughs perceived as the symbol of modernization in Mesopotamia as
early as 600 BC. The trend continued to mouldboard ploughs made of iron in the Iron
Age and resulting in food production booms. By the 1930s, ploughing had created
the worst man-made ecological disaster in American history, dubbed ‘dust-bowls’
befitting the cloud-like dust storms in which the wheat boom was followed by a
decade-long drought during the 1930s (Worster 2004). The need to reconsider how
land preparation was made started right away and, by the 1950s, prototype no-till
equipment was already in use. It was in 1972, in Brazil, where pioneer farmers such
as Herbert Bartz started practicing no-till simultaneous to the other two CA prin-
ciples of permanent soil cover and crop rotation (Casdo et al. 2012).

The first two principles of CA are at the heart of CA and call for specialised
machinery for the seeding operation on unploughed fields with residues, manage-
ment of cover crops or crop residues and weed management. With two thirds of CA
being about mechanisation and use of specialised machinery, it is not surprising that
close to 97 % of the 155 million ha under CA worldwide is large-scale commercial
farming. Direct seeding and management of soil cover are also the most difficult
to implement without access to appropriate farm machinery and in essence are the
weakest links in the CA adoption chain.

Improvising CA to suit smallholder farming in developing countries (e.g. the
basins in Zambia and Zimbabwe) has proven beneficial even when the three prin-
ciples are not fully adopted. It is, however, clear that hand-hoe-based and poorly
mechanised CA is still labour intensive (a disincentive in the endeavour to replace the
ageing population of farmers), and its sustainability over time is still questionable.
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This chapter presents an overview of the essential machinery requirements for
the different farm operations required in CA. It cites regional-specific issues with an
emphasis on developing countries, where the problem is more severe, and recom-
mends solutions which should be of vital interest to researchers, the academia and
policy makers globally.

This chapter identifies and describes the preconditions that need to be addressed
for the successful introduction of CA. Corrections for plough pans, soil salinity/
sodicity, ridges and furrows are presented and discussed.

5.2 Mechanised Soil-Corrective Operations

De-compacting soils can be done mechanically using machinery or biologically
using suitable deep-rooted plants such as pigeon peas ( Cajanus cajan L.), dolichos
lablab bean (Lablab purpureus L.), sunn hemp (Crotalaria juncea L.) or radish
(Raphanus sativus L.). Biological tillage is the least expensive but may take longer,
and its effectiveness depends on the degree of compaction.

While the use of farm machinery is indispensable for crop production, it can
also be the source of some detrimental effects on sustainable production such as
accelerated soil erosion on soil loosened by tillage (Lal 1998), formation of plough
pans (Ley et al. 2003), soil compaction caused by traffic of tractors and other
farm machines (Hakansson et al. 1998; Hakansson 2005). Selecting appropriate
machinery is important to minimise detrimental effects or to correct existing anom-
alies. Some key issues to be considered with regard to farm machinery requirements
include amelioration of plough pans and compacted soils, removal of ridges and
furrows in fields where wheeled direct planters are used, construction of permanent
broad bunds or other soil drainage structures, contour bunds and bench terraces
in steep slopes and correction of soil acidity and sodicity (pH; Ristow et al. 2010;
Chen and Dick 2011).

5.2.1 Treating Compacted Soils and Hardpans

5.2.1.1 Compacted Soils

Compacted soils have a dense layer near the surface which makes it difficult for
water to penetrate and for the proper establishment of seedlings (Ley et al. 2003;
Hakansson 2005). The reasons soil become compacted include:

* Animal hooves compact the top 5 cm of soil, which is more pronounced when
soils are wet.

» Heavy rainfall compacts the surface on tilled, bare soils where the natural system
of drainage pores and channels is broken. The soil surface may then form a crust
which prevents emergence of planted seeds, reduces infiltration of rainwater and
causes run-off and erosion.
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» The wheels of tractors or carts compact the soil to a depth of 10—15 cm. The extent
of the damage depends on the frequency of passage and is more pronounced on
wet soils.

Compacted soils make it hard for crop roots to grow and reach water and nutrients.
They prevent water and air from moving into the soil (Van and Hill 1995). This can
lower yields and make crops more susceptible to drought. If the soil is compacted,
it is harder to till.

5.2.1.2 Hardpans

Hardpans are formed when the soil is ploughed or hoed at the same depth repeatedly.
They are the result of soil smearing due to the sliding action or mechanical impacts
of tillage tools. The dense, hard soil layer, ranging from 0.5 to 2 cm, can effectively
prevent water and plant roots from moving to deeper layers (Calegari et al. 1998),
resulting in waterlogging or quicker withering of plants in times of dry spells. Hard-
pans need to be broken for CA to work properly and to obtain good yields.

It is necessary to validate the existence and extent of compacted soil layers in a
field so that amelioration is made only when necessary. Soil penetrometers can be
used to identify plough pans or compacted layers and determine the effectiveness
of subsoiling operations to remedy the problem. The optimal time to test for com-
pacted layers is when the soils are uniformly saturated with moisture. Penetrometers
consist of a rod which is pushed into the ground and a probe which determines
the amount of pressure required keeping the rod moving. A sudden increase in the
required pressure at about ploughing depth would signal an encounter with a soil
layer of higher bulk density (the plough pan). Penetrometers are not effective in
rocky soils or soils with lots of roots since the effect of the penetrometer hitting a
rock, root or a compacted layer cannot be distinguished.

Other, less quantitative approaches include observations for stunted or uneven
crops in the field, rapid wilting during dry spells, waterlogging or distorted roots.
Digging up a few plants and observing the root growth pattern can confirm the
presence of a hardpan. For example, the presence of roots growing sideways at
the tillage depth or its absence where the roots continue growing straight down is
undisputed (Ley et al. 2003).

5.2.1.3 Equipment for Treating Compaction and Hardpans

The Animal-Drawn Subsoiler Animal-drawn subsoilers can penetrate to a depth
of 30 cm while the tractor-drawn chisel plough will loosen soil to up to a depth of
50 cm (GART 2003, MARTI Uyole 2004). The tools are effective—depending on
how and when they are used—in breaking hardpans and loosening the soil without
inverting it (Fig. 5.1a). They do, however, have a high draft requirement, especially
on clay soils.
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Fig. 5.1 a Animal-drawn subsoiler; b animal-drawn ripper; ¢ tractor-mounted ripper

The Ripper The ripper is used to make planting furrows (called ripping) in
unploughed fields (Fig. 5.1b). Ripping usually follows a subsoiling operation (if
hardpans were present). Some rippers are designed to achieve greater depths and,
therefore, may also be used for breaking hardpans.

The Subsoiler/Chisel Plough These tools have various shank designs (swept,
straight or parabolic) which affect shank strength, effectiveness in bursting com-
pacted layers, surface and residue disturbance and the power required to pull the
implement (Fig. 5.1c). Shanks may be designed to handle rocks, large roots and
highly compacted soils. Winged or conventionally straight tips are fitted at the end
of the shank as per available pulling power and quality of work (GART 2003).

It is possible for compaction to be more of a soil surface problem where cattle
are allowed to overgraze a CA plot, particularly after it has rained. Should this
occur, chisel-tined implements can be employed to reverse the damage. Livestock
should, however, not be seen as a threat to the adoption of CA. They are a necessary
and complementary enterprise to a farming business, and successful models that
have been developed to integrate crop—livestock zero-tillage systems with pasture,
fodder and livestock production (e.g. from Brazil) should be considered.

Similarly, the removal of vehicle-induced compaction from cropped soils can
ensure a better environment from crop root system development and crop nutrition
(Bmssaard and van Faassen 1994). Controlled traffic farming is far from being rele-
vant to most smallholder farmers; there is growing awareness that operations should
only be carried out when the soil surface is in its most resistant condition (dry), and
the passage of agricultural and transport equipment over CA soils should be kept to
a minimum to avoid compaction.

Although rippers are relatively cheap, given that attachments only need to be
purchased and adaptable to the ox-drawn plough beam, they cannot be used effec-
tively where there are heavy loads of mulch because the residues get caught in the
implement. The presence of heavy loads of residue suggests that ripping (to break
plough pans and harvest rain) may not be needed. Otherwise, residue-cutting blades
need to be attached in front of the ripper tine to cut through the residue and facilitate
seed and fertiliser deposition.
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5.3 Machinery for Correction of Soil Acidity and Sodicity

Soil salinity issues may be remedied with effective drainage to lower the water
table and desalinize the root zone through leaching. This can be attained in arecas
under irrigation or with waterlogging problems by establishing permanent raised
beds. Alternatively, lime can be used to correct soil acidity. Since lime requires 6
months to 3 years before it fully neutralises acidity and must be mixed with the soil,
it has to be applied differently under CA than under conventional ploughing systems
where it is broadcasted (Fig. 5.2a) and subsequently mixed with ploughing. Under
CA, lime is banded at the planting depth with specialised equipment or added to the
direct-seeding operation (Fig. 5.2b).

Improving sodic soils requires partial removal of the sodium and replacing it with
calcium ions in the root zone. This can be accomplished—over the long term—by
incorporating organic residues and/or farmyard manure. For quick results, cropping
must be preceded by the application of soil amendments such as gypsum or calcium
chloride followed by leaching to remove salts derived from the reaction of the
amendment with the sodic soil. The type and quantity of chemical amendment to
use, to replace the exchangeable sodium in soils, depends on the characteristics of
the soil, including the extent of soil deterioration, desired level of soil improve-
ment, including crops intended to be grown, and economic considerations. Given its
limited solubility in water, gypsum (CaSO,.2H,0) is also applied in powder form
through banding.

Mulch protects the soil surface from heavy rain and stops a crust from forming.
It also helps reduce compaction by animals and equipment. By not ploughing, the
pores and channels made by roots, earthworms and other soil life are preserved.
They let water and air move into the soil which is good for crops.

Fig. 5.2 a Spreading lime prior to ploughing; b animal-drawn seeder fitted with lime hopper
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5.3.1 Removing Ridges, Furrows and Making Permanent Beds

The use of machinery, particularly those with ground-driven wheels, requires a
reasonably smooth field without ridges or furrows. Uneven ground causes ground
wheels (and hence openers in seeders where the beams do not independently move
vertically) to lose contact with the ground. As a consequence, seeding depth and
metering of seeds and fertilisers is uneven. Even when the seeder uses vertically
independent openers, field efficiency is severely hampered, and operator safety and
productivity is compromised.

In areas where farming is rainfed and waterlogging is not an issue, ridges,
furrows and stumps should be removed. This can be accomplished effectively by
undertaking the last ploughing operation before commencing CA.

Where irrigation is used or waterlogging is an issue, permanent raised beds
should be formed. The field should be ploughed to incorporate residues and
break-up clods and enable bed formation 10-15 cm high. Formation of the beds re-
quires specialised equipment such as a disc bedder (Fig. 5.3a) to create the furrows.
The two units are sometimes combined as one machine (Fig. 5.3b, ¢). Bed width can
range from 75 to 160 cm to accommodate two to six rows per bed for small grains
or one to two rows for crops such as maize.

The versatile multi-crop planter (VMP) developed by the Bangladesh Agricul-
tural Research Institute, is an innovation for smallholders which can simultane-
ously create permanent beds and sow seeds (Fig. 5.3d, e). Powered by a 9—12-kW
two-wheel tractor (2WT), it can also apply seed and fertiliser in variable row spac-
ings using single-pass shallow tillage, strip tillage or zero tillage (Haque et al. 2011).

Fig. 5.3 a, b, ¢ Buckeye Tractors’ disc bedder and shaper pan for making permanent broad beds.
d, e—VMP. VMP versatile multi-crop planter
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The management of permanent broad beds requires that bed tops are not tilled
from year to year. Furrows are tilled at planting each year to maintain bed shape and
clean out furrows to allow for drainage or irrigation water. Residue management
and weed control are carried out as per CA requirements. The furrows provide a
driving lane after crop establishment whereby fertilisers can be banded after crop
establishment facilitating split applications and increased fertiliser use efficiency.

Permanent raised beds have several advantages, namely improved soil fertility
and quality, reduced salinity problems, improved water management arising from
better infiltration, storage and less evaporation, reduced wind/water erosion and
reduced labour and fuel costs (Limon-Ortega 2011). Challenges include the lack of
availability of specialised equipment for direct seeding in broad beds, the need to
match available equipment with bed width depending on the agronomy of the crops
grown and the need to consider subsequent crops in the rotation. Concern has also
been voiced that not all seed varieties thrive on raised beds.

5.4 Mechanised Field Preparation Options in CA

Field preparation operations in order of occurrence from the beginning of the
season are discussed below and include—managing residues, weed desiccation,
planting—drilling, sowing of cover crops (in mixed cropping systems) and secondary
weed management and harvesting. Fertiliser application is done using conventional
technology and is therefore not discussed.

5.4.1 Implements for Mechanical Management of Cover Crops
and Residues

The guiding rule for residue management is to ensure that crop residues are evenly
distributed in the field after harvest in order to retain soil moisture, regulate soil
temperatures for living organisms, suppress weeds and facilitate subsequent seeding
operations (IIRR and ACT 2005).

In hand-tools-based CA systems, plants are cut about 20 cm above the ground,
and the cut material is laid parallel to the rows. The formed residue lines slow
down run-off or stop erosion, suppress weed growth and also function as compost
strips to improve soil fertility. Where small machines such as 2WT reaper—binder
attachments are used, threshing should preferably be done nearer to the fields so
that straw is returned and spread thereafter. Combine harvesters should use a straw
spreader or chopper to ensure this. Current combine harvesters have options for
residue choppers or spreaders at the back, and these should be used to ensure the
even spread of residues.

Variations exist in mixed cropping systems, e.g. maize and lablab bean or
pigeon pea, where crops mature and are harvested at different times. In this case,
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Fig. 5.4 a Machete and b
billhook (with provision to fit

longer handle) /

manual harvesting is made of the mature crop (e.g. maize) allowing space for
better establishment of the other, which will be harvested later, and its residues
managed separately. In drier areas, with lower biomass production, termites can be
a challenge to residue retention. It is, however, considered that termite damage is
less detrimental than leaving soils bare (standing residues), and the plants should be
cut and laid along the rows.

Hand tools for residue and cover crop management include machetes (Fig. 5.4),
billhooks and slashers. A machete is long heavy broad-bladed knife, typically
50-60 cm long with a thin blade under 3 mm thick, used as a cutting tool and
occasionally for digging shallow holes for planting seeds. There are many specialised
designs for different regions to suit ergonomic requirements and suitability for the
intended tasks to be performed. Depending on the growth stage and amount of crop
residues, manual slashing can be highly labour intensive.

Knife rollers consist of a frame with a cylinder with sets of cutting knives
mounted in various patterns on the roller. The function of the knives is to crush
cover crops or standing crop residues. The rollers can be constructed from either
wood (Fig. 5.5a) or steel (Fig. 5.5b). Steel rollers can be filled with sand or water to
regulate the desired working weight.

Knife roller weight must be matched to the size and capacity of the animals or
tractor being used. Typical parameters are a working weight of 200-350 kg when
fully loaded with sand with a 35-cm cylinder diameter and 1.20-m working width.
Field capacities vary greatly depending on field conditions and power source.

The effectiveness of knife rolling depends upon the weight of the roller, the
number, mounting angle and shape of the knives and the moisture content of the
plant (Aragjo et al. 1993; MARTI Uyole 2004). Other factors limiting the perfor-
mance of knife rolling are:

»  Wet soils allowing cover crop stalks to sink instead of providing hard-bearing
surfaces for the stalks to break/crush and desiccate.

» Uneven or irregular ground surface allowing the knife roller to simply roll over
the cover crops without breaking up the stalks as required.

Baker et al. (2007) identified the different forms of residues: (i) short, root-anchored
standing vegetation, (ii) tall, root-anchored standing vegetation or (iii) lying straw
or stover. The direction of knife rolling and the different forms that residues take
determine the subsequent direction of direct seeding. Knife rolling of short and tall
root-anchored standing vegetation should cross the direction of future planting rows
(Fig. 5.5¢).
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Fig. 5.5 a Knife roller from wood roller; b metallic roller—pulled by small tractor; ¢ tractor knife
roller; d stalk roller crusher (attachment to combine harvester)

A similar concept for large-scale farming where harvesting is done by hand is
the Yetter Stalk Devastator. It is a stalk roller fitted to a large combine harvester
(Fig. 5.5d) which crushes tough maize stalks as it rolls through the field, preventing
premature tyre damage and allowing easier conditions for planting the next crop.
Crimpled stalks are likely to decompose faster which is advantageous for higher
rainfall areas but a problem for low rainfall and longer dry period areas. The con-
cept presents an opportunity to adapt suitable equipment for small machines (such
as 2WTs) for the developing world, where the bulk of the harvesting is by hand and
residue management, and is challenging for effective direct seeding.

5.4.2 Hand Tools for Planting Basins

CA for smallholder African farmers introduced several modifications to the North
American version which were largely driven by poor access to motorised and
animal-traction-based mechanisation inputs. They tend to be based on the low-cost
hand hoe and, to some extent, on the indigenous pitting system of the Zai, practised
for generations in West Africa.

With this technique, carefully and uniformly spaced planting stations, about
15 cm deep, 30 cm long and 15 cm wide, are placed along a straight line running
across the main slope with the aid of a string and pegs at each end of the string.
Manure and/or fertiliser are precisely placed into each basin, rather than broad-
cast, saving on resources. The few farmers who use mulch, imported as grass from
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Fig. 5.6 a Hoe; b pickaxe; ¢ planting basins; d basins field covered with imported grass mulch

adjacent fields, encounter fewer weed incidences controllable by hand weeding.
Most farmers manage weeds by weeding (two to three times) with a hand hoe or
machete. Planting basins should be maintained for use in subsequent years to save
on labour and improve fertility. Subsequent crops in the rotation should be planted
in exactly the same basins ensuring more efficient utilization of residual fertility
from previous crops. This method is popular because the basins may be made at
any time before the growing season so the farmer is ready to plant on time. The
tools used are a hoe (Fig. 5.6a) and a pickaxe (Fig. 5.6b). A typical layout soon after
preparing the planting basins is shown in Fig. 5.6c.

Mazvimavi and Twomlow (2009) show that this system improves crop yields,
particularly in drier years. However, in reality, farmers have to dig basins every
year, particularly where communal livestock grazing is common or hard soil setting
due to inadequate use of soil cover. This is an innovative entry point for CA for
smallholder farmers who do not have access to alternative sources of power such
as motorised or animal traction based. To sustain productivity of the system, the
use of soil cover from mixed cover crops, legumes and ‘protecting’ crop residues
from other uses will encourage biological tillage by roots, earthworms and other
soil-living organisms resulting in soft soils and prevent re-digging basins every
season.

5.5 Direct Seeding

The preferred method of planting a crop under CA is with a direct planter of some
kind. This can be a device as simple as a sharpened stick (called a dibble stick) or
a specially designed planter which can cut through surface residues and deposit the
seed in its correct soil environment. Direct planters are classified by the following:

» The source of power namely manually operated, pulled by draught animals or
tractors.

* The number of rows planted in one pass of the machine.

* The type of planting machine based on the resultant planting pattern, e.g.
broadcast, drill, precision, dibble/punch or specialised (seedling trans-planters,
tubers).
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All direct seeders are designed to cut through mulch, place fertiliser, place seed to
a controlled planting depth and close the planting slot with minimum impact on the
soil in order to preserve its natural structure, thereby enhancing gaseous exchange
and water infiltration.

5.5.1 Manually Operated Tools and Practices

Jab Planters The hand-jab planter is a simple and relatively low-cost implement
for penetrating surface mulch and depositing seed and fertiliser at the required
soil depth. Fig. 5.7 illustrates four types: (a) cylindrical metallic twin-hopper jabs,
Krupp, (b) rectangular metallic twin hoppers on wooden frame jabs, Werner and
Fitarelli and (c) Li seeder with seed and fertiliser provisions, hoeing acting, (d1 and
d2)Oklahoma State University (OSU) dibbler. Jab planters consist of two shafts
(metal or wood) connected to metal beaks with carrying handles and hoppers for
seed and fertiliser. When the shafts are opened by hand, the beaks close and seed
and fertiliser are metered into the space between them. In this position, the planter
is pushed into the soil. Once in the soil, the handles are brought together to open
the beaks to deposit the seed and fertiliser. In this position, the planter is withdrawn
from the soil and the process is repeated.

Hand-jab planters are low cost, light and easy to operate. It is for these reasons
that they are often used by women and youths. By jabbing seeds in individual spots,
soil cover is undisturbed resulting in minimal soil disturbance and moisture loss. As
a result, seed emergence is more efficient and weed-seed germination is minimised.
Being light (1.5-4.5 kg) makes jab planters suitable for operation on hilly, stony and
stumpy areas and for under-sowing cover crop seeds (e.g. sowing dolichos lablab
between maize rows).

Operation of the Jab Planter A jab planter can be calibrated to plant different seed
sizes and precisely meter the required number of seeds in a single location, or hill,
with a defined space between hills. A plate or roller inside the hopper with different
sizes of holes can be replaced with another to plant smaller or larger seeds.

The jab planter is easy to use but requires practice to master its operation which
suggests that not every farmer will master the use of jab planters. Excessive force
should not be used on the downward stroke to avoid placing seeds too deep in the
soil. Some people prefer to use a marked line (string) to guide the planting stations
on unploughed land. This may, however, slow down the planting operation. Expe-
rienced operators can achieve fairly straight lines and consistency in both row and
inter-row spacings without using the guiding line. The stubble row of the previous
crop can be a handy guide.

Common Problems when Using the Jab Planter Common problems when using the
jab planter include clogging the beaks (hole openers), inconsistent seed numbers
dropped per station and failure to drop any seeds in some stations (voids). Clogging
the beaks is caused by opening the beaks on the downward stroke. The beaks should
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Fig. 5.7 Jab planters. (a) cylindrical metallic twin hopper; (b) rectangular metallic twin-hopper
jabs; (¢) Li seeder and (d) dibbler. (1) Soil- and residue-cutting device; (2) furrow-opening device;
(3) fertilizer- and seed-covering device (4) seed-firming device

be in a fully closed position on the downward stroke, which requires practice. Incon-
sistency in the number of seeds dropped and failure to drop seeds in some stations is
a problem associated with the variation in seed sizes. Most seeds are not graded as
they are meant for hand planting. Experienced operators can tell when seeds have
not been dropped and repeat the particular station.



122 S. Mkomwa et al.

5.5.2 Animal Traction Direct-Seeding Equipment

Row-Type Animal-Drawn Planters No-tillage and direct seeding are terms which
describe the sowing of seeds into soil that has not been tilled and usually has
vegetative cover. No-tillage aims to minimise soil disturbance and maintain as
much crop residue cover as possible in order to minimise disturbance of soil cover,
reduce soil moisture loss, reduce germinating weed seeds, reduce fuel use for field
operations and protect the soil from wind and water erosion.

No-tillage planters are designed to plant through surface mulch in untilled soil
with ease by opening a furrow, metering the seed, delivering and appropriately
placing the seed in the furrow, covering the seed in the furrow and firming the
seedbed.

A variety of models exist, most being single-row types. They are typically pulled
by a single animal (e.g. horse, mule) a pair of oxen or donkeys.

5.6 Soil-Engaging Parts

The full range of soil-engaging components available for use on planting equipment
has been classified by Murray et al. (2010) under seven functional groups:

» Group 1: Soil- and residue-cutting devices

* Group 2: Row-preparation devices

* Group 3: Furrow-opening devices

* Group 4: Seed-firming devices

* Group 5: Seed-covering devices

» Group 6: Row-specific seedbed firming devices

* Group 7: Non-row-specific seedbed firming/levelling devices

Not all direct seeders will have the components identified above. The relative posi-
tion or location of the most common soil-engaging component groups, in relation to
the direction of travel of a planter, is shown in Fig. 5.8.

Other seeders are designed in such a way that one component addresses several
group functions. Residue cutting, furrow opening, seed/fertiliser covering/firming
devices are discussed below, along with other non-soil-engaging devices such as
seed metering, fertiliser metering, power requirements, adjustment and maintenance.

Residue and Soil-Cutting Devices These devices lead all other soil-engaging parts
and handle residues in different ways depending on their design and the amount
and type of residues. When the cutting devices are powered, as is the case with strip
tillage by 2WTs, the residues are chopped and incorporated into the soil (Haque et al.
2011). Some value of no-tillage is therefore lost. One advantage is that blockage is
unlikely to occur. Openers mounted on straight or parabolic shanks will push soil
and some of the surface residues aside as they move forward. Depending on the
amount of residues, they are likely to cause device blockages. Farmers improvise
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Fig. 5.8 Planter soil-engaging component groups

shank shape by inserting a piece of plastic pipe to facilitate ‘sliding-off” residues
and reduce blockage. Cutting devices made up of discs tend to push down some
uncut residues into the opened slot. The extent of this effect depends on several
other factors, but the lesser the amount is what is desired. Cutting discs are the
most commonly used option. Finger wheels or ‘rotary rakes’ are sometimes used to
remove residues prior to the furrow-opening devices (Morrison et al. 2014). Their
effectiveness is low, particularly when not powered.

Furrow-Opening Devices The furrow opener follows immediately after the residue
cutter/row-preparation device to open the furrow for placement of fertiliser and
seed. The design of furrow openers on direct seeders usually incorporates a portion
of the fertiliser and seed delivery tubes that facilitates fertiliser and seed placement
in the furrow. The key requirements of a furrow opener are to open a furrow to the
required depth, maintain uniformity of depth along the length of the furrow and
cause minimum disturbance to the seedbed. Furrow openers should have provi-
sion for vertical adjustment to adjust planting depth and for horizontal adjustment
to alter row spacing. Several types and designs of openers exist to suit varying
crop requirements and soil types. The main furrow openers are double-end pointed
shovel type for light-to-medium soils, pointed bar type for heavy soils, shoe type for
black soils and runner or sword type for shallow sowing.

Fertiliser Metering Devices The most common types of fertiliser metering devices
for hand, animal and small-scale motorised seeders are rotating bottom, star wheels,
fluted roller and auger type. The discharge rate for rotating bottom type is con-
trolled by adjustable outlets. Star wheels need to be replaced with smaller or larger
sizes. Fertiliser calibration options are determined by the sizes of the star wheel
fertiliser distributors available. Auger types are controlled by changing the speed
of rotation relative to the ground speed; for example, by changing drive wheels
or sprockets. The lengths of flutes exposed on the roller determine the amount of
fertiliser metered.
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Seed germination and emergence are affected if fertiliser is mixed with seed
during placement in the furrow. Available options to separate the two are: (i) deeper
placement of fertiliser, partial cover with soil followed by placement of seed on top
within the same row, (ii) banding of fertiliser within the same but wider row with a
seed—fertiliser spacing of 4-5 cm, (iii) precision metering of fertiliser being placed
beside or in between seeds. Banding of fertiliser is possible with wider furrows,
but this requires more power not usually available with animal-drawn or manually
operated planters.

Secondary applications of top-dressing fertiliser differ when the soil is covered
with residues. Devices with the dibbler or jabbing characteristics are, therefore,
needed to ensure that the fertiliser is metered correctly, placed closer to the plant
and below the residues. The alternative is to apply the full dose of fertilisers at
planting. While this could be perceived as being inefficient, nutrient immobilisation
by desiccated and decomposing vegetation under CA could warrant the full-dose
fertiliser application at planting.

Seed-Metering Devices The function of the seed-metering device is to distribute
varying sizes and shapes of seeds uniformly to attain the desired plant population
per hectare. In precision seeders, seed metering is intended to meet the seed-to-seed
spacing and, at times, the number of seeds per planting station (hill).

Common types of metering devices used on direct seeders are (Fig. 5.9):

a. Fluted roller. The metering mechanism uses either axial or helical flutes on an
aluminium or plastic roller. Rotation of the fluted roller in a housing filled with
medium-sized seeds like maize, wheat, soybean, sunflower and safflower will

Fig. 5.9 Different types of seed-metering mechanisms for standard and small seeds
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cause the seeds to flow out from roller housing continuously. By changing the
exposed length of fluted roller in contact with seeds, a fairly accurate seed rate
of 20120 kg ha™! can be achieved.

b. Fluted roller (small flutes). For sowing small seeds like rapeseed, mustard and
sesame. Fluted rollers with small flutes have been developed to deliver low seed
rates of 3-5 kg ha™!. The standard and small flute rollers are sometimes incor-
porated in one unit and by closing the standard side (Fig. 5.9b) the smaller left
flutes are put into use.

c. Adjustable orifice with agitator. Seed flow is regulated by changing the size of
the opening at the bottom of the hopper. An agitator fixed above the seed opening
helps the continuous flow of seeds. This mechanism is simple and low cost, but
does not produce precise metering of seeds.

d. Plate with cells. Horizontal, inclined or vertical seed plate with cell-type-meter-
ing mechanism picks and drops individual seeds or a number of seeds per hill as
required. Spacing between seeds and hills is controlled by changing either the
drive gears and hence the drive ratio or seed plate with a different number of seed
cells/holes. Separate plates are required for sowing different crops. Seeds must
be graded and have a high germination percentage to achieve the desired plant
population.

e. Cup feed. Seed-picking cups are provided on the periphery of a vertical plate.
When the plate rotates, cups pick up seeds from the seed hopper and drop them
in the seed funnel. The size of the cups depends on the size and number of seeds
per hill. The metering mechanism is useful when seed damage by mechanical
devices is likely and needs to be avoided.

It is essential that the selected metering system does not damage the seed while in
operation. The speed of the metering device is an important factor with regard to
damage. Seed damage can be avoided by selecting the proper spring-loading rate
of the cut-off device and knockout device in the case of plate-type planters. Seeds
should be handled in such a way that physical injury is avoided. Metering devices,
seed conveying tubes and their location on the machine affect the uniformity of seed
distribution in the row.

Power Requirements Direct seeding is generally a much lighter operation compared
to ploughing. A pair of donkeys or oxen should comfortably attain the typical field
rates of 0.125 ha h™! for maize. The rate is typically 0.2 ha h™! for 2WTs for maize.

Adjustment, Maintenance and Challenges with Animal-Drawn Planters For ani-
mal-drawn seeders, animals should be well trained and guided to walk in a straight
line during the planting operation. No force should be applied on the planter handles
in an attempt to dig deeper. The coulter should be adjusted to exert adequate force
for effective cutting of trash. If this is not done, trash will accumulate in front of the
furrow opener and may hinder proper operation. The handles should be adjusted to
suit the operator height.

Seed plates can be blocked with the largest seeds that could not be pushed by the
ejector. In this way, the seed plate will keep rotating without metering any seeds and
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creating voids. This is a common problem when ungraded seeds are used. One way
to address the problem is to routinely remove all seeds from the planter including
blocked seeds. Using the next-sized seed would reduce blockages, but result in a
higher seed rate and possible wastage.

CA seeders, like any other, need to be looked after to increase operational life-
time and perform optimally. It is important to remove seeds and leftover fertiliser
after planting, clean the equipment after each use, sharpen or replace cutting parts
when worn, lightly oil or grease joints, bolts and nuts for storage, store equipment
under cover, calibrate direct seeders for desired seed/fertiliser rates before planting
and keep children away from the equipment.

5.6.1 Two-Wheel-Tractor-Operated Direct-Seeding Equipment

Eliminating tillage, the most power-intensive operation in conventional farming,
makes the use of smaller machines including 2WTs a viable option for farming.
So et al. (2001) estimated that 13.58 million 2WT exist in the Asian countries of
China (10 million), Thailand (3 million), Bangladesh (0.35 million), Sri Lanka
(0.12 million) and India (0.11 million); almost a tenfold increase in the past 20
years. Mechanisation is spreading in Asia and Africa, replacing manual and animal-
draught tillage. However, the proportion of these 2WTs being used for CA is very
low. Challenges to adoption include inadequate demonstrated effectiveness, and
physical and financial accessibility to suitable planters. Recent advancements
mainly from Asia have produced several functional 2WT direct seeders.

Based on the same concept as animal-drawn direct seeders, 2WT direct seeders
are designed to place seed and fertiliser into narrow (3—5 cm) slots of untilled and
residue-covered soil without tillage, thereby providing an attractive alternative
which is functionally better and costs less than full-inversion tillage systems.

The Fitarelli and Knapik Brazilian-made seeders (Fig. 5.10a, b) for two wheelers
use horizontal seed-metering devices which adequately handle large-seeded crops
such as maize and beans, but not small grains like wheat. Fig. 5.10c shows the ARC
(A—Australian Centre for International Agricultural Research, Canberra Australia;
R—Rogro Machinery Sales, Spring Ridge, NSW, Australia; C—China Agricultural
University, Beijing) Gongli, currently under development and being adapted for Af-
rican conditions. Some features of this seeder are: simple construction, suitable for
zero tillage, sows up to four rows of most crops and variable tine layout available
to suit different soil and residue conditions. Absence of a residue-cutting coulter
reduces its ability to handle residues rendering it prone to blockages.

Similar to animal-traction-based direct seeders, when used in suitable conditions,
2WT direct seeders have several potential advantages compared to full tillage: (a)
soil cover reduces soil water evaporation thus reducing the frequency of irrigation
and saving water, (b) input costs (e.g. fuel, wear and tear on machinery) are reduced
immediately and (c) improved labour costs. Challenges associated with adoption/
use of 2WT seeders include: (a) the need for intensive training for operators, (b) not
giving weeds a head start prior to planting and (c) uneven levelling of fields wastes
irrigation water.
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Fig.5.10 2WT direct CA seeders. (a) Fitarelli; (b) Knapik; (¢) ARC Gongli; (d) Bangladesh. 2WT
two-wheel tractor; CA conservation agriculture
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Fig. 5.11 a Strip-tillage-based drill and b bed reshaper/strip-till

With strip tillage, narrow strips of the soil surface are tilled, and seed and fertiliser
are placed within. The depth of the strips varies, depending on the shape/selection
of the rotavator blades to suit different crop species planted and the soil moisture
status. Typical field surface conditions include cover with moderately dense mulch
or anchored crop residues (Fig. 5.11a). Using the strip-till concept, a bed reshaper
can be attached to a 2WT to rework permanent beds while simultaneously planting
a crop (Fig. 5.11b).
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5.6.2 Four-Wheel-Tractor-Operated Direct-Seeding Equipment

The basic functions for 2- and 4WT direct seeders are the same. Variations come
with large-scale equipment whereby the seed metering systems are predominantly
by air suction pressure (air seeders). Farm machines for large-scale CA are discussed
by Saxton and Morrison (2003) and are beyond the scope of this chapter.

5.6.3 Recent Developments in CA Machinery and Implements

The past 15 years has seen rapid development in new CA machinery for both small-

holder and large-scale farmers. Some new smallholder equipment are as follows:

o Straw chopper: This accessory has been introduced to help manage residues
(particularly of rice) and enable easier planting on residue-covered fields. The
equipment, normally attached to the combine harvester, chops the straw and
spreads it uniformly in the field (Fig. 5.12a).

o Straw reaper: The straw reaper is a new development meant to utilise crop resi-
dues as livestock feed while retaining some for soil cover. The machine cuts
the remaining straw 5—10 cm from ground level after harvesting by combine.
Remaining residues cover the soil while their quantity and chopped sizes do not
impede direct seeding (Fig. 5.12b).

* Happy seeder: The equipment has been developed in Punjab (India) to manage
heavy loads of rice residues during seeding (Fig. 5.12c). Farmers generally
burn rice residue prior to wheat sowing as the cheap and easy option for residue
management, but burning leads to losses of soil organic matter and nutrients
and creates environmental pollution (particulates and greenhouse gases; Singh
et al. 2007). A powered cutter in front of the furrow opener of the seeder cuts
all residues and allows the opening of seed furrow without clogging of the ma-
chine of displacement of the residues. The happy seeder technology provides an
alternative to burning for managing rice residues and allows direct drilling of
wheat in standing as well as loose residues (Gathala et al. 2009).

Fig. 5.12 a Straw chopper; b straw reaper and ¢ happy seeder
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5.7 Future Outlook

When CA has been established, seeding is by direct planters through mulch cover,
and there is no need for soil tillage thus reducing power requirements for CA sys-
tems to the order of 50 %.

Less power requirements imply the machines can be lighter and of lower cost.
The extensive use of CA machinery/implements is hampered by several problems
including: low functional quality of available equipment, low purchasing power of
most small-scale farmers, high cost of machinery, inadequate after-sales spares and
repair services, lack of well-trained operators and mechanics and poor profitability
of CA machinery services.

Adaptation of CA machinery to local farming systems requires investment and
need to innovate lower cost, functional machinery particularly CA direct seeders
and herbicide applicators. To develop equipment adapted to local environments,
the academia, research institutions, NGOs and farmer organisations need to form
platforms for joint innovation. The South—South linkages stand a chance to share
valuable experiences from similar environments.

A supply chain of CA products’ spares and repair services needs develop-
ment. Support to rural workshops, better-trained mechanics, operators and service
providers are essential to build the expansion structure of the enterprise.

Ripping is one of the most popular forms of reduced tillage and has been adopted
on a wide scale. While ripping causes considerable soil disturbance, which damages
soil structure and natural channel systems, it should be considered a step towards
full CA and therefore encouraged at this stage of the adoption process. Rippers with
disc coulters need to be developed to support the transition to full CA.

5.8 Conclusion

Two-wheel and small tractors have a unique role to play in mechanisation of small-
holder rural farming under CA, given the tremendous reduction in power require-
ments for field operations compared to conventional tillage. This is exacerbated by
the shortage of farm power due to rural-urban migration, the ageing farmer popula-
tion and reductions in the number of work animals due to epidemics and pasture
land pressure.

Given the small farm sizes (typically 2 ha) of smallholder farmers and high ac-
quisition costs of farm machinery, the farmer-ownership model, whereby individual
farmers are targeted and supported to own and use farm machinery has failed. En-
trepreneurial CA service provision by traders and farmers for farmers holds promise
for smallholder farmers to access a range of small-scale farm machinery services.
Beside the CA services (direct seeding, herbicide application, combine harvest-
ing and straw/stover spreading), other services include irrigation water pumping,
threshing, shelling and farm transportation.
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The benefits from adoption of CA need not necessarily be only in the long term,
as long as the necessary preconditions to establish CA (e.g. amelioration of hard/
plough pans, correction of soil pH, proper drainage) are taken care of. While bio-
logical options will solve a number of the challenges, they may take too long. Cor-
rections by machinery will yield immediate results and encourage adoption of CA.
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Chapter 6
Insect Pest Management in Conservation
Agriculture

Ahmad Nawaz and Jam Nazeer Ahmad

Abstract Insects are a dominant form of life on Earth with more than 1 million
described species. Yet, only 1% competes with humans for food, shelter, and space.
Various farming systems have been adopted for sustainable pest management but
none have been entirely successful in managing insect pests. Chemical insecticides
are still the predominant pest control measure but cause health hazard and environ-
mental pollution. The long-term sustainability of agricultural and natural ecosys-
tems depends upon the conservation of natural resources. Conservation agriculture
(CA) is a novel approach with a series of practices that strives for acceptable profits
together with high and sustained production levels while concurrently conserving
the environment. It also increases biodiversity of both flora and fauna which helps to
control insect pests, contradictory reports incite concerns regarding reduced yields,
increased labor requirements due to avoiding herbicides, and insect pest problems.
It is therefore necessary to integrate alternative cultural, biological, mechanical, and
appropriate chemical and biotechnological control methods for pest management.
The principle of integrated pest management (IPM) creates a balanced environment
between sustainable environmental practices and profitable farming. Both IPM and
CA work on the same principles to help increase biodiversity and conservation of
natural resources. In addition, recent advances in insect pest management like bio-
intensive IPM, precision agriculture (PA) and biotechnology can also synergize the
insect pest management in the CA management system. Sustainable pest manage-
ment for crop production is possible in CA management systems by using [PM in
combination with biotechnology and PA.
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6.1 Introduction

The twentieth and early twenty-first centuries brought incredible developments in
the field of agriculture—subsistence farming, technology revolutions, and devel-
opments in machinery and chemicals—which enabled humans to clear and culti-
vate land faster, grow plants and feed animals quicker, and control insect pests and
pathogenic diseases better. The twentieth century developments were like a god-
send for the welfare of mankind and used to their fullest without considering any
possible repercussions. Later, problems were revealed such as chemical residues
on plants, animals, land, and water as well as soil erosion, salinity, soil acidifica-
tion, loss of biodiversity, and reduced fertility for crop production. As we moved
into the twenty-first century, our concerns about the environment, humans, plants,
and other animal health forced us toward more sustainable farming (Mason 2003).
In the past six decades, agricultural development programs have been launched to
arrest erosion but were mostly unsuccessful. However, a number of experimental
systems under both mechanized and unmechanized conditions on both small- and
large-scale farms have indicated that significant improvements are indeed possi-
ble and acceptable to farmers when the basic principles of good farming practices
(Table 6.1) are applied. The terminology adopted for this system is “conservation
agriculture” (CA), which is now practiced on more than 1 million ha worldwide
(Derpsch and Friedrich 2009).

No doubt, conventional, modern, or industrial farming delivered tremendous
gains in food productivity through intensive agriculture. This intensification of
agricultural practices brought ecological, economic, and social concerns including
health hazards to humans and environmental pollution. Environmental illness in-
cluded more than 400 insects and mites and 70 plant pathogens now resistant to
one or more pesticides (Gold 1999). Intensive agriculture affects different plant
and insect populations in the ecosystem and reduces genetic diversity due to the
genetic uniformity in most crops. The intensity of soil tillage either increases or
decreases antagonistic pressure depending on the pest concerned. Tillage alone can-
not provide the solution, so integrating alternative cultural, biological, mechanical,
and appropriate chemical control methods is needed. Integrated pest management
(IPM), also known as integrated pest control (IPC), integrates different practices for
economic control of pests to suppress pest populations below the economic injury
level (EIL). The UN Food and Agriculture Organization defines IPM as “the care-
ful consideration of all available pest control techniques and subsequent integration
of appropriate measures that discourage the development of pest populations and
keep pesticides and other interventions to levels that are economically justified and
reduce or minimize risks to human health and the environment” (FAO 2012).

IPM is not only compatible with CA but also works on similar principles. For ex-
ample, IPM enhances biological processes and expands its practices from both crop
and pest management to the whole process of crop production. The augmentation
of soil microbiota would not be possible without adopting IPM practices. Similarly,
CA depends on enhanced biological activity in the field to control insect pests and
other disease-causing soil biota. IPM promotes the judicious use of crop rotations
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and other beneficial plant associations as well as agrochemicals to control insect
pests and disease problems (FAO 2006). With the passage of time, enhanced bio-
logical activity brought on by CA technologies and IPM, results in less agrochemi-
cal use for crop protection. CA does not specify recommendations for pest control,
so would benefit if combined with [PM which uses information on the life cycles of
pests and their interaction with the environment. Thus, CA and IPM are economical
and pose the least possible risk to human health, property, and the environment. In
practicing [IPM, a four-step approach is used: (1) setting action thresholds, (2) moni-
toring and identifying pests, (3) prevention, and (4) control (insect pests, rodents
and diseases, etc.; Harford and Breton 2009).

This chapter reviews the positive and negative impacts of agriculture on insect
pest management. The multifunctional role of plant and insect biodiversity on ag-
riculture, including insect predators, parasitoids, and pathogens and their role in
biological pest management are discussed. Advances in pest management such as
precision agriculture (PA) and biotechnological developments are also highlighted.
Overall, this chapter provides a comprehensive, updated view of economic and en-
vironmental advantages of IPM and CA integration for insect pest management.

6.2 CA and Insects

Insects are the dominant animals in the world, so it is not surprising that they in-
teract with humans in more ways than any other group of organisms. More than
1 million insect species have been described. Most (99%) are innocuous or benefi-
cial to mankind, such as silkworms, honeybees, pollinators, parasitoids, and preda-
tors. Only a small proportion (1%) is our competitors causing damage to our crops,
stored products, other belongings, and acting as vectors for plant and animal patho-
gens (Grimaldi and Engel 2005; Pedigo and Rice 2009). While the number of insect
pest species is small in comparison with the total described species, they still need
significant funds, time, and effort to reduce their negative impact on crop produc-
tion, crop protection, human health, and welfare.

Insects provide important ecological services as decomposers, consumers, preda-
tors, and parasites (Swift and Anderson 1989; Miller 1993). Decomposition of plant
and animal matter by fly maggots (blow flies, muscid flies, small dung flies, etc.)
and grub and adult beetles (dermestid beetles, scarab beetles, carrion beetles, etc.)
is essential for recycling organic matter in ecosystems (Frost 1959). Other predators
(green lacewing, lady beetles, predaceous diving beetles, ground beetles, etc.) and
parasites ( Encarsia ssp, Ichneomids, etc.) play an important role in regulating many
phytophagous pest populations (Olembo and Hawksworth 1991). Insect pest man-
agement is divided into two parts: (1) natural control and (2) applied or artificial
control (Fig. 6.1). Natural or automatic control includes abiotic (weather, climate)
and biotic (predators, parasites, diseases, and other competitors) factors, while ap-
plied control includes control measures which are intentionally applied in the field
according to need. Currently, due to the intensification of agricultural practices,
only applied control is practiced for crop protection from insect pests.
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Fig. 6.1 Options for insect pest management

No doubt, CA is advantageous for controlling insect pests by increasing bio-
diversity. CA promotes biological diversity below- and above ground by making
ground cover favorable to the natural biota (Jaipal et al. 2002), which helps to con-
trol insect pests. More beneficial insects (predators, parasitoids) have been observed
in fields with ground cover and mulch (Kendall et al. 1995; Jaipal et al. 2002)
which keep insect pests in check. There is no evidence of complete control of insect
pests in CA farming systems, which remains a challenge for researchers, farmers,
and agriculture policy makers. The best option in this regard is IPM by integrating
different techniques to keep insect pest populations at acceptable levels in CA crop-
ping systems.

6.3 Biodiversity and Insect Pest Management

The term biodiversity describes the variety of plants, animals, and microorganisms
on Earth. Biodiversity provides resistant genes, anti-insect compounds, natural
enemies (NEs: predators, parasitoids, entomopathogens) of pests, and community
ecology-level effects to check pest attacks in the field (Gurr and Wratten 2012).
Biodiversity does not function well under the common practices of conventional
agriculture including burning of crop residues, continuous plowing and harrow-
ing, deforestation, overgrazing, monocropping, misuse of pesticides, excessive use
of fertilizers, and misuse of water. The consequences of these practices are loss
of soil fertility, food insecurity, health risks, soil and surface water contamination,
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greenhouse gas release, pest invasion, and loss of biodiversity (Bot and Benites
2001). Traditional systems of agriculture are broadly linked to the decline in biodi-
versity due to agricultural practices of tillage and intensive use of pesticides.

The world’s population will be approximately 9.7 billion in 2050. It is predicted
that another 1 billion ha of natural ecosystems will be converted to agriculture by
2050, with a two- to threefold increase in nitrogen (N) and phosphorous (P), a two-
fold increase in water consumption, and a threefold increase in pesticide use primar-
ily in the developing world (Tilman et al. 2001). This will reduce biodiversity in the
natural environment which ultimately affects the biological management of insect
pests in crop production systems. Agricultural systems such as CA which can con-
serve biodiversity needs to be more extensively adopted. The biodiversity of both
plants and insects play an important role in pest management through top-down and
bottom-up approaches (Gratton and Denno 2003), which is described below.

6.3.1 Plant Biodiversity

Plant biodiversity as a bio-resource allows development and exploitation of natu-
rally occurring compounds as well as diverse plants for [IPM. Conventional agricul-
ture is the main cause of plant diversity loss in agroecosystems. Current research
tends to focus on diversified cropping systems based on intercropping, agroforestry,
and cover cropping systems because these systems are considered more stable and
conserve resources. Plant diversity has had a positive impact on herbivore insects
by favoring associated NEs (Thies and Tscharntke 1999). Increased parasitism was
observed in flowering plants which provide pollen and nectar for normal fecundity
and longevity of parasitoids (Vandermeer 1995). These plants also attract non-her-
bivore insects which serve as food for other predators. Wild vegetation around crops
enhanced biological control and served as overwintering sites for predators includ-
ing pollen and nectar from flowering plants (Leius 1967). A number of studies have
showed the positive impact on the flora and fauna on field and farm levels in or-
ganic farming systems when compared with conventional farming systems (Fuller
and Norton 2005; Hole and Perkins 2005). Similarly, an analysis of 66 scientific
studies showed an average 30% more species and 50% more individuals in organi-
cally farmed areas (Bengtsson and Ahnstrom 2005).

The discovery and use of phytochemicals is a highly active area of science with
an emphasis on the value of biodiversity as a bank of potentially useful bioactive
phytochemicals. Several species in a wide range of plant families have anti-insect
properties such as nicotine from Nicotiana tabacum (L.), derris dust from Derris
elliptica (Wallich), Benth rotenone from Lonchocarpus sp., and pyrethrum from
Tanacetum cinerariifolium (Gurr and Wratten 2012). Pepper seed extracts and Piper
amides—found in species of Piper with neurotoxic properties and inhibition of cy-
tochrome P450 enzymes—have potential for novel insecticides (Miyakado et al.
1989). These characteristics are useful as a defense strategy against herbivores and
insects that are vectors of diseases (Scott et al. 2008) such as striped cucumber
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beetles, Acalymma vittatum (Fabricius), and lily leaf beetles, Lilioceris lilii (Sco-
poli; Scott et al. 2004). Similarly, bruceines derived from Brucea antidysenterica
(Mill) are antifeedant compounds for tobacco budworms, Mexican bean beetles,
and southern armyworms (Koul 2005). Azadirachtins which occur in seeds of the
neem tree (Azadirachta indica) are the best known anti-insect compounds against
a broad spectrum of insects with more than 400 species reported as susceptible (Is-
man 20006). In fact, neem is the most commercially exploited plant for insect pest
management. Citrus limonoids act as insect repellents, feeding deterrents, growth
disrupters, and reproduction inhibitors against several insect pest species across a
wide range of agricultural crops (Alford and Murray 2000). Of these, limonin and
nomilin deter feeding in lepidopterans and coleopterans with variable efficacies
(Champagne and Koul 1992).

Phytochemical investigations of Aglaia revealed the presence of a variety of
compounds including rocaglamides, bisamides, triterpenes, and lignans with in-
teresting biological activities; rocaglamide was the first effective anti-insect com-
pound identified (Proksch et al. 2001) mostly against neonate larvae of Spodoptera
littoralis, Ostrinia species, and gram pod borer, Helicoverpa armigera (Koul et al.
2004). Chloroxylon swietenia (de Candolle) and its constituents deterred oviposi-
tion of Spodoptera litura (Fabricius) in laboratory experiments and Chilo partellus
(Swinhoe) in greenhouse conditions (Singh et al. 2011). The insecticidal potential
of these proteins has also been determined (Jennings et al. 2005) and a cyclotide
gene has been transferred to crop plants in an attempt to improve the natural defense
of the crop against pests (Gillon and Saska 2008).

In conclusion, by including these plants in existing cropping systems, crop pro-
tection may benefit. However, more research to exploit the pesticidal properties of
these plants against insect pests is needed. The products may be then used in IPM to
avoid using synthetic toxic pesticides.

6.3.2 Insect Biodiversity

Insect biodiversity represents a large proportion of world biodiversity with more
than 1 million described insect species. Of these, only 10% have scientific names.
Many taxonomic revisions are still required to verify the species classification
becuase even common species are found to be multispecies complexes with the
determination of their genetics, e.g., deoxyribonucleic acid (DNA; Hebert et al.
2004; Grimaldi and Engel 2005). The estimate of total living species named and
recorded is still uncertain. It is predicted that about half a million insects may be-
come extinct in the next 300 years, while some estimates suggest that a quarter of
all insects are under threat of extinction (McKinney 1999). These facts highlight the
importance of the biodiversity of insect pests and their NEs to control insect pests
without using toxic chemicals.

Climate change also affects insect biodiversity. There is, however, evidence to
suggest that evolution and survival occurs alongside continuous environmental
variations. Trophic interactions including all components of food webs (pathogens,



140 A. Nawaz and J. N. Ahmad

mycorrhizae, predators, and parasitoids) are affected directly and indirectly by cli-
matic changes (Harrington et al. 1995; Gehring and Cobb 1997; Ayres and Lombar-
dero 2000). But insects can adapt to changes in the environment as evidenced from
recent reviews and meta-analysis studies (Parmesan and Yohe 2003; Root et al.
2003). A variety of ecological systems and taxa have already adopted changes con-
sistent with climatic variations and many examples are drawn from research con-
ducted on insects (Walther et al. 2002; Parmesan and Yohe 2003; Root et al. 2003).

6.3.2.1 Insect Biodiversity and Conventional Agriculture

Insect biodiversity and agriculture are indivisibly linked due to the large surface
area occupied by agriculture, i.e., 5 billion ha of land is under agricultural man-
agement which exceeds the area covered by woodlands and forests. Agricultural
expansion and intensification are considered the main cause of biodiversity loss.
Conversion of land from natural forests, wetlands, and grasslands to agriculture has
substantially reduced biodiversity, which plays an important role in crop production
as well as crop protection. For example, biodiversity provides important pollina-
tors and pest control agents on which agriculture depends. Insects cycle nutrients,
pollinate plants and disperse seeds, maintain soil structure and fertility through de-
composition, control populations of other organisms (insect pests), and are a ma-
jor food source for other organisms in the agroecosystems such as birds. In recent
decades, awareness on the role of predatory arthropods (spiders, insect predators,
parasitoids) in controlling herbivorous insect pests in different crops has increased
(Thorbek and Bilde 2004; Scudder 2009).

Pesticides, being the main tactic to control insect pests in conventional agricul-
ture, are a principal reason for the decline in insect diversity. Pesticides eliminate
target organisms after being released into the environment. Most pesticides also
affect other nontarget organisms both directly (absorption, ingestion, respiration,
etc.) and indirectly (using pesticide-contaminated water, food, etc.). Thus, the ef-
fect of pesticides on biodiversity including flora, aquatic and terrestrial fauna is
undeniable (Altieri and Nicholls 2004). Broad-spectrum insecticides (organochlo-
rines, carbamates, organophosphates, pyrethroids) can cause population decline
in beneficial insects (predatory, parasitoids, bees, beetles, etc.) and spiders. Con-
ventional management practices appear to affect the NEs of harmful insects. For
example, moths were significantly more abundant with more species present in
organic farms compared to conventional farms (Wickramasinghe et al. 2004). Bees
are crucial for pollination. Honeybees are under pressure from parasitic mites, dis-
eases, habitat loss, and pesticides. Intensive farming practices, habitat loss, and
agrochemicals are considered major environmental threats to honeybees and other
wildlife in Europe. Agricultural policies must reduce these pressures to ensure ad-
equate pollinators for pollination (Kuldna et al. 2009). For example, in the USA,
diverse communities of native wild bees provide complete pollination services
at organic farms and near natural habitats as compared to farms with intensive
agricultural practices (Kremen et al. 2002).
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Threats to insect biodiversity are increasing and many are often synergis-
tic. Insect biodiversity conservation requires modification of several aspects of
the current approach. Adverse agricultural practices can be minimized without
affecting yield by adopting environment-friendly farming systems and educat-
ing landowners and farmers. Recent research has identified some interrelated
principles for ideal insect biodiversity management strategy: maintain reserves,
promote habitat heterogeneity, set aside land for biodiversity, stimulate natu-
ral conditions and disturbances, and link good quality habitats with corridors
(Samways 2007).

6.3.2.2 Insect Biodiversity and CA

Biodiversity of invertebrates and microorganisms is an essential component for
agriculture to function worldwide. No doubt, threats to biodiversity indicate
challenges ahead for food security and environment health. These threats can
be modified with human involvement. In recent years, holistic and systematic
approaches have evolved, which has improved knowledge and understanding of
the importance of ecosystem sustainability, life support systems (nutrient, hy-
drological, and carbon cycle), and insect pest and disease management practices.
During the past decade, both concepts and implementation themes embraced a
significant change for sustainable agriculture and rural development (SARD).
In SARD, the promising option is CA, which seeks to integrate crop rotation
with soil, water, nutrient, disease, and insect pest management technologies. The
integrated approach builds on farmers’ knowledge, and developed technologies
through farmer field school approach (FFSA) which is a participatory and inter-
active approach to social learning. This type of regenerative and effective CA
can be highly productive by adopting multiple-use strategies of agricultural and
natural systems. The use of diversified systems is sustainable being based on crop
rotations, intercropping, agroforestry, livestock/crop or fish/crop combinations,
and managing the “associate biodiversity” of insect pest and disease-modulating
organisms and soil biota. The main challenge is to manage agroecosystems to
ultimately enhance nutrient cycling, regulate biological pests, and conserve soil
and water for crop production.

CA benefits also include improved soil and water resources, less pollution,
increased carbon sequestration, and increased biodiversity through diversifica-
tion in the agroecosystem. CA increases biomass due to zero or reduced tillage,
compared with monocrop cultures in conventional tillage, which enhances micro-
organisms and soil-living insect populations thereby increasing biological activity
(Hobbs et al. 2008). Ground cover promotes above- and belowground biological
diversity and there are more beneficial insects in fields with ground cover and
mulch (Kendall et al. 1995; Jaipal et al. 2002). Thus, CA not only favors insect
biodiversity conservation but also has a positive impact on birds, small mammals,
reptiles, and earthworms.
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6.4 Conservation of NEs

The combined biotic impact of NEs often contributes to reducing pests below the
EIL (Pimentel 1997). The modern concept of biological control is using living NEs
to control insect pest species. There are two ways to accomplish this either through
(1) classical biological control by importing exotic enemies for exotic or native
pests or (2) conservation and augmentation of available NEs. Conservation of NEs
is essential if biological control is to work. This involves manipulating the environ-
ment to favor NEs by mitigating or removing adverse factors and providing lacking
requisites (Van Driesche and Hoddle 2009). To a large extent, the efficacy of NEs
depends on the degree of permanence, stability, and environmental favorability. In-
tentional or incidental departure from the natural environment is often reflected in
the degree of depredation of NEs. Environmental modifications that can increase
the effectiveness of NEs include: (1) provision of artificial structures in the field,
(2) provision of supplementary food in the absence of a host, (3) provision of al-
ternative host, (4) enhanced synchronization of pest-NE, and (5) modification of
adverse agricultural practices (Barbosa 1998). The important NEs of insect pests
are described below.

6.4.1 Insect Parasitoids

Insect parasitoids are the NEs of insects and occupy an intermediate position be-
tween predators and true parasites. They have an immature life stage (larva) that
develops on or within a single insect host. Parasitoids, in contrast to parasites,
ultimately kill their host, and in contrast to predators, need only a single host to
complete their development, while the adults are free living. Parasitoids often be-
long to poorly known groups of insects and represent 10% of all described insect
species. Parasitoids are considered an important model for research and a number of
insect pests have been effectively controlled around the world through parasitoid re-
lease in biological control programs. There are close to 64,000 described parasitoid
species in ten super families of the order Hymenoptera, 15,000 in Diptera and 3400
in Coleoptera. Other insect orders with parasitoids are Lepidoptera, Neuroptera, and
Trichoptera, but these orders have less described species (Eggleton and Belshaw
1992; Godfray 1994; Quicke 1997). The question arises as to why these parasitoids
fail to control insect pests in the field. One reason for failure is the injudicious use
of pesticides because adult parasitoids are usually more susceptible than their hosts
(Rogers 1991). Other reasons include adverse agricultural practices, lack of alterna-
tive hosts, and hyperparastism (parasitized by other parasitoids). The phenomenon
of hyperparasitism is a natural occurrence which may reduce the effectiveness of
some beneficial parasitoid species. This can be managed by selecting parasitoid
species with a low risk of hyperparasitism.

CA deals with a resource-saving agricultural crop production that strives to
achieve acceptable profits together with high and sustained production levels while
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concurrently conserving the environment from contamination. Parasitoids have po-
tential for exploitation in the sustainable management of insect pests in the agroeco-
system (Quicke 1997). Their short life cycle and potential for parasitization make
them suitable for a minimally disturbed ecosystem such as the CA farming system.
They can be provided with alternative food sources as refuge crops and even artifi-
cial food sources. This will not only increase the population size of the parasitoids
but also have a positive impact on the natural biodiversity and biological equilib-
rium of insect pests and their NEs.

6.4.2 Predators

Predators are biological control agents that play an important role in the manage-
ment of herbivore insects. Generally, animals that must consume more than one
individual of another animal to complete their life cycle are known as predators.
According to this definition, a wide range of insects have a predatory habit. Insect
orders such as Odonata and Neuroptera are wholly or predominantly predaceous in
nature. Other orders with large numbers of predatory insect species are Coleoptera,
Hemiptera, Mecoptera, Diptera, and Hymenoptera, while orders such as Ephem-
eroptera, Orthoptera, Plecoptera, Thysanoptera, Lepidoptera, and Trichoptera have
few species with predatory insects. Almost half of the described insect orders con-
tain predatory insects (Clausen 1940).

Predators can be divided into different categories according to their predatory
behavior. They can be monophagous, oligophgous, or polyphagous. Many insect
predators are active hunters running over the ground to capture prey, e.g., tiger
beetles (Cicindellidae), ground beetles (Carabidae), and many ants (Formicidae).
Some insect predators feed on sedentary insects such as aphids and scale insects,
e.g., ladybird beetles (Coccinellidae), green lace wings (Chrysopidae), and syrphid
fly larvae (Syrphidae), while others are strong flyers and capture their prey in the
air, e.g., dragon flies and damselflies (Odonata). Other insects such as bees, wasps,
and robber flies catch and consume their prey. Some predators live in fresh water,
while some live in soil and predate on water-living and soil-inhabiting organisms
(Bell 1990; Lovei and Sunderland 1996; Obrycki and Kring 1998).

Despite many predators of herbivorous insects, only 11% of successful bio-
logical control projects have used predators as the major biological control agent.
Many pest species are controlled by relatively few predators. Insect pests which
are successfully controlled by predators usually include sessile, nondiapausing, and
nonmigratory insect pests. These are associated with evergreen perennial plants or
crops, e.g., scale insects, mealybugs, etc. The successfully introduced predators
such as Rodolia cardinalis and Cryptognatha nodiceps have a narrow host range,
high searching ability, etc. (Caltagirone and Doutt 1989). The reasons these preda-
tors fail include adverse agricultural practices, poor climate fit between origin and
release areas, lack of alternative host, monoculturing, and lack of shelter. These
factors can be minimized with good agricultural practices and by educating farmers
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and landowners. Therefore, predators have potential for exploitation in CA to con-
trol insect pests because this system discourages adverse agricultural practices, in-
creases crop rotations, and provides a favorable environment for insects to survive
in the agroecosystem.

6.4.3 Entomopathogens

Entomopathogens are microorganisms that invade and reproduce in insects. They
also spread from one infected insect to other insects. These entomopathogens include
viruses, bacteria, fungi, protists, and nematodes. Not all microorganisms can infect
insects even after entering the insect’s hemocoel, which may be due to host resis-
tance or the inability of the microorganism to cause infection. As such, microorgan-
isms can be separated into four broad categories of opportunistic, potential, faculta-
tive, and obligate pathogens (Onstad et al. 2006). The use of chemical pesticides is
still the predominant method in most pest management systems. The decision to use
microbial control should be weighed against other options. The safety of microbial
control is based on the narrow host range, high specificity, and lack of side effects
on other nontargeted organisms. Examples of narrow-host-range entomopathogens
are nuclear polyhedrosis viruses (NPVs), granuloviruses, and Microsporidia, while
those with a wider host range are nematodes, hypocrealean fungi, and bacteria (Cory
and Evans 2007; Garczynski and Siegel 2007; Shapiro-Ilan and Gouge 2002).

A primary concern in pest management is human health and, with few excep-
tions, entomopathogens are considerably safer to humans compared to chemical
insecticides which cause almost 220,000 human deaths every year (Westwood et al.
2006; Pimentel 2008). Another advantage of microbial control is the reduced poten-
tial to develop resistance in target pests. However, microbial control in pest man-
agement programs is still very low. Factors which affect the efficacy of microbial
control include high specificity, environmental sensitivity, slow acting, and high
costs. The efficacy of entomopathogens can be improved by choosing the best en-
tomopathogen for a particular system, improving production and application meth-
ods, and improving environmental conditions for their survival. These microorgan-
isms can play an important role in CA for insect pest management because they act
as permanent mortality factors in the environment.

Weeds play an important role in agriculture and were mostly removed by manual
labor until weedicides were discovered. Even weedicides temporarily suppress a
particular group of weeds. The intimate relationship between weeds and host plants
limits the positive impact of chemical, physical, and cultural control measures. Con-
cerns have been raised with regard to reduced yields in CA due to increased labor
requirements when herbicides are not used etc. (Giller and Witter 2009). Conse-
quently, biological control of weeds using specific NEs (insects and microorgan-
isms) is attractive and practical. There are a number of insects and microorganisms
which feed specifically on weeds (Baloch 1974; Goeden and Andres 1999; Evans
2002). CA supports the biodiversity of both flora and fauna, so the introduction of
these organisms would allow effective weed control without using toxic herbicides.



6 Insect Pest Management in Conservation Agriculture 145

6.5 Biointensive Integrated Management of Insect Pests

The concept of combining different control techniques where each technique weak-
ens the pest or disease by contributing to the overall control is known as IPM. The
term biointensive integrated pest management (BIPM) is a variation on conven-
tional IPM, where a more dynamic and ecologically informed approach is used that
considers the farm as a part of the agroecosystem. BIPM has particular characters
that need to be understood and managed in order to minimize pest damage (Reddy
2013). BIPM emphasizes the importance of understanding the ecological basis of
pest infestations by asking the following questions:

*  Why is the pest in the field, how did it get there and from where did it arrive?
*  Why do NEs fail to control the pest?

BIPM reduces chemical use and costs of conventional IPM. It requires that the ag-
ricultural system be redesigned to favor NEs of pests and to actively disadvantage
pests, e.g., implementing polyculture instead of monoculture.

The cost of cultivation is an important factor for crops grown in a resource-poor
environment. Therefore, pest management should naturally regulate pests and dis-
eases in any given field. In this context, the main focus should be the conservation and
augmentation of NEs including predators, parasitoids, and pathogens. The biopesti-
cide application in conjunction with the release of predators or parasitoids offers more
effective control than chemical pesticides. Similarly, the integration of biocontrol
options with other control measures like resistant varieties, etc. also performs well.
Biopesticides—based on viral biopesticides, bacterial biopesticide, entomopathogen-
ic fungi, and nematodes—are available to use as biocontrol pesticides, thereby fitting
into BIPM initiatives, especially in food crops, to avoid health hazards of pesticide
residues in those crops (Gupta and Dikshit 2010). The CA approach also increases
microbiota below- and aboveground levels (Jaipal et al. 2002) on cultivated land,
so BIPM has a synergistic effect for controlling insect pests and other crop-related
diseases. The combined biotic impact of NEs often contributes to reducing pests be-
low the EIL (Pimentel 1997) and there is little information on the effects of plowing
on beneficial insects (Van Emden and Peakall 1996). However, many polyphagous
predators occur in crops established using conservation tillage compared with plow-
based systems (Jordan et al. 2000). Farmers adopting low-till techniques may have to
adapt other practices such as sowing date manipulation, rotational changes, resistant
cultivars, nutrient requirements, knowledge of crop susceptibility within rotation, and
increased monitoring of pests for sustainable management.

6.6 Precision agriculture (PA) in CA

Most agricultural practices ignore the uniform application of practices across the
field during fertilizer application, etc. resulting in the variation in nutrient availabil-
ity due to overapplication in some areas and underapplication in others. Therefore,
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the variation in soil properties is common rather than exception (Mulla et al. 1997).
These spatial variations can also be caused by diseases, weeds, pests, and previ-
ous land management practices. In addition, the lack of nutrient availability, water
stress, plant diseases, or pests may form patterns that change from time to time and
from year to year. PA is applicable to most agricultural applications and can be car-
ried out at whatever level is required. It emerged in the mid-1980s as a way to apply
the right treatment in the right place at the right time (Gavlak et al. 1994). More
recently, advances in different technologies, such as the global positioning system
(GPS) and geographic information systems (GIS), remote sensing and simulation
modeling, are making it possible to assess spatial and temporal variability in a field
including management with site-specific practices (Basso 2003). This kind of ap-
proach is known as PA or site-specific crop and soil management.

PA or information-based management of agricultural production systems consists
of geo-referenced data collection to provide relevant information for management
planning, analysis, decision making, and treatments at variable rates. The predictive
or reactive approaches can be used in an agricultural field for differential treat-
ment of inputs. Available information on yield history, soil maps, field topography,
and other data records can be used to predict variable input needs for a predictive
approach. Variable-rate technology can be used to eliminate yield-limiting factors
such as low pH or soil compaction in a specific area. In the reactive approach, the
variation in agrochemical rates depends upon crop status, place, and time which
require real-time sensing and online application. It is mainly used for fertilizer ap-
plication (nitrogen), agrochemical, and water management (Heege et al. 2008).
Similarly, site-specific management tools are available to perform different tasks
like tillage sawing, mechanical weeding, agrochemical application, and fertilizer
distribution. Recently, auto-guidance systems and autonomous agricultural vehicles
have become the next logical steps in automating crop production but safety and
liability have halted their adoption. A management system is needed which identi-
fies all these potentially limiting processes. PA can be applied to manage the prob-
lems of crop production, but it fundamentally needs information on field variability
which is not always easy to obtain. Remote and proximal technologies in PA have
improved spatial resolution. Peirce and Nowak (1999) identified the factors for suc-
cessful implementation of PA: (1) the magnitude of conditions within a field must
be known and manageable, (2) the adequacy of input recommendations, and (3)
the degree of control application. In recent years, most of the agricultural indus-
try agreed to follow the International Standard Organization Binary Unit System
(ISOBUS), a universal protocol for electronic communication between implements,
tractors, and computers (http://www.aef-online.org/) which allows farmers to con-
trol implements with one universal onboard computer.

Although PA is technology dependent, it could be helpful in CA where farm-
ing practices such as reduced tillage and crop residues can be varied. The depth
of tillage can alleviate soil compaction and residue levels can be varied based on
soil characteristics. The cultivars and seeding rate can also be varied based on soil
characteristics. The key for making decisions is long-term simulation analysis
in areas where PA technology is not available. By adopting best agriculture land
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management practices for each area, we can implement site-specific CA on a larger
scale, as the ultimate basic objectives of PA and CA are natural resource conserva-
tion, productivity maintenance, and reduced costs.

6.7 Biotechnological Approaches for Insect Pest
Management

Insect pests and plant diseases affect yield, so it is essential to control pests and to
furnish the increasing demand for food and feed of the growing world population.
Biotechnology and genetic engineering helps to generate crop plants with improved
resistance against insect pests, pathogenic bacteria, and fungi. Insect pests and plant
pathogens cause US $30-50 billion of crop losses worldwide every year (Cook
2006). Biotechnological and genetic engineering approaches have been launched
to support plant health, stabilize yield, and increase food safety along with other
strategies of crop production. Biotechnology uses living systems and organisms
to develop or make useful products, or “any technological application that uses
biological systems, living organisms or derivatives thereof, to make or modify
products or processes for specific use” (Jhon and Maria 2001). Following are the
major implementations of biotechnology to increase production by protecting crops
from insect pests.

6.7.1 Insect Peptides

Peptides or proteins with an anti-pest infection activity have an immensely high
potential for sustainable plant protection. For instance, microbial peptides from the
bacterium Bacillus thuringiensis (Bt) have strong insecticidal potential against cer-
tain insects (Tabashnik et al. 2008; James 2008). Insecticidal Bt peptides are being
widely used in combination with other traits like herbicide tolerance (Marcos et al.
2008). During the past decade, a lot of progress has been made on the expressions
of lectins in response to herbivory by phytophagous insects. Insecticidal properties
of plant lectins are useful tools that can contribute to the development of IPM strat-
egies with minimal effect(s) on nontarget organisms (Killiny and Rashed Almeida
2012).

Many of the toxin proteins expressed in agricultural crops provide strong re-
sistance against the major insect pests. Spider venoms are a complex cocktail of
toxins that have evolved specifically to kill insects. The venoms of insectivorous
spiders are a complex mixture of compounds that have remained largely untapped
for biotechnology application (Tedford et al. 2004). For instance, the venom of
the Australian funnel web spider (Hadronyche versuta), the x-ACTX-Hvla toxin
(Hvt), killed H. armigera and S. littoralis caterpillars when applied topically and
further transgenic expression of Hvt in tobacco effectively protected the plants from
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H. armigera and S. littoralis larvae, with 100% mortality (Khan et al. 2006). Some
polypeptides from insect parasitoids are being identified and used to control in-
sect pests. Baculoviruses or nucleopolyhedroviruses are pathogens having double-
stranded DNA, which codes for genes required for virus establishment and repro-
duction. They are usually extremely small and attack insects and other arthropods.
Their genetic material is easily destroyed by exposure to sunlight or by conditions
in the host’s gut; an infective baculovirus particle (virion) is protected by protein
coat called a polyhedron, which is typically fatal to the insect. The majority of bacu-
loviruses used as potential biological control agents are in the genus Nucleopolyhe-
drovirus. S. littoralis NPV, Helicoverpa zea NPV (Lacey 2007; Mahr et al. 2008).

6.7.2 RNA Interference

Insect-resistant transgenic crops that express B. thuringiensis (Bt) toxins technol-
ogy have been deployed commercially to protect crops against lepidopteran and
coleopteran pests, excluding many other important pest species as dipteran pests
like flies (Toenniessen et al. 2003). Technical problems have prevented transgenic
plants being protected against sap-sucking pests such as plant bugs, aphids, etc.
Novel strategies are still needed because no Bt toxin with adequate insecticidal
effects against sap-sucking insects has been found (Gatehouse 2008). Ribonucleic
acid (RNA) interference (RNA1) technique, discovered in the nematode Caenorhab-
ditis elegans, is caused by exogenous double-stranded RNA (dsRNA), a power-
ful technique for down-regulating gene expression in a wide range of organisms.
Suppression of the expression of specific gene(s) in the pest by the RNAI effect,
through a plant-delivered RNA, offers the possibility of effective protection against
any species, since genes necessary for survival, growth, development, reproduc-
tion, or feeding success can be targeted. The recent appearance of two reports on
the protection of plants against insect pests, by endogenous expression of RNA
corresponding in sequence to pest genes, showed feasibility of this technique (Mao
et al. 2007). Down-regulation of gene expression through the delivery of dsRNA to
insects can cause mortality by interfering with developmental processes, metabo-
lism, or responses to the environment. Some systemic and persistent RNAi effects
have been reported. For example, the red flour beetle ( 7Tribolium castaneum) shows
a robust systemic RNAi response which can be transmitted to progeny (Tomoyasu
and Denell 2004). Further, expression of dsSRNAs directed against insect genes in
transgenic plants has resulted in RNAI effects and afforded protection against in-
sect herbivory. Gene suppression by RNA feeding is a technique used in bee (Apis
mellifera) larvae (Nunes and Simdes 2009) and termite (Reticulitermes flavipes)
juveniles (Zhao et al. 2008). The suppression of gene expression by specific dsR-
NAs was extended to herbivorous insects such as herbivorous lepidopteran larvae,
Epiphyas postvittana, fed with dsSRNAs in solution by droplet feeding (Turner et al.
2006). Kumar et al. (2009) demonstrated that a diet incorporating feeding of syn-
thesized small interfering RNA (siRNA) to larvae of corn earworm (H. armigera)
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resulted in specific suppression of expression of an acetylcholinesterase gene with
effects observed at mRNA and protein levels. Feeding dsRNA to larvae of diamond-
back moth (Plutella xylostella) also produced RNAi-mediated gene suppression
(Bautista and Miyata 2009; Kumar et al. 2009). Chemically synthesized siRNAs
had a silencing effect when fed to H. armigera (Kumar 2009). RNAI effects me-
diated by feeding insects are likely to receive increased attention as a method for
identifying phenotypes produced by specific genes, but the prospect of engineered
crop plants protected from attack by insect pests through RNAI effects developed
for commercial use looks remote at present (Shakesby et al. 2009). Realizing the
potential of this RNAi technology requires more research at both fundamental and
applied levels.

Specific gene suppression through RNAI effects by feeding dsRNA is possible
in insects, but the efficacy of the technique varies from species to species, and cri-
teria for predicting its success or failure in particular cases are yet to be formulated.
A more systematic approach to examining the factors responsible for determining
the success of the technique includes investigating the stability of input RNA in
the insect diet and insect gut, transport of RNA across the insect gut, and uptake of
RNA into insect cells in vivo which will lead to a better understanding of how to
maximize the effects produced.

6.7.3 Transgene-Improved Sterile Insect Technique

Establishing applicable insect transgenesis systems will enable analysis of gene
function in various insect species to understand diverse aspects of biology not yet
functionally addressable. Moreover, insect transgenesis will provide novel strate-
gies for insect pest management. In particular, the sterile insect technique (SIT)
may be improved by using transgenic approaches. Although SIT has been success-
fully applied for some species (Dyck et al. 2005), each step—Ilike mass rearing, sex
separation for only-male releases, sterilization and marking for monitoring—can
be improved biotechnologically to optimize efficiency and reduce costs of ongoing
programs or to transfer this effective technique to a wider range of species. This
powerful transgenic technology must be applied with great care to avoid harm-
ing our environment. Genetic-control-based SIT uses the release of mass-reared,
sterile insects to cause infertile mating that reduce the level of the pest population
(Klassen and Curtis 2005). SIT is considered an environment friendly alternative to
insecticides for insect species that can be mass reared in artificial settings. SIT has
been successfully employed in area-wide approaches to suppress or eradicate insect
pests such as pink bollworm (Pectinophora gossypiella) in California (Henneberry
2007), tsetse fly ( Glossina austeni) in Zanzibar (Vreysen 2000), New World screw-
worm (Cochliomyia hominivorax) in North and Central America (Wyss and Tan
2000) and various tephritid fruit fly species in various regions of the world (Klassen
and Curtis 2005). The use of biotechnology has many advantages to control insect
pests that cause severe damage to agricultural crops.
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The above-mentioned biotechnological approaches may be exploited in agricul-
ture farming systems such as CA to manage insect pest populations without using
toxic chemicals. No doubt, considerable research is needed on the use of genetically
modified insects in the field to avoid any harmful effects on nontarget organisms.

6.8 Conclusion and Future Perspectives

The objectives of IPM and CA are the same: sustain productivity, conserve natural
resources, reduce production costs, improve environmental health, maintain bio-
diversity, and reduce agrochemical use for crop production/protection. The past
decades have brought incredible developments in the field of agriculture. Techno-
logical developments have shifted agriculture from subsistence farming to highly
developed PA. The use of pesticides still dominates the management of insect pests
and is a health hazard for humans and the environment (Nawaz et al. 2013). IPM
requires knowledge of crop-susceptible stages and the nature of insect pests, as
well as increased monitoring. Increased diversity of plants, microorganisms, and
insects will be effective at keeping the insect pest population at acceptable level. A
single method of insect pest management will not provide effective control, so an
integrated approach is a better option. In addition, PA can be helpful for monitoring
insect pests and managing input (fertilizer) distribution. Furthermore, biotechno-
logical approaches (insect peptides, RNAi, SIT) will be effective tools for manag-
ing the insect pest population in the future.

Agriculture needs the cooperation of international development agencies that of-
ten have solutions for agricultural problems. Integration of interdisciplinary projects
with new satellite technology available for these agencies can bring positive change
to agricultural production. Crop simulation, landscape analysis models, and biotech-
nological approaches may offer higher success rates for agriculture management sys-
tems to achieve high profitability in addition to conserving resources. In future, the
focus will be on those farming systems which provide high-quality food with low
risks to the environment and public health. CA is the best choice in this regard.
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Chapter 7
Crop Breeding for Conservation Agriculture

Tariq Mahmood and Richard Trethowan

Abstract Cropping area under conservation agriculture (CA) has increased signifi-
cantly worldwide with most located in South and North America and Australia. CA
was initially introduced to control soil erosion but has become increasingly popular
as the practice conserves soil moisture, reduces fossil fuel use, lowers cost and,
once established, increases yield. In some countries, such as Australia, CA is prac-
tised on more than two thirds of the total cropped area. The new practice is more
sustainable and environment friendly as microbial activity and soil organic matter
increase, thus improving soil health and crop yields. Optimised crop rotations in CA
help control weeds and improve nutrient availability, thus contributing to farming
system sustainability. However, most crop cultivars currently grown under CA have
been developed on conventional or full tillage and it is likely that valuable genetic
variation for adaptation to CA has been lost. Some genetic studies found signifi-
cant genotype x tillage practice interactions under CA; however, the trend has not
been consistent over environments or across studies. The relatively weak genetic
response to tillage practice is probably a function of selection under conventional
tillage over thousands of years. Even early farmers tilled the soil and made seed
selections for the next crop based on the best adapted and most vigorous plants. If
a stronger response to CA is to be achieved, then germplasm resources that extend
adaptive trait variability must be characterised and integrated with crop breeding.
It is vital that crop improvement strategies are developed that incorporate CA as
the interaction between improved crop genotype and an optimised farming system
in order to produce the higher yields needed to keep pace with human population
growth.
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7.1 Introduction

Conservation agriculture (CA) is defined as minimised tillage, maintenance of crop
residues in the field, intercropping, and optimised crop rotations that improve the
sustainability and efficiency of resource use. According to FAO (2011), CA is a
powerful option for meeting future food demands while contributing to sustainable
agriculture and rural development. CA was initially introduced to protect land from
erosion (Francis and Barber 2003) but soon became a popular farming practice in
many parts of the world because of reduced costs and better management of soil
available water. CA was introduced in the1960s and 1970s in the USA and Brazil,
respectively, and then spread exponentially in South America from the 1990s on-
wards (Friedrich et al. 2012).

A key component of CA is the retention of crop biomass on the soil surface post
harvest; this organic matter is incorporated into the soil with subsequent cropping.
The organic matter remains in the farming system, thus improving soil structure,
soil water-holding capacity, and ultimately crop growth and yield (Francis and
Barber 2003).

An additional advantage of CA is reduced input costs compared to conventional
agriculture. Reduced inputs largely refer to labour, fuel and, when the rotation in-
cludes a leguminous crop, fertilizer costs. However, these efficiencies are to some
extent offset by increased herbicide usage, particularly in the early stages of CA
adoption. Nevertheless, once the CA system is stabilized (often after a few years),
the improved soil structure and moisture availability result in higher crop yields and
greater profits (Young et al. 1994; Pretty et al. 2000).

Crop rotations are an important aspect of CA as they lower input costs, improve
soil health and fertility, improve water availability, and ultimately increase crop
yields (PSU 1996; Peters et al. 2004; Vita et al. 2007). Although not completely
understood yet, to maintain better soil health, nutrition-optimised crop rotations
are more important in CA compared to conventional agriculture. Studies on barley
reported better yields under zero tillage in average and below average rainfall years;
however, yield tended to be higher under conventional tillage in high rainfall con-
ditions (Martin-Rueda et al. 2007). A possible reason for this observation was the
greater available soil moisture under zero tillage in drier years; an advantage that is
minimised when moisture is not limiting due to high rainfall. This increased water
availability is augmented by increased organic matter, N, P, K, Fe, Mn, Cu, and Zn
in the upper soil layers in CA. While these nutritional advantages may be offset
to some extent by less-effective N application under CA, this can be mitigated by
introducing legumes in the rotation (Mupangwa et al. 2011).

Root and shoot systems can be manipulated genetically to provide either deep or
shallow roots for better nutrient and water scavenging, depending on soil type and
depth or to design plant canopy more conservative in input use. Remodelling the
plant ideotype that is compatible with changed conditions under CA is the logical
way forward.



7 Crop Breeding for Conservation Agriculture 161

7.2 Crop Breeding for CA

Despite the fact that CA is widely practised globally, there is little evidence of CA-
targeted crop breeding. While the potential for CA-specific breeding has been dis-
cussed (Trethowan et al. 2012) and breeders in some countries test their fixed line
products or hybrids under CA, the development of new lines is rarely conducted
under CA, nor have CA-specific cultivars been released to farmers. Clearly, new
cultivars developed for CA should match the changed farming conditions and field
operations. The changed operations include the management of higher crop resi-
dues in the field, new crop rotations, increased weed competition, and changed fer-
tilizer application and distribution in the soil.

Most CA literature largely focuses on crop management whereas studies of the
genetics of crop adaptation are limited. A key aspect of crop adaptation to CA is
the existence of a genotype X tillage practice (G x T) interaction; such interactions
indicate that cultivars better adapted to CA can be developed. However, studies
show that G x T interaction is in many cases weak or non-existent (Ullrich and Muir
1986; Elmore 1990; Melo et al. 2005; Duiker et al. 2006; Gutierrez 2006; Zamir
et al. 2010). The absence of a Gx T interaction indicates either a low frequency or
absence of genes that govern adaptation to CA. Crops have been grown on conven-
tional tillage for thousands of years and genes governing adaptation to CA either
have been lost over time through untargeted selection or have become redundant.

Other studies, however, reported significant Gx T interactions (Kharub et al.
2008; Trethowan et al. 2012) when a more diverse group of genotypes was tested.
In one of the few molecular studies on the genetics of adaptation to CA, a mapping
population based on a biparental cross between parents varying for yield under CA
was evaluated under contrasting tillage regimes on different soil types over time
(Trethowan et al. 2012). The authors identified quantitative trait loci (QTLs) and
linked molecular markers associated with tillage practice (Table 7.1). Those QTLs
associated with zero tillage were located on chromosomes 2D and 5B. The QTL on
the terminal end of the long arm of 5B overlaps with that reported earlier for 7sn/
(Oliver et al. 2009; Farisa et al. 2010). This gene confers a degree of resistance
to yellow spot (Pyrenophora tritici-repentis), a disease commonly found in CA
systems when crop residues are retained. However, little disease infestation was
noted in these trials and the Zsn/ gene may have other effects on yield under CA.
These CA-specific QTLs were discovered in a cross between two polymorphic but
adapted wheat cultivars. If more diverse ancestral wheat genotypes are evaluated,
then it may be possible to identify more QTLs that work additively to improve
overall adaptation to CA.

Currently, the breeding programs in many countries breed wheat cultivars under
conventional tillage and test fixed lines in the target environment under both conven-
tional tillage and CA. The current wisdom is that cultivars developed under conven-
tional tillage perform well under CA (personal communication with Australian wheat
breeders). However, it is unclear how much variation for adaptation to CA has been
lost through breeding and how much still exists in the less well-adapted gene pool.
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Table 7.1 Significant QTL effects for yield under contrasting tillage regimes on two soil types in
2 years. (Trethowan et al. 2012)

| Chr | Interval Treatment Soil type Additive effect % | Allele |
IB  gwm268/wPt-3475 CT Grey v 8 K
IB  wPt-1313/gmw140 CT Grey v 10 K
ID  cdfl9/wmc216 CT Red k 10 K
2D wPt-3728/cfd44 Z Grey v 9 K
2D gmw484/wmc27 ZT Red k 9 B
SA  cfa2155/wPt1370 zZT Grey v 25 B
SA  cfa2l15/wPt1370 CT Grey v 14 B
SA  cfa2l15/wPt1370 CT Red k 9 B
5B wmc99/wPt2373 zZT Grey v 12 B

7.3 The Implications of Higher Crop Residues

Crop residues are retained on the ground in a CA system (Fig. 7.1). The thickness
of the ground cover depends on the biomass produced by the preceding crop. This
biomass contributes to soil organic matter and improves soil water-holding capac-
ity and porosity (Wasson et al. 2012). Stubble cover reduces soil crust formation,
protects soil aggregates from direct raindrop impact and reduces run off (Verhulst
et al. 2009). However, these residues also present a problem for seedling emergence
and establishment in the following crop.

Seedling vigour and coleoptile length and thickness are potentially important traits
for effective crop establishment in CA systems with high crop residues (Rebetzke et al.
2004; Trethowan et al. 2005; Joshi et al. 2007). Modern semi-dwarf wheat varieties
are based on the gibberellic acid (GA) insensitive Green Revolution dwarfing genes
Rht] and Rht2; these genes not only reduce plant height but also reduce coleoptile
length (Trethowan et al. 2001). Crop breeders therefore need to select short-statured
non-Rhtl or non-Rht2 wheat genotypes with improved emergence characteristics or
introduce alternative sources of dwarfism (including RAt7, 8, 12, 13), which are not
GA insensitive (Ellis et al. 2004; Gasperini et al. 2012). Genotypes, with early vigour
may also have the capacity to emerge through stubble better, thus improving their ad-
aptation in CA systems (Olesen et al. 2004). Traits that have been reported to improve
crop establishment better under CA are presented in Table 7.2.

A cultivar improvement strategy for adaptation to CA could follow the general
breeding principles used in conventional breeding with greater emphasis on the
traits in Table 7.2 and selection under CA; particularly using crop residues and the
rotations most likely to be managed by farmers in the target environment. Chapman
et al. (2003) used the concept of ‘target population of environments’ (TPE) to
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Fig. 7.1 Berkut-Krichauff (BK) wheat populations under conventional and zero tillage at IA Wat-
son Grains Research Centre, Narrabri, The University of Sydney

classify environment types in time and space. According to this concept, environ-
ments could be classified on the basis of their similarities and dissimilarities to
identify a group of correlated environments—the TPE. The selection of parents and
the screening of progeny would then be more precise once the underlying stresses
and constraints in the target environment were understood (Greene et al. 1999). In
CA, this would likely entail the classification of TPE on the basis of soil type and
weather patterns but could also include crop rotation, crop residues and density, and
the probability of incidence and severity of stubble-borne diseases. Selection thus
conducted in one environment may therefore be applicable to other similar envi-
ronments. The TPE could be confirmed using multi-environment data to estimate
association among sites and genotypes using either balanced or unbalanced meteo-
rological (MET) data (Crossa et al. 1993; DeLacy et al. 1996; Yan and Tinker 2006).

7.4 Expanding the Genetic Variability
for Adaptation to CA

Genetic variability serves as the basis for genetic improvement of any economically
important trait. To improve adaptation to CA it is necessary to expand genetic di-
versity for traits linked to improved performance under CA. Focused identification
of germplasm strategy (FIGS), as suggested by Bhullar et al. (2009), is one way
to identify desired genetic variability in gene pools. Using geo-referencing, this
strategy offers a basis for allele estimation and identification in gene bank collec-
tions. FIGS allows subsets of germplasm from genetic resource collections to be
selected that maximize the likelihood of capturing a specific trait. The expression
of a specific trait (of a target crop) is linked to the eco-geographic parameters of the
original collection sites (Endresen et al. 2012). The trait-environment relationship
can then be further refined using modelling to expand the search for new alleles
(El Bouhssini et al. 2009; Bari et al. 2012). Traits for FIGS in a breeding pro-
gram targeting CA could include those in Table 7.2 linked to specific environmental
conditions, for example, geographic regions where tan spot, low temperature at
emergence, or nutrient deficiencies are likely to occur.
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Trait

Target use

Reference

Coleoptile length

Longer coleoptiles emerge better
through ground cover

Trethowan et al. (2001, 2009,
2012); Richards et al. (2001);
Rebetzke et al (2007); Liatukas and
Ruzgas (2011)

Emergence from depth

Deep seeding may benefit under
moisture stress conditions

Trethowan et al. (2005); Joshi et al.
(2007)

Coleoptile thickness

Thicker and stronger seedling can
emerge better through thick crop
residues

Rebetzke et al. (2004)

Seed size and seedling
vigour

Stronger seedlings can establish
better than weaker ones

Liang and Richards (1999);
Trethowan et al. (2005); Bertholds-
son, (2005); Erayman et al. (2006);
Maydup et al. (2012)

Rapid height growth | Faster growing seedlings can Olesen et al. (2004)
establish earlier than slower grow-
ing ones
Rapid root growth Rapid root growth helps plants Trethowan and Reynolds (2005);

establish earlier

Singh et al. (2007)

Deeper roots

Deep roots help get moisture from
depth

Uphoff (2003); Reynolds et al.
(2007); Wasson et al. (2012)

Faster stubble
decomposition

Faster decomposition of previous
crop residues benefit next crop
establishment

Joshi et al. (2007)

Fertilizer-use
efficiency

Better use of fertilizer helps crop
establishment

Van Ginkel et al. (2001); Trethowan
et al. (2005); Makhziah et al.
(2013); Rose et al. (2013)

Disease resistance

Resistance to disease may enhance!
adaptation under higher disease
pressure under CA

Trethowan et al. (2005, 2012); Joshi
et al. (2007); Yadav et al. (2010)

Seedling temperature
tolerance

Seedlings with temperature stress
tolerance at early stages can estab-
lish better under CA

Boubaker and Yamada (1991);
Dell’Aquila and Spada (1994);
Sanghera et al. (2011); Ranawake
and Nakamura (2011)

Root mass distribution
in soil

Deeper and homogeneous root
distribution in the soil helps better
absorption of water and nutrients

Dwyer et al. (1996); Qin et al.
(2006); Reynolds et al. (2007)

CA conservation agriculture

The search for new alleles could also extend to synthetic wheat. These reconsti-
tuted hexaploid bread wheats are made by crossing tetraploid wheat (either adapted
Triticum durum or the cultivated and wild emmer wheat) with Aegilops tauschii, the
donor of the D-genome, followed by embryo rescue and chromosome doubling. A
summary of the potential of synthetic wheat for crop improvement is in Trethowan
and Mujeeb-Kazi (2008). These hexaploid primary synthetic wheats can be crossed
directly with adapted wheat to extend allelic variation for key traits considered im-
portant for adaptation to CA. It was interesting to find suitable genetic variation for
seedling vigour and growth in wheat lines derived from D-genome introgression
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(Landjeva et al. 2010). Better emergence (Joshi et al. 2007), larger seeds and greater
early vigour (Blanco et al. 2001), and deeper roots (Reynolds et al. 2007) are all
characteristics found in synthetic-derived wheat that could improve adaptation to
CA. Dwarfing genes, with no pleiotropic effect on GA responsiveness (Ellis et al.
2005) and producing longer coleoptiles, may be targeted to create new genetic vari-
ability in coleoptile length, a trait important for adaptation under CA (Liatukas and
Ruzgas 2011; Trethowan et al. 2012).

7.5 The Implications of Crop Rotation in CA

Crop rotation is a vital aspect of CA. Suitable rotations increase soil fertility, im-
prove soil health, decrease weed and disease pressure, and produce higher yields
(Florentin et al. 2010; Mupangwa et al. 2011; CAST 2012). Crop rotation also pro-
vides soil cover, stabilizes soil temperature, stimulates biological activity, improves
crop nutrient-use efficiency, and breaks pest and disease cycles (Duiker and Myers
2006; Hobbs et al. 2008). Incorporation of deep-rooted crops in the rotation im-
proves nutrient recycling from deeper soil layers thus increasing nutrients for shal-
low-rooted crops. Crop rotation also improves soil microbial activity and increases
the diversity of soil flora (FAO 2014). The choice of crop sequence is dependent on
the environment, soil type, and market opportunities. However, crop maturity is an
important consideration when choosing rotation crops; a trait that can be manipulat-
ed through breeding. According to Cook and Ellis (1987), three general principles
apply to crop rotation, viz. (1) practising a rotation is better than monoculture, (2)
rotations with legumes are more useful than those without legumes, and (3) crop ro-
tations need to be supplemented with additional nutrients to maintain productivity.

Crop cultivars suitable for one rotation under a particular environment may not
necessarily be suitable for another environment. The new CA crop rotations may
produce different volumes and quality of crop residues necessitating the develop-
ment of adapted cultivars. For example, in Australia where wheat is grown under
relatively dry, rainfed conditions, short-statured cultivars are favoured by farmers to
assist with crop residue management (Evans and Fischer 1999). This contrasts with
environments in North Africa and other parts of the world where taller cultivars are
favoured because of the high value of the straw as animal feed (Annicchiarico et al.
2005); in these situations it is difficult to maintain sufficient residue in the farming
system. Under high volumes of crop residue, cultivars with longer and stronger
coleoptiles may perform better. Similarly, the allelopathic effects of crop residues
also necessitate the deployment of suitably adapted crop cultivars (USDA 2008;
Farooq et al. 2011). The straw decomposition generates chemical substances (al-
lelochemicals) that may affect the next crop in the rotation. Residues of cereal crops
are particularly allelopathic to legumes such as lupin (Acevedo et al. 2009). Genetic
variability for allelopathic effects has been reported in wheat (Kimber 1967). There-
fore, breeding new wheat cultivars with low allelopathic capacity or lupins with
high tolerance to allelopathic chemicals may provide a solution (Silva 2007). Faster
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seedling growth, temperature stress tolerance, and resistance to diseases are also
potentially useful traits in crop rotations (Duiker and Myers 2006).

7.6 The Problem of Weed Competition in CA

One of the challenges that crops generally face during early development under CA
is weed competition (Chauhan et al. 2012). While the weed seed bank reduces over
time with optimised CA, it is particularly important that weeds be controlled in the
early phase of CA. There may be some weed/crop cultivar specificity, and some
weeds will not be common across the target environment (Lemerled et al. 2001).
The competitiveness of a cultivar to a specific weed type may also change across
environments (Cousens and Mokhtari 1998) further complicating crop improve-
ment and cultivar deployment. Developing cultivars capable of competing with
weed pressure is generally considered one of the most important breeding objec-
tives under CA. Seedling vigour and faster seedling growth are important traits that
could help crops compete with weeds during early development under CA (Olesen
et al. 2004; Trethowan et al. 2012). Useful sources of genetic variation are avail-
able in wheat for seedling vigour and early growth (Richards and Lukacs 2002;
Watt et al. 2005). Spielmeyer et al. (2007) reported a QTL on chromosome 6A that
accounted for 14 % of seedling leaf width and was associated with increased plant
height in early development. They also reported a gene marker, NW3106, associ-
ated with greater leaf width and seedling vigour.

However, early vigour does not completely replace the need for effective chemi-
cal weed control under CA (Duiker and Myers 2006). Crop cultivars deployed un-
der CA should be resistant to the broad spectrum of herbicides available to farmers
and may need to be evaluated before release, given the greater dependence on her-
bicides in CA systems.

Herbicide-resistant weeds can pose a weed-control problem under CA (CAST
2012). The weeds found in CA tend to invest more in their root systems rather than
seed production (Trichard et al. 2013). Therefore, a stronger root system and greater
seed production may improve crop competition with weeds. Greater plant invest-
ment in root systems is a feature often seen in perennial crops (McLaughlin et al.
2006); however, in annual crops like wheat, a balance between above- and below-
ground biomass selections is needed.

7.7 The Incidence of Disease and Insect Pests in CA

The impact of conservation tillage on disease incidence is not clearly understood,
with some authors suggesting an increase in incidence while others report no
change (Gonzales and Dave 1997; Leake 2003; Hobbs et al. 2008; Raaijmakers
et al. 2009; Kassam et al. 2009). However, it is clear that more research is needed
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as healthy soils with more microbial activity can potentially discourage pathogen
development.

Balota et al. (1996) reported an increase in disease and insect pressure under CA.
However, suitable agronomic practices, appropriate crop varieties, farm machinery
hygiene, and other soil health measures can help reduce the pressure to a large ex-
tent (Bailey and Lazarovits 2003; Twomlow et al. 2008). The changed conditions
under CA could favour some microbes while discouraging others. A reduced level
of Rhizoctonia stem canker has been reported in conservation tillage systems in cer-
tain environments (Gudmestad et al. 1989; Leach et al. 1993). Regular monitoring
of insects, diseases, and pests is required under CA (LNR-ARC 2013).

The breeding objectives for disease resistance, however, may not be very dif-
ferent to conventional crop breeding for disease and insect resistance. The focus
for crop improvement should be on those diseases projected to increase under CA.
For example, yellow spot of wheat (P. tritici-repentis) is found at low levels in
many conventional tillage systems (Rees and Platz 1979); however, this pathogen
survives on crop residues year to year under CA and the inoculum load steadily
increases to yield-limiting levels (Annone 1997; Fischer et al. 2002). Genetic varia-
tion for resistance is available (e.g. Tsn/), which may be used in breeding to buf-
fer crop performance. Other insects and diseases that increase in CA systems are
termites and stem borers in rice (Jaipal et al. 2005), crown rot in wheat, maize, and
sugar beet (Wildermuth et al. 1997; Cotton and Munkvold 1998; Guillemaut 2003),
and charcoal rot in soybean (Baird et al. 2003).

Organic amendments can reduce disease incidence or severity (Bailey and Laz-
arovits 2003). To enhance the suppressive potential of composts and to improve
disease control, it has been proposed to inoculate composts with specific strains of
antagonistic microorganisms. Although promising, this strategy has not yet been
successfully applied (Raaijmakers et al. 2009).

7.8 The Impact of CA on Product Nutritional
and Processing Quality

The nutrient status of soil affects the nutritional and processing quality of the prod-
uct (Wang et al. 2008). Fertilizer applied in CA may stay in the upper layers of the
soil with lower concentrations in the deeper root zone (Martin-Rueda et al. 2007).
Evidence shows that early-season nutrient deficiencies can be mitigated by the
decomposition of crop residues which provides nutrients that are available to the
growing plant (Mrabet et al. 2001). Thus, less fertilizer may be needed in these sys-
tems. However, the optimal placement of fertilizer in CA is often more difficult than
under conventional systems (Triplett and Dick 2007) and this can lead to less-effi-
cient N use and lower grain protein (Grant and Flaten 1998). Lower grain protein
will reduce dough strength and extensibility thus impacting product quality. There
is variation for N-use efficiency in wheat (Gouis et al. 2000; Van Ginkel et al. 2001)
which can be manipulated genetically to improve N uptake and processing quality.
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Nevertheless, the genetics of dough rheology is well known and high and low mo-
lecular weight glutenin and gliadin gene combinations can be optimised (Branlard
et al. 2001) to reduce the impacts of less-efficient N uptake in CA systems.

7.9 Breeding for Conservation Agriculture

7.9.1 Genetic Variation

Identifying genetic variation for adaptation to CA is the first and vital step in crop
improvement. It is always better to first exploit variation in the adapted gene pool as
these materials can be easily manipulated. However, there appears to be insufficient
genetic variation in the adapted wheat gene pool to facilitate significant improve-
ments in crop adaptation. For this reason, it may be desirable to expand the search
for genetic variation to both adapted and less-adapted materials (Trethowan et al.
2009). The important sources of genetic variation in a crop such as wheat could
include:

1.

2.

The adapted gene pool

In this instance, the breeder would evaluate greater diversity in the adapted
wheat gene pool including materials not targeted to the TPE. For example, a
spring bread wheat breeder may find additional diversity in winter wheat or in
tetraploid durum wheat that can be easily manipulated, thus extending breeding
program diversity.

Landrace collections

Landraces are traditional cultivars grown by farmers before the application of
modern plant breeding. These materials represent potential new variation for
traits important in CA. These traditional cultivars can be crossed directly with
modern wheat thus facilitating the transfer of traits. To identify the right mate-
rial, the collections need to be evaluated in the target environment with appro-
priate crop residues in a crop rotation practised by farmers. Once the TPE is
defined, the germplasm can be shortlisted for testing on the basis of geographic
information and environmental data. El Bouhssini et al. (2009, 2011) reported
the use of FIGS to identify germplasm for the selection of insect tolerance in
wheat. They concluded that this strategy was more effective than conventional
methods based on political boundaries. Approximately, 77 % of the wheat area
in developing countries is sown to the International Maize and Wheat Improve-
ment Center (CIMMYT)-related bread wheat materials; however, the genetic
diversity of these modern semidwarf wheats has not decreased since 1965
(Smale et al. 2002). The national programs regularly use local germplasm in
their hybridization programs with CIMMYT materials and this helps maintain
genetic diversity.

. Synthetic wheat genotypes

Synthetic wheat offers a useful source of genetic variation (Trethowan and
Mujeeb-Kazi 2008). Hexaploid bread wheat (AABBDD) arose from crosses
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among three separate genomes which occurred in nature, thousands of years ago.
When reconstituted from these parental genomes in the laboratory, this new syn-
thetic wheat represents a reservoir of new genetic variation (Villareal and Kazi
1998). To make a primary synthetic, modern durum wheat, Triticum dicoccum
or Triticum dicoccoides (AABB) is crossed with A. tauschii (DD) followed by
chromosome doubling to make hexaploid wheat (2n=6x=42, AABBDD). Large
genetic variation has been reported in synthetic wheats for a whole range of traits
including biotic and abiotic stress tolerance, crop morphology, and grain quality
parameters (Blanco et al. 2001; Yang et al. 2002; Reynolds et al. 2007; Kunert
et al. 2007; Lage and Trethowan 2008; Bibi et al. 2012). The primary synthetics
are usually agronomically poor, hard to thresh, and have inferior grain qual-
ity but offer useful diversity for CA (Dreisigacker et al. 2008; Trethowan et al.
2010). Useful genetic variation for seed and seedling traits has been reported in
wheat lines carrying D-genome introgression segments (Landjeva et al. 2010).
Trait variation in synthetic wheat that may improve adaptation to CA include
higher yield (CAST 2012), larger seed (Maydup et al. 2012), longer coleop-
tiles (Trethowan et al. 2012), improved nutrient-use efficiency (Makhziah et al.
2013), temperature tolerance (Ranawake and Nakamura 2011), and a deeper or
more extensive root system (Wasson et al. 2012).
4. Alien introgression
Alien introgression is the introduction of new genes from distantly related spe-
cies and has proved to be a valuable source of variation, particularly for disease
resistance. A good example of alien introgression is the 1B/IR translocation in
wheat (Trethowan and Mujeeb-Kazi 2008). The long arm of the 1B chromosome
has been replaced with the short arm of 1R chromosome from rye. This trans-
location was found in the winter wheat cultivar Kavkaz and is associated with
improved root vigour and better water uptake (Ehdaie et al. 2003). The transloca-
tion was later introduced into spring bread wheat and some of the most broadly
adapted wheat cultivars globally were subsequently developed and deployed
(Trethowan et al. 2007). The 1B/1R translocation was also linked to a larger root
system (Hoffmann 2008) and this may improve adaptation to CA. However, as
the translocation is also associated with poorer processing quality, it has limited
use in countries where market quality is important. Other alien wheat transloca-
tions may include many of the rust resistance genes like Sr36, Sr40, Sr39/Lr35,
and Sr32 (Bariana et al. 2007). These translocations may carry useful variation
for adaptation to CA; however, apart from rust resistance and some reports of
yield depression/improvement in specific backgrounds (Villareal et al. 1991;
Foulkes et al. 2007; Peake et al. 2011), little is known of their response to CA.
5. Mutation breeding

Induced mutations have been successfully used in agricultural crops around the
world with intensive use in Asia, Europe, and North America. More than 300
mutant crop varieties have been released in India alone (Maluszynski 2001;
Kharkwal and Shu 2009). However, the probability of success using mutation
is low as the changes occur randomly across the genome. More recently, a tech-
nique called targeting induced local lesions in genomes (TILLING) has been
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used to detect mutations in known genes (Wu et al. 2005; Comai and Henikoff
2006). Wheat has only a few functional waxy genes (granule-bound starch syn-
thase (GBSSI) gene), however, more than 200 alleles of these genes have been
detected through TILLING (Slade et al. 2005). Once the genes controlling the
key CA adaptive characters have been identified, it may be possible to enhance
or suppress their expression using TILLING. Known genes controlling plant
morphology, such as the tillering inhibition gene ( 7in; Spielmeyer and Richards
2004), the GA-insensitive Rht genes, and genes controlling seed size and seed-
ling vigour could be targeted through TILLING.
6. Transgenics

Transgenesis is a useful technique with potential application under CA. Trans-
genesis has been used to develop new genotypes better adapted to high insect
and disease pressure (Huesing and English 2004). Transgenic wheat expressing
the HVAI gene from barley had significantly more root fresh and dry weight, and
homozygous lines for the gene performed better under water deficit compared
to heterozygous lines (Sivamani et al. 2000). Genes conferring longer coleop-
tile length, increased seedling vigour, rapid growth, deeper or more extensive
root systems, fertilizer-use efficiency, disease resistance, and better temperature
tolerance could be targeted to improve adaptation to CA through transgenesis.
Anand et al. (2003) reported the field performance of transgenic wheat lines
expressing genes for thaumatin-like proteins, chitinase and glucanase, against
Fusarium graminearum, an important disease in some CA systems. Under field
conditions, they found a moderate level of resistance against the pathogen (type
II resistance) in one of the lines.

7.9.2 Breeding Strategy

Once the parental lines combining the desired genetic variation for CA have been
identified, it is necessary to implement a suitable breeding strategy to combine the
diversity in elite materials suitable for release to farmers. A possible breeding strat-
egy is outlined below:

1. Crossing When selecting parents for recombination, the physiological, genetic,
and agronomic parameters influencing CA and market quality are vital. It is
therefore essential that a plant ideotype for adaptation to CA be developed. The
plant ideotype may vary between environments; however, for the purposes of this
chapter, we target wheat crop in northwestern New South Wales (NSW). North-
western NSW has a subtropical climate with annual summer-dominant rainfall of
500-700 mm. The soil is generally a clay loam with high water-holding capacity.
Wheat grows in rotation with other crops and is sown in the autumn on stored
soil moisture. The mid-season conditions are generally favourable, although ter-
minal heat and moisture stress prevail post flowering. Both irrigated and dry-
land farming exist in the region, but dry-land farming is mostly practiced. Wheat
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is the principal dry-land crop in the region, while barley, sorghum, chickpeas,
and sunflower are the major crops used in rotation with wheat. Winter—sum-
mer crop rotations are limited by overlapping harvesting/sowing times and the
availability of moisture to support summer—winter rotations (Scott et al. 2004).
CA is practiced across this region. Low moisture in the upper soil and high crop
residues on the surface require wheat plants with longer and thicker coleoptiles
in order to emerge from deep-sown seeds (Rebetzke et al. 2004; Joshi et al. 2007,
Rebetzke et al. 2007; Liatukas and Ruzgas 2011). Seedling vigour is an impor-
tant parameter (Liang and Richards 1999; Erayman et al. 20006) that will help
crop establishment. Larger seed size is required as this is linked to more vigor-
ous early growth. Larger seeds could be selected for sowing using sieves. Rapid
plant growth leads to better crop establishment under CA (Olesen et al. 2004;
Trethowan and Reynolds 2005). The faster early growth, if combined with early
maturity, may help the crop escape terminal heat and moisture stress (Al-Karaki
2012). Similarly, faster early-growth changes the root mass distribution (Reyn-
olds et al. 2007) and subsequently improves tolerance to biotic (Yadav et al.
2010; Trethowan et al. 2012) and abiotic stress (Ranawake and Nakamura 2011),
largely by outgrowing the constraint or foraging for deeper moisture stored in the
soil from summer rainfall. A wheat ideotype better adapted to CA in the region
would therefore have longer coleoptiles, larger seed, more rapid germination
and emergence, good resistance to stubble-borne pathogens, such as yellow spot,
deeper roots that access stored soil moisture, and improved tolerance to abiotic
stresses such as terminal heat and drought.

2. Selection and evaluation A vital step in breeding for CA is identifying the best
possible selection environment. The selection environment should represent
farmer CA practice. For example, selection for long coleoptiles, an important
trait in CA, needs to be conducted in conjunction with high crop residues. Selec-
tion for the right phenology is important as CA affects crop development (Merrill
et al. 1996), particularly in dry environments such as northern NSW, as water is
used more efficiently. Marker-assisted selection (MAS) can assist the develop-
ment of wheats (Fig. 7.2) better adapted to CA as markers are available for rust
resistance (Bariana et al. 2007), Fusarium blight (Zhou et al. 2003; Buerstmayr
et al. 2009), tiller inhibition (f#in) genes (Spielmeyer and Richards 2004); alter-
nate dwarfing genes for longer coleoptiles (Ellis et al. 2005) and seedling vigour
(Spielmeyer et al. 2007). All standard wheat breeding techniques and strategies
are amenable to the inclusion of CA as a selection criterion. The most impor-
tant step is the development and management of suitable field-based screening
using reduced or zero tillage. This can be augmented with MAS for known genes
that influence adaptation and in situ tests for key characters such as coleoptile
length and seed size which have a high heritability and correlate well with field
performance. Inoculation of field experiments with stubble-borne diseases or
the selection of sites with a high recorded incidence will ensure that popula-
tions are skewed towards resistance. Advanced materials developed using the
above strategies must be assessed on farmers’ fields, under local CA practices, in
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Fig. 7.2 Marker-assisted recurrent selection scheme to improve wheat adaptation to conservation
agriculture. MAS marker-assisted selection; QTL quantitative trait locus

multi-environment trials using standard cultivars to compare performance. Once
materials that maintain their yield and quality advantage over sites and years
are identified, they can be recommended for release to farmers. While target is
the improved performance under CA, it is also necessary to evaluate materials
across the range of farming practices in the region. Ideally, a genotype that per-
forms well in CA will also yield well under conventional tillage thus reducing
the risk of adoption of the new cultivars to the farming community.
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7.10 Conclusions

CA is a widely adopted practice around the world and enough is now known about
adaptation to CA to implement targeted breeding strategies. The introduction of CA
in breeding does not require a major change in breeding method. The changes apply
only to the selection environment and may include a range of new traits for selec-
tion. However, many of these traits are amenable to MAS which will assist in their
integration. Perhaps the greatest challenge to introducing CA is the change in ma-
chinery required. Many programs, particularly in developing countries, do not have
pre-existing sowing equipment that can be modified to cope with residues. However,
this problem is not insurmountable and novel solutions, such as the modified Chi-
nese tractor and hand-propelled seeders for larger-seeded crops, have been devel-
oped and deployed (Hobbs 2007; Erenstein and Laxmi 2008; Johansen et al. 2012).
Nevertheless, lack of a Gx T interaction should not discourage the implementing of
CA in breeding programs. It likely reflects a lack of genetic variability and this can
be corrected through targeted introduction of germplasm and trait selection.
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Chapter 8
Modeling Conservation Agriculture

Bruno Basso, Ryan Nagelkirk and Luigi Sartori

Abstract A sustainable land management should aim at high production, while
minimizing risk, maintaining quality of soil and water. Excessive tillage can
decrease soil carbon storage and influence the soil environment of a crop. The eval-
uation of the impact of tillage systems on soil biophysical properties and on the
growth crops requires a system approach. In this chapter, we introduce the system
approach to land use sustainability (SALUS) model and its tillage component to
evaluate the effects of tillage on soil on water infiltration and time to ponding and
soil biophysical properties.

Keywords Conservation tillage - Soil biophysical properties - SALUS model -
Ponding

8.1 Introduction

A major component of sustainable agriculture is conservation tillage. By recycling
crop residues and minimizing disturbance to the soil, conservation tillage increases
the soil organic carbon (SOC) content and structure of soils, both of which have
been shown to improve soil quality. SOC has become the most common metric
used to evaluate soil quality because it plays a central role in many physical, chemi-
cal, and biological processes (Reeves 1997), leading to improvements in food pro-
duction and water quality, and reductions of CO,. In fact, it is estimated that the
mismanagement of soils has led to the release of 4+1 gigatons of soil carbon in
the USA. Worldwide, losses amount to 7812 gigatons (Lal 2004). Meanwhile, the
projected changes in the Earth’s climate due to such anthropogenic inputs raise
questions that are difficult for traditional science to answer, leading most climate
scientists to the use of climate models.
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Like climate scientists, agricultural scientists have turned to computational mod-
els of agricultural systems to help answer the questions posed by 21st century chal-
lenges, one of them being how to feed a growing world population despite water
shortages and a changing climate while also getting agricultural practices to pollute
less, and sequester more carbon. Conservation tillage is likely to be a part of the so-
lution, and models are needed to test this because traditional field studies covering
all variables cannot be carried out fast enough. Instead, the knowledge gained by
past field studies is used to develop models that can then quickly simulate differ-
ent scenarios at the temporal and spatial resolutions needed to address 21st century
challenges.

Models make it possible to project the long-term effects of conservation tillage
systems, and while the effects of tillage on soil properties are fairly well understood,
there are not many robust, widely used tillage models in existence. By incorporating
the few tillage models that do exist into crop models that account for management
effects on yields and the environment, farmers and policy makers are able to make
informed decisions about management strategies and their long-term economic and
environmental impacts. This chapter will focus on how tillage is modeled, case
studies documenting the effects of tillage on crop yield and the soil, and the pro-
jected long-term impacts of conservation tillage in the face of a changing climate.

8.2 A System Approach to Conservation Tillage

The system approach to land use sustainability (SALUS) model simulates tillage as
part of a system approach that can be run for multiple years, modeling daily changes
in plant, soil, and nutrient conditions in response to varied management strategies.
Along with the user being able to model different tillage practices, simulations can
vary in the types of crops planted and their rotations, planting date and population,
irrigation and fertilizer applications, soil type, and atmospheric/climatic conditions.
For any weather sequence that contains daily values of maximum and minimum
temperature, solar radiation, and precipitation, SALUS is able to calculate daily
outputs for crop and soil conditions, even during fallow periods. For each day of
simulation, all the components of SALUS are calculated. The components are heat
balance, soil organic matter (SOM), nitrogen and phosphorus dynamics, water bal-
ance management practices, and plant growth and development. Management prac-
tices are input by the user and the rest of the parameters are calculated within an
interactive structure of three biophysical modules incorporating the aforementioned
individual components of SALUS. The components are grouped into a soil water
balance and temperature module; a SOC and nutrient cycling module; and a series
of crop growth modules. These will be described more in their respective sections.
With the modules working in unison, SALUS is able to give daily outputs of
variables such as nitrogen (N) and SOC fluxes, soil water drainage, water and N
stress, crop dry mass, and final grain yields. Adding to SALUS’s capabilities, sev-
eral management strategies can be run simultaneously, outputting results for im-
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mediate comparison. This enables users to directly compare the effects of single
or multiple changes in management using the same field with the same weather.
Users can also compare the effects of changes in physical parameters such as soil
type, soil depth, or position in the landscape. These capabilities enable the user to
run multiple scenarios at the level of detail desired for their specific application,
whether it is farm management, scientific inquiry, or public policy.

8.3 Modeling Tillage Systems and Residues Management

Tillage alters four soil properties in the model: bulk density, saturated hydraulic
conductivity, ponding capacity, and water content at saturation. These variables
change dynamically after irrigation or precipitation events.

Bulk density and saturated hydraulic conductivity change in similar ways when
precipitation occurs, because both are affected when the precipitation causes the
soil to settle. The values for both change exponentially based on the amount of
energy imparted on the soil surface by rainfall since the most recent tillage event:

Xvar = Xstl + (Xtill - Xstl) x EXP (-RSTL x SUMKE)

where Xvar represents either bulk density or saturated hydraulic conductivity de-
pending on which the user is modeling, Xtill is the variable’s value after tillage,
Xstl represents the value for the newly settled soil, RSTL determines how quickly
the property changes per J cm™2 of rainfall energy, and SUMKE the total amount of
energy imparted since the most recent tillage event, also in J cm™2. RSTL, as shown
below, is entirely a function of a soil’s aggregate stability (AS). AS is a unitless
value representing the strength of cohesion within soil aggregates, which itself is a
function of the amount of organic matter in the soil (Tisdall and Oades 1982):

RSTL = 10x (1— AS)

AS=0.005x0C (L)

where OC(L) is layer L’s percent organic carbon content. In this equation, AS values
can range from O to 1, with a value of 1 representing highly stable aggregates and
0 representing extremely fragile aggregates. SUMKE was estimated using a known
relationship between it and cumulative precipitation. The relationship is described
in the next three equations:

SUMKE = Z (1-SOILCOV) x KE x EXP (—-0.15x depth (Basso and Ritchie
2006)

KE =3.812+0.812 X In(RAIN / TIME) X RAIN (Wishmeier and Smith 1978)

SOILCOV = CANCOV + FCx (1- CANCOV) (Wishmeier and Smith 1978)
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where KE is kinetic energy of the rain, and surface cover (SOILCOV) represents
the amount of soil sheltered from the kinetic energy of the rainfall. SOILCOV is
dependent on both residue (FC) and crop canopy (CANCOV). The equation for
SUMKE is written as a sum because the equation needs to be run for each layer in
the model and then summed.

When these equations are run to determine bulk density in the model, the saturation
water content of each layer is calculated using the equation below (Dadoun 1993):

SAT (L) = 0.92x (1-BD(L)/ 2.66)

where SAT(L) and BD(L) are an individual layer’s saturation water content and
bulk density, respectively. Additionally, the effective porosity of the soil is set at
92% and the standard particle density, 2.66 g cm ™, are used in the calculation as
constants.

8.3.1 Effects on Soil Physical, Biological, and Chemical
Properties

Algorithms for the tillage model within SALUS were adopted from CERES-Till
model (Dadoun 1993), which is capable of simulating the effects residue cover and
tillage have on plant development and soil surface properties. The model requires
three inputs: tillage date, tillage depth, and tillage instrument. The tillage instrument
used determines how much crop residue remains at the surface after each season.
Then the portion of the soil surface that is still covered by the residues (FC) is cal-
culated by the equation below:

FC = 1.0~ EXP(~AM x Mulch)

where Mulch represents the previously mentioned material remaining after tillage
(kg/ha), and AM is a measure of how much area is covered per kilogram of residue
(ha/kg). The results become an input to subsequent equations determining the sur-
face albedo and the susceptibility of the soils to the effects of rainfall kinetic energy
at the soil surface. Last, residue thickness is calculated using a separate algorithm
that assumes the residues are present in layers of a given thickness. Then, by know-
ing the area covered and mass of the residues from the equations above, the thick-
ness can also be calculated. Residue thickness is important because of the negative
relationship it has with soil evaporation.

8.3.2 Effects on Water Dynamics

Studies on conservation tillage have shown that no-till increases the rate and amount
of infiltration (Fig. 8.1) while also decreasing cumulative runoff and increasing the
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Fig. 8.1 Field measurements from experiments in El Batan, Mexico. No-till systems show more
cumulative infiltration over time than both minimum tillage and conventional tillage systems.
(Source: Basso and Ritchie 2006)

time-to-ponding (Fig. 8.2), all compared to conventional tillage systems (Basso and
Ritchie 2006). The reduced runoff has been attributed to the residues intercepting
the rainfall and reducing impact to the soil (Langdale et al. 1992). The increase in
total infiltration is due the fact that tilled soils develop a layer with significantly
lower hydraulic conductivity, known as a hard pan, which is absent in no-till soils
(Rasmussen et al. 1998). In the tilled soils, the hard pan slows infiltration once the
saturation front reaches the depth of the hard pan and the water backs up, causing
pooling and runoff at the soil’s surface (Basso et al. 2011; Franzluebbers 2002).
SALUS’s soil water balance module was modified to incorporate these findings.

In addition to the physical changes in the soil, it has also been found that the sur-
face residues play an important role in the water balance. Residues can hold water
in amounts up to 3.8 times their dry weight (Dadoun 1993), thereby reducing soil
evaporation and making more available for the plants (Dadoun 1993; Riley et al.
1994; Andales et al. 2000; Basso and Ritchie 2006).

Like the crop growth model, the soil water balance module in SALUS is an
extrapolation of the CERES model calculations, but with key revisions to the cal-
culations for evaporation, drainage, runoff, and infiltration. The revisions replaced
the need for SCS runoff curves with a concept called time-to-ponding (TP). Fi-
nally, soil temperature is modeled in the temperature module, allowing the accurate
simulation of freezing and thawing events whose effects can vary depending on the
amount of crop residues, the tillage regime, and water content of the soils.
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Fig. 8.2 Measured and SALUS-simulated infiltration rates show that no-till systems maintain a
high infiltration longer than other systems, thereby increasing no-till’s time-to-ponding. Measure-
ments were made in El Batan, Mexico. SALUS the system approach to land use sustainability.
(Source: Basso and Ritchie 2006)

Surface residues left behind by conservation tillage practices increase infiltra-
tion and decrease soil evaporation, causing a net increase in the plant available soil
water. This is due to the residues increasing rainfall interception and retaining water
up to 3.8 times the residue’s dry weight (Dadoun 1993). The amount retained during
a rainfall event is a function of the amount of water already retained in the residues
and the total amount the residues can hold. Both the water in the residues and the
soil are available for evaporation; however, energy for evaporation is preferentially
allotted to the water in the residues, with potential soil evaporation decreasing as
a function of increased residue water content. In this way, surface residues allow
more water to stay in the soil for use by the plants.

As mentioned before, another component of SALUS is the time-to-ponding con-
cept describing the amount of time it takes for the water to pond at the surface
given a fixed rate of rainfall (White et al. 1989). Water ponds at the surface when
either the rainfall rate is higher than the infiltration rate, or when the soil becomes
saturated and the rainfall rate is higher than the saturated hydraulic conductivity of
the least conductive layer in the soil. Once the water starts to pond, both soil and
nutrients have the potential to be washed away via erosion and water that could
have otherwise been stored in the soil profile is lost via runoff. At the same rates
of rainfall, SALUS is able to simulate what would be expected when comparing
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time-to-ponding in no-tillage versus conventional tillage and minimum tillage:
no-till has a highly significant longer time-to-ponding than both conventional and
minimum tillage practices, meaning that no-till systems both reduce the possibility
for erosion and minimize water loss through runoff and evaporation (Basso and
Ritchie 2006).

8.3.3 Effects on Carbon Turnover and Nutrient Dynamics

No-till can have a significant impact on carbon levels in the soil. Among no-tillage,
minimum tillage, and conventional tillage, the no-tillage system stores much more
carbon (Fig. 8.3)—sometimes as much as 20,000 kg ha™' more—than the minimum
and conventional tillage systems (Recisosky et al. 1995; Lal 1997, 2004; Basso and
Ritchie 2006). No-till has also been shown to be the most effective method for re-
ducing nitrate leaching losses when compared to other mitigation strategies such as
cover crops and increased use of biologically based inputs (Syswerda et al. 2012).
One of the major advantages of modeling with SALUS is that this change in carbon

3000
2800
i ) '
1] 1 5
a
-; t o o P
o - h i
X 2600 [" [ ,: " : L] : )
g " ': " L] " " : it U 5 ’
e TR T
o Ly fw v * wh :
= ‘ q ; :| :: I': 1‘ :: T " .': I . :I' ? :: Il. N Conv.Tnl
@ 2400 ‘1 et W' " Ty n n h [ = = = NoTill
2 dup 114 T Lp "Jt T I L e Min Till
(@] ) ' ‘Il '1'P-|!u" :Irl'lil:"‘
I b s o
? VIR Ui iR e
- i . 1 '
T 2200 3 W T Lot S Gyl
<C ] i1 ' ] ' l' I ||I| | FRl
% | Il li | Ligh { :
@ 2000 ' \ ' !
e
1800 T 1 T T 1
01/24/1941 10/03/1954 06/11/1968 02/18/1982 10/28/1995 07/06/2009
Date
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storage can be simulated, along with the effects it has on other parameters such as
the water and nutrient balances.

The SALUS model bases its SOM and nutrient cycling modules on the Century
model, but with modifications made to include the crop growth and soil water bal-
ance modules. The module simulates SOM and N processes within active, slow,
and passive SOM pools. Phosphorus (P) is treated in a similar way, with inorganic
P being separated into labile, active, and stable pools.

8.3.4 Effects on Crop Yield

Crop growth within SALUS is modeled using equations that had their roots, or be-
ginnings, in the CERES (Ritchie et al. 1985, 1989) and IBSNAT crop models (Jones
and Ritchie 1991). The original models were developed to run only a single year
and crop at a time. Their algorithms were restructured and linked to the manage-
ment, soil water, and nutrient submodels within SALUS. Within the crop growth
module are all the plant species that can be modeled, each with its own specific
genetic coefficients that determine the photoperiod and number of degree-days the
plant needs for each stage of development. During each stage, the amount of carbon
assimilated and dry matter produced is determined by the amount of light inter-
cepted and the growth potentials set for the particular variety. The growth is then
tempered by water and/or nitrogen (N) limitations.

The thermal time calculations of the CERES model were also modified before
they were incorporated into SALUS. They were first modified by Vinocur and
Ritchie (2001) to predict meristematic temperature. Meristematic temperature was
included because leaves, stems, and reproductive organs are differentiated in the
meristem, and meristematic activity is driven by temperature. Therefore, when the
meristem is 1-2 cm below the soil surface, early phenological changes can be mod-
eled based on soil temperatures at that depth. However, surface residues change soil
temperatures, necessitating the second change conducted by Vinocur and Ritchie
(2001) accounting for soil temperature changes due to the insulating effect of crop
residues.

Much of the science behind no-till agriculture and its effects on yield is just start-
ing to come in. In 2013, a 32-year study comparing the net profitability of no-till
systems in Central lowa, USA, found that when all costs were accounted for in the
corn and soybean rotations studied, the no-till system was more profitable than con-
ventional tilled systems (Karlen et al. 2013). In northern China—a region known
to be drought-prone—it was found that during dry years, no-till maize yields were
19% higher than conventionally tilled systems. However, because of the increased
water retention of no-till soils, the yields also dropped 7% in wet years (Wang et al.
2011). Additionally, in no-till systems in the same region of China, the insulating
effect of any added crop residues was found to increase the risk of delayed emer-
gence in spring maize if the residues are not incorporated in the fall, as they would
be in a reduced tillage practice. In such instances, reduced tillage practices were
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found to be optimal, with 13—16 % higher maize yields than both no-till and con-
ventional tillage (Wang et al. 2012). However, neither of these took into account the
net costs/gains like the first study. Even so, these differences re-enforce the fact that
best management practices are spatially dependent—they are different depending
on your location and climate—and unless field studies are to be conducted at every
possible field site on Earth, modeling will be the only practical approach when try-
ing to determine the best practices for any given location.

8.4 Climate Change and Long-Term Impact
of Conservation Tillage

In 1990, one of the first studies to link models from atmospheric science, plant
science, and agricultural economics found that increases in atmospheric CO, con-
centrations would offset most potential losses due to temperature and precipita-
tion changes (Adams et al. 1990). However, such certainties have since become
mottled. More recent studies have shown that while increased CO, concentrations
provide the opportunity for increased yields, increased weather variability and pests
could entirely negate this positive effect of climate change (Karl et al. 2009). Heavy
downpours could delay spring planting, increase root diseases, and reduce the qual-
ity of many crops at harvest time due to excess moisture and heavy winds lodging
crops (Karl et al. 2009; Easterling et al. 2007; Field et al. 2007). These effects are
already being felt in the US, where excess soil moisture/precipitation has caused
increased losses in corn yields, with models showing a doubling in losses during the
next 30 years, costing an estimated additional US $3 billion per year (Rosenzweig
et al. 2002). Besides heavy precipitation, extreme temperatures are another major
concern. Warmer summers leave less time for grain filling and increase respiration
rates at night, reducing the amount of carbon captured by plants (Karl et al. 2009).
In one study, three general circulation models found that increased levels of CO2
did not increase US dryland corn yields enough (2—5% increase) to compensate
for losses due to increased temperatures (6—20 % decrease; Brown and Rosenberg
1999). Similar results have been found in Chile (Meza et al. 2008) and the North
China Plain (Mo et al. 2009).

Despite the increasingly fatalistic outlook of climate change, the IPCC reports
that overall yields of soybeans and corn in the US are still most likely to increase.
Climate-related yields are likely to increase 5-20% over the first few decades of
the century, with the positive effects going late into the century or even through
it before they are overwhelmed by the negative effects of climate change (Field
etal. 2007). This is an important finding, because under current climate change pro-
jections, developed nations like the USA will have to increase their percentage of
world agricultural production, as agriculture in developing nations will likely suffer
large-scale losses (Parry et al. 2004).

Despite any positive effects of climate change in the USA, they are relative-
ly short-lived compared to the time span humans will have to cope with climate
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change. In order to minimize the long-term negative effects, atmospheric CO, con-
centrations need to be reduced. Conservation agriculture, namely no-till, offers a
solution with its ability to sequester carbon in soils. No-till also reduces runoff
and erosion, which is important, because soil erosion could increase 33-274% by
2040-2059 because of changes in management, increased precipitation, and heat-
stressed crops providing less protection for the soil (Oneal et al. 2005). If the soil is
continually lost, one of the largest potential sinks for atmospheric CO, will be lost
as well.

No-till practices, which have already been shown to increase infiltration and
reduce evaporation, could also establish a buffer for plants against variability in
precipitation and higher temperatures. The increased storage will make more wa-
ter available during droughts and high temperatures, when plants need to transpire
more water to stay cool. The benefits of no-till are thus twofold: it can be used to
mitigate climate change while also minimizing the impacts of climate change on
agricultural production.

8.5 Future Outlook

The positive prognosis for US agriculture exists mostly due to explicit control over
a key variable in agriculture: management. According to a review of past challeng-
es, agricultural practices have adapted to changes comparable to climate change and
should be able to continue to do so into the future, but not without the aid of a large
portfolio of assets in terms of land, water, energy, genetic diversity, and technology
(Easterling 1996). As a part of that large portfolio, irrigation is predicted to increase
5-20% by 2080 in order to offset the increased evaporative demands of a longer
growing season (Easterling et al. 2007). However, the increasing demand for fresh
water by society and agriculture will strain an already depleting supply (Xie et al.
2008), limiting the amount of irrigation available to agriculture.

Besides increasing irrigation, another strategy that has limitations is the pole-
ward movement of crops, because northern soils tend to be less fertile than their
southern counterparts (Field et al. 2007; Roberts and Schlenker 2010). Agricul-
ture is further limited by the fact that forested lands have become more protected
(Schneider et al. 2011), and boundaries, such as the USA/Canada border and the
Great Lakes, mean that movement can only go so far for American farmers (Ain-
sworth and Ort 2010; Roberts and Schlenker 2010). Because of these limitations,
production on already existing land will have to increase to match future demand
(Parry et al. 2004; Schneider et al. 2011).

Perhaps one of the most widely adopted management strategies has been early
planting in reaction to earlier spring thaws. Twenty-five years of records show that
US farmers have been using longer season cultivars and planting crops earlier, with
harvest times remaining unchanged (Sacks and Kucharik 2011). These long season
cultivars are likely to continue increasing yields under climate change (Southworth
et al. 2000; Field et al. 2007; Karl et al. 2009). However, there is strong evidence in-
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dicating that between 1950 and 2005, there has been little adaptation of neither seed
varieties nor management to cope with warmer temperatures. Additionally, there is
little that can be done about more extreme storms and precipitation.

No-till agriculture is likely to be one of the best tools in a farmer’s portfolio for
coping with the temperatures and precipitation of the future. Unlike most other
solutions, it does increase a crop’s resilience to extreme temperatures and precipita-
tion through its ability to increase water infiltration and retention, limit erosion, and
sequester CO, mitigating climate change itself.

8.6 Conclusions

Conservation tillage, whether it is reduced tillage or no-tillage, has been shown to
increase profits and yields, while also minimizing negative environmental impacts
of agriculture, such as nitrate leaching, carbon dioxide and nitrous oxide emissions,
and over-irrigation. While results are not always the same, conservation tillage is
a definite candidate for any farmer considering ways to increase profits while also
maximizing his or her operation’s environmental efficacy. And it is precisely be-
cause of the differences in results that crop models such as SALUS are needed.
Models help us determine the best practices for any given location, along with the
impacts of current and historical practices. The predictive abilities of models are
crucial at the current point in time, when agricultural practices dominate much of
the Earth’s land surface and human activities are driving global changes. Models
have become a way, if not the way, to inform our current and future best practices,
which will have impacts for years to come.
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Chapter 9
Evolution and Adoption of Conservation
Agriculture in the Middle East

Stephen Loss, Atef Haddad, Yaseen Khalil, Abdulsattar Alrijabo,
David Feindel and Colin Piggin

Abstract Agriculture commenced in the Fertile Crescent about 6,000 BC probably
using a form of minimum tillage, no till, or zero tillage (ZT), and over the millennia,
tillage in the Middle East increased and reached a peak in the mid- to late 1900s
when cheap fuel and tractors became widely available. As part of an Australian-
funded project developing conservation agriculture (CA) for Iraq, more than 40
adaptive research experiments investigated the suitability of elements of CA to
northern Syria and Iraq during 2005-2013. These verified that ZT seeding without
prior plowing produced similar or better crop growth and grain yields than the con-
ventional tillage (CT) system requiring two or three cultivations before sowing. As
was the case in Australia, the elimination of plowing enabled earlier sowing which
resulted in improved water-use efficiency and significant yield increases in cereals
and legumes especially in dry seasons. In addition, more accurate seed placement
and metering with ZT seeders meant seed rates could be reduced. Several research
and development projects in North Africa and the Middle East had 