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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.  
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  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                
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 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.  
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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.     

  (3)   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.     

  (4)   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.  

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

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

    •    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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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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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 

Fig. 1.1   Elements of conser-
vation agriculture
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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).

TA (USD ha−1) CA (USD ha−1) Cost saving (%)
Fuel 75 25 66.67
Depreciation 115 65 43.47
Maintenance 22 10 54.55
Pesticides 35 45 − 28.57
Total costs 247 145 41.30

Table 1.1   Cost comparison 
of traditional (TA) and con-
servation agriculture (CA). 
(Source: Data from Hanks 
and Martin (2007); Meena 
et al. (2010); Singh and 
Meena (2013)
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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 
et al. 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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Year Development Reference
1930 Great dust bowl and start of conservation agricul-

ture in the USA
Hobbs et al. (2008)

1940 Development of direct seeding machinery, first 
no-till sowing

Friedrich et al. (2012)

1943 Book on no-till in modern agriculture entitled 
“Plowman’s Folly” by Faulkner

Faulkner (1943)

1950 No-till, direct-sowing of crops was first success-
fully demonstrated in the USA

Harrington (2008)

1956 Experiments on various combinations of tillage and 
herbicides were initiated

Lindwall and Sonntag (2010)

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-
spectrum weed control

Lindwall and Sonntag (2010)

1962 Long-term no-till experiments were started in Ohio, 
USA; the experiments are still running

Perszewski (2005)

1964 First no-till experiments in Australia Barret et al. (1972)
1966 Demonstration trials on direct drilling systems in 

Germany
Bäumer (1970)

1967 Demonstration trials on direct drilling systems in 
Belgium

Cannel and Hawes (1994)

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 

France
Boisgontier et al. (1994)

1970 First report on the development of herbicide resis-
tance in weeds

Ryan (1970)

1973 Phillips and Young published the book “No-Tillage 
Farming.” This publication was a milestone in 
no-tillage literature, being the first one of its kind in 
the world

Derpsch (2007)

1974 First no-till demonstration in Brazil and Argentina Friedrich et al. (2012)
1975 Book on CA entitled “One straw revolution” by 

Fukuoka
Fukuoka (1975)

1976 Glyphosate was registered for general broad-spec-
trum weed control

Lindwall and Sonntag (2010)

1980 Introduction and on-farm demonstration of CA in 
subcontinent

Harrington (2008)

1980 Introduction of CA in Zimbabwe Friedrich et al. (2012)
1981 The first National No-till Conference held in Ponta 

Grossa, Paraná, Brazil
Derpsch (2007)

1982 Introduction of no-till in Spain Giráldez and González (1994)
1982 Development of first glyphosate-resistant transgenic 

crops
Fraley et al. (1983)

1990 Development and commercial release of reliable 
seeding machines

Lindwall and Sonntag (2010)

1990 Commercial adaptation of CA in southern Brazil, 
Argentina, and Paraguay

Friedrich et al. (2012)

1990 Introduction of CA in India, Pakistan, and 
Bangladesh

Friedrich et al. (2012)

Table 1.2   History of conservation agriculture 

1  Conservation Agriculture: Concepts, Brief History, and Impacts …
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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 

Year Development Reference
1992 Start of CA research in China Derpsch and Friedrich (2009)
1996 Commercial launch of transgenic glyphosate-resis-

tant soybean
Dill (2005)

1997 Commercial launch of transgenic glyphosate-resis-
tant crops in China

Paarlberg (2001)

1998 Identification of weed (rigid ryegrass) resistant to 
glyphosate

Powles et al. (1998)

2002 Introduced no-tillage systems in Kazakhstan Derpsch and Friedrich (2009)
CA conservation agriculture

Table 1.2  (continued)

Continent Area (M ha) Percent of total
Africa 1.01 1
Asia 4.72 4
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

Table 1.3   Continent-wise 
area under conservation agri-
culture in the world. (Source: 
Friedrich et al. 2012)
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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.

 1  Conservation Agriculture: Concepts, Brief History, and Impacts …
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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.

1  Conservation Agriculture: Concepts, Brief History, and Impacts …
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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. 

1  Conservation Agriculture: Concepts, Brief History, and Impacts …
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Developing crop genotypes with strong allelopathic potential against associated 
weeds is another option in this regard.
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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−1, and when rotation was included 
the WMD ranged from − 0.34 to 1.92 with a mean of 0.64 t ha−1. Mulch retention 
under low rainfall (< 600 mm) had a WMD between −0.2 and 1.0 with a mean of 
0.4 t ha−1 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−1. 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.

Keywords  Crop rotation · Crop residues · Conservation agriculture · Maize grain 
yield · Meta-analysis · Weighted mean difference · Rainfed conditions
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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−1 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−1 
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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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 

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)
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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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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 ( SDX ), and number 
of replicates ( n ) mentioned in the experimental design. Several authors presented 
statistical data in different formats such as standard error SEX  and coefficient of 
variation (CV% ). These were converted to standard deviation ( SDX ) using the 

following equations: SD SE nX X= ×  and SD
CV

XX =





×

%

100
.  Effect size was 

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−1) and high (> 100 kg ha−1):
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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)
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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 Ngwira et al. (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 et al. (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
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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 
− 1.32 to 1.27 t ha−1 (Fig. 2.2). Including the rotation into the CA system increased 
the WMD which ranged from − 0.34 to 1.92  t  ha−1 with a mean of 0.64  t  ha−1. 
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. 
2006). 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.

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−1) from mulch 
retention was obtained in environments where seasonal precipitation did not exceed 
600 mm, with an overall effect of 0.4 t ha−1 (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−1 indicated that 
conventional systems would yield more than CA options tested (Fig. 2.4). When N 
fertiliser input was raised beyond 100 kg ha−1, 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, Díaz-Zorita et al. (2002) reported that 
maize yields increased more with nitrogen fertilisation than tillage under subhumid 

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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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 N2 fixation (O’Hara 
et al. 1988). P availability is often regarded as the most limiting factor (Giller and 

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
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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−1 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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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 
et al. 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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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.),  

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)
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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 

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)
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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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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 
et al. 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 

Fig. 3.2   Vertical distribution of weed seeds in soil under different tillage systems. CT conven-
tional tillage, ZT zero tillage
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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 (Bàrberi 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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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-à-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).

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)
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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 

Table 3.2   Effect of tillage on total weed density, dry matter of weeds in different locations in India
Location Weed density (no. m−2) Weed dry weight (g m−2) Reference

CT ZT FIRB CT ZT FIRB
Faizabad – – –   14.40   20.2 – Yadav et al. (2005)
Palampur 270.0 283.3 241.0 131.3 139.4 107.3 Chopra and Angiras (2008a)
Palampur 228.0 245.0 203.0 113.0 126.0   91.0 Chopra and Angiras (2008b)
Karnal   83.2   62.0 –   18.1   20.7 – Chopra and Chopra (2010)
Delhi 137.9 168.5 –   15.6   19.1 – Tuti and Das (2011)
Jabalpur 155.0 213.0 – – – – Mishra and Singh (2012b)
Hisar   89.3   87.4   96.1   30.1   26.5   32.4 Jat et al. (2013b)

CT conventional tillage, ZT zero till, FIRB furrow-irrigated raised-bed system
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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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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−1 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 

Table 3.3   Some important weed biomass reducing intercropping systems
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/
cowpea/sorghum

Ali (1988)

Rice + Azolla pinnata Janiya and Moody (1984)
Sorghum + cowpea/mungbean/peanut/soybean Abraham and Singh (1984)
Chickpea + mustard Rathi et al. (2007)
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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, Sesbania grown as a cover crop produced green 
biomass up to 30 t ha−1 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, 



54 V.P. Singh et al.

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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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 

Table 3.4   Dominant crop characteristics for weed competitiveness
Crop Weed-competitive 

cultivar
Crop characteris-
tics accounted for 
competitiveness

Weeds 
suppressed

References

Rice PR 108 Leaf area index 
(LAI)

Mixed flora Ghuman et al. 
(2008)

Rice PI 312777 Allelopathic 
compound

Barnyard grass Gealy et al. (2014)

Wheat Sonalika, Sujata, HD 
2285, PBW 343

LAI; biomass 
production

Wild oat Mishra and Singh 
(2008)

Wheat Saleem−2000 
Ghaznavi−98

Biomass production Wild oat Khan et al. (2008)

Wheat PBW 154, WH 435, 
PBW 343

LAI Mixed flora Chauhan et al. 
(2001), Walia 
(2002)

Corn AG 1051 LAI; shoot and root 
biomass

Mixed flora Silva et al. (2011)

Oat Blaze Biomass produc-
tion; allopathic 
compound

Lamb’s quarters Grimmer and Masi-
unas (2005)

Barley Aura 6 Plant height Field pansy, 
chickweed

Auskalniene et al. 
(2010)

Canola and 
mustard

Yellow mustard Quick emergence; 
biomass accumula-
tion; plant height

Mixed flora Beckie et al. (2008)

Canola F1 hybrids Plant height; vigor-
ous canopy growth

Wild oat Zand and Beckie 
(2002)

Sugarcane B41227 Sprawling type Mix flora Yirefu et al. (2012)
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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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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 

Allelo-
pathic 
source

Application 
mode

Crop Weed species Reduction 
in weeds dry 
matter (%)

Yield 
increase 
(%)

Reference

Sorghum Soil 
incorporation

Wheat Little seed canary 
grass, lamb’s 
quarter

48–56 16–17 Cheema 
and Khaliq 
(2000)

Surface 
mulch

Cotton Desert horse purs-
lane ( Trianthema 
portulacastrum 
L.), field bind 
weed (Convol-
vulus arvensis), 
bermuda grass

5–97 69–119 Cheema 
et al. (2000)

Allelopathic 
extract

Cotton Desert horse 
purslane

29 45 Cheema 
et al. (2000)

Wheat Little seed canary 
grass, Indian 
fumitory ( Fumaria 
indica L.), lamb’s 
quarter, toothed 
dock, nutsedge

35–49 11–20 Cheema 
and Khaliq 
(2000)

Sunflower 
+ rice + 
Brassica

Soil 
incorporation

Maize Desert horse 
purslane

60 41 Khaliq et al. 
(2010)

Cotton + 
sorghum

Intercropping – Desert horse purs-
lane, field bind 
weed

92 24 Iqbal et al. 
(2007)

Allelopathic 
extract

Wheat Little seed canary 
grass, wild oat

2–16 2–6 Cheema 
et al. (2000)

Rye Cover crop – Common purslane 
( Portulaca olera-
cea L.), pigweed

– – Nagab-
hushana 
et al. (2001)

Table 3.5   Weed control through allelopathic mulches, crop residues incorporation, cover crops 
and intercropping
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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−1 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−2; 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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Herbicide Dose (g ha−1) 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 + 
metsulfuron

4 15–20 DAS/DAT Annual broad-leaved weeds and 
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 + 
2,4-D

60–70 + 500 20–25 DAS/DAT Annual grasses and broad-leaved 
weeds

Fenoxaprop-p-ethyl + 
almix

60–70 + 20 20–25 DAS/DAT Annual grasses, broad-leaved 
weeds and sedges

Bensulfuron + pretila-
chlor (londex power)

10,000 0–3 DAS/DAT Annual grasses and broad-leaved 
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 + 
metsulfuron

30 + 2 25–30 DAS Annual grasses, broad-leaved 
weeds and sedges

Mesosulfuron + 
idosulfuron

12 + 2.4 20–25 DAS Annual grasses, broad-leaved 
weeds and sedges

Isoproturon + 
metsulfuron

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

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

Table 3.6   Promising herbicides for weed control in different field crops under conservation agri-
culture (CA)
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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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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: 
(i) 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-east 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 

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 
lakes and streams

Reduced crop yield in initial year if not properly 
practiced

Carbon sequestration Need to refine nutrient and water management 
practices

Climate smart production practices
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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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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., 15 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 
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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 
NH4-N is more efficient as plants require more energy to assimilate NO3 com-
pared with NH4 form. N uptake is higher at 35 % (NH4), assimilation of N (NO3 
20 mol ATP/mol NO3

−, NH4 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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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 

Table 4.1   Soil organic carbon, total nitrogen and phosphorus content under conventional and zero 
tillage from different studies
Organic C (g kg−1) Total N (g kg−1) P (mg g−1) Reference
CT ZT CT ZT 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 (2006)
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
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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 (Nc). Nc 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−1) 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, NO3-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 
(Kushwaha 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. 2006).

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−1 (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, Mn, 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 (Roldán 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 (Höflich 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 (N2) by 
legumes, an important biological phenomenon that adds N to agricultural systems 
reducing the need for chemical fertilizers. Crop rotation with legumes can maintain 
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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−1 ha−1 (Larue and Pat-
terson 1981). Better crop management can increase N fixation in cropping systems, 
e.g., in the case of acid soils where N2 fixation is low and increasing the pH of soil 
through liming improves N2 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 
N2 fixation from microorganisms to arable soils is quite small and can be around 
5 kg N ha−1 year−1 (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 ( Km), the 
threshold concentration ( Cmin), and modification of the rhizosphere (pH, oxidation 
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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).

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

Keywords  Mechanisation · Farm machinery · Conservation agriculture · Residue 
management · Direct seeding
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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 (Casão 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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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.

Fig. 5.1   a Animal-drawn subsoiler; b animal-drawn ripper; c tractor-mounted ripper
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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 areas 
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 (CaSO4.2H2O) 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, c). 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, c 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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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 (Araújo 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. 5.5c).

Fig. 5.4   a Machete and b 
billhook (with provision to fit 
longer handle)
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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 

Fig. 5.5   a Knife roller from wood roller; b metallic roller—pulled by small tractor; c tractor knife 
roller; d stalk roller crusher (attachment to combine harvester)
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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).

Fig. 5.6   a Hoe; b pickaxe; c planting basins; d basins field covered with imported grass mulch

 



S. Mkomwa et al.120

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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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.

Fig. 5.7   Jab planters. (a) cylindrical metallic twin hopper; (b) rectangular metallic twin-hopper 
jabs; (c) 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

 



S. Mkomwa et al.122

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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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.

Fig. 5.8   Planter soil-engaging component groups
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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 20–120 kg ha−1 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−1. 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−1 for maize. The rate is typically 0.2 ha h−1 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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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).

Fig. 5.10   2WT direct CA seeders. (a) Fitarelli; (b) Knapik; (c) ARC Gongli; (d) Bangladesh. 2WT 
two-wheel tractor; CA conservation agriculture

 

Fig. 5.11   a Strip-tillage-based drill and b bed reshaper/strip-till
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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:
•	 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).

•	 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).

a cb

Fig. 5.12   a Straw chopper; b straw reaper and c 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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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 IPM in 
combination with biotechnology and PA.

Keywords  Insect pests · IPM · Conservation agriculture · Precision agriculture · 
Natural enemies · Biodiversity
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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 IPM 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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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, 

Fig. 6.1   Options for insect pest management
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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 Ahnström 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 2006). 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, 
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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).



1416  Insect Pest Management in Conservation Agriculture

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.
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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-Hv1a 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 (RNAi) 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 ( Tribolium castaneum) shows 
a robust systemic RNAi response which can be transmitted to progeny (Tomoyasu 
and Denell 2004). Further, expression of dsRNAs 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 Simões 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 dsRNAs 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—like 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.



150 A. Nawaz and J. N. Ahmad

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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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 × 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.

Keywords  Conservation agriculture · Zero till · G × T interaction · Genetic 
improvement · Seedling vigour · Crop residue · Crop rotation · Allelopathy
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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. 2006).

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.
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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 × tillage practice (G × T) interaction; such interactions 
indicate that cultivars better adapted to CA can be developed. However, studies 
show that G × 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 G × 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 G × 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 Tsn1 
(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 Tsn1 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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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 
Rht1 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-Rht1 or non-Rht2 wheat genotypes with improved emergence characteristics or 
introduce alternative sources of dwarfism (including Rht7, 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 

Table 7.1   Significant QTL effects for yield under contrasting tillage regimes on two soil types in 
2 years. (Trethowan et al. 2012)
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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.

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
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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 

Table 7.2   Plant traits useful under conservation agriculture
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 
establish earlier than slower grow-
ing ones

Olesen et al. (2004)

Rapid root growth Rapid root growth helps plants 
establish earlier

Trethowan and Reynolds (2005); 
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
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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 
(Florentín 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. Tsn1), 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. 



168 T. Mahmood and R. Trethowan

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.	 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.

2.	 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.

3.	 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/1R 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 ( Tin; 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 HVA1 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. 2006) 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 ( tin) 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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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.

Fig. 7.2   Marker-assisted recurrent selection scheme to improve wheat adaptation to conservation 
agriculture. MAS marker-assisted selection; QTL quantitative trait locus
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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 G × 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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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 CO2. 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-



8  Modeling Conservation Agriculture 183

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:

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):

where OC(L) is layer L’s percent organic carbon content. In this equation, AS values 
can range from 0 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 1 SOILCOV KE EXP 15 depth= − × × − ×∑ ( ) ( . )0  (Basso and Ritchie 
2006)

KE 3 812 812 RAIN TIME RAIN= + × ×. . ln( / )0  (Wishmeier and Smith 1978)
SOILCOV CANCOV FC 1  CANCOV= + × −( )  (Wishmeier and Smith 1978)

Xvar Xstl Xtill Xstl EXP RSTL SUMKE= + − × − ×( ) ( )

RSTL 1 1 AS= × −0 ( )

AS 5 OC L= ×0 00. ( )
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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):

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−3, 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:

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 

SAT L 92 1 BD L 2 66( ) . ( ( ) / . )= × −0

FC 1 EXP AM Mulch= − − ×( ).0



8  Modeling Conservation Agriculture 185

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.

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)
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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 

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)
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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−1 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 

Fig. 8.3   SALUS simulations of soil active organic carbon showing the increased organic carbon 
storage of a no-till system compared to others, all in a clay soil in Foggia, Italy. SALUS the system 
approach to land use sustainability. (Source: Basso and Ritchie 2006)
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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 Iowa, 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 CO2 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 CO2 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 
et al. 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 CO2 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 CO2 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 CO2– 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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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 demonstrated 
benefits with CA compared to CT, but they did not generate significant farmer adop-
tion, mainly because of a lack of suitable ZT seeders, particularly for small poor 
farmers. Most imported ZT seeders used for the demonstration trials were too heavy 
for the size of tractors available, expensive, and complicated to use and maintain. 
So, the Australian project worked with several machinery workshops to manufac-
ture a number of simple, effective, and affordable seeders in Syria, while in northern 
Iraq, the initial focus was on the conversion of existing conventional seeders to ZT 
using parts made locally. When the ZT seeders were available, it was decided to 
actively promote a flexible cropping package centered on ZT with early sowing 
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and reduced seed rates, while the retention of crop stubbles and crop rotation were 
encouraged but not depicted as essential. Participatory extension groups were estab-
lished in Iraq and Syria whereby farmers were able to borrow a local ZT seeder to 
test on their farm. In the vast majority of cases, farmers’ yields were as good, if not 
better, with the ZT and early sowing technology than nearby fields sown conven-
tionally, and farmers benefited from significant input savings. On an average, over 
all three seasons, the grain yield increase with ZT compared to CT was 0.26 t/ha 
for barley ( n = 278), 0.33 t/ha for wheat ( n = 264), and 0.23 t/ha for lentil ( n = 88). 
Since 2006/2007, the area under ZT has grown from zero to more than 30,000 ha 
in Syria and 10,000 ha in northern Iraq in 2012/2013. Many researchers, extension-
ists, and farmers are convinced that CA is a profitable and sustainable technology 
which can be applied to a wide range of crops in most areas of the Middle East, and 
that CA is one of the few methods capable of increasing the resilience of farming 
systems to climate change. Adoption in other Middle East countries is relatively 
minor, so more work is needed throughout the region and other dry areas to further 
raise awareness and encourage adoption of CA using the flexible approach. While 
ZT plus early sowing may not meet the rigid concept of CA used by some authors, 
it is a significant change that most small poor farmers in the Middle East can make 
with little risk of failure.

Keywords  Zero tillage · Direct drilling · Minimum tillage · Early sowing · West 
Asia · Farming systems

9.1 � Introduction

This chapter examines the evolution of crop management practices in the Fertile 
Crescent, which is the center of origin for many of the world’s crops, and the de-
velopment of zero tillage (ZT) and conservation agriculture (CA) systems in the 
Middle East or West Asia. It focuses on a series of projects funded by the Australian 
Center for International Agricultural Research (ACIAR) and the Australian Agency 
for International Development (AusAID) being conducted by the International Cen-
ter for Agricultural Research in Dry Areas (ICARDA) between 2005 and 2015 with 
the aim of promoting improving cropping systems in the rainfed areas of northern 
Iraq. Before these projects started, the area of ZT adoption in the Middle East was 
effectively zero. This project had and continues to have significant impact in pro-
moting the adoption of ZT in northern Iraq with spillover effects in other countries, 
especially in Syria, where most of the research experiments were conducted at the 
ICARDA Tel Hadya headquarters near Aleppo.

Haddad et al. (2014a) recently reviewed CA in West Asia but this chapter differs 
in a number of respects. We take a long-term view of tillage, rotations, and other 
farming practices in this region, starting with the first likely crop management tech-
niques within the Fertile Crescent, and examining how these changed over the mil-
lennia. We also explore the relatively recent changes in dryland farming systems of 
Australia and their relevance to the Middle East. Data from an extensive evaluation  
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of ZT by Syrian farmers are presented, including over 500 comparisons of ZT plus 
early sowing with conventional crop management practices in neighboring fields. 
Up-to-date, figures of CA adoption are summarized for the important cropping 
countries in the Middle East, including the 2012/2013 season not covered by Had-
dad et  al. (2014a), and the impact of the recent conflict in Syria on adoption is 
discussed.

9.2 � Cultivation in the Fertile Crescent

About 12,000 years ago, inhabitants of the region now known as the Fertile Cres-
cent, started gathering seeds of grasses and other edible plants to help overcome the 
threat of famine. Around 6,000 BC, they made the revolutionary step of purpose-
fully planting seeds and managing crops, and at this point in history, agriculture, 
the active management of plants for food, feed, and fiber production, and human 
civilization began (Riehl et al. 2013). The Fertile Crescent stretches from the Per-
sian Gulf, north along the Tigris and Euphrates Rivers restricted to the east by the 
Zagros Mountains which separate modern-day Iraq from Iran; east across northern 
Syria and to the south of the Taurus Mountains in southern Turkey; south down 
along the Mediterranean coast of what is now Lebanon, Israel, Palestine, and Jor-
dan; and along the Nile valley in Egypt. This area was the source of some of the 
most productive and important crops grown around the world today, as people from 
the other continents (e.g., Europe, Africa, the Americas, Asia, and Australia) ac-
quired, adapted, and successfully cultivated the crops from this region. In effect, 
these crops were a great gift from this region that enabled the agricultural develop-
ment of many other countries.

The first farmers in the Fertile Crescent probably made holes in their soils with 
a stick during the wet winter season and in each hole planted a few seeds of the 
wild progenitors of many of our modern crops—e.g., wheat (emmer and einkorn), 
barley, flax, chickpea, field pea, lentil, or bitter vetch. Over thousands of seasons of 
trial and error and collective experience, they gradually improved the management 
of their crops and actively selected the types of plants that produced the greatest 
yield and quality of seeds. Likewise, they domesticated goats, sheep, cows, and 
pigs which they grazed mainly on the rich production of the wild grasses and forage 
legumes in the vast uncultivated parts of the landscape. And so, the Fertile Crescent 
developed into a food basket driving population growth in the Middle East and 
Mediterranean region.

9.2.1 � Tillage

Crop management in the Fertile Crescent was dominated by minimal soil distur-
bance for the first few millennia (Huggins and Reganold 2008). Farmers, initially 
using human power and soon after with the help of animals, created furrows in 
which the seeds were spread and then backfilled with loose soil. About 3,500 BC, 
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the Egyptians and Sumerians invented the plowshare, a wooden frame with an iron 
blade, to loosen the top soil, kill weeds, and facilitate seed placement. This plow 
technology and its more modern equivalents became the standard practice for seed-
bed preparation as agriculture spread to most parts of the world, but it was costly. 
Much of the fodder grown or grain harvested at the end of the season was required 
to feed the draft animals. It was not until the early 1900s that the development of 
farm tractors and cheap oil allowed farmers to plow the soil repeatedly and on large 
scales causing massive soil disturbance. This enabled farmers to increase the size of 
their fields and farms with minimal labor or animal costs. Three or four tillage op-
erations before sowing with different types of cultivators and harrows (moldboard, 
disc, duckfoot, or chisel points) were common.

9.2.2 � Improvements in Sowing

Seeding methods in the Middle East remained basic for many decades. The soil was 
cultivated once or twice using a plow or one-set duckfoot cultivator to loosen the 
soil, kill weeds, and initiate ridges and furrows on the soil surface. Fertilizer (when 
used) and seed were then spread into the furrows by hand, or top-dressed using a 
fertilizer spinner, or in more advanced cases, using a hopper with a simple meter-
ing device mounted on the plow. Finally, the furrows were backfilled with the use 
of harrows, spikes, or a heavy bar called “tabban” in Arabic ( ). Alternatively, 
the ridges were split and filled the furrows using the same plow device, thereby 
covering the seed. This sowing technique, known as “broadcast over ridges” or in 
Arabic as “ayar and rdad” ( ), is still used today in wheat- or barley-based 
systems in the less developed parts of the eastern Mediterranean region. It typically 
results in highly variable seed depth, and low and variable plant emergence.

Interestingly, another seeding practice called “skin planting” or “ziraat al jild” in 
Arabic ( ) was developed in the region when farmers were exceptionally 
late in planting and had no time for the normal tillage operations. The farmer simply 
broadcast his seeds and fertilizer directly onto untilled soil, and then covered it with 
an animal-drawn plow, duckfoot cultivator, or shallow moldboard plow. This was 
an early form of “direct drilling” but the resulting seed depth and emergence were 
extremely inconsistent.

Modern conventional seeders or seed drills were introduced to the region in the 
second half of the twentieth century. These were designed for sowing after the seed-
bed had been plowed and harrowed, typically using duckfoot points (or soil open-
ers) which created high soil disturbance and killed any remaining weeds growing in 
the field. Even though disc-type seeders were common in other countries, tines were 
preferred over discs in the Middle East because of their lower cost and weight—this 
was also the case in Australia and Canada. Modern seed drills usually have accurate 
seed and fertilizer metering and placement systems, and can produce uniform and 
excellent crop establishment. Of course, the seeders must be well maintained, cali-
brated, and operated correctly, which is often not the case for poor illiterate farmers 
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in the Middle East. Even the simple tine-type seeders are too expensive for many 
small, poor farmers which is why the traditional seeding systems described earlier 
still exist today in some districts.

9.2.3 � Crop Sequences

Rotation of crops has probably been used for millennia in the Fertile Crescent, after 
the early farmers noticed the yields of cereals following legume crops were much 
improved compared to the continuous production of cereals year after year. By al-
ternating crops, weed, insect, and disease problems were reduced and, as we know 
now, legumes fix nitrogen from the atmosphere which is partly carried over in the 
crop residues and within the soil for following crops. A common crop sequence 
practiced in Syria and other countries consisted of cereal (wheat or barley) fol-
lowed by a legume (lentil or chickpea), and then in the 3rd year, a winter fallow 
was implemented followed by a summer crop (melon, sugar beet, etc.) grown on 
residual moisture from the winter rains. In many cases, village agricultural land 
was divided into three large communal blocks, one for each course of the rotation, 
and each family in the village owned a portion of land within each rotation block. 
Livestock collectively grazed the winter fallow blocks before they were moved to 
open rangeland areas in spring, and back then to the cereal and legume blocks after 
harvest to utilize the valuable crop residues and spilt grain. This collective approach 
to farming contributed to the understanding still present in many areas of the Middle 
East that crop residues are a common property available to everyone.

The practice of fallowing or “resting” the soil was and still is thought to improve 
soil fertility, and any weed growth can be utilized by livestock. In the 1900s, the 
availability of cheap fuel, tractors, and plows allowed farmers to kill weeds during 
the fallow period with tillage, and thereby conserve more moisture from one sea-
son to the next. Although farmers missed out on any production during the fallow 
year, it was hoped that this would be offset by the increased moisture and fertility, 
resulting in improved production in the following season. Hence, the barley–fallow 
rotation remains widespread in dry areas of the Middle East and is highly integrated 
with the production of small ruminants (Ryan et al. 2008).

9.2.4 � Population Growth and Soil Degradation

In more recent decades, populations have rapidly grown, the numbers of sheep and 
goats have increased, and the pressure on the native rangelands and crop residues 
has escalated (Aw Hassan et al. 2010). In addition, the production of forage crops 
including annual legume species native to the region is not widespread (Ates et al. 
2013). Feed resources for livestock are often insufficient, so supplementary feeding 
with barley or other feeds is required. Heavy grazing of crop residues often leaves 
the soil completely bare during the summer and autumn months, and highly prone 
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to wind and water erosion, especially in dry seasons when feed is in short supply. 
Summer and autumn dust storms are common. The application of fertilizers rarely 
replaces the nutrients removed from the soil, and declining organic matter and poor 
structure caused by excessive tillage and wind and water erosion lead to reduced 
soil fertility. Although crop legumes (lentil and chickpea) had been grown for mil-
lennia in this region, they fell out of favor in many areas, partly because of an inabil-
ity to harvest them with modern harvesters like cereals, problems with weeds, pests 
and diseases, and high wheat prices paid to farmers by governments who artificially 
inflated wheat’s value in an attempt to boost production and food security. A col-
lapse in soil fertility is thought to have been a major factor in the decline of many 
ancient civilizations in several parts of the world including those in the Middle East 
(Montgomery 2007).

The ongoing impacts of population growth, climate change, and unsustainable 
resource management exacerbate the constraints on land and food supply, and these 
are predicted to become increasingly evident in the Middle East and North Africa, 
where most countries rely heavily on imports to feed their growing populations 
(World Bank 2008). By the second half of the twentieth century, the Fertile Cres-
cent had become just a glimmer of its former glory, and many areas could no longer 
be described as fertile, and it was not alone. Crop production in many parts of the 
world suffered a similar fate in a much shorter time frame during the first half of the 
century, including North America and Australia.

9.3 � Australia’s Example and Gift to the Middle East

The current agroecologies in the dryland areas of the Middle East have many simi-
larities to those which prevailed prior to the 1970s in southern Australia. The edaph-
ic constraints of both environments are alike. Both experience a Mediterranean-type 
environment with hot dry summers and cool wet winters, and in most areas, crop 
production is only possible during the winter and spring period because irrigation is 
not widely available. Crop rotations are dominated by wheat and barley, although in 
southern Australia, these were often grown in rotation with pastures based on sub-
terranean clover, and fallow was widely utilized in low-rainfall areas to conserve 
soil moisture for the following winter season (Burvill 1979). Soils in both regions 
are typically infertile with poor structures and low amounts of organic matter. Alka-
line, fine-textured soils are common to both regions, although parts of Australia also 
contain areas of acidic, coarse-textured soils, especially in Western Australia. Crop 
residues are heavily grazed by sheep especially in dry seasons, leading to water and 
wind erosion and dust storms. After the first autumn rains, two or three cultivations 
are often employed to kill weeds and this typically results in a 3–4-week delay 
before sowing can commence. As a result of the constraints of the climate and the 
crop management practices, the average grain yields of rainfed cereals are limited to 
around 1.0 t ha−1 in the Middle East, as was also the case in Australia in the 1960s.
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Over the past 50 years, Australian farmers have changed their production sys-
tems dramatically. They have eliminated fallow phases, introduced new crops (e.g., 
grain legumes and canola), and embraced herbicides to kill weeds immediately 
before planting and/or selectively within the crop growth period (Anderson and 
Angus 2011). Herbicides enabled farmers to manage weeds without plowing and 
plant crops before or soon after the first autumn rains. During the last two or three 
decades, there has also been a dramatic shift away from plowing before sowing to-
ward the adoption of ZT seeders (mostly tine-type) to sow seeds and fertilizers into 
undisturbed soil in narrow slots while most of the residues from the previous crop 
are left either standing or on the soil surface between the rows. The adoption of ZT 
in Australia has been driven by a combination of three main factors: high fuel and 
labor costs; the ability to conserve soil moisture, which enables early crop establish-
ment particularly when autumn rains are marginal; and a desire to minimize the risk 
of soil erosion (D’Emden et al. 2008). The adoption of ZT practices is now wide-
spread across Australia, and in many regions more than 85 % of all agricultural land 
is not cultivated (Llewellyn et al. 2012). Australia is now held up as an example of 
where the adoption of three key principles of CA, that is ZT, soil cover, and diverse 
rotations, has been a success (Kassam et al. 2012).

The similarities between the environments and cropping systems of the dryland 
areas of the West Asia and southern Australia gave collaborating Australian sci-
entists confidence that CA practices, especially ZT and early sowing, could have 
a role to play in increasing crop productivity and improving farmer livelihoods in 
the Middle East. This led to the first phase of a project funded by ACIAR, which 
started in 2005. It was hoped that this project would provide a more advanced and 
sustainable cropping system for the Middle East, based on the one developed and 
used widely in southern Australia with crops originating from the Fertile Crescent. 
Australia had benefited greatly from the crops given by the Fertile Crescent. If ele-
ments of the Australian cropping system could be adapted to local conditions in the 
Middle East, it might in turn be a “gift” back to the Fertile Crescent that contributes 
to the restoration of the region as the food basket for its expanding populations who 
are much troubled by civil conflicts.

9.4 � Zero-tillage Adoption in Iraq and Syria

Nineteen years before the Australian-funded project started, a long-term tillage 
experiment was established at ICARDA’s headquarters at Tel Hadya, near Aleppo 
in northern Syria. The experiment compared conventional deep disc plowing and 
chisel cultivation, conservation tillage by a duckfoot cultivator, and direct seeding 
with ZT in two crop rotations: durum wheat–lentil–melon and bread wheat–chick-
pea–melon. All treatments were sown at the same time, well after the first autumn 
rains. Pala et al. (2000) reported no significant differences in the mean and range of 
grain yields and water-use efficiencies among the different tillage systems in both 
rotations over a 12-year period (1986–1997). Changes in weed populations were 
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observed, and a higher level of weed management was required in the ZT plots. An 
economic analysis of the results was not conducted, but the ZT treatments would 
have provided cost savings associated with reduced fuel and labor inputs, and one 
could assume that these would produce higher profits than the conventional tillage 
(CT) treatments. However, no concerted effort was made to extend these results to 
farmers.

At the start of the ACIAR project, local researchers and extension specialists 
were skeptical whether crops could be grown in the region without plowing, partly 
because of the observations of increased weeds in ZT plots from the earlier tillage 
experiment. In response, the project initiated a series of research experiments com-
mencing in 2005 to verify, adapt, and demonstrate ZT and other CA and improved 
crop management practices. These could not be done in northern Iraq (the target 
region of the project) because civil unrest and insurgency made it impossible for 
international staff to visit, undertake research, or conduct extension activities there. 
Instead, much of the research was conducted at Tel Hadya, where good facilities 
were available and international staff resided nearby. Early experiments confirmed 
that ZT cropping was indeed not only possible but also more profitable than CT 
systems, giving similar or better crop performance at lower cost. Other experiments 
and demonstrations were also conducted in Iraq by project collaborators, produc-
ing good results. These were instrumental in generating awareness and interest in 
ZT technology among other scientists and innovative farmers from Iraq and Syria 
inspecting this work and discussing the concepts of CA and ZT technology. The 
ICARDA adaptive research program also encouraged researchers, extensionists, 
and farmers to conduct similar experiments, demonstrations, and field evaluations 
in other parts of Syria, Iraq, and other neighboring countries.

To the best of our knowledge, no farmers were using ZT in Iraq or Syria when the 
project started in 2005. Since then, awareness and experience of ZT grew quickly, 
local ZT seeders were developed and became available commercially, and the tech-
nology was demonstrated and extended by participatory groups in both Iraq and 
Syria during the second phase of the project which started in 2008. The area and 
number of farmers adopting ZT increased steadily, undoubtedly as a direct result of 
the project, and with associated support from the national partners. In 2011/2012, 
measurements of adoption were around 30,000  ha by more than 500 farmers in 
Syria, and 7,800 ha by about 100 farmers in the Ninevah governorate in Iraq (Piggin 
et al. 2011). More recent surveys show further increases in 2012/2013 to more than 
10,000 ha in Iraq; however, accurate figures for Syria were not available because of 
the ongoing conflict in that country (Figs. 9.1, 9.2, 9.3, and 9.4).

The civil unrest which commenced in Syria in 2011 prompted ICARDA to with-
draw its international staff in the middle of 2012, and while its input into the promo-
tion of ZT was greatly reduced, Syrian research and extension partners continued to 
support farmer groups where they were able. In the 2012/2013 season, ZT adoption 
appears to have increased because the conflict prompted more farmers to reconsider 
their crop management practices (Haddad et al. 2014b). The supply of fuel was of-
ten limited and prices increased by about four times in less than two years, so plow-
ing rapidly became a lot more expensive. In 2012/2013, one farmer in the Kamishly 
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area, Mr. Ali Alewi, indicated that he was able to plant four times the area of crop 
using ZT because of the fuel and other savings compared to his previous intensive 
plowing practices. In addition, plowing during a civil conflict involved consider-
able personal risk, not only while working in the field but also during travel and the 
transport of machinery from village residences to sometimes distant fields along 
public roads, so this was another motivation to switch to ZT. Haddad et al. (2014b) 

Fig. 9.2   Colin Piggin (Project Manager 2005–2011) explains to visitors one of the long-term 
experiments conducted at Tel Hadya, Syria, in 2008. (Photo: A. Haddad)

 

Fig. 9.1   Area and numbers of farmers that adopted zero tillage ( ZT) in northern Iraq and Syria 
between 2006 and 2013
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estimated that the area of ZT adoption in Syria in 2012/2013 may have reached as 
high as 50,000 ha, with plowed fields difficult to find in some northeastern districts.

There is little doubt that the project had a major impact in the adoption of ZT 
in Syria and Iraq in a relatively short period of time. The significant success of the 
project can be attributed to three critical strategies which we now explore:

1.	 Adaptive research to verify and fine-tune the technology for the region
2.	 Development of small, simple, and low-cost ZT seeders
3.	 Participatory extension campaigns that enabled farmers to test ZT seeders and 

develop CA packages on their own farms

9.5 � Adaptive Research

During 2005–2012, more than 40 adaptive research experiments investigated the 
suitability of elements of the CA cropping systems used in southern Australia to 
northern Syria and northern Iraq. Other experiments were also conducted by the 

Fig. 9.4   Syrian farmer, 
Ismail Jarrad, purchased 
an Ashbal zeo tillage ( ZT) 
seeder made by Ibrahim 
Shibley at Qabbaseen, Syria, 
in 2011. (Photo: A. Haddad)

 

Fig. 9.3   A field workshop comparing the performance of various seeders at Tel Hadya, Syria, in 
2009. (Photo: Y. Khalil)
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General Commission for Scientific Agricultural Research in Syria and the Univer-
sity of Mosul in Iraq. A number of aspects of CA and improved crop management 
were investigated.

9.5.1 � Crop Yields

Results in bread and durum wheat, barley, lentil, and chickpea showed that seed-
ing without plowing resulted in similar or better crop growth and grain yields than 
the CT systems requiring two or three cultivations before sowing. The importance 
of the combination of ZT and early sowing was clearly apparent in the first few 
seasons. For example, in 2007–2008, lentil yield was 0.67 t/ha with the traditional 
farmer practice of CT and late sowing, and 1.23 t/ha with ZT and early sowing—a 
massive increase of 84 % (Piggin et al. 2011). The majority of the yield increase in 
the new cropping systems in northern Syria was attributed to the earlier sowing—in 
2007/2008 and 2008/2009, early sowing accounted for 52–83 % of the yield re-
sponse. As was the case in Australia, direct seeding into undisturbed soils enabled 
early sowing either before or immediately after the first effective autumn rains 
which often improved water-use efficiency and produced significant yield increase 
in the cereals and grain legumes, particularly when the growing season rainfall was 
below average (Piggin et al. 2014). The elimination of plowing, which reduces costs 
and in some cases increases crop yields, also permits early sowing, which subse-
quently increases yield in most seasons.

9.5.2 � Soil Moisture and Fertility

In an analysis of a long-term experiment in 2009/2010 on the clay soil at Tel Hadya 
and using crop modeling with over 30 years of weather data, Sommer et al. (2012) 
suggest there is little benefit in retaining standing stubble in terms of soil water re-
tention and yield at this site. Insignificant differences in crop growth, water use, and 
grain yields were measured between plots where 100 or 30 % of the crop residues 
were retained. This may be because of the “self-mulching” characteristic of this soil, 
which naturally prevents soil evaporation, however, they measured about 55 % of 
the seasonal precipitation was lost by unproductive soil evaporation in most years. 
Another factor in the lack of a measurable mulching effect may have been the fact 
that the residue treatments differed only in the amount of standing stubble left after 
harvest, while the amount of residues left laying on the soil surface were similar.

Improvements in soil fertility (organic carbon, available phosphorus, water-sta-
ble aggregates, and water infiltration) were measured in the experiments after 5–6 
years (Loss et al. 2013). The carbon sequestration rate associated with increased soil 
organic matter was in the range of 0.27–0.30 Mg C/ha/year, and this rather modest 
increase was probably due to low to moderate crop productivity and a reasonable 
starting soil organic matter content of about 1.3 %. No effects of tillage or residue 
retention were measured on soil mineral N, microbial biomass, bulk density, or 
moisture retention.
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9.5.3 � Seed Rates and Varieties

Other experiments showed that seed rates could be reduced significantly because 
of the more accurate seed placement and metering with ZT seeders, resulting in im-
proved plant establishment and early vigor, especially when crops were sown early. 
Traditional sowing practices with little control over seed placement (e.g., broadcast 
over ridges), poor quality seed, and the misperception that thick crops resulted in 
higher yields meant farmers typically used seed rates as high as 250–300 kg/ha for 
cereals. In contrast, the results from the field experiments indicated that seed rates 
of 70–100 kg ha−1 produced the most profitable outcomes over a range of seasons 
when sown early with accurate ZT seeders and good-quality seed.

In other experiments with a limited number of cereal and legume genotypes, 
results suggested that varieties which performed well under CT also performed well 
with ZT, and, therefore, breeders need not select varieties specifically for CA sys-
tems (Piggin et al. 2011). This requires further confirmation with a greater number 
of genotypes. Nonetheless, it is advisable that breeding programs switch to the new 
crop management practices to develop varieties best adapted to this system, given 
the rapid adoption of ZT, early sowing, and reduced seed rates in Syria and Iraq. 
There may be traits that make some varieties better adapted to particular aspects of 
the new cropping system; for example, cereals with long coleoptiles are better able 
to emerge through thick crop residues.

9.5.4 � Weeds and Diseases

Plowing and removal of crop residue was widely justified as a technique to avoid 
the buildup of weeds and diseases. In a long-term tillage × time of sowing experi-
ment conducted at Tel Hadya, the total weed population was increased in a cereal 
grain–legume rotation under ZT compared to CT after 6 years, however, the total 
weed biomass was less under ZT than CT (Khalil et al. 2013). The weed populations 
in the ZT plots were dominated by the legumes Scorpiurus muricatus L. (scorpion 
plant) and Coronilla scorpioides (L.) W. D. J. Koch (annual scorpion vetch) which 
tend to be small and are not very competitive with the crop, so their impact on crop 
growth was actually minimal. The weed spectrum changed with the adoption of ZT 
and it is likely that the weed seeds remaining on the soil surface in ZT were more 
prone to predation by insects and other animals, and their viability was reduced by 
greater exposure to the elements. Later observations in farmers’ fields confirmed 
that the overall weed burdens under ZT were often not different or lower than CT. In 
many low- to medium-rainfall environments in the Middle East, there is no summer 
rainfall and weeds are unable to grow until the first autumn rains. In the majority of 
the experiments at Tel Hadya, when crops were sown before or immediately after 
the first rains, there was no noteworthy weed growth immediately before sowing 
and the use of a nonselective herbicide was not required. Surveys of fungal diseases 
and nematodes in a number of crops in ICARDA’s long-term experiments showed 
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no effect of ZT and crop residue retention, apart from Ascochyta blight in chickpea 
which was more widespread but not more severe in the ZT than CT plots, especially 
when sown early (Seid et al. 2012).

9.5.5 � Growing Awareness

The adaptive experiments conducted by ICARDA, the General Commission for 
Scientific Agricultural Research, and the University of Mosul were instrumental in 
convincing skeptical scientists and technical staff that crops could be grown suc-
cessfully without tillage. Some of these people had spent many decades believing 
that tillage was essential for weed control, good soil structure and water infiltra-
tion, low bulk density and favorable root growth, and disease and weed manage-
ment, just as they had been taught many years earlier. But seeing the crop growth 
in the experiments first hand and the yield data after harvest played a critical role in 
changing their thinking.

Innovative farmers also visited the experiments at field days, and were given 
an introduction to the principles of the technology and how CA is implemented in 
other parts of the world. In many cases, the practice of tilling for land preparation 
was deeply ingrained and while many did not think ZT was viable, even after seeing 
the experimental results, they could see the benefits of reducing costs. Reluctant to 
abandon tillage completely, they often asked if reduced tillage might provide similar 
benefits. Consequently, there was an initial tendency to switch from the moldboard 
plow to using one pass of a chisel plow or duckfoot cultivator before sowing. How-
ever, early experimental results in Syria showed this was less preferable than going 
directly to ZT, partially because it did not allow early sowing or the same level of cost 
saving. Similar results with minimum tillage were obtained in Iraq (Alrijabo 2014).

Some progressive farmers inspecting the experiments immediately saw the po-
tential benefits of ZT and were keen to test the new approach including early sow-
ing, so a “conservation cropping package” was developed as a set of “best bet” rec-
ommendations for crop management (Table 9.1). As discussed later, the elimination 
of plowing and use of a ZT seeder were depicted as the most important elements, 
because these delivered immediate cost savings to farmers and in most cases yield 
increases. All other elements, including crop residue retention and rotation, were 
communicated as desirable options but farmers were not encouraged to adopt all 
parts of the package simultaneously.

9.6 � Development of Zero Tillage Seeders

To implement the most critical part of the cropping package, i.e., eliminating plow-
ing and direct drilling, farmers needed access to suitable ZT seeders. Most imported 
ZT seeders were heavy, expensive, complicated to use, and difficult to maintain and 
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repair, and therefore were not suitable for small farmers in developing countries. 
Several earlier research and development projects in other countries had demon-
strated the advantages of ZT using imported seeders, but subsequent adoption was 
usually limited to large farmers who could afford to invest in imported machinery 
and derive a rapid and substantial return on their investment over the large areas of 
their farms. For example, in Morocco CA research started in the 1980s and dem-
onstrated significant improvements in soil fertility and crop production (Mrabet 
2007), but 30 years later adoption is still low. Similarly, the benefits of ZT were 
measured in various parts of Turkey two decades ago, but subsequent adoption by 
farmers was negligible (Gültekin et al. 2011). For most small farmers, the lack of 
suitable small ZT seeders or service providers using such equipment is a major bar-
rier to adoption. Farmers in northern Syria and Iraq are relatively small (less than 
20 ha), they lack the financial resources to invest in expensive machinery, and they 
can derive only a small benefit each year because of their limited cropping area. So 
the development of at least one supplier of small, simple, and affordable ZT seeders 
was considered essential if permanent and widespread adoption of ZT was to occur 
in the Middle East.

9.6.1 � Syrian Manufacturing

In the Middle East, tined seeders with knifepoints were favored over disc machines 
because of their simplicity, robustness, and suitability to a wide range of soil types. 
A number of machinery workshops operated in Syria but their scale and quality 
was low by international standards. In 2007, machinery manufacturers near Aleppo 
were invited to inspect the field experiments at Tel Hadya and be introduced to CA 
technology. After seeing examples of ZT seeders and the impressive crop results in 
the field, several expressed interest in producing ZT prototypes. Their manufactur-
ing capacity was enhanced with expertise from Australian agricultural engineers, 
and a number of prototype ZT seeders were manufactured commencing in 2008.

Table 9.1   The elements of the recommended “conservation cropping package” derived from field 
experiments conducted in Syria and Iraq from 2005 to 2010
Stop plowing
Keep crop residue on the soil surface if possible—do not burn stubbles
Graze stubble if needed
If needed, kill weeds at sowing with a nonselective herbicide like glyphosate
Plant early before the autumn rains (October) or immediately after (November)
Use ZT seeders for all crops
Use good-quality seed of the best adapted varieties
Reduce seed rates: 50–100 kg/ha cereals; 100–150 kg/ha pulses
Sow consistently at a depth of 4–5 cm for cereals
Use best fertility and weed/disease/pest management practices
Include noncereals in rotations if possible

ZT zero tillage
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The flexible conservation cropping package promoted to farmers permitted graz-
ing of crop residues before sowing, so the ability of the ZT seeders to sow into thick 
stubble was not essential, especially in rainfed fields where yields are often low. But 
in irrigated areas with intensive cropping, high yields, and low populations of graz-
ing animals, there were some difficulties with heavy crop residues causing clump-
ing and blockages of seed and fertilizer during sowing operations. These were over-
come by widening the spacing between rows (typically from 15–17 to 20–25 cm), 
redistributing tines on three rather than two tool bars (or ranks), and lifting the seed 
and fertilizer boxes to allow the free flow of seed and fertilizer down the tubes to the 
furthest tines. Most had separate seed and fertilizer placement, but did not include 
press wheels to minimize the cost.

Many of the Syrian manufacturers benefited from a close association with their 
customers and they became promoters of the technology to a wider group of farmers 
inquiring about the purchase of machinery. Iterative improvements in seeder design 
and manufacture were assisted by the close links between the machinery work-
shops and farmer groups. In 2012, there were seven manufacturers of ZT seeders in 
Syria, mostly village based, and over 70 locally made seeders had been purchased 
by farmers for US$ 2000–7000 (see Fig. 9.5). Some seeders were also exported to 
other countries for CA development projects. The local manufacturing of ZT seed-
ers created badly needed employment in rural areas and provided farmers with good 
access to advice, spare parts, and repairs when required.

During 2012, improvements in materials, design, and construction were ongo-
ing when the escalation of the civil unrest disrupted manufacturing operations and 
workshops were unable to meet the increasing demand for ZT seeders. With the 

Fig. 9.5   Six of the simple zero tillage ( ZT) seeders produced commercially by local village work-
shops in Syria in 2011. Prices varied from US$ 2000 to 7,000. (Photos: A. Haddad)
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decline in the manufacture of seeders, Syrian farmers have recently turned more 
towards converting conventional seeders to ZT by simply replacing the traditional 
duckfoot points with locally made narrow knife-edge openers (Haddad et al. 2014b).

9.6.2 � Iraqi Manufacturing

In northern Iraq, manufacturing capacity and availability of materials had been 
weakened by decades of conflicts and isolation of that country, so the initial focus 
of innovative farmers wanting to test ZT was to convert their existing conventional 
seeders using narrow knifepoints made locally and increasing row spacing from 
the common 17 to 22–30 cm (Jalili et al. 2011). Australian John Shearer seeders 
introduced by earlier Australian aid projects and Rama seeders made in Jordan were 
popular in Iraq, and proved cheap and easy to convert to ZT. Press wheels were 
considered an important part of the seeding systems by the Iraqi researchers and 
farmers, and these were also manufactured locally and fitted to converted seeders. 
In Iraq, more than 40 seeders were converted to ZT and several Iraqi farmer–manu-
facturer groups were involved in the development of locally made seeders, tines, 
and press wheels. The first Iraqi-manufactured ZT seeder prototype was completed 
in 2012, and several units were made in 2013/2014 (Jalili et al. 2014).

9.7 � Participatory Extension Program

The “conservation cropping package” developed from the adaptive experimen-
tal program was initially evaluated by innovative farmers in Syria and Iraq in 
2008/2009 when locally made ZT seeders first became available, and further fine-
tuned to their local conditions in subsequent seasons. This package deliberately 
focused on eliminating tillage, adoption of ZT seeders, and sowing early with re-
duced rates of seed, because these changes provided the greatest immediate benefits 
to farmers through reduced costs (fuel, labor, and seed) and often increased yields 
(Table 9.1). In contrast to many other projects promoting CA around the world, 
little emphasis was given to the other two main principles of CA because it was rec-
ognized that maintaining soil cover with crop residues and diversifying crop rota-
tions are more difficult changes for farmers in this region. For small farmers, many 
of whom are poor and illiterate, including all three aspects of CA simultaneously 
would have been too great a change in one step and the added complexity would 
have increased the likelihood that something would go wrong causing them to reject 
the whole package. Instead, adoption of CA was seen as a process, whereby farmers 
could take a step at a time when they felt ready, with ZT being the most important 
first step. Similar stepwise adoption of technological packages by farmers has been 
noted in Mexico (Byerlee and Hesse De Polanco 1986).
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9.7.1 � Participatory Approach

The approach of this development and extension program was based on experi-
ences from Australia, where initial research showed direct drilling or ZT cropping 
without plowing was promising; farmers modified their seeders because of local un-
availability of commercial ZT seeders; and farmers, researchers, and extensionists 
worked closely together in promoting ZT awareness, experience, and adoption in a 
participatory manner. Lessons were also learned from CA demonstration projects in 
other developing countries where activities had been less successful in generating 
real adoption. These projects often ran CA “farmer demonstrations” where govern-
ment research, development, and extension staff conducted all operations from start 
to finish largely independently of the farmer; used large, complex, expensive, and 
imported ZT seeders; provided all the inputs for the farmers; and in some cases paid 
farmers for use of their land. These projects were less successful probably because a 
sound awareness and firsthand experience with ZT was not developed by the farm-
ers who had low levels of ownership of the activity. With no simple access to small, 
affordable, and effective ZT seeders, it should have been no surprise that farmers 
went back to their CT and sowing methods at the end of the project.

Australian experts in participatory approaches were engaged to deliver train-
ing to extension specialists in Syria and Iraq. Farmer groups were established in 
Iraq and Syria to evaluate the conservation cropping package, and each group was 
provided with a simple and affordable ZT seeder, either manufactured or converted 
locally in the region (Haddad et al. 2014a). These groups involved not only farmers 
but also seeder manufacturers, local government employees, private and nongov-
ernment organizations, researchers, and extension officers. Within each group, a ZT 
seeder was made available to farmers interested in testing it on their farm without 
providing any payment or inputs or other incentives to the farmer, other than use of 
the seeder free of charge. Some farmers were concerned about damaging the seeder, 
so it was guaranteed that they would not be held liable for any damage. Most groups 
elected a leader to coordinate the testing of the ZT seeder and arrange repairs if they 
were required during or after the sowing season. The fact that there were no pay-
ments for participating in the evaluation and the farmers were expected to provide 
all their own inputs (seed, fertilizer, fuel) was rarely questioned. This was not a 
constraint for innovative farmers who were keen to improve their profitability and 
could see the potential of the technology to increase production, reduce costs, and 
improve their soils.

Farmer-to-farmer communication and learning were supported and they willing-
ly shared their experiences with other members of the group at field days and post-
harvest meetings (Fig. 9.6). These activities proved popular with the members of 
the groups and highly effective in raising awareness and adoption, with the number 
of participants and comparisons growing exponentially as ZT was accepted more 
widely each year. Many participating farmers took much pride in presenting their 
results and discussing potential improvements at field days and meetings with ev-
eryone present, sometimes including national television coverage. The participatory 
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aspect of this program was critical to its success as it gave farmers ownership of the 
ZT demonstrations and direct experience with ZT seeder operation, early planting 
of crops, and reduced seed rates in their own fields.

As was the experience in Australia and many other parts of the world where 
CA has been successfully adopted (Kassam et  al. 2012), farmers and farmer-led 
organizations are taking a lead in developing and promoting ZT technology in Syria 
and Iraq in collaboration with researchers and extension organizations, and local 
machinery manufacturers. In an encouraging development in both Iraq and Syria, 
some groups of farmers proud of their achievements and keen to spread the benefits 
of ZT technology have independently organized and funded their own field days. 
An important development in Iraq was the formation of the “Mosul Society of Con-
servative Agriculture,” a group of farmers and scientists who encourage and support 
CA development and education in Ninevah.

9.7.2 � Farmer Yields

Farmers were encouraged to compare the crop performance of their ZT field (most-
ly including early sowing at reduced seed rates) with CT crops in their own or 
nearby conventional fields, and keep good records of their management and yields. 
A preliminary analysis of the Syrian farmer evaluation data over three seasons is 
presented in Table 9.2—this includes a number of different crops (mainly barley, 
wheat, and lentil, but also chickpea, vetch, Lathyrus, and cumin), grown in a wide 
number of regions and rainfall conditions including some irrigated fields. Apart 
from ZT and early sowing (and in some cases reduced seed rate), the fields com-
pared were managed similarly. In the vast majority of cases, crop growth and yields 
were equivalent or significantly better with ZT and early sowing compared to fields 
sown conventionally. Given this was the first time that many farmers had used the 
technology, it was surprising that CT fields outyielded ZT in only a handful of 
cases. On average, over all 3 years, the grain yield increases with ZT compared to 

Fig. 9.6   Participants at a conservation agriculture ( CA) field day at Al Shaikhan, Iraq, in 2013. 
(Photo: Z. Taha)
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CT were 0.26 t/ha (15 %) for barley ( n = 278), 0.33 t/ha (19 %) for wheat ( n = 264), 
and 0.23 t/ha (21 %) for lentil ( n = 88).

The 2010/2011 season was especially dry in some parts of Syria, and among the 
460 comparisons, there were 103 where crops grown with CT and late sowing could 
not be harvested (i.e., no yield was harvested) while nearby ZT fields with early 
sowing produced an average grain yield of 0.57 t/ha for both wheat and barley, and 
0.48 t/ha for lentil. This evidence unmistakably confirms the benefit of ZT and early 
sowing in dry conditions, and the ability of this technology to increase the resilience 
of many crops to drought and climate change in the Middle East. In addition, under 
situations where yields were greater than 3.0 t/ha (some irrigated) the average yield 
increase with ZT and early sowing across all three seasons was 0.45  t/ha (13 %) 
for barley ( n = 71) and 0.35 t/ha (9 %) for wheat ( n = 69). So, contrary to studies in 
other regions, these data suggest CA technology is also highly suited to favorable 
environments (Farooq et al. 2011).

9.7.3 � Experiences Under Irrigation

Some researchers and farmers in Iraq also tested the conservation cropping package 
under supplementary sprinkler irrigation and observed similar benefits (Alrijabo 
2012). In irrigated areas where livestock numbers and the potential for grazing are 
low, such as the Kurdish region of northern Iraq, crop residue levels are usually 
large and farmers typically burn their stubbles before sowing. In some cases, exces-
sive crop residues caused issues with direct drilling with a ZT seeder and poor crop 
establishment, and further improvements in the stubble-handling capacity of the 
seeders were required. Where crop establishment was good, farmers noted reduced 
irrigation water requirements and less tendency for the soils to become muddy and 
untrafficable, probably as a result of improved soil structure and water infiltration 
under ZT. As was the case for rainfed conditions, yields produced with ZT were 
usually similar or better than nearby CT fields. Improved timeliness of operations 
was also reported as an advantage of the ZT and early sowing technology, especially 
for farmers growing multiple crops each year. Many were able to harvest a crop one 
day and sow the next crop on the following day with the ZT seeder. While farmers 
in the region do not pay for water or face water quotas, they require fuel or electric-
ity to run their irrigation pumps, so the ZT fields incurred lower costs associated 
with the pump use, in addition to the fuel savings with reduced tillage operations. 
Reduced need for irrigation will also increase the sustainability of local groundwa-
ter supplies.

The farmer evaluation campaign clearly demonstrated that the ZT seeder was 
widely applicable to all soils and seasons, and it was rare for a farmer to try a ZT 
seeder and not continue or expand their ZT plantings in subsequent years, by either 
borrowing the group’s ZT seeder again or borrowing or renting from another farm-
er, or purchasing their own. Economic data were also collected and are currently 
being analyzed, but all farmers benefited through savings in fuel and labor because 
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of the elimination of tillage operations, as well as reduced seed costs because of 
lower seed rates. In combination with the cost savings, increased yield also boosted 
overall profits significantly.

9.7.4 � Socioeconomics

As part of the ACIAR project, several detailed socioeconomic surveys were con-
ducted in Syria and Iraq to better quantify the impact of the extension program and 
patterns of adoption, and identify constraints and possible solutions. In 2011, a sur-
vey was conducted of 338 wheat farmers in Ninevah, of whom 35 used the conser-
vation cropping package (Abdulradh et al. 2012). The average yield of wheat was 
increased significantly by adopting ZT and the mean level of technical efficiency 
between farming systems was 87 % for ZT farms compared to 75 % for those using 
CT. The cost of ZT seeder purchase or conversion was highlighted as an obstacle 
for adoption, especially by small poor farmers. It was suggested that adoption of CA 
would be enhanced further if government subsidies for inputs such as seed, fertil-
izer, and fuel which tend to promote their overuse were redirected towards reducing 
the cost of ZT seeders.

An analysis of a large survey conducted in 2011 of 820 households in 28 villages 
is presented by Yigezu et al. (2014) in Chap. 10 of this book. They found that the 
average Syrian farmer is able to increase their production efficiency by 86 % by 
adopting ZT, or produce the same levels of outputs as CT but with 22 % less inputs. 
By adopting ZT, the typical Syrian farmer was getting about 465 kg/ha (31 %) more 
yield than using CT, and net farm income increased by US$ 194/ha. Based on the 
Syrian poverty line of US$ 1.25 per capita per day, the adoption of ZT helped 57 % 
of farmers lift themselves out of poverty. The survey results also highlighted the 
effectiveness of field days and farmer testing to promote ZT.

9.8 � Conservation Agriculture Adoption in Other 
Countries

9.8.1 � Turkey

Since the late 1990s, various research projects have demonstrated the benefits of 
CA in Turkey’s dryland and irrigated farming systems. Fuel costs in Turkey are 
among the highest in the world, and reduced costs and similar yields make CA 
technologies more profitable compared to CT systems (Gültekin et  al. 2011). In 
addition, significant benefits in soil fertility were measured and soil erosion which 
is a major issue in many parts of Turkey was reduced. Unlike other countries in the 
region, Turkey has a well-developed machinery manufacturing sector, and about 
seven companies currently manufacture reduced-tillage or ZT seeders, mostly disc 
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type which are heavy, and complicated to use compared to tine-types. These ZT 
seeders attract government subsidies. Despite the favorable research results and 
local supply of relatively cheap ZT seeders, adoption of CA by farmers in Turkey 
is negligible apart from a few pilot CA demonstration areas. Barriers to adoption 
include the perceived cost and effectiveness of ZT seeders, the high value of crop 
residues for animal feed, although residues are often burned in irrigated areas, and 
the expectation that weeds will increase without tillage. Most importantly, a lack 
of knowledge and awareness about the practical implementation of ZT, and limited 
experience in residue handling under irrigated systems has discouraged any wide-
spread attempts of implementing CA in Turkey to date.

9.8.2 � Lebanon

In studies conducted in Lebanon during 2005–2007, Yau et al. (2010) compared the 
growth of barley, chickpea, and safflower under ZT, minimum tillage, and CT. They 
concluded that in contrast to most farmer opinions, there was no evidence showing 
that ZT yields less than CT, but also, little evidence that it would yield more. Other 
research in Lebanon showed that CA lowers production costs, thereby increasing 
farmers’ profits, and reduces land degradation (Bachour et al. 2009), so there are 
net benefits with CA. Savings of US$ 2,000/ha were reported over three years in 
olive tree orchards interplanted with vetch using ZT by Jouni and Adada (2010), 
and adoption of this technology had expanded to more than 2,000 hectares in 2012. 
The perceived obstacles to adoption are lack of awareness among researchers, ex-
tensionists, and farmers; lack of suitable ZT seeders; crop residues creating a fire 
hazard in the summer season; and the need to use crop residues for animal feed. In 
addition, farm sizes in Lebanon are very small. About 70 % of farms are less than 
1 ha, and farmers rely on local contractors to conduct most machinery operations, 
although this may not be a barrier to adoption if contractors embrace ZT and pur-
chase ZT seeders.

9.8.3 � Jordan

In Jordan, a CA demonstration program was established in 2009 by a joint project 
between the National Center for Agricultural Research and Extension and ICAR-
DA. Syrian ZT seeders were imported and found to be less efficient than ZT seeders 
from Spain or Brazil which is not surprising given the Syrian seeders were four to 
ten times less expensive. Following the ICARDA evacuation of Syria, the ACIAR 
project was based in Amman, and it has worked with a local manufacturer (Rama 
Manufacturing) to design and produce affordable ZT seeder prototypes with con-
siderable success. Further development and commercial availability of the Rama 
seeders will help promote adoption in Jordan and the region. Awareness of CA in 
Jordan is increasing but adoption currently remains low, which may be related to 
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the facts that cropping is not a major enterprise in Jordan and, as in Lebanon, farm 
sizes are small and use of contractors is high.

9.8.4 � Iran

Initial studies on irrigated wheat production in central and arid regions of Iran con-
firmed that ZT improved soil structural stability and, although crop productivity did 
not increase in the short term, costs were reduced (Hajabbasi and Hemmat 2000). 
Later work measured an improvement in crop productivity and water-use efficiency 
in continuous wheat, wheat/fallow, and wheat/chickpea rotations under rainfed con-
ditions (Hemmat and Eskandari 2004a, b, 2006). As in Turkey, Iranian machinery 
manufacturing is relatively advanced and at least four companies have commenced 
producing small cost-effective ZT seeders, both disc and tine types. Reduced tillage 
(use of chisel plough rather than moldboard) is spreading and the Iranian govern-
ment has plans to promote CA to Iran’s vast dryland and irrigated agricultural areas.

9.8.5 � Egypt

To the best of our knowledge, research into CA in Egypt is relatively new. This coun-
try has large areas of irrigation like central and southern Iraq, and crops are domi-
nated by wheat–rice–cotton–forage and grain–legume rotations. Large amounts of 
crop residues are often burned if they cannot be harvested for hay or direct grazed. 
Initial studies in Egypt led by the Food and Agriculture Organization (FAO) have 
demonstrated significant benefits of CA and they can learn much about CA under 
irrigated conditions from central Asia (Nurbekov et al. 2013) and India (Lienhard 
et al. 2013).

9.8.6 � Israel and Palestine

According to our information, there is no adoption of CA in either Israel or Pales-
tine. Although these countries produce dryland cereals and other crops in almost 
identical conditions to Syria and Jordan, ZT seeders are yet to be introduced into 
these countries.

9.9 � Challenges for Conservation Agriculture in the 
Middle East

There are several challenges for ongoing adoption of CA technology in the Middle 
East.
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9.9.1 � Soil Cover

Crop residues are highly valued in the integrated crop and livestock production 
systems common throughout central and West Asia and North Africa, and in dry 
years, the straw of crops can be more valuable as a stock feed than the harvested 
grain (Magnan et al. 2012). Where ZT has been adopted in the Middle East (mainly 
in Syria and Iraq), very little has changed in terms of crop residue retention or soil 
cover. In any case, the amount of crop residue produced in these dryland systems 
is relatively low and the benefits of crop residues may be relatively small (Sommer 
et al. 2012). This deserves further research in the region.

If farmers want to retain crop residues to benefit soil fertility and moisture reten-
tion, fields would need to be fenced because many livestock owners and shepherds 
do not recognize the farmer’s ownership of the crop residue once the crop has been 
harvested. The high cost of fencing is a major obstacle for most farmers in the Mid-
dle East. However, one innovative farmer in Ninevah, Mr. Sinan Jalili, has started a 
fencing program to protect and allow effective management of his crop residues. If 
alternative feed sources were developed and adopted, and grazing better controlled, 
it is more likely that crop residues would be retained on the soil surface.

Many forage legumes or dual-purpose cereal crops (for both grazing and grain 
production) have potential, especially for farmers that produce both crops and live-
stock (Christiansen et al. 2000). The use of palatable perennial species like Atriplex 
spp. or cactus to form permanent alleys in combination with CA cropping in be-
tween the alleys could also provide another forage source, but grazing would need 
to be carefully managed to maintain soil cover between the alleys, and also avoid 
overgrazing of the alley species. The role and benefits of residues and alternative 
feed sources need more detailed study in the region, especially where rainfall is low 
and/or highly variable.

In irrigated areas where livestock numbers are relatively low, excessive crop 
residues can be an issue for effective crop establishment under ZT. Researchers and 
farmers in irrigated areas can learn much from experiences with CA in central Asia 
and India.

9.9.2 � Diverse Rotations

Cropping systems in central Asia, West Asia, and North Africa continue to be domi-
nated by cereals, especially in rainfed and risky environments. Development and 
promotion of productive and profitable alternative crop options to diversify rota-
tions would be beneficial to the productivity and sustainability of the farming sys-
tems. Grain legume crops such as lentil, chickpea, and field pea should be reexam-
ined and any promising varieties and technologies promoted widely, in addition to 
oilseed crops such as canola which is now grown extensively in medium-rainfall 
areas of Australia. Improved mechanical harvesting of lentil and chickpea should be 
a priority, as this is a major obstacle to their adoption.
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Productive and persistent forage crops including legumes, once identified and 
verified, should be promoted widely. Both Vicia spp. and Lathyrus spp. have con-
siderable potential to break the barley monoculture or replace fallow in the fallow–
barley rotations common in dry areas (Ates et al. 2013). Government policy also has 
a role to play in regard to the production of alternative crops. Part of the dominance 
of wheat in some countries may be attributed to governments subsidizing wheat 
prices in an attempt at enhancing food security, in addition to low productivity and/
or poorly developed markets for alternative crops.

9.9.3 � Pest Management

While little change in the overall burden of weeds, insects, and diseases has been 
observed under ZT in Syria and Iraq, these could pose serious threats in localized 
areas, especially in high-rainfall zones where summer rainfall is more likely or un-
der irrigation. In these cases, an integrated pest management system including crop 
rotation will help minimize their occurrence and impact. In general, spraying tech-
nology and practices are basic in the Middle East, and there may be greater reliance 
on the use of pesticides under ZT, so targeted training may be required to improve 
the efficiency of pesticide application within CA systems. Herbicide resistance has 
been a major issue in the CA systems of Australia requiring high levels of integrated 
weed management (Anderson and Angus 2011). However, the low level of herbi-
cide use in the Middle East means this is not an immediate concern.

9.9.4 � Farm Size

Another factor contributing to low adoption of ZT and other new agricultural tech-
nologies is that farm sizes have become very small (1–5 ha) after centuries of in-
heritance in countries like Jordan and Lebanon. In the absence of irrigation, these 
properties are often too small to generate a reasonable income for a family, and the 
owners have to seek employment in other enterprises to supplement their income. 
Often, these small farms are not a serious full-time endeavor but more a weekend 
activity or past time, in which case the efficiency and profitability of production 
are not always a high priority for the owner. By contrast, Australian farmers have 
increased their efficiency greatly by increasing their size and through increased 
mechanization improved their economy of scale. Small dryland properties in the 
Middle East are often planted to orchards or olives requiring low maintenance, but 
even in these cases, ZT and the use of forage legumes between trees can profitably 
replace tillage as reported by Jouni and Adada (2010). An important step in promot-
ing adoption for small landholders in Lebanon, Jordan, and elsewhere will be work-
ing with machinery contractors who provide seeding services to these small farmers 
to develop their ZT awareness, knowledge, and skills.
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9.10 � Conclusions

Despite the challenges discussed above, many researchers, extensionists, and farm-
ers are now convinced CA is a technology which is both profitable and sustainable 
for most cropping areas of the Middle East, and one of the few cropping methods 
capable of increasing the resilience of farming systems to annual weather variabil-
ity associated with Mediterranean environments as well as any added stresses of 
climate change. With minor modifications and a modicum of flexibility, CA can be 
applied to a wide range of crops in diverse environments including irrigated condi-
tions. ZT and early sowing deserve greater evaluation, promotion, and adoption 
across the dry areas of the world, particularly in developing countries. On the back 
of the success of the ACIAR project, other ICARDA projects have been recently 
funded to promote the adoption of CA in Morocco, Algeria, Tunisia, Egypt, Jordan, 
Lebanon, and Tajikistan, and there is also much interest from Iran, Palestine, Tur-
key, and Sudan. These and other CA projects will benefit from the lessons learned 
and the successful strategies used in Iraq and Syria. The three important elements 
of the success in Syria and Iraq were verifying and adapting the CA technologies 
to suit local conditions and farming systems, providing access to suitable ZT seed-
ers, and facilitating and encouraging farmers to test the technology and promote it 
among themselves in a participatory approach.

While CA is a package of the three principles or pillars (ZT, soil cover, crop 
rotation), not all principles are equally important in all environments. In the dryland 
areas of the Middle East, as in southern Australia, ZT appears to be the most im-
portant pillar and farmers can reap significant benefits by adopting ZT, especially 
as this allows crops to be sown early. We recognize that ZT plus early sowing is 
not CA according to the rigid definition used by some authors, but it is a major step 
towards improving crop productivity, profitability, and sustainability, and one that 
many farmers can make with little risk of failure.
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Abstract  This study employs the Heckman selection model to identify factors 
affecting the adoption of zero tillage (ZT) and measure its yield, income, and con-
sumption impacts among Syrian wheat producers. A stochastic production frontier 
model is also estimated to compare the productive efficiency of adopters and non-
adopters. Model results show that participation in field days and hosting on-farm 
demonstration trials are among the most important variables that enhance adoption. 
ZT increases yield, consumption, and income and reduces income risk-lifting 57 % 
of the adopters out of poverty. A shift from conventional tillage (CT) to ZT would 
helps farmers to be more technically efficient in production and achieve current 
output levels with 22 % less inputs. Along with environmental benefits documented 
in existing literature, this study shows that ZT is one of the few technologies whose 
benefits can be justified on environmental, economic, and food security grounds.
The policy implications of these results are that education and extension that encour-
age farmers to participate in field days and host demonstration trials on their own 
farms are essential in promoting ZT technology adoption. In-depth analysis of the 
trade-offs between crop residue retention and the resulting loss in livestock feed in 
mixed crop–livestock production systems is warranted.

Keywords  Zero tillage · Conservation agriculture · Income · Efficiency · Food 
security · Stochastic frontier · Translog
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10.1 � Introduction

Severe land degradation and increasing scarcity of water raise concerns about the 
future of agriculture, especially crop production, in dryland areas of the Arab re-
gion. Conservation agriculture (CA), defined as cropping with minimal soil distur-
bance, stubble retention, and wide rotations (Friedrich et al. 2012), is believed to 
be a promising technology that can provide some solutions for these long-standing 
agricultural challenges in the region. However, CA is often looked upon with a high 
degree of skepticism mainly because of lack of information and evidence, particu-
larly on its effectiveness and profitability relative to traditional tillage and other 
agronomic practices (Belloum 2014).

Globally, about 9 % of total cropland was estimated to be under CA in 2012 but 
not necessarily the entire CA “package” (Friedrich et al. 2012). Zero tillage (ZT), 
an important cropping technology in its own right, as well as a defined component 
of CA, has been widely adopted in North and South America and Australia (Fulton 
2010; Horowitz et al. 2010; Llewellyn et al. 2012). However, with the exception 
of a few success stories in certain pockets, South Asia and Africa (Friedrich et al. 
2012; Giller et al. 2009) and West Asia (Piggin et al. 2011) have not yet benefitted 
from the advances of CA technology in general and ZT in particular.

ZT is an agricultural practice or technology where seed and fertilizer are sown 
through remaining stubble from the previous crop into narrow slits in the soil, 
opened by special narrow points and tines on a ZT seeder, without any prior till-
age. It is also known by various other names, including no-till (NT), direct seed-
ing (DS), and minimum tillage (MT). Adoption of ZT conserves soil moisture and 
reduces fuel, labor, and machinery costs (Ribera et al. 2004). In addition, elimina-
tion of plowing and retention of roots and some stubble from previous crops can 
reduce wind and water erosion and provide significant environmental benefits. ZT 
can often lead to higher yields, increased net returns, and reduced yield and income 
variability. As in many high-income countries, CA can lead to benefits for resource-
poor farmers and consumers, and improve rural and national economies in low- and 
middle-income countries in the Middle East, Asia, and Africa, especially those dry-
land regions (ICARDA 2012). ZT is thought to be the most important component of 
CA for the Middle East, providing immediate benefits to farmers (Chap. 9).

The aim of this study was to quantify the benefits of adopting ZT on rural house-
hold wheat production in Syria. In particular, we investigated the determinants of ZT 
technology adoption and the impact of adoption on area of land under ZT, yield, net in-
come, and consumption. We also investigated the productive efficiency of ZT adopters 
and nonadopters under the assumption that ZT technology is available to all farmers.

In view of the tremendous skepticism about the efficacy and profitability of CA, 
especially in the context of mixed crop–livestock production systems, this chapter 
provides important empirical evidence of the technical and economic benefits of 
ZT. The results are also important for policy makers, researchers, extension offic-
es, government and nongovernment development organizations, and development 
agents working in Syria and more widely in the Middle East and other areas with 
similar agroclimatic and production systems.
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10.2 � CA and ZT: Brief Synthesis of the Literature and 
Syrian Experience

10.2.1 � Synthesis of the Literature

CA is a technology package that involves a range of interrelated practices such as ZT 
or NT for minimum soil disturbance, crop residue retention for soil cover (mulch-
ing), and diverse crop rotation, mainly between cereals and leguminous crops for 
nitrogen fixation and control of crop diseases and pests. These practices have been 
developed and promoted to farmers around the world as a response to food security, 
farm profitability, and land degradation concerns (Pannell et  al. 2013). There is 
considerable literature on CA practices: Knowler and Bradshaw (2007) compre-
hensively reviewed and synthesized recent research on farmer adoption of CA and 
Pannell et  al. (2013) synthesized farm-level economics of CA for resource-poor 
farmers. The general consensus emerging from those reviews was that there are 
few, if any, universally accepted determinants for the adoption of CA practices. This 
is partly due to heterogeneity between regions, farmers in a particular region, and 
institutional factors that influence technology adoption. The economic outcomes of 
CA tend to be specific to particular people, places, and situations. This highlights 
the importance of considering site-specific conditions in promoting and determin-
ing the financial and economic attractiveness of CA and, more specifically, ZT.

In general, factors that influence the adoption of CA practices and, more specifi-
cally, ZT can be broadly categorized into four groups: (1) farmer and farm house-
hold characteristics such as age, education, and experience; (2) farm biophysical 
characteristics such as farm size, area planted, and soil type; (3) farm financial and 
management characteristics such as use of hired labor, farm profitability, and ex-
penditure on key inputs; and (4) exogenous factors such as input and output prices, 
and the use and availability of extension and technical assistance. The character-
istics of the innovation (i.e., practices or components being adopted), especially 
its relative advantage over existing practices and trialability, are other key factors. 
Relative advantage is the degree to which an innovation is perceived as being better 
than the practice it supersedes, and trialability is the ease of physically establishing 
a trial and the factors that influence the ability to learn from a trial (Pannell et al. 
2006). There is empirical evidence that adoption is also affected by risk-related is-
sues, especially perceptions about the riskiness of the technology, attitudes toward 
risk, and the option value of delayed adoption (Greiner et al. 2009). From a theoreti-
cal perspective, it is assumed that farmers will only adopt a new innovation if they 
expect it will help them achieve their social, economic, or environmental goals.

Adoption of a new technology package (involving a single or several compo-
nents) is a dynamic process that involves three interrelated decisions: (1) the choice 
of whether to adopt the technology components and in which sequence or combina-
tion, (2) the extent of adoption such as how much land to allocate to new and old 
technologies, and (3) the intensity of adoption such as the rate of fertilizer to apply 
per hectare (Jha et  al. 1990; Smale et  al. 1991). The combination of these three 
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decisions comprises the technology adoption decision and, aggregated over farms 
to the national area, is the diffusion of the technology. Final adoption is defined as 
the degree of use of a new technology in the long-run equilibrium when there is full 
information about the technology and its potential (Feder et al. 1985).

This study focuses on ZT, which is the technology being verified and promoted 
in Syria, along with associated enhancements of early sowing and reduced (ap-
propriate) seed rates (Piggin et al. 2011). There is empirical evidence that the main 
drivers of adoption of ZT (or at least reduced tillage) are reduced costs of pro-
duction, increased yields, and increased net farm return. For example, Sidhu et al. 
(2010) estimated the economic benefits from reduced tillage in wheat production 
in Punjab, India, and found that profit increases were attributed to cost savings. 
Reduced costs come mainly because of labor savings in land preparation as well as 
in cases where herbicide use replaced manual weeding. A review of several studies 
on the economics of ZT in the Indo-Gangetic Plains consistently showed benefits 
of ZT adoption in terms of cost savings and increased yields (Erenstein and Laxmi 
2008).

10.2.2 � History of CA in Syria

The governments of Syria and Iraq began to introduce CA in general, and ZT and 
a few other components of CA in particular, around 2001 and 2005, respectively, 
using local resources and support and funding from international development or-
ganizations, including the Arab Agency for Agricultural International Development 
(AAAID), Arab Center for Studies of Arid Zones and Dry Lands (ACSAD), the 
Australian Center for International Research (ACIAR), and the Australian Agency 
for International Development (AusAID). ZT was a fairly recent introduction in 
Iraq, and its adoption and impacts are still relatively low. However, in Syria, given 
the awareness created through earlier efforts since 2001 by the government through 
funds from AAAID and ACSAD, and the major push to evaluate, develop, and 
promote ZT and associated crop management technologies in the ACIAR–AusAID 
project since 2005, ZT has been well received by a relatively large number of farm-
ers over a fairly short duration. The success of the ACIAR–AusAID project at en-
hancing the adoption of ZT has been attributed to five main factors (Piggin et al. 
2011):

1.	 Local research verification and adaption of ZT.
2.	 Development of local production of effective ZT seeders at affordable prices.
3.	 A major participatory extension program where local ZT seeders were made 

available to farmers without cost or incentive payment to test on their own farms.
4.	 A series of major on-farm field days and walks with local project partners to 

display and discuss the technology.
5.	 Flexibility in allowing demonstration farmers to choose the adoption of ZT alone 

or in combination with other improved crop management options, such as early 
sowing and low seed rates, and encouraging retention of as much residue as 
possible.
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Survey results from Syria showed that ZT adoption is taking place rapidly (Pig-
gin et al. 2011). However, it remains to be confirmed and quantified whether ZT 
is attractive in the Syrian context with clear social, economic, and environmental 
benefits.

From discussions and experiences with Syrian farmers, one of the major con-
straints for adoption of ZT technology was the lack of adapted and affordable ZT 
seeders. In response, the ACIAR–AusAID project discussed and demonstrated ZT 
seeding technologies and requirements with local seeder manufacturers in 2007/08. 
Various prototype ZT seeders were developed with modifications to suit local 
conditions, including wide (~ 4 m) trailed machines for extensive areas in eastern 
Syria and narrow (~ 2.5 m) three-point linkage machines with spring-loaded tines 
for rocky areas in the north and east. The efficacy of those machines was proven 
in studies at the International Center for Agricultural Research in the Dry Areas 
(ICARDA) research station in Tel Hadya Village in Aleppo Province and in farmer 
fields across the dryland cropping areas of the northern half of Syria. As a result, 
the total number of locally made ZT seeders has grown from 3 in 2007 to 105 in 
2011, of which 23 were privately owned by farmers, with the rest owned by project 
implementers (ICARDA, Aga Khan Foundation (AGF), and Aleppo Agricultural 
Machinery Center) and private rental companies. A system was developed where 
farmers who did not own seeders either rented or borrowed from the project imple-
menters, contractors, or seeder-owning farmers. By 2010/11, the total area under ZT 
had grown to about 15,000 ha, and it is estimated that the areas may have reached 
50,000 ha in 2012/13.

10.3 � Data

Data for this study come from a farm survey conducted by ICARDA scientists in 
2011 in 28 villages distributed in 17 districts and 7 governorates in Syria. The clus-
ter sampling procedure was used to collect data where different administrative units 
were used as clusters. Using power analysis (Cohen 1988), the minimum sample 
size required under the simple random sampling technique for ensuring 95 % confi-
dence and 3 % precision levels in capturing up to 10 % adoption was determined to 
be 374. Accounting for the design effect, the minimum sample size under the cluster 
sampling technique required for ensuring the same levels of confidence, precision, 
and adoption levels was estimated to be 459, with an optimal cluster size of 17.44. 
The primary sampling units (PSUs) were the villages. Accordingly, a decision was 
made to take a random sample of 500 farmers uniformly distributed across all 28 
sample villages (about 18 farmers in each village). To avoid the risk of not hav-
ing adequate representation of ZT adopters, all 320 farmers known to be using the 
technology by the project were also purposively selected. These farmers had been 
incorporated into the project by ICARDA and local extension offices over the years; 
all had tried ZT technology at least once, and most were still using it. Therefore, the 
total sample was 820 households. Details of the sampling design are summarized 
in Table 10.1.

10  Explaining Adoption and Measuring Impacts of Conservation …
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This study focuses on the impact of ZT on yield, income, consumption, and 
productive efficiency among Syrian wheat farms. From the 820 sample farms, 621 
were wheat producers; hence, only observations that relate to those are included in 
the rest of the analysis.

10.4 � Methods

10.4.1 � Explaining Adoption and Measuring Impacts

ZT technology was popularized and promoted in Syria through the project with on-
farm trials for the purpose of demonstration and also through a series of field days 
organized to achieve maximum exposure. However, not all farmers may have had 
an equal chance for exposure to the technology and adoption due to differences in 
access to information, knowledge, skills, and financial resources. Therefore, mea-
suring the effect of adoption of ZT on outcomes of interest is not straightforward 
because it may be a combined result of an individual farmer’s decision to adopt 
technology without any exposure through field trials, as a result of exposure, or a 
combination of both. We also expected selectivity bias in our data because only 500 

Table 10.1   Survey details. (Source: survey data)
Governorates 
included in 
the sample

Districts included in the survey
District name Number 

of villages 
included in 
the sample

Total 
population 
in sample 
villages

Sample size from the district:
Whole sample Randomly selected
Total Wheat 

producersa
Total Wheat 

producers
Aleppo Al Bab 1 650 36 25 18 12

Ein Al Arab 2 700 40 31 36 21
Sama’an 2 800 26 19 36 22
Sfiera 1 900 43 33 18 11

Al-haska Kamshly 4 347 96 75 70 43
Tel-Hamis 1 66 31 23 18 11
Malkia 1 190 25 19 18 12
Amoda 1 270 21 16 18 11
Hasaka 1 700 62 49 18 12
Ras-Alain 1 600 22 17 18 11

Edleb Khan-Shikon 1 400 23 17 18 11
Almara 4 3270 174 131 70 43

Hamah Slmiah 3 2400 94 71 54 33
Sabora 2 1200 50 38 36 22

Homs Ksier 1 380 26 18 18 12
Deraa Alshajra 1 410 25 19 18 10
Alswieda Salked 1 800 26 20 18 11
Total 28 14,083 820 621 500 308

a Only 621 wheat producers out of a total of 800 sample farmers are included in this analysis
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households were randomly selected; the other 320 elite farmers were purposive-
ly included in the sample to minimize the chance of not having enough adopters. 
Therefore, sample selection correction methods were required to deal with those 
challenges (Greene 1997).

Supporting basic agricultural production and meeting food security needs in 
a sustainable manner are among the major benefits of ZT. Assuming farmers are 
profit maximizers and price-takers for their inputs and outputs (Nicholson 2005), 
many studies use yield as one of the most important indicators to investigate the im-
pacts of ZT technology (Ribera et al. 2004; Endale et al. 2008; Smiley and Wilkins 
1993; Wagger and Denton 1989) while others use net returns as the main driving 
factor (Bremer et al. 2001; Deen and Kataki 2003; Lankoski et al. 2004; Williams 
et al. 2009; Harper 1996). Given the importance of wheat in both consumption and 
income in the country, net farm income and consumption are used, in addition to 
yield improvements, as indicators for measuring food security and poverty impacts 
of ZT technology among Syrian wheat farms.

The Heckman two-step procedure was used in this study to evaluate the effect 
of various farm characteristics on the decision to adopt ZT technology and its out-
come on the area of crop dedicated to ZT, expected yield, net income per hectare, 
and per capita consumption of wheat products (Heckman 1979). In the first stage, 
the probit model was used to estimate the selection equation that determines the 
effect of independent variables on the probability of a farmer choosing to adopt ZT 
technology or not:

�

(10.1)

where Z is the observed behavior of a household with respect to ZT adoption, taking 
a value of 1 if adoption is observed and 0 otherwise; W is a vector of socioeconomic 
characteristics of households and their heads, including institutional variables and 
biophysical characteristics of the farm that are believed to explain adoption behav-
iors (see Table 10.2); and β is a vector of parameters to be estimated and Φ is the 
standard normal cumulative distribution function. As all farmers do not have equal 
exposure to the technologies, variables that imposed exclusion restriction were in-
cluded to improve the performance of the model. The choice of such variables was 
made in such a way that they only affected the selection variable and not the out-
come variables. To this effect, three binary variables which captured whether or not 
the farmers hosted demonstration trials, participated in field days, or participated 
in both demonstration trials and field days were included in the selection model as 
exclusion restrictions.

In the second stage, linear regression models were used to explain the effects 
of independent variables on area under ZT cultivation, yield, net income, and con-
sumption. The probit model in stage 1 was used to selects observations in the sam-
ples to be estimated by the ordinary least squares (OLS) regression models. This 
implies that the outcomes of the decision on the area size allocated to ZT, yield, net 
income, and consumption are observed only when the farmer decides to adopt the 

Prob ( 1 | ) ( )

Prob ( 0 | ) 1 ( ),
i i i

i

Z W W u W

Z W W

β φ β
φ β

= = + =
= = −
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Variables Average values for entire  
sample of 621 farmers

Average values for random 
sample of 308 farmers

Unit Adopters Nonadopters Total Adopters Nonadopters Total
Number of 
farmers

Number 249 372 621 15 293 308

Average farming 
experience of 
household head

Year 23.7 27.5 26.0 18.7 26.8 26.5

Average educa-
tion level of 
household head

Year 4.2 3.0 3.5 3.9 2.8 2.9

Proportion of 
farmers with 
salinity affected 
soil

% 5.2 23.7 16.3 0 27.3 26

Average time 
since farmer 
started using ZT

Year 2.1 0 0.8 2 0 0.1

Proportion of 
farmers in zone 
1a

% 33 36 34.8 85.7 72.3 73.4

Proportion of 
farmers who 
hosted demon-
stration trials

% 65.9 8.9 31.7 0 0 0

Proportion of 
farmers who 
participated in 
field days

% 5.2 11.6 9.0 0 0 0

Proportion of 
farmers who 
participated in 
field days and 
hosted trials

% 22.9 0.8 9.7 0 0 0

Total area culti-
vated (average)

ha 40 19.2 27.5 10.7 17.9 17.5

Total wheat 
area cultivated 
(average)

ha 20.8 8.7 13.6 8.7 7.6 7.7

Proportion 
of farmers 
who know ZT 
technology

% 100 59.4 75.5 100 50 52.6

Average distance 
to nearest input 
market (km)

km 13.8 15.4 14.7 13 18 17.7

Average value 
of total assets 
(million SL)

SL 1.56 1.59 1.58 1.92 1.59 1.58

Total number of 
plots

Number 2.39 1.9 2.1 2.1 1.8 1.83

Table 10.2   Explanatory variables included in the models. (Source: survey data) 
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technology (i.e., Z takes a value of 1 in equation 10.1). The regression equations 
can be expressed as:

�

(10.2)

where Yi is either one of the dependent variables of the outcome equations: to-
tal area under ZT, consumption per capita, yield or net income; Xi is a vector of 
covariates that is assumed to contain all the variables in the vector Wi plus some 
more variables, including the inverse Mills ratio (IMR) derived from the first-stage 
estimation which corrects for selectivity bias and endogeneity (Greene 1997); γ is a 
vector of parameters to be estimated. In the two equations, µi and εi are error terms 
that are assumed to be bivariate normal with mean zero and covariance matrix

*

*

> if  Z 0

0 if  Z 0,
i i i

i
i

X
Y

γ ε +
=  ≤

Variables Average values for entire  
sample of 621 farmers

Average values for random 
sample of 308 farmers

Unit Adopters Nonadopters Total Adopters Nonadopters Total
Average length 
of time since 
farmer first 
heard about ZT 
technology

Year 2.3 1 1.6 2.2 1 1.1

Average applica-
tion rate of nitro-
gen fertilizers

kg ha− 1 70.9 96.5 86.2 72.9 93.5 91.8

Average 
application rate 
of phosphorus 
fertilizers

kg ha− 1 36.9 54.8 47.6 38.9 50.2 49.3

Average amount 
of labor used

h ha− 1 22.7 36.6 31 17 36 35

Average applica-
tion rate of seed

kg ha− 1 110.7 145.1 131.3 119 145 143

Area under ZT Ha 15.2 0 6.1 8.6 0 0
Proportion of 
area under ZT 
technology

% 73.4 0 32.4 95.2 0 8

Yield kg ha− 1 1727.1 1242.5 1436.8 1740 1251.8 1275.5
Consumption kg year− 1 79.6 48.6 61 101 48 50.7
Wheat net 
income

SL ha− 1 37,995 27,335 31,610 38,280 27,539 28,062

Total household 
income

SL 401,323 296,703 303,776 344,416 228,475 234,121

ZT zero tillage, SL Syrian Lira
a Syria is divided into five agroecological zones, where zone 1 represents the relatively wetter areas 
with average annual precipitation of about 350 mm but 33 % more likely to be less than 350 mm 
and zone 2 represents areas with average annual rainfall of about 250 mm with more than 33 % 
probability of falling below 250 mm

Table 10.2  (continued) 
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where σε and ρ are standard deviation of εi and correlation between µi and εi. The 
two error terms are assumed to have a nonzero correlation.

Sample selection bias was tested by determining if the coefficient of IMR equals 
zero. Rejection of zero coefficients would confirm sample selection bias and there-
fore estimation of the regression with OLS without correcting for sample selection 
bias would produce inconsistent and biased estimates. Failure to reject the null hy-
pothesis that the coefficient of IMR is zero would imply that the two error terms are 
not correlated and therefore OLS would produce consistent and unbiased estimates 
(Lennox et al. 2012). The R software and the sample selection package were used 
to estimate the models (Toomet and Henningsen 2008).

10.4.2 � Measuring Productive Efficiency

A cross-sectional version of the stochastic production frontier (SPF) approach was 
used to investigate the effect of adoption of ZT on production efficiency and resource 
use of wheat farmers. The general model can be written as: i i i iY X β ν µ= + − , 
where Yi denotes the output of the ith farm; Xi is a vector of inputs and other input 
control variables; and β is a vector of unknown parameters to be estimated; vi is a 
random error and µi is a nonnegative, independently distributed random error as-
sociated with the technical inefficiency of the ith farm. The random error term takes 
care of the stochastic nature of the production process and possible measurement 
errors of inputs and outputs (Bogetoft and Otto 2011). Following Battese and Coelli 
(1995), the inefficiency term is specified as follows:

� (10.3)

where Zi is a vector of variables which explain technical inefficiency differentials 
among farmers; δ is a vector of the associated parameters to be estimated; and ωi is a 
random variable defined by the truncation of the normal distribution with mean zero 
and variance σ2, where the point of truncation is iZ δ−  such that iZω δ≥ . Technical 
efficiency ( TEi) for each decision making can then be computed as:

� (10.4)

Technical efficiency (TE) scores for each farmer take values between 0 and 1. The 
closer the TE scores to 1, the higher the efficiency. In this specification, the stochas-
tic production function and the technical inefficiency model are estimated simulta-
neously by the maximum likelihood method (Coelli 1992).

Estimation of SPF requires specification of the functional form of the production 
function. The Cobb–Douglas and translog functional forms are the most commonly 

,
1

 εσ ρ
ρ

 
 
 

,i i iu Z δ ω= +

exp ( | ).i i i iTE u uν= − −
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used specifications in empirical analysis. However, the translog specification is of-
ten preferred over the Cobb–Douglas specification because it is more flexible and 
can be understood as a second-order Taylor’s series approximation to any produc-
tion frontier (Wilson et al. 2001; Liu and Juzhong 2000; Abdulai and Eberlin 2001).

The translog production function is used in this study to examine the relation-
ship between output and inputs. The general form of the empirical model can be 
expressed as:

�
(10.5)

where Yi  is the value of output (yield) for farm I; Xi
 is the vector of inputs (seed, 

nitrogen, phosphorus, and labor) to the production process; Di are binary variables 
(soil depth, soil salinity, and seed variety) used to control for land and seed quality; 
and (− µi + νi) is the composite error term, which is composed of − µi (the techni-
cal inefficiency component) and νi (the random error component). The technical 
inefficiency in production is often explained by farmer characteristics and manage-
ment practices used. In this study, we use the following regression to capture this 
relationship:

� (10.6)

where ZT is a binary variable indicating whether or not ZT is adopted, PD is a bi-
nary variable indicating early or late planting, CR is a binary variable indicating if 
crop residue from the previous season was used for grazing, VR is a binary variable 
indicating whether improved or local seed variety was used, EDU is a continuous 
variable for years of schooling, and EX is a continuous variable indicating years 
of experience in farming. In this formulation, a negative sign of an element of es-
timated parameters indicates a variable with a positive influence of TE. However, 
because the translog parameters are not directly interpretable, the output elasticities 
with respect to the inputs are computed as:

�
(10.7)

The frontier package in R was used to estimate the SPF (Coelli and Henningsen 
2011).

10.5 � Results and Discussion

Results from the Heckman two-stage estimation are presented in Table 10.3. The 
coefficient estimates on the IMR included, as an explanatory variable in the second-
stage estimation of the outcome equations on the area under ZT, net income, and 

4 4 4 3

0ln  ln 0.5 ln ln ,i i i ij i j i i i i
i i j i

Y X X X Dβ β β λ µ ν= + + + − +∑ ∑∑ ∑

0 ZT PD CR VR EDU EX ,i i i i i i i iu ZT PD CR VR EDU EXα β β β β β β ω= + + + + + + +

1

ln / ln ln 0, .
n

i i i ij J
j

Y X X iβ β
=

∂ ∂ = + ≥ ∀∑
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yield variables (columns labeled R2–R4 in Table 10.3) are statistically significant, 
indicating the presence of selection bias and hence the need for a selection model. 
However, the coefficient on the IMR included in the consumption equation is in-
significant, indicating that selection bias is not a problem and hence OLS would 
give consistent estimates (Lennox et al. 2012). We conjecture here that this is likely 
because consumption is affected by food preference issues that are independent of 
whether an individual was an adopter of ZT technology or not. The test of multicol-
linearity rejects any presence of collinearity between variables. The Breusch–Pagan 
test for constant error terms is rejected and the robust OLS method is used to esti-
mate the equation.

10.5.1 � Explaining the Decision and Intensity of Adoption of ZT

Coefficient estimates of the selection equation in the Heckman model (column R1 
in Table 10.3) show that hosting a demonstration trial on a farmer’s own land and 
participation in field days would positively and significantly increase the probabil-
ity of adoption by 0.84 and 0.35, respectively. These results clearly indicate the 
importance of knowledge of the technology, and experience sharing in promoting 
the adoption of the new technology, which is consistent with theoretical expecta-
tion. Getting involved in both demonstration trials and field days would increase 
the probability of adoption by 0.77. This result is plausible, but the fact that the 
probability of a person involved in both demonstration trials and field days is less 
than the probability of one who is involved only in demonstration trials is counter-
intuitive. A possible but not very convincing explanation for this result is that if the 
farmer heard about a bad experience during their field days (even if it was only one 
among many success stories), it might erode their confidence and lead to a negative 
effect on their adoption decision.

A unit increase in yield and total wheat area would lead to an increase in the 
probability of adoption by 0.52 and 0.09, respectively. The fact that higher yields 
lead to increased probability of adoption suggests that farmers may be adopting ZT 
as a mitigation strategy against low yields. Moreover, the positive and significant 
probability of adoption due to ownership of larger wheat farms is consistent with 
theoretical expectation as farmers would be more willing to invest in ZT seeders if 
they can crop large areas and make more rapid savings in fuel and labor costs by 
eliminating tillage than smaller farmers.

A unit increase in years of experience and the presence of salinity in the soil 
reduced the probability of adoption by 0.19 and 0.18, respectively. The negative 
coefficient on the farmer experience variable might be an indication that younger 
farmers (who are relatively less experienced) might be the ones with the highest ten-
dency to adopt the new technology. Several young farmers involved in the project 
anecdotally related that some older members of their families and/or villages were 
pessimistic about any positive outcomes during early efforts to test and adopt ZT. 
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The negative coefficient on the salinity variable suggests that farmers with salin-
ity problems are unlikely to adopt ZT technology relative to those without salinity 
problems. This could be because farmers with salinity problems use irrigation and 
have to cultivate and create furrows for supplying and draining water and hence ZT 
might not be appropriate. This subject needs further investigation.

The results show that in this Syrian case, there was no empirical evidence to sup-
port the hypothesis that farmers’ formal education and wealth (as measured by value 
of total assets) have significant effects on the probability of adoption of ZT. The insig-
nificant coefficient estimates may not necessarily be counterintuitive. While farmers 
with less knowledge of the technology might think otherwise, ZT sowing is not crop-, 
soil-, or scale-specific. For farmers already growing dryland crops, ZT can be a simple 
alternative to conventional cultivation, provided that there is access to personal, bor-
rowed, or rented ZT seeders, with few changes required to other cropping operations.

In terms of intensity of adoption, factors that positively and significantly af-
fected the area under ZT included yield, wheat area, and number of plots. These 
results are consistent with expectations that farmers with larger wheat areas and 
many fields are most attracted to ZT to simplify sowing operations and maximize 
profit. The positive and significant coefficient on the yield variable suggests that 
farmers would put more land under ZT as a mitigation measure against the risk of 
poor yields. On the other hand, increased years of experience in farming and total 
area cultivated lead to less land area dedicated to ZT cultivation. As with adoption, 
this may be because younger (and hence relatively less experienced) farmers might 
be less fixed on cultivation, understand the ZT technology better, and have a higher 
tendency to adopt. The fact that farmers with larger land areas tend to allocate less 
land for ZT is counterintuitive and needs further exploration.

10.5.2 � Impacts of ZT on Yield, Production, and National Food 
Security

For ZT adopters, yield is positively and significantly affected by experience, area 
of land under ZT, area under wheat, number of plots, soil salinity, fertilizer, and 
duration of time since the farmer started using the ZT technology. While the main 
benefit of ZT, at least in the first few years, is in terms of fuel saving and yield 
advantage in most seasons—due to soil moisture conservation and early sowing be-
cause there is no cultivation—in the long run, it also leads to improved soil health, 
fertility, and moisture-retention capacity, all of which have a positive influence on 
yield. The positive and significant coefficient on wheat area shows that larger wheat 
farms are more productive per unit area than smaller farms. There is an age-old 
debate on this subject where this result is consistent with a number of studies, but 
others also argue otherwise (e.g., Barrett et al. 2010; Assunção and Braido 2007; 
Lamb 2003; De Janvry et al. 1991; Feder 1985; Carter 1984). The positive sign on 
the coefficient for soil salinity is counterintuitive, but one possible explanation is 
that areas where there is higher salinity (which would be positively correlated with 
the amount of irrigation water used) might have higher yields. The positive and 
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significant coefficients on the duration since starting using ZT and number of plots 
point to the importance of the farmer having the “know-how” of ZT. Intuitively, it 
is likely that farmers who have been using ZT technology on many fields or plots 
over a longer duration and on a large area of land will have a better configuration of 
input combinations to achieve higher yields.

The marginal product of an input can be computed as the product of the estimat-
ed elasticity and the ratio of output to input. The yield elasticity of the proportion 
of area under ZT is 0.14. This translates into a yield gain of 465 kg ha−1 (31 % in-
crease) by shifting from conventional tillage (CT) to ZT - quite an improvement in 
a region where average yield among users of CT is only 1317 kg ha−1. Based on the 
random sample of 308 farms, ZT technologies are currently used on 5 % of the 1.52 
million ha of wheat in the study region. Nationally, this represents a 2 % increase in 
total domestic wheat supply, which is very small. However, if ZT fully replaces CT, 
it has the potential to increase this figure by up to 31 %—a substantial gain in the 
overall effort toward national food security.

10.5.3 � Impacts of ZT on Income, Poverty, and Wheat 
Consumption

10.5.3.1 � Impact on Net Wheat Income

For adopters of ZT, the model results show that experience, area under ZT, wheat 
area, number of plots, and duration since starting using ZT all have positive and 
significant effects on net wheat income. These results suggest that experience in 
agriculture in general and duration of familiarity with ZT technologies are instru-
mental in taking full advantage of ZT, especially in cost savings. Larger wheat ar-
eas are likely to lead to higher net wheat income, showing the presence of scale 
economies. The coefficient estimate on the area under ZT shows that a 1 % in-
crease in the area under ZT leads to a 0.13 % increase in net wheat income, which is 
equivalent to US$ 194 ha− 1 or 29 % higher net wheat income than cultivation using 
CT. Therefore, the additional average household income generated by the adoption 
of ZT technology is about US$ 1180 year− 1 or US$ 3.23 day− 1, which are 25 % 
higher than that of the nonadopters. This is equivalent to an income gain of about 
US$ 0.46 cents per capita day− 1. Considering the poverty line for the country, by 
adopting ZT, 57 % of adopter farm households (among the 308 randomly selected 
wheat producers) joined households above the poverty line.

The simple bivariate comparison (without correction for selection bias) also 
shows that ZT technology has increased the average income of adopter households 
living below the poverty line when compared to nonadopters in the same poverty 
category (Table 10.4). However, there is no evidence that the new technologies 
increased the average income of adopter households living above the poverty line 
relative to nonadopters in the same income group. While the results from the bivari-
ate analysis show the potential of ZT technology in combating poverty, they need 
to be used with caution as no correction for selection bias was made. The stochastic 
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dominance criterion also shows that income of adopters of ZT first degree stochasti-
cally dominates that of nonadopters, suggesting that ZT technology reduces income 
risk.

10.5.3.2 � Impact on Wheat Consumption

Among the variables included in the regression, area under ZT and net wheat in-
come positively and significantly influenced wheat consumption. A 1 % increase 
in area under ZT and net income resulted in 0.2 and 0.19 % increases in wheat 
consumption. It is expected that farmers who devote larger areas to ZT and reduce 
their cost of production are likely to have better liquidity to ensure their household 
food security, especially during unfavorable seasons. Moreover, farmers who ob-
tain higher wheat yields are more likely to have better access to more wheat for 
consumption, and perhaps in more varied forms, than those with lower productiv-
ity. Therefore, controlling for other factors, the adoption of ZT leads on average to 
about 13 % increase in family wheat consumption.

10.5.4 � Impacts of ZT on Productive Efficiency

The likelihood ratio test was used to determine whether the Cobb–Douglas or the 
translog functional forms best fit the SPF of the typical Syrian wheat farm. The 
test rejected the Cobb–Douglas functional form in favor of the translog function. 
This suggests that yield can be best modeled by considering not only linear entries 
of individual inputs but also quadratic terms and interaction of inputs. The sigma 
squared and gamma parameters are statistically significant, affirming the correct-
ness of the specified assumptions of the distribution of the composite error term 
and variation in yield per hectare that can be attributed to differences in technical 
inefficiency across the sample farms.

Table 10.4   Poverty status of farmers by adoption category. (Source: survey data)
Poverty 
status(US$ per 
capita day− 1)

Adopters Nonadopters F-stat (sign.) Total sample
Average 
income ($)

% Average 
income ($ PPP)

% Average 
income($ PPP)

All income 
groups

1.71 33 1.31 67 11.1*** 1.48

Above poverty 
linea

2.35 56.6 2.23 43.9 0.32 2.29

Below poverty 
line

0.87 43.4 0.59 56.1 105.49*** 0.70

PPP purchasing power parity
*significance at 0.1 level of the K–S two-sided statistic; **significance at 0.05 level of the K–S 
two-sided statistic; ***significance at 0.01 level of the K–S two-sided statistic
a The poverty line for Syria is US$ 1.25 day− 1  ($PPP) (http://iresearch.worldbank.org/PovcalNet/
index.htm)
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The coefficient estimates for the stochastic frontier production function and in-
efficiency model are presented in Table 10.5. Most of the inputs on the stochastic 
frontier are statistically significant and have the expected signs. Binary indicators 
of soil depth and salinity and seed variety were included in the production function 
to control the quality of inputs.

The hypothesis that there are no inefficiency effects in wheat production in the 
study area (gamma = 0) was rejected at 1 % level of significance. The gamma value 
indicates that 71.5 % of the total variation among Syrian farms can be explained 
by inefficiency and the remaining 28.5 % is random. This shows that a significant 
portion of the wheat farms are producing below the output-oriented technically ef-
ficient frontier with very high efficiency differential ranging from 28 to 95 %, with 
a mean of 75 % (Table 10.6). This indicates that there is wastage in resource use 
because, with the current technology, the average farmer can increase yield by 25 % 
only with efficient utilization of inputs. Particularly, the negative and significant 
coefficient on the ZT binary variable in the inefficiency model indicates that farms 
that use ZT have lower technical inefficiency in production relative to those that use 
CT, assuming that they all face the same best practice production frontier. The esti-
mated mean output-oriented TE for ZT adopters is 88 % compared to nonadopters 
at 66 %, showing that the typical Syrian wheat farmer can increase output by 22 % 
simply by shifting from CT to ZT. There is also less variability in TE among adopt-
ers when compared to nonadopters. The positive and significant coefficient for the 
“planting date” variable indicates that late planting increases technical inefficiency 
relative to early planting. Likewise, the positive and significant coefficient for the 
“graze on crop residue” variable, which indicates whether or not the farmer has 
used or rented the crop residue for on-site grazing, indicates that allowing on-site 
animal grazing on crop residues leads to increased technical inefficiency relative to 
retaining or cutting and carrying away crop residues. Overall, the results suggest 
that besides adopting ZT technology, the adoption of other components of CA such 
as early sowing and residue retention or at least prevention of on-site grazing can 
lead to higher yields at current levels of inputs.

10.6 � Conclusions

Farmers in many parts of the world are often skeptical about adoption of new inno-
vations like ZT technology possibly due to lack of awareness or empirical evidence 
of its benefits over conventional practices. In this study, we develop and estimate 
econometric models in which the decision on how much area to put under ZT, and 
the outcomes related to area under ZT, yield, and net income are conditional on the 
decision whether or not to adopt the ZT technology. The Heckman two-step proce-
dure was used to correct for selectivity bias in estimating the outcome variables of 
area under ZT, yield, and net wheat income. The difference in productive efficiency 
between adopters and nonadopters was investigated using the SPF approach, where 
TE of both adopters and nonadopters was estimated under the assumption that they 
both face the same production frontier.
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Model results provided evidence that either or both participation in field days 
and hosting on-farm demonstration trials increase the likelihood of adoption. This 
evidence from our ZT experience in Syria reaffirms the importance of trialability, 
and visual and practical training and extension in promoting adoption of new ag-
ricultural technologies. Our results also show that increased yield is an important 
factor in a farmer’s adoption decision.

Once farmers decide to adopt ZT, the key determinants of the land area to be 
dedicated to ZT are total wheat area and yield. The larger the wheat area farmed and 
the higher the yield, the more land will be dedicated to ZT. However, farmers with 

Table 10.5   Parameter estimates of the translog stochastic frontier production and technical inef-
ficiency model. (Source: model results)
Stochastic frontier parameters Technical inefficiency parameters
Parameter Estimate Std. error Parameter Estimate Std. error
Intercept 4.300 (3.052) Intercept − 0.207 (0.257)
Seed 0.351 (1.194) Use ZT (0, 1) − 1.457 (0.414)***
Labor 1.048 (0.475)** Plant date (0, 1) 0.721 (0.134)***
Phosphorus − 0.471 (0.167)*** Graze on crop resi-

dues (0, 1)
0.303 (0.102)***

Nitrogen 0.271 (0.152)* Seed variety (0, 1) 0.160 (0.135)
Seed^2 0.043 (0.246) Level of education 0.023 (0.014)
Labor^2 − 0.192 (0.092)** Experience (year) − 0.002 (0.003)
Phosphorus^2 0.096 (0.029)***
Nitrogen^2 0.054 (0.022)***
Seed × labor − 0.105 (0.092)
Seed × phosphorus 0.075 (0.032)**
Seed × nitrogen − 0.082 (0.029)***
Labor × phosphorus − 0.026 (0.018)
Labor × nitrogen 0.013 (0.179)
Phosphorus × nitro-
gen

− 0.005 (0.006)

Soil depth (0, 1) − 0.140 (0.069)**
Soil salinity (0, 1) 0.019 (0.045)
Zone (0, 1) 0.001 (0.035)
Variety (0, 1) 0.265 (0.048)*** Gamma 0.715 (0.075)***

Sigma squared 0.216 (0.039)***
Log (likelihood) − 190

The dependent variable in the SPF function is yield (kg ha− 1 )
^2 represent the quadratic terms of the inputs in the translog SPF
*significance at 90 % confidence levels; **significance at 95 % confidence levels; ***significance 
at 99 % confidence levels

Table 10.6   Mean technical efficiency. (Source: survey data)
Zero tillage Average Std. Deviation
Nonadopters 0.66 0.17
Adopters 0.88 0.05
Total 0.75 0.17
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larger farmed areas tend to allocate less land to ZT which is counterintuitive and 
needs further investigation.

A farmer’s farming experience in general and in using ZT in particular have a 
positive influence on yield obtained per unit area. These results point to the efficacy 
of training farmers using the “learning by doing” approach to enhance adoption of 
improved technologies. The amount of wheat area cultivated using ZT also had a 
positive and significant effect on yield. These results are consistent with the theo-
retical expectation that experienced farmers with a larger proportion of their land 
under ZT also have the technical know-how of using ZT, and therefore achieve 
higher yields.

By adopting ZT, the typical farmer in Syria gets about 465 kg ha−1 (or 31 %) 
higher yield than he/she gets using CT. At the current low adoption level of 5 %, ZT 
has led to a 2 % increase in total wheat supply in the study areas. Moreover, adoption 
of ZT increased net farm income by US$ 194 ha−1, which translates into an increase 
in total family income of US$ 1180 year −1 or per capita income by US$ 0.46 day− 1. 
Based on the poverty line of US$ 1.25 per capita day− 1 for Syria, the adoption of ZT 
has helped 57 % of adopter farmers to raise themselves out of poverty. 

Increased land under ZT and the associated increase in yield and net income 
were instrumental in improving per capita consumption of wheat. By adopting ZT 
technology, the typical Syrian farm household can increase its wheat consumption 
by 13 %. Adoption of ZT also improves farm production efficiency, and therefore 
the farmer’s ability to make more efficient and sustainable use of resources without 
compromising their ability to feed their families. In particular, by shifting from CT 
to ZT, farmers can remove 22 % of the total production inefficiency which high-
lights the importance of ZT in improving productive efficiency. Other components 
of improved crop management such as early planting and prevention of on-site 
grazing of crop residues also improved TE. These results confirm that apart from 
the benefits documented in the literature in terms of enhancing sustainable man-
agement of land resources, ZT and related crop management improvements (e.g., 
early planting, retention of some stubble) are also associated with increased yields, 
household income, consumption, and food security. In our experience, and that of 
the Syrian farmers involved in our project, ZT is one of few technologies which can 
be justified on environmental, economic, and food security grounds, and hence has 
great potential for sizeable impacts in transforming the agricultural sector in the 
developing world.

From a policy perspective, this study points to the importance of training and 
extension that encourage farmers to participate in field days and host demonstration 
trials on their own farms to promote ZT technology. It is suggested that further work 
is needed (i) to investigate the effects of farmer perceptions of ZT technology and 
climate change on risk attitudes and behaviors and ultimately adoption decisions 
and (ii) to analyze the biophysical and economic trade-offs between crop residue 
retention and livestock production, and hence the net social and economic effects of 
adoption of ZT among mixed crop–livestock producers and the associated effect on 
the land resource and their policy implications.
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Abstract  Conventional agriculture has put forth soil and crop sustainability to sub-
stantial soil degradation resulting in a concomitant decrease in the productivity of 
these systems. Conservation agriculture (CA) including minimum soil disturbance, 
permanent soil cover, and diversified crop rotations aimed to decrease and/or revert 
the effects of conventional farming practices like soil organic matter decline, soil 
erosion, soil physical degradation, and fuel use. However, in South Asia, the area 
under CA is very small compared to the rest of the world. The history of CA in South 
Asia starts when wheat plantation with zero tillage was first introduced in Indian 
and Pakistani Punjab in the 1980s. Currently, conservation tillage is being practiced 
on more than 5 M ha in Indo-Gangetic plains of South Asia. Conservation tillage 
reduced greenhouse gas emission and the production cost, and improved the soil 
health and crop yields. However, challenges like cultural and economic entrench-
ment of tillage agriculture in this region, weeds, insect pests, diseases, crop residue 
management, and reduced availability of suitable seeding and planting equipment 
are hindering its uptake. In this scenario, problem-oriented research and training, 
provision of conservation machinery at specific sites at proper time at affordable 
rates, and aggressive extension campaigns may help to boost up the uptake of CA 
in South Asia.

Keywords  Zero tillage · Crop residues · Production costs · Indo-Gangetic plains · 
Mind-set
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11.1 � Introduction

South Asia (the southern region of the Asian continent) consists of the sub-Himala-
yan countries, but a few scientists also include the neighboring countries adjoining 
to the west and the east of these sub-Himalayan countries in South Asia (Chauhan 
et  al. 2012). Southern Asia comprises Pakistan, Afghanistan, India, Bangladesh, 
Iran, Nepal, Sri Lanka, Bhutan, and Maldives (millenniumindicators.un.org.). How-
ever, the South Asian Studies Program of Brandeis University declares Myanmar 
and Tibet as a part of South Asia (http://www.brandeis.edu//bulletin/index.html), 
but the South Asian Studies Program of Columbia University excludes Afghani-
stan and the Maldives from South Asia but includes Tibet (http://www.sai.columbia.
edu/).

South Asia has a fairly good economic growth rate but the region is suffering 
from extreme poverty, malnutrition, and the deterioration of natural resources (Joshi 
2012). The challenges of rapidly rising economic growth and increasing population 
are putting great pressure on the agriculture sector to fulfill the present and future 
food and nutritional demands of the South Asian people (Joshi 2012). Intensive ag-
riculture is helpful to feed the growing population but often leaves several negative 
impacts on soil systems including soil organic matter (SOM) loss, wind/water ero-
sion, physical and biological degradation, groundwater pollution, declining water 
tables, poor nutrient-use efficiency, waterlogging, salinization, and greenhouse gas 
(GHG) emissions (Hobbs et al. 2006). These factors also result in global warming, 
loss of biodiversity, air pollution, and decline in factor productivity (Hobbs et al. 
2006).

A major breakthrough in enhancing the agricultural productivity in South Asia 
took place with the introduction of wheat ( Triticum aestivum L.) and rice ( Oryza 
sativa L.) cultivars with dwarf genes and responsive to nutrient inputs especially 
nitrogen. In the past 40 years, the rice-wheat system has emerged as the predomi-
nant livelihood support cropping system for millions of farmers in South Asia. The 
use of high-yielding varieties under irrigated condition along with the nutrients in-
put indeed led to a highly productive and intensified cropping system. Improved 
natural resources management significantly enhanced the system productivity. It 
contributed to food security through increased food production and decrease in food 
prices, and also demonstrated that agricultural development provides an effective 
means for accelerating economic growth and reducing poverty (Balasubramanian 
et al. 2012).

In South Asia, conservation agriculture (CA) views the farm as a factory to har-
ness maximum outputs with maximum inputs of seed, fertilizer, biocides, and fuel. 
Over time, conventional crop production technologies have introduced intensive 
tillage to prepare fine seed- and rootbeds for sowing to ensure proper germina-
tion and early vigor, improve moisture conservation, control weeds and other pests, 
and mixing of fertilizers and organic manures. Monocropping systems for higher 
income and productivity gains led to soil health degradation, insect-pest buildup, 
high nutrient depletion, and the removal or burning of crop residues. This led to 
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organic matter and nutrient depletion, moisture loss, and environmental hazards. In 
addition, indiscriminate use of pesticides and imbalanced use of chemical fertilizers 
have declined input-use efficiency, and pollution of natural resources especially 
surface and ground water. While energy- and labor-intensive usage has increased 
inputs with an ever-escalating production cost (Duxbury et al. 2000; Ladha et al. 
2003; Saharawat et al. 2012), and the  current production systems are posing a threat 
to food security and livelihood of farmers, especially to poor and underprivileged 
farmers. Therefore, the conventional practices need improved management prac-
tices for (i) production of more food at higher income levels and reduced risk; (ii) 
more efficient use of land, labor, water, nutrients, and pesticides than at present; (iii) 
improving the natural resource base; (iv) mitigating climatic change; and (v) adapt-
ing to the climatic variability (Saharawat et al. 2010).

CA, a suit of technologies including minimal soil disturbance, permanent soil 
cover, diversified crop rotation, and integrated weed management, offers a para-
digm shift in crop production to sustain yields and have positive environment foot 
print (Farooq et al. 2011). Efforts to accelerate the farm-level impact of CA have 
been increased since the introduction of zero tillage (ZT) in wheat in South Asia. 
The faster adoption of CA in South Asia is an integrated effort of several drivers 
including (i) availability of new farm machinery; (ii) availability of improved her-
bicides or biocides for efficient weed, insect, pest, and disease control; (iii) ever-
decreasing labor force and increasing labor cost; (iv) increasing production costs, 
energy shortages, erosion losses, pollution hazards, and escalating fuel cost; and (v) 
residue burning have accelerated change in the thinking of the researcher, policy 
maker, and farmer to adopt modified methods for cultivation of crops aimed at im-
proving productivity and resource-use efficiency (Jat et al. 2011b).

In this chapter, we discuss the CA-based resource conservation technologies 
(RCTs) including ZT wheat and direct-seeded rice (DSR) in South Asia; dissemi-
nation, adoption, and potential impact of CA to improve the crop productivity and 
mitigate the climate change effects for sustainable crop production are also covered. 
A brief history and present status, experiences, challenges, and prospects of CA for 
its upscaling are also discussed.

11.2 � History of CA in South Asia

The history of CA in South Asia is inextricably linked with the wheat production 
constraints in the rice-wheat system, which is one of the dominant cropping systems 
(Ladha et al. 2003). Wheat, the staple cereal crop of South Asia, showed declining 
yield trends in the 1980s due to late planting, poor plant stand, less seed replacement, 
inefficient fertilizer and irrigation system, weed competition, deterioration in soil 
health, and menace of little seed canary grass ( Phalaris minor Retz.) (Malik et al. 
2002). The productivity and sustainability threat to the rice-wheat further intensi-
fied because of the inefficient production practices, overexploitation of resources, 
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especially water, energy, and labor, climate change, and socioeconomic changes. 
The rice-wheat cropping system in South Asia, therefore, suffers from conflicts 
in the economic, social, climatic, ecological, and production-related issues. In the 
Indo-Gangetic plains (IGP), with the rice-wheat system across this region, cotton 
( Gossypium hirsutum L.)-wheat, rice-maize ( Zea mays L.), and sugarcane ( Saccha-
rum officinarum L.)-wheat systems are also prominent. However, associated with 
yield potential, the rice-wheat system in IGP is defind into two broad categories 
i.e. irrigated environment favorable for rice and wheat exists in the western part of 
the IGP including Pakistan and northwest Indian Punjab and Haryana states, with 
western Uttar Pradesh and the eastern part of the IGP which includes the districts 
favorable for rainfed rice or irrigated or rainfed wheat consisting of Bangladesh, 
West Bengal, the northern parts of Bihar and eastern Uttar Pradesh, and the Terai 
region of central Nepal. Two new technologies of the 1960s, that is, invention of 
new herbicides and the development of the ZT machine enabled farmers to practice 
no-till farming on a commercial scale. ZT was attempted in the IGP of South Asia 
in the late 1970s but the technology missed the mark for several reasons.

ZT technology in wheat was introduced in the early 1980s in South Asia by using 
a New Zealand-imported seed drill for the first time in Punjab, Pakistan. In 1996, 
when the ZT was again attempted, what really helped the technology was timing 
and the way it was evaluated at farmers’ fields. The International Maize and Wheat 
Improvement Center (CIMMYT)’s call through Rice-Wheat Consortium (RWC) 
and collaboration from Australian Centre of International Agriculture Research 
(ACIAR), International Rice Research Institute (IRRI), and National Agriculture 
Research Institutes helped in planning and executing RCTs. The RWC, through its 
collaborators, planned for the introduction of second-generation machinery from 
2002 onwards. The change towards CA perceived a fundamental shift from the age-
old practice of excessive plowing to a new paradigm shift, whose best exponent is 
RCTs, based on “no-till/ZT” (minimal soil disturbance and compaction), innovative 
cropping systems, and management of crop residues rather burning.

The development, testing, and refinement of RCT practices were based on an in-
novative low-cost seed-cum-fertilizer drill (costing US $ 400–500), which can plant 
crops with minimal of disturbance to soil. With the commissioning of the RWC in 
1994, ZT and reduced-till practices spread very rapidly, increasing from just few 
thousand hectares in 1997–1998 to more than 2.18 million ha in 2004–2005 and 
2.6 million ha in 2010–2011 (data compiled by YS Saharawat and ML Jat). With the 
advancement of CA, second-generation drill or planters were developed in South 
Asia for seeding in the presence of anchored and loose residue. In the past few 
years, major emphasis has been put toward developing CA-based small machinery 
keeping in view the small farmer’s needs. The success of CA’s spread in South Asia 
is attributed to a multi-stakeholder approach and low-priced drills which increased 
the demand in other countries and across regions too.

Based on the success and formative nature of framework for promotion of RCTs, 
to both small- and large-scale farmers from service providers, use of farmer-par-
ticipatory approach with on-farm demonstration trial with involvement of local 
manufacturer and their national partners has made available cheap, affordable, and 
effective ZT drills. Nonetheless, the alarming threat of climate change and reduced 
water availability in the region indicate there exists potential for further increase 
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in cereal system profitability, if CA-based RCTs in the IGP of South Asia are pro-
moted (Krishna et al. 2012). Based on the efforts of RWC and survey-based data 
collected from villages and different aspects of cropping systems followed in the 
IGP, the Cereal Systems Initiative for South Asia (CSISA) project was implemented 
in 2009 to enhance the short- and long-term cereal production growth in South Asia. 
The project has been developed following a hub approach through involvement of 
public–private partnership for dissemination of RCTs in the region. The first phase 
was established with nine hubs: five in India, two in Bangladesh, and one each 
in Nepal and Pakistan. The main focus of the project is to improve livelihoods of 
small farmers through increased farm incomes by considering socioeconomic con-
straints for rapid growth and adoption of RCTs in intensive cereal systems (Krishna 
et al. 2012). Considering socioeconomic conditions and potential to enhance farm 
productivity, ZT in wheat, direct seeding in rice, and precision leveling using laser 
land leveler (LLL), special consideration is given to these technologies in these 
hubs during the initial phase. Nonetheless, efforts are not stopped here and are on 
with start of second phase. In order to characterize the cereal production systems in 
this region, village surveys were conducted by CIMMYT and IRRI with technical 
support of International Livestock Research Institute (ILRI) and International Food 
Policy Research Institute (IFPRI). Farmers have adopted ZT wheat quickly after 
changing their mind-sets regarding tillage and experimenting with the technology in 
their own fields. As earlier planting of wheat ensures yield, the low cost of produc-
tion adds to their incomes. However, in the IGP, CA is mainly practiced in the rice-
wheat cropping system and in other cropping systems including permanent no-till 
systems, its uptake is marginal (Friedrich et al. 2012).

Currently, conservation tillage in the rice-wheat cropping system is being fol-
lowed on an area of about 5.0 million  ha in South Asia (Friedrich et  al. 2012; 
Fig. 11.1). In India, wheat cultivation through conservation tillage is being practiced 
in the wheat-rice double cropping system on a large area (Friedrich et al. 2012) and 

Fig. 11.1   Area increase under conservation tillage in South Asia. (Adapted from Friedrich et al. 
2012)
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promoted in the northwestern states like Punjab, Haryana, Bihar, and Uttar Pradesh 
(Jaipal et al. 2005) and is rapidly growing popular among farmers, because farmers 
have realized that conventional tillage practices are time consuming, resulting in 
delayed seeding and yield loss of the wheat crop after rice (Hobbs and Gupta 2003; 
Hobbs et al. 2008).

CA is a revolutionary process of developing suitable and easily accessible CA 
implements, and crop cultivars, etc. under the changing scenario of limiting re-
sources, urbanization, and climatic conditions to improve the profitability and sus-
tainability of the rice-wheat system. Presently, we are halfway through evaluation 
and accelerating the adoption of double no till is the immediate step towards CA 
as double ZT with crop residue retention has resulted in higher system productivity 
than conventionally tilled systems in the IGP (Jat et al. 2005, 2006).

11.3 � Experiences with CA in South Asia

Since the 1980s with development of ZT wheat, the area under RCTs in South Asia, 
through interventions of RWC and CSISA, is rapidly spreading and being adopted. 
This section underpins the developments in machinery and with its adoption-as-
sociated impact on crop performance, soil quality, changes in nutrient availability, 
coincidence in shift of weeds dynamics and diseases, insect pests, and efficient use 
of resources. Further integrated effects of these RCTs on the environment in terms 
of GHG emission and their mitigation have been elaborated.

11.3.1 � CA and Machinery Development

Field machinery is the prerequisite for the adoption and success of CA. Since the 
1990s, in South Asia, several site-specific modifications were made in the ZT ma-
chinery (Fig. 11.2). Ultimately, the widespread manufacturing and sales of locally 
adapted and improved versions of ZT drill were the cornerstone to kick-start the 
ZT initiative in South Asia. The ZT technology showed an average early seeding 
by 2–3 weeks, lesser weed infestation, and 15–25 % higher productivity. But ZT 
drills were not able to seed in the residue-retained condition and therefore were not 
able to address the natural resource management problems. Therefore, the second-
generation machines were introduced from 2002 onwards in South Asia. Different 
kinds of machines including double-disk coulters, the star wheel punch planters, the 
rotary disc drill with a powered fluted or straight edge disc in front of double disks, 
turbo seeder and the combo happy seeder have been and are being tested as part of 
second-generation machine to facilitate residue retention as an integral part of CA.

The new planter also helps to foster development of more innovative intercrop-
ping systems particularly suitable for flood- and drought-prone environments. These 
technologies benefit farmers and help in practicing irrigated agriculture. However, 
with some fine-tuning, it can be easily transferred to many rainfed areas in the hills 
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and plains because it reduces the cost of cultivation, minimizes soil disturbance, and 
provides soil covers to reduce soil erosion and promote efficient nutrient and water 
use. The CA-based production technologies have emerged as clear winners! It is 
being adapted, and is divisible, reliable, and spreading faster than projected. Now 
CA-based no-till transplanted rice is being successfully demonstrated in the north-
western and central IGP using a paddy transplanter. The CA-based technologies are 
being widely adopted in South Asia in rice-, wheat-, maize-, sorghum-, and barley-
based systems. With the development of “second generation” drill prototypes, crops 
can be planted in the presence of anchored and loose straws, which increase soil 
carbon, improve soil fertility, and provide a niche for beneficial soil microbes.

The IGP are the hub of CA mechanization and its package development in South 
Asia. Here, the farmer groups including the landless farmers have benefited from it 
through custom-hiring basis. With more and more farmer experimentation, the CA 
practices are “coevolving” with agents of change (public research and extension 
systems, champion farmers, drill manufacturers, custom service providers, and pri-
vate agri-input dealers). Whereas there were just 2 drill manufacturing units in the 
private sector, in the year 2000, the popularity of the technology has swelled to the 
number close to 134 units spread all over the IGP including Pakistan, India, Nepal, 
and Bangladesh. Other significant contributions due to machinery development in-
clude the spread of raised bed technology in cereal-based systems, use of narrow tires 
to avoid compaction, and drip and sprinkler irrigation in raised bed mulch vegetable  

Fig. 11.2   Prototypes of different conservation agriculture-based drills, planters, and seed metering 
system
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systems. The conservation of resources has to be tagged with value addition and 
that is why in sugarcane- and maize-based cropping systems bed planting has been 
accepted by farmers. Through a grassroot-level collaboration from researchers to 
farmers, the CA-based drill has undergone several modifications from the time of 
its introduction (Fig. 11.2).

11.3.2 � Crop Performance

Crop performance in terms of growth and yield is variable in conventional and 
conservation tillage systems. As no preparatory tillage is carried out in CA,crop 
growth rate is lower than conventional tillage due to root penetration resistance. For 
instance, a recent study reported poor wheat growth in ZT wheat compared to con-
ventional tillage wheat (Nawaz 2012), but at booting stage, a rapid increase in the 
growth of ZT wheat was observed (Nawaz 2012). Interestingly, productive tillers in 
ZT wheat were much more than the zero tillage due to root penetration resistance by 
compact soil in zero tillage (Nawaz 2012), which ultimately improved the yield of 
ZT wheat. Several reports in rice-wheat areas of India, Nepal, and Pakistan indicat-
ed that rice yields are not reduced in DSR compared to transplanted rice and wheat 
yields are higher under ZT after aerobic DSR (Hobbs et al. 2001; Farooq and Nawaz 
2014). In addition, timely plantation of both rice and wheat in conservation systems 
results in reduced weed infestation, irrigation water saving (up to 15–20 %), better 
yields and enhanced input-use efficiency due to better crop stands and better seed 
and fertilizer placement (Gupta and Sayre 2007; Gupta and Seth 2007; Saharawat 
et al. 2010).

Crop cultivars also vary in their response under conservation tillage and early 
vigor can help to discriminate cultivars for their performance in no-till systems with 
retention of crop residues. For example, Noorka and Shahid (2013) compared the 
performance of a diverse set of four cultivars in conventional and conservational 
tillage without removal of rice crop stubbles. The cultivars varied in their response 
to different tillage; wheat genotypes with early vigor under conservational tillage 
produced higher grain yield than conventional tillage when rice residues were re-
tained.

Retention of crop residues helps to maintain the soil temperature and moisture 
(Green and Lafond 1999). Crop residue retention also helps to regulate canopy tem-
perature in wheat by reducing soil evaporation and conserving soil moisture avoid-
ing crop from terminal heat stress effects (Jat et al. 2009a). Thus, retention of crop 
residue and ZT can help in adaptation to high temperature in late-sown wheat by 
timely planting, thus improving productivity of the rice-wheat system (Gupta et al. 
2010). Along with the surface retention of crop residue, the full benefits of ZT 
can be harvested in the rice-wheat cropping system, if both crops are grown with 
a double ZT system. For instance, Jat et al. (2009a) evaluated the effect of tillage 
and crop establishment methods when integrated with conservation and precision 
agriculture-based RCTs as a double-ZT system in rice-wheat. Crops grown with 
precision land leveling improved system productivity (7.4 %), water saving up to 
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12–14 % in rice, and 10–13 % in wheat, and profitability by US $ 113–175 com-
pared to traditional planted crops. The adoption of CA-based RCTs produced an 
additional 0.5 million tons of wheat and saved US $ 80 million through reduced fuel 
consumption in tillage and irrigation operations. In the short period of its introduc-
tion, farmers across the IGP have quickly adopted the CA-based RCTs. The total 
benefits to the farmers from ZT are astounding. ZT has reduced the cost of cultiva-
tion by US $ 55 ha− 1 and burning of fossil fuel by 50–60 L diesel ha− 1 (Gathala 
et al. 2011).

Four tillage systems including conventional tillage, deep tillage, ZT, and happy 
seeder at different rates of nitrogen in wheat were evaluated for 2 years in Punjab, 
Pakistan. Maximum grain yield was found for deep-tilled wheat and happy seeder 
followed by other tillage systems. However, improved yield in deep-tilled system 
was associated with an increase in leaf area index and crop growth rate while use 
of happy seeder increased economic benefits by cutting down the production cost 
(Qamar et al. 2013). In Nepal, wheat grain yield was high in ZT compared to per-
manent bed planting and conventional tillage. In another study in Nepal, the maize 
( Zea mays L.) crop had longer duration to reach silking with maintenance of pre-
vious crop residues than the plots with removal of residue. Moreover, significant 
reduction in production cost was observed in CA-based practices compared to con-
ventional practices (BK et al. 2013). Nonetheless, for sustainable productivity of 
the rice-wheat system, RCTs with integration of laser land leveling and precision 
agriculture can be a more pragmatic and viable alternative, if long-term effects of 
these technologies are studied in different agroecologies of the South Asia.

Akter and Gathala (2014) reported that CA in rice-maize rotation can produce 
equivalent or higher yields than conventional tillage systems. In another 2-year 
study to compare the yield levels of wheat in conventional tillage, deep tillage, ZT 
(zone disc tiller or happy seeder), significantly higher growth rates, and grain yields 
were found in deep tillage followed by ZT with happy seeder (Qamar et al. 2013). 
However, yield response in no-till systems varies with soil type, agroecological re-
gions, to some extent on machinery used and integrated crop management practices, 
such as residue management, weed management, and cultivar type used.

Further, with CSISA efforts to introduce new Boro dry season rice varieties for 
saline soils and short-duration Aman varieties into the rice-wheat cropping sys-
tem has allowed farmers to grow mustard as third crop for system intensification. 
Likely, in eastern India, rice-maize + potato ( Solanum tuberosum L.)-relay cowpea 
( Vigna unguiculata L. Walp.) cropping system seems to be profitable but is quite 
labor intensive. CSISA is also facilitating and accelerating mechanized farming in 
women farmers by upscaling of appropriate machinery such as two-wheel tractors 
and rice-wheat harvesting machines through ICT-based extension tools. Similar ef-
forts are continued in Nepal to assess the effects of improved management practices 
on lentil and spring maize hybrids, line sowing DSR, and optimum fertilizers prac-
tices including upscaling of machinery to women farmers (Mathys and McDonald 
2013).

Continuous ZT resulted in a significantly higher yield of the rice-wheat sys-
tem compared to continuous conventional tillage (Mishra and Singh 2012). Wheat 
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yields were similar under ZT with rice residues and conventionally tilled crop. Sys-
tem productivity and net returns were comparable under DSR with brown manuring 
followed by ZT wheat with rice residues and conventional practice. However, the 
highest productivity was recorded under DSR followed by ZT wheat-green gram 
( Vigna radiata L. Millsp) cropping system. DSR required about 30–40 % less water 
and had three times less global warming potential compared with the transplanted 
rice crop (Sharma et al. 2012). DSR with brown manuring of Sesbania, followed 
by ZT wheat with rice residues and ZT green gram during summer, is a better op-
tion for higher productivity, profitability, and environmental sustainability in the 
northwestern parts of IGPs.

CA thus offers the opportunity to the farmer community to enhance their crop 
yields, produce more food than their need for subsistence, and grow new crops 
which can be more profitable. However, yield trends in CA in South Asia are vari-
able. In wheat, many researchers reported higher yields in ZT wheat than conven-
tional tillage (Table 11.1), which possibly may be due to timely sowing of wheat.

11.3.3 � Soil Quality

Soil quality is the ability of a specific kind of soil to function, within natural or 
managed ecosystem boundaries, to sustain plant and animal productivity, maintain 
or enhance water and air quality, and support human health and habitation (Chiu-
razzi 2008). Planting methods significantly influence the physical, chemical, and 
biological properties of soil. In conventional production systems, extensive plowing 

Table 11.1   Yield levels of conventional and conservation wheat production systems
Grain yield (t ha− 1) Change 

(%)
Soil type Country References

Conventionally 
tilled wheat

Zero-tilled 
(ZT) wheat

3.97 4.61 16 – Pakistan Latif et al. (2013)
3.05 3.27 7 – Pakistan Bakhsh et al. (2005)
5.30 5.80 9 Sandy clay loam Pakistan Qamar et al. (2013)
3.50 4.50 29 Sandy clay loam Pakistan Qamar et al. (2013)
3.50 3.80 9 Sandy clay loam Pakistan Qamar et al. (2013)
3.90 4.20 8 Sandy loam Pakistan Farooq and Nawaz 

(2014)
5.37 5.47 2 Silty clay loam India Tripathi et al. (2013)
4.00 3.67 –8 Sandy clay loam India Singh et al. (2001)
4.96 5.17 4 India Sapkota et al. (2014)
4.93 5.27 7 Sandy loam India Saharawat et al. (2012)
4.60 4.84 5 Sandy loam soil India Rautaray (2005)
4.19 4.49 7 – India Erenstein and Laxmi 

(2008)
3.78 3.81 1 – India Erenstein et al. (2008)
2.04 2.83 39 – Nepal Tripathi (2010)
2.49 2.77 11 – Nepal Sah et al. (2013)
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and crop residue removal results in removal of soil organic carbon (SOC) and soil 
fertility (Lal 2004). However, CA practices improve the soil quality. ZT improves 
soil fertility, as well as soil physical and biological properties (Chauhan et al. 2002; 
Mohanty et al. 2007). Improvement in soil structure by ZT may be due to continu-
ous buildup of organic matter with better water infiltration, retention, and overall 
reduced water use (Erenstein 2002; Govaerts et  al. 2005; Hobbs 2007). Bazaya 
et al. (2009) found increased soil moisture content and organic carbon in ZT seeding 
plots compared to conventional seeding and had the highest microbial population. 
Recently, Das et al. (2013) found that ZT with bed planting or flat sowing increases 
26–28 % SOC compared to conventional tillage and bed planting in the 0–5 and 
5–15 cm soil layer in western IGPs after 4 years of cropping. The sandy loam soil of 
the Indian Himalayas possessed more soil carbon contents when soil was zero tilled 
compared to the extensive tillage in the rice-wheat cropping system (Bhattacharyya 
et al. 2008, 2012). Promotion of DSR may be useful to improve the soil physical 
environment for post-rice winter cereals by facilitating the root penetration. In a re-
cent study, we found that root penetration resistance was reduced after DSR (Nawaz 
and Farooq 2013).

11.3.4 � Nutrient Use and Dynamics

In the last five decades, in the IGP, especially in India, fertilizer use has increased by 
1573 %, total food grain production by 145 % with an increase in area of 3.5 % and 
average yield increase of 125 %. Therefore, the input-use efficiency is decreasing 
at a fast pace, posing a threat of food insecurity and rapidly engulfing the poor and 
underprivileged population leading to increased poverty, which will be exacerbated 
further by the projected threats to agriculture due to consequences natural resource 
degradation and projected climate change effects.

SOC in most cultivated soils of India is less than 5 g kg− 1 compared with 15–
20 g kg− 1 in uncultivated virgin soils. Low SOC concentration is attributed to plow-
ing, removal of crop residue and other biosolids, and mining of soil fertility (Lal 
2007). Large acreages of cultivated land show fertility fatigue and deficiency of 
micronutrients in many intensively cropped areas. This adds to our challenge of 
making farming more profitable. On a macroscale, N:P:K ratio of 4:2:1 has come to 
be known as an ideal ratio, and a deviation in NPK consumption pattern would sug-
gest imbalanced fertilizers use—the greater the departure, the more the imbalance. 
But on the farmer usage level, this is not entirely true as there is hardly any basis 
for the suggested single valued ideal N:P:K ratio. The ratio will be further widening 
with mismatch in the demand and supply of major nutrients across IGPs. The NPK 
ratio is likely to vary with crops, cropping systems, CA practices, soils, and their 
reactions. It appears that there is a need to work out new N:P:K ratios for basing 
fertilizer allocations for different regions. In the demand and supply of fertilizer 
nutrients, use of organics in agriculture seems inevitable, particularly for correcting 
the N:K imbalances. From the plant nutrition point of view, the importance of the 
concept of balanced fertilizer use lies in adjusting the level of fertilizer use, taking 
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into account available soil nutrients, crops requirement for targeted production lev-
els under specific soil-water-crop management practices. New information seems 
to strengthen our understanding that CA has a distinct influence on soil quality and 
nutrient dynamics in soil as compared with the traditional agriculture-based inten-
sively tilled systems. The current nutrient recommendations are age-old, area gen-
eral not site specific, designed for the component crops of the cropping system, and 
better suited to tilled agriculture. Therefore, the focus should be “feed the soil and 
let the soil feed the plant” (Derpsch 2008). Under the changing scenario of natural 
resources and management practices, the production variables are dynamic. Hence, 
when everything is changing—how will nutrient recommendations designed for 
different situations work. It is only prudent that new fertilizer recommendations 
should be able to mimic significant effects of residue retention vis-à-vis incorpora-
tion of organics having differential soil moisture and thermal regimes. Therefore, 
the paradigm shift from tilled to no-till CA systems require a serious thrust on nutri-
ent management research to improve soil and crop productivity and environmental 
quality.

Soil bulk density, soil moisture contents, and SOC are usually higher in ZT than 
CT (Bazaya et al. 2009). A no-till system significantly enhances the soil microbial 
biomass, total carbon, total nitrogen, active carbon, basal respiration, sand-free par-
ticulate organic matter, and aggregate stability, while carbon catabolism over time is 
decreased. Moreover, soil physical, chemical, and biological quality and soil quality 
index are improved under no-till system (Aziz et al. 2013). Rotation of crops with 
different rooting patterns can promote more extensive network of root channels and 
macropores in the ZT soil, which improves the water infiltration with a simultane-
ous increase in soil microbial diversity and decrease in pests and disease outbreaks 
from pathogenic organisms (Hobbs 2006). Incorporation of legumes in crop rota-
tion as cover crops may help to fix the atmospheric nitrogen and add the soil carbon 
which may be utilized by the subsequent crop, thus improving the soil quality (Lu 
et al. 2000). Conservation tillage practices increase the fertility of the soil by carbon 
sequestration (Al-Kaisi and Yin 2005). Improved soil structure with conservation 
tillage decreases the GHG emission, pesticide use, eutrophication, and production 
cost and increases the nutrient recycling (Holland 2004). The incorporation of no 
till and inclusion of other RCTs into the rice phase of the rice-wheat system may 
further increase long-term profitability of this system due to reduced soil cultiva-
tion and may decrease soil sickness associated with mono-cropping in aerobic rice 
systems (Chauhan et al. 2012). Surface retention of crop residues in ZT systems 
may improve soil health (Sharma et al. 2008). Maintenance of crop residues as soil 
mulches increases the SOC pool (Sharma and Acharya 2000), modifies soil mois-
ture and temperature regimes, and has a positive impact on soil fauna (Akter and 
Gathala 2014). In addition, retention of crop residues on the soil surface reduces 
the soil runoff and erosion by 52.5 and 80.2 %, respectively, compared to intensive 
tillage (Yan et al. 2000). However, adoption of conservation tillage may reduce the 
organic acid mineralization resulting in slow nutrient release (Benech-Arnold et al. 
2000) and nutrient availability. Thus, appropriate integrated nutrient management 
with conservation tillage is required for site-specific nutrient management and long-
term sustainability of the rice-wheat system.
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11.3.5 � Weeds, Diseases, and Insect Pests

Weed flora, pest population, and disease incidence are changed from a shift towards 
CA. Weed density is substantially higher in conservation tillage and is posing a 
severe threat for harvesting better yields in no-till systems (Gangwar et al. 2006). 
However, several studies have reported that adaptation of ZT in wheat of IGPs has 
minimized the weed flora in wheat compared to CT (Malik et  al. 2004; Franke 
et al. 2007). Little seed canary grass is a noxious weed of wheat in the IGP but 
reduced soil disturbance with ZT fields has reduced its infestation in wheat (Mehta 
and Singh 2005). Farmers at various locations in India, for instance, report less 
infestation of little seed canary grass in ZT fields (Kumar et al. 2005). With ZT, un-
disturbed soil in a noncropped area delays the weed emergence due to which weed–
crop competition is reduced (Erenstein and Laxmi 2008). On the other hand, some 
reports showed an increased incidence of broadleaf weeds in ZT wheat (Malik et al. 
1998; Laxmi et al. 2007b). For example, Sharma et al. (2004) and Chhokar et al. 
(2007) reported that dicot weeds dominate in ZT while monocot weeds dominate in 
furrow irrigated raised bed sowing and conventional tillage. In our previous study 
in Punjab, Pakistan, we found more weed growth in ZT compared to other methods 
of wheat establishment (Nawaz 2012; Nawaz and Farooq 2013). However, little 
seed canary grass density in ZT was higher than in conventional tilled wheat (CTW)  
(Nawaz 2012). Similarly, surface retention of crop residues suppressed the weeds 
by altering the microclimatic soil environment (Robinson 1998). The presence of 
crop residues on the soil surface decreases the possibility of weed seed contact 
with the soil (Peigné et al. 2007), which inhibits the seed germination rate of weeds 
(Bond and Grundy 2001).

In addition to weed shift towards conservation tillage system, occurrence of the 
pest and disease is also changed (Chauhan et al. 2002; Laxmi et al. 2003; Jaipal et al. 
2005). Rodent attack in ZT has been reported due to residue retention (Laxmi et al. 
2007b). Increase in nematode population has also been reported in the rice-wheat 
region due to adoption of ZT and it enhances the predator density and diversity 
(Duveiller et al. 2004). Neurotropic pathogens and Fusarium head blight may be the 
possible threats to ZT adaptation (Duveiller et al. 2007). Increase in the incidence of 
rice stem borer in Pakistan (Inayatullah et al. 1989; Gill 2006) and pink stem borer 
in India has been reported in rice after wheat. Minimum-tilled or ZT fields hold the 
seeds of weeds near the soil surface that expose weed seeds to predators, viz. aphid 
( Sonchus spp.; Gallagher et al. 1999), and prevent the spread of weeds. Nonethe-
less, conservation tillage reduces the population of weeds by creating unfavorable 
conditions for weed seed germination (Benech-Arnold et al. 2000). Therefore, in 
CA systems, focus should be to control weeds, pests, and diseases through residue 
retention, use of cover crops, and crop rotations (Govaerts et al. 2009; Mader and 
Berner 2012).

Tillage affects weeds by uprooting, dismembering, and burying them deep 
enough to prevent emergence, by moving their seeds both vertically and horizontal-
ly, and by changing the soil environment and so promoting or inhibiting weed seed 
germination and emergence. Any reduction in tillage intensity or frequency may, 
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therefore, have an influence on weed management. As the density of certain an-
nual and perennial weeds may change under CA, effective weed control techniques 
are required to manage weeds successfully. Crop yield losses in CA due to weeds 
may vary depending on weed dynamics and intensity. However, studies by Mahajan 
et al. (2002) and Kumar et al. (2008) indicated that with the development of pos-
temergence broad-spectrum herbicides, weeds can be effectively controlled in CA-
based systems without affecting the crop productivity. Jung et al. (2004) reported 
evidence of allelopathic properties in some cereal residues to inhibit weed germi-
nation, overall suggesting that cropping system/pattern plays an important role in 
influencing weed flora in CA systems. In CA systems, weeds can be effectively 
managed during the harvest of cover crop in the systems by the use of different 
herbicide molecules. Higher microbial populations in CA-based farming practices 
also help in weed suppression. Various approaches, including the use of preventive 
measures, minimizing soil disturbance to avoid breaking dormancy of weed seeds, 
crop residue as mulches, intercropping, competitive crop cultivars, herbicide-toler-
ant cultivars, and eventually herbicides are needed to manage weeds effectively in a 
CA system. Among the preventive measures, weed-free crop seeds integrated with 
cultural and mechanical measures need to be adopted. The stale seedbed practice 
can be a valuable way of reducing weed pressure. This practice has been found very 
effective in ZT wheat in the northwestern IGPs (Mahajan et al. 2002; Saharawat 
et al. 2009). Studies have suggested a small difference in weed populations between 
conventional and ZT fields, and in some cases, few weeds have been observed in 
ZT conditions (Hobbs and Gupta 2003; Malik et al. 2002).

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. The crop 
residues not only improve soil health and moisture conservation but also pose a 
problem for weed seed germination by obstructing sunlight. Crop residues, when 
uniformly and densely present under CA, could suppress weed seedling emergence, 
delay the time of emergence, and allow the crop to gain an initial advantage in 
terms of early vigor over weeds. Cover crops, such as Sesbania, can produce green 
biomass of up to 30 t ha− 1 within 60 days and control most of the weeds. In addition 
to reducing weed emergence, high amounts of residue may prolong or delay emer-
gence, which may have implications for weed management in CA. Brown manuring 
involving growing of Sesbania along with DSR or maize as inter- or mixed-crop for 
25–30 days and then killing Sesbania by 2,4-D spray or mechanical means has been 
found to be a highly beneficial resource conserving technology for soil and water 
conservation, weed control, and nutrient supplementation (Sharma et al. 2010).

Ramakrishna and Sharma (1998) reported that ZT increases the number and di-
versity of beneficial soil microbes, which can compete with the harmful soil organ-
isms and increase the yield of crops. Moreover, a higher number of microbial diver-
sities in conservation tillage systems reduce the population of parasitic nematodes 
( Pratylenchus thornei; Govaerts et al. 2007). Nonetheless, burning of crop residues 
during land preparation is common in South Asia to prepare a good seedbed, and 
has the advantage to control soil-borne pests and diseases (Aulakh et al. 2001).

The compilation of several CA and diversification studies across the IGP showed 
that CA-based practices not only help in improving the productivity in current  
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cropping systems but also help in their diversification. The gains in the productiv-
ity were almost two times higher in the central and eastern IGP through CA-based 
practices in current cropping systems; however, when CA was intergraded with 
diversification, the gains were much higher (around four times) in the central and 
eastern IGP.

11.3.6 � Energy-Use Efficiency

The current intensively cultivated production system is energy and input intensive 
and relies on the use of fossil fuels for tillage, transportation, harvesting, threshing, 
grain drying, and manufacturing of fertilizers, pesticides, and equipment used to 
apply agricultural inputs. The tillage and crop establishment operation accounts for 
25–30 % of the wheat production cost in the rice-wheat system of South Asia. Farm 
mechanization plays a vital role for the success of CA-based technologies and their 
sustainability. Various studies under different CA-based practices show that CA-
based ZT improves the operation field capacity by 81 % and grain yield by 6 % com-
pared to the conventional practice in the rice-wheat system. The CA-based practices 
with reduced-/no till ensures timeliness, precision, and quality of field operations; 
reduces production cost; saves labor; reduces weather risk in these changing cli-
matic scenarios; improves productivity, environmental quality, and sustainability; 
and generates rural employment on on-farm and off-farm activities (Barclay 2006, 
Ladha et al. 2009, Saharawat et al. 2010). Adopting CA techniques is a holistic ap-
proach for management of soil and water resources, and improving efficiency and 
productivity per unit of carbon-based energy consumed. Mishra and Singh (2012) 
reported that the intensively tilled conventional rice-wheat systems require maxi-
mum energy (38,187 MJ ha− 1), due to intensive field preparations, whereas CA-
based ZT systems require least energy and have higher energy output to input ratio 
as well as higher system productivity. At Modipuram, higher energy output: to input 
ratio in ZT wheat after rice has been reported by Kumar et al. (2013). Mishra and 
Singh (2012) also reported higher cost of cultivation in the conventional tillage rice-
wheat system as well as higher net returns and benefit to cost ratio in ZT rice-wheat 
systems. Similarly, in the 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 also reported (Ram et al. 2010).

11.3.7 � Environmental Impacts of CA

The rice-wheat cropping system of IGP is considered to be the main source of atmo-
spheric CO2, N2O, and CH4 due to the large area and huge frequency of agricultural 
inputs use (Bhaatia et al. 2005) especially intensive use of nitrogen fertilizers (Cole 
et al. 1997; Pathak et al. 2002; Zou et al. 2007; Van-Groenigen et al. 2010) and 
alternate aerobic–anaerobic cycles during transition from wheat to growing rice 
(Malla et al. 2005). Flooded conditions cause anaerobic decomposition of organic 
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matter and methane is the end product of this anaerobic decomposition of organic 
matter in the soil (Verburg et al. 2006). Rice fields contribute to 5–20 % of total 
methane emission throughout the world (Scheehle and Kruger 2006; IPCC 2007; 
Xu et al. 2007). However, conservation tillage practices are eco-friendly. In direct 
seeding, the rice crop is directly drilled into the field without standing water and 
can be grown like an upland crop such as wheat. Rice growing by this method may 
mitigate the risk of methane emission but emission of potent anthropogenic nitrous 
oxide is reported. Similarly, wheat crop sown after extensive tillage in post-rice 
fields can be source of atmospheric CO2 when octane-rich fuel is used for prepara-
tory tillage before wheat sowing. Adaptation of ZT in IGPs can save the environ-
ment through reduction in green house emissions (Erenstein and Laxmi 2008) by 
decreasing the tillage operations. Use of conservation tillage reduces the energy 
consumption and emission of carbon oxide emissions (Holland 2004). Subash et al. 
(2014) argued that by using appropriate integrated nutrient management practices, 
the negative footprints of extreme climatic conditions can be minimized.

The intensive tillage practices fragment the soil, trigger the release of soil nu-
trients, kill weeds, and modify soil aeration and also accelerate soil C loss and 
enhance GHG emission, which have an adverse impact on environment, whereas in 
CA systems, avoiding tillage operations helps in sequestering soil carbon, reducing 
gaseous emissions, reducing global carbon footprints, and sustaining environmen-
tal health. Since CO2 is the final decomposition product of SOM, intensive tillage, 
particularly the mold board plough, releases large amounts of CO2 as a result of 
physical disruption and enhanced biological oxidation (Reicosky et al. 1995). In CA 
systems, the crop residue cover on the surface helps to reduce soil erosion, enhance 
soil physical and microbial properties, increase nutrient availability, and control 
the conversion of plant C to SOM and humus. Duxbury et al. (2000) estimated that 
agriculture has contributed to 25 % of the historical human-made emissions of CO2 
during the past two centuries. However, a significant portion of this C can be stored 
or sequestered by soils managed with no tillage and other low-soil disturbance tech-
niques. Improved tillage management techniques have shown that scientific agri-
culture can also be a solution to environmental issues in general, and specifically 
to mitigate the greenhouse effect (Lal et  al. 2007). In the long-term adoption of 
CA practices, enhanced C sequestration and buildup in SOM constitute a practical 
strategy to mitigate GHG emissions and imparting greater resilience to production 
systems to climate change-related aberrations (Saharawat et al. 2012).

11.3.8 � Economic Aspects of CA

Conservation tillage practices are economically feasible for small as well large 
landholders. CA involves the use of modern machinery and sometimes socioeco-
nomic constraints limit the access of small-scale farmers to this machinery. How-
ever, experiments have revealed that the benefits of ZT are scale-neutral and the 
smallholders as well large-sized farms are getting the same benefits (Thakur et al. 
2004; Malik et al. 2005). Small landholders with limited access to purchase the CA 
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machinery often obtain from the rent services, similar to other conventional tillage 
implements. In IGPs, on-farm experiments of ZT wheat in the rice-wheat zone have 
reported reduced production cost combined with potential yield increases (Aslam 
et al. 1989; Hobbs and Gupta 2003; Malik et al. 2002, 2005; Laxmi et al. 2007a). 
ZT significantly reduces the cost of energy by decreasing the tractor costs associ-
ated with conventional tillage methods. Moreover, studies show that irrigation re-
quirement of ZT wheat is reduced compared to cultivation with conventional tillage 
method (Gupta et al. 2002; Hobbs and Gupta 2003), thus reducing the energy costs 
associated with pumping underground water.

Promotion of DSR in the rice-wheat system of the IGP has great potential of sav-
ing water and labor resources, cutting down the production costs with simultaneous 
increase in net returns. High net income in zero-tilled direct-seeded rice (ZTDSR) 
was reported compared to conventionally tilled direct-seeded rice (CTDSR). Maxi-
mum net profit was achieved with zero-tilled direct-seeded crop sown in double 
no-till practices integrated with laser leveled. Further, wheat profitability was also 
higher with residue retention than residue removal. However, on system basis, max-
imum net returns were achieved in ZTDSR-ZTW followed by CTDSR-ZTW and 
lowest in puddled transplanted rice and conventional wheat system (TPR-CTW). 
Similarly, in rice, water saving on beds with a laser-leveled plot was 32.8 % more 
than TPR, while in wheat, permanent beds saved more water than other tillage prac-
tices (Naresh et al. 2013).

A survey in Punjab, Pakistan, regarding the use of agriculture inputs and out-
puts of RCTs showed that these interventions have improved the crop yield and net 
income of farmers with simultaneous reduction in water use. ZT, bed furrow, and 
laser land leveling saved 49, 40, and 31 % irrigated water per hectare, respectively, 
in the study areas. Higher water productivity and fertilizer-use efficiency (FUE) 
was recorded for ZT farms followed by bed-furrow and laser land-leveled farms 
(Latif et al. 2013). In India, a study undertaken to compare the economics of ZTW 
and CTW showed higher net income in ZT method than conventional one (Tripathi 
et al. 2013). Recently, Krishna and Veettil (2014) collected primary data to evaluate 
the on-farm impacts of ZT wheat and found significant cost savings (14 %) in ZT 
wheat. Productivity and technical production efficiency were also increased due to 
ZT sowing. Nonetheless, most of these studies report the agronomic and economic 
benefits related to ZT technology on researcher-managed fields and the impact of 
these interventions under a farmer’s field needs clear understanding of socioeco-
nomic factors.

11.4 � Farmers’ Participatory Approach in CA

The wide diffusion of technology rather than its invention is more important and is 
the only way to bring the maximum benefit. Technologies evolved are made vis-
ible for the farmers. Farmers see the technological product, own it, comment on 
the product, and finally accept or reject. In rural areas, the decrease in landholding 
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and lack of interest of rural youth in agriculture is causing ever-rising unemploy-
ment. There is also a growing inequality between rural and urban population. Al-
though information technology and other technological changes have created more 
jobs, benefits of these changes are being harnessed by better-educated urban youths 
rather than the rural youth. The common message behind all such developments 
is that changing the face of the South Asian economy calls for nothing less than 
a new economic paradigm for rural youth by creating jobs through agriculture-
related subsidiary occupations where the rural youth have a comparative advan-
tage. Such types of farming system approaches represent a significant shift both 
in the way scientists think about their field and how they investigate it. Merely 
listing the individual component does not really serve the purpose. A complete un-
derstanding of the farming system and then putting the bits together again is more 
important. While evolving technologies, participation of farmers at every stage of 
technology development starting from conceiving the idea, articulating the way it 
will be accepted, inviting the partners who can help outsource technical inputs, 
demonstrating the technology, and marketing at the same time is very important. 
Squeezing many components in any candidate technology at a farmer’s field is not 
easy. Technologies leading to CA have been/are being coevolved with agents for 
change, the farmers. Therefore, evolution of CA rests as much on farmers as on the 
scientists. Experience has shown that farmers just love new technologies and try 
new things. It is, therefore, necessary to develop technologies which are in demand. 
Instead of perfecting a technology within the four walls of research stations, it is 
therefore more prudent that CA are perfected on farmers’ fields together with them 
for greater adoption of the new CA practices. This process adopted by researchers 
in South Asia has not only made it easy for the CA to coevolve and accept CA in 
India but also helped transferring this technology across borders including Pakistan, 
Bangladesh, and Nepal.

11.5 � Challenges for CA in South Asia

In spite of encouraging experiences, CA in South Asia is confronted with several 
challenges on cultural and economic fronts, crop residues and pest management, 
and availability of suitable planting equipment. An overview of these challenges is 
given in the following sections.

11.5.1 � Cultural and Economic Entrenchment of Tillage 
Agriculture

CA may be difficult for the farmers to adopt as it goes against their cherished be-
liefs, cultural norms, and sometimes economics. The main factor behind the slow 
uptake of RCTs in the South Asia is the mind-set of the farming community related 
to conventional tillage. The farmer does not know how much profit can be achieved 
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with RCTs. Farmers are interested about the outlook of their crop in terms of growth 
and their minds have been made up that more tillage yields more. Cultural and eco-
nomic entrenchment of tillage agriculture is considered as one of the main barriers 
to the adoption of CA practices (Friedrich and Kassam 2009). The main hindrance 
is to change the mind-set of farmers that extensive plowing operations deteriorate 
the soil and aerial environment. Once they realize the story, they will be willing to 
try something novel. Farmers adaption to CA depend on their participation in each 
steps of operations from practicing to harvesting rather than just by observation. 
Few inventions are compulsory and the techniques suited to local environment are 
also a prerequisite.

CA necessarily involves a positive shift in attitudes, which can be only achieved 
by encouraging the farmers to investigate the potential impacts of these technolo-
gies on their own farm, and providing with more relevant information about these 
tillage practices through networking. For the CA to be successful, besides change in 
farmers’ attitudes, this will require new skills for selecting crops for better market-
ing, sorting, grading, marketing, and postharvest processing of their produce. Farm-
ers with large landholdings and earning some income from some nonfarm sources 
are likely to adopt CA. Moreover, the likelihood of adoption differs between vari-
ous climatic conditions, cropping patterns, and irrigation access. The probability 
of adoption of CA is inhibited by rental market, while the adoption intensity is 
constrained by soil type (Akter and Gathala 2014).

11.5.2 � Crop Residues and Management

Crop residues are also the one of main hindrances in the adaptation of RCTs in IGPs 
of South Asia, especially in the rice-wheat cropping system. In this system, rice har-
vesting is usually completed with combine harvester and the rice residues are left in 
the field. After drying, these residues are burnt in the field and then wheat is sown 
after pulverizing the soil. Burning of crop residues is not an environment-friendly 
way of crop residue management (Gupta and Seth 2007). Farmers need to be en-
couraged to stop burning their loose residues after combine harvesting. However, in 
IGPs, a lack of seeding implements for planting into loose residue also seems one 
of the main limitations at the moment, but local engineers and manufacturers are 
working together to solve this issue.

During harvesting with a combine harvester, the crop residues are chopped in-
side the combine and spread on the field after leaving the combine. Moreover, the 
recently designed inverted-T openers are not affected by anchored straw and there 
will be minimum clogging when straw has been cut into small pieces and spread 
uniformly (Naresh et al. 2013). Nowadays, trash removers, cutting disks, and other 
systems used in the USA and Europe are being practiced in South Asia, but these 
implements need more horsepower for operation and are costly. Similarly, strip-till 
systems possessing the rotary blade are also being tested to manage residues as they 
cut the residue and make a narrow strip placement of seed and fertilizer (Naresh 
et al. 2013). In Pakistan, happy seeder is being used for wheat sowing after heavy 
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rice residues as it cuts and lifts up the cut loose straw ahead of the planter, and 
blows it out behind the planter and places the seed through inverter into the soil 
which is free from crop residues. These chopped crop residues which fall behind 
the planter serve as mulch (Naresh et al. 2013). Sidhu et al. (2007) reported that the 
use of tine-type openers for management of crop residues in no-till systems is not 
feasible, nonetheless new-generation planters, viz. rotary-disk drill, happy seeder, 
punch planter, and double-disk drill may be useful for management of crop residues 
resulting in wider adoption of CA in the region.

11.5.3 � Weed, Insect-Pest, and Disease Challenges

CA practices may influence species diversity, weed status, biology and carryover of 
insects, diseases and beneficial pests due to significant change in crop environment 
and ecology. Several reports indicate that ZT has negative impact on soil texture, 
weed dynamics, and carryover of insect pest on post rice crop, especially rice stem 
borer (Singh and Meena 2013). Weeds in CA are posing a severe threat for harvest-
ing better yields (Gangwar et al. 2006), an increase in broad-leaved weeds in ZT 
systems is observed quite often (Malik et al. 1998; Laxmi et al. 2007b; Nawaz and 
Farooq 2013). Besides weeds, insect pests and diseases decrease crop yields sig-
nificantly depending on their prevailing population in crops (Chauhan et al. 2002; 
Laxmi et al. 2003; Jaipal et al. 2005).

Conservation tillage systems influence the insect-pest population densities 
which become reduced with tillage (Jaipal et al. 2005). Shift in weed biota when 
switching from conventional to conservation tillage may influence several insect-
pest species developed during fallow periods. As the conservation tillage reduces 
the fallow period between crops, a change in sowing period of the following crop 
may alter certain insect’s incidence. For example, in conservation rice-wheat sys-
tem, the rice stem borers overwinter in the rice stubbles and affect the preceding 
crop’s performance (Jaipal et  al. 2005). The larvae of striped stem borer ( Chilo 
suppressalis), yellow stem borer ( Scirpophaga incertulas), and white stem borer ( S. 
innotata) may undergo hibernation and stay there unnoticed, while the pink stem 
borer ( Sesamia inferens) may damage the wheat ( Triticum aestivum L.) until ma-
turity in subtropical semiarid region (Jaipal et al. 2005). Rodents attack due to resi-
due retention (Laxmi et al. 2007b), and increase in nematode population has also 
been observed in conservation rice-wheat systems of IGPs (Duveiller et al. 2004). 
Moreover, neurotropic pathogens and Fusarium head blight are the leading threats 
to adoption of conservation systems in South Asia (Duveiller et al. 2007). In case 
of dry DSR, weed and nutrient management are severe challenges for successful 
crop production (Chauhan et al. 2012), which need to be addressed. Recently, under 
CSISA in Bihar, India, on-farm demonstration trial on DSR indicated that mixing 
of bispyribac with 2,4-D improves weed control and paddy yields were 4.2 t ha− 1 
compared to 3.8 t ha− 1 with bispyribac alone and corresponding yield with manually 
transplanted rice were 5.3 and 4.3 t ha− 1 with same weed management practices.
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11.5.4 � Availability of Suitable Seeding and Planting 
Equipment and Inputs

Unavailability of suitable seeding and planting equipment, inputs in many parts of 
South Asia, is one of the main hindrances to the wide adoption of CA (Friedrich 
and Kassam 2009). Practicing CA requires a different set of tools and equipment to 
complete different operations and a variety of tools and equipment have been devel-
oped to suit different farm sizes, conditions, and operations, but still many equip-
ment necessary for CA are too expensive or not appropriate for specific localities. 
Most of the CA equipment designed are still not widely available in local markets 
and some are still being used on trial basis. There is a “chicken-and-egg” situation 
as the manufacturers/dealers are not willing to manufacture or stock inputs and 
equipment unless assured demand from growers. At the same time, if these imple-
ments and inputs will not be available in the market, the farmers cannot buy them. 
Under such conditions, the local manufactures can adapt the existing designs or 
make their own. Major efforts for development and dissemination of RCTs practic-
es have been under RWC of IGPs with ZT cum fertilizer drill for sowing wheat crop 
in the rice-wheat system through involvement of National Agricultural Research 
Systems of India, Pakistan, Bangladesh, and Nepal. Other interventions being tested 
and promoted include raised-bed planting system, laser-aided land-leveling equip-
ment, residue management alternatives, and alternatives to the rice-wheat cropping 
system in relation to RCT technologies (Singh and Meena 2013)

Managing the crop residues during combine harvesting must essentially build a 
mechanism in the combine to chop and evenly spread the straw on the field after 
removal from the combine. There is a need to evaluate other systems of planting 
besides the inverted-T opener-like cutting disks, trash removers, and other systems 
used in Europe and the USA but their operation costs are high and need heavy and 
bigger tractors.

There is need to develop and mass produce the prototype which is locally suit-
able for low-horsepower used in Asia for farm operations. Heavy equipment like 
disk openers have been tried and unfortunately fail to get much popularity as in-
verted-T opener and other pragmatic options being promoted. Equipment designed 
for small-scale farm operations used in South America can be more suitable to the 
power systems in Asia. The cultivation and use of cover crops has not been tried 
much yet since rice residue leaves considerable biomass (Naresh et al. 2013).

Fine-tuning the ZT of wheat and DSR under farmers’ conditions to get maxi-
mum benefit is also very important (Chauhan et al. 2012). Recently, in South Asia, 
laser leveling is being adopted over 1.5 M ha (Jat et al. 2009a, b; 2011b). The turbo 
seeder (drill) places the straw between rows and thus proved very effective in con-
trolling weeds. Therefore, for sustainable intensification, the machines need to be 
more user-friendly to develop the interest of private manufacturers for investing in 
the machine (Akter and Gathala 2014).

Nonetheless, many appropriate mechanical CT implements from manual to 
large-scale levels are commercially available for the farmers. For example, manu-
ally animal-driven simple precision crop planters such as no-till seeder with 3–5 
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row, boom sprayers, and knife roller weed in India, and for no-till sowing, single 
axle reduced cost tractors for direct seeding of small grains into soil with residue 
left, precision planters and strip till cum seeder are also available in Bangladesh 
(Table 11.2). In South Asia, multiple-purpose tractors (single axle) with no-till seed 
drills have been manufactured with the collaboration of CIMMYT. For bed plan-
tation, bed planters with single-axle tractor are also available. Chisel-type no-till 
planters relatively of low cost and for small-size tractors are available but have 
limitations for residue handling during wheat planting into heavy maize or rice 
straw stubbles. Similarly, for strip tilling with narrow rotary harrows through happy 
seeder to facilitate penetration through residue or for pickup of residue are available 
commercially in Pakistan and India. For harvesting under CA, two-step harvests 
with stationary threshing at field side or on the farm yard or combine harvester 
to facilitate the retention, return, and spreading crop residues for mobile pick up 
threshing are also available. Nonetheless, high management skills required in con-
servation tillage may not be economically feasible and are one of the constraints for 
the farmers.

Nonetheless, development and refinement of machinery for various soil types 
and cropping systems will be central for promotion of conservation tillage systems 
in South Asia (Friedrich et al. 2012). The detail of CA machinery available in some 
South Asian countries is given in Table 11.2.

11.5.5 � Problem-Oriented Research and Training

Instead of promising benefits of RCTs, farmers are unable to adopt it unless prob-
lems associated with ZT wheat and DSR are solved. There is also need to fine-tune 
the RCTs to suit the farmer conditions (Chauhan et al. 2012). Continuous cropping 
can interact negatively with conservation tillage systems by shifting the weed flora 
towards a troublesome composition. Rotating crops having distinct morphologies 
and divergent growth habits, life cycles, different cultural practices, and water and 
nutrient needs can all potentially affect the community composition and distribution 
of weeds.

Sequential inclusion of certain crops in the intercropping system has been found 
to decrease water and nutrient requirements and substantially reduce the popula-
tion of some obnoxious weeds. Thereby herbicide application could be reduced to 
a great extent in areas of alarming population of these weeds. Nitrate leaching into 
the lower profile can be reduced by insertion of legume crops in cropping systems 
and play an important role in conserving soil and groundwater water. Farmers are 
not interested to cultivate pulses, in spite of much demand, because of their sensi-
tivity to biotic and abiotic stresses resulting in low yield as compared to wheat and 
rice. Sunflower ( Helianthus annuus L.) or maize cultivation holds some promise 
during spring but can replace only wheat rather than rice. For the diversification 
of rice-wheat system, consistent efforts are needed to attract farmers with better 
price support, profit, and removing marketing bottlenecks for the alternative crops. 
The situation cannot be changed unless high-yielding cultivars of pulses and oil-
seeds are developed. Raised-bed planting technology is a pragmatic opportunity 
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for diversification through intensification and saving water (Jat et al. 2005). Crop 
diversification within the RW system can be achieved by replacing rice area under 
rice with basmati types and bread-wheat with durum-wheat (Gill et al. 2008).

There is need to develop weeds competitive and pest-resistant inbred lines or 
hybrids most suitable to conservation tillage. Evidences for nutrient deficiency such 
as iron deficiency in DSR indicate research efforts to improve nutrient-use effi-
ciency and total factor productivity of conservation tillage or ZT systems by im-
proving soil health, crop residue management, and improving water-use efficiency  
integrated with different crop and soil management practices. With the rising cost 

Country Conservation machinery 
available

Functions

Pakistan Bed planter Bed and furrow making plus seed drilling
Laser land leveler Leveling of uneven land for water saving
Happy seeder Residue management and seed sowing in rice-

wheat cropping system
Zone disk tiller Sowing of wheat in rice residues
Turbo seeder Sowing of wheat in rice residue in residual 

moisture
Direct-seeded rice drill Drilling of rice seed after seedbed preparation

India Raised bed planter Bed making and sowing on the tip of the bed is 
done in single operation

Zero tillage drill Sowing of seeds in the stubbles of previous crop
Strip tillage drill Cultivate a targeted area and leaving the crop 

residue on the surface between the tilled strips, 
retaining moisture and organic matter to improve 
the soil structure and fertility

Happy seeder Residue management and seed sowing in rice-
wheat cropping systems

Direct-seeded rice drill Drilling of rice seed after seedbed preparation
Bangladesh Power tiller-operated mini-

mum tillage seeder
Timely sowing of wheat

Power tiller-operated bed 
planter

Creates a trapezoidal raised bed and can per-
form seeding operations on the top of the bed 
simultaneously

Power tiller-operated zero-
tillage seeder

Sowing of wheat and maize in residues of previous 
crop

Power tiller-operated strip 
tillage seeder

Cultivate a targeted area and leaving the crop resi-
due on the surface between the tilled strips utilize 
residual soil moisture for crop establishment

Nepal Power tiller rototiller Soil cultivation, aeration, weeding, fertilizer appli-
cation, and flower seedbed preparation

Strip till drill Cultivate a targeted area and leaving the crop 
residue on the surface between the tilled strips, 
retaining moisture and organic matter to improve 
the soil structure and fertility

Zero till drill Sowing of seeds in the stubbles of previous crop
Jab seeder Hole-making and seed-dropping are done simulta-

neously, and there is no bending or squatting
Power tiller seed drill Seed sowing

Table 11.2   Conservation agriculture machinery available in South Asia 
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and nonavailability of labor, mechanization will become even more important in the 
future. Further experiments are necessary with improved machinery keeping in view 
that private business find it demanding more than the existing power tiller which 
constraints adoption of RCTs (Akter and Gathala 2014). The impact assessment of 
ZT has been primarily limited to wheat and needs extensive study on subsequent rice 
crop. Although there has been rapid uptake of ZT technologies in these regions, no 
convincing data are available for their role in household food and nutrition security.

11.6 � Prospects for Upscaling CA in South Asia

11.6.1 � Effects of Climate Change

South Asia, due to its large population, limited resources, and predominance in ag-
riculture, is more vulnerable to global environment change (GEC). Serious concern 
about the vulnerability of food systems in the IGPs and the development of robust 
adapting strategies are priorities of the policy makers (Aggarwal et al. 2004). Burn-
ing of crop residues results in the emission of GHGs causing global warming and 
CA practices can reduce the carbon emissions and sequester it in the soil. Minimal 
disturbance of soil by ZT reduces the oxidation of organic matter, thus lowering 
CO2 emissions compared to tilled soils.

Under conservation tillage, reduced use of diesel minimizes CO2 emission to the 
atmosphere and can increase the carbon sequestration in the soil (Erenstein et al. 
2008; Hobbs and Govaerts 2010). Gupta et al. (2004) reported that the use of ZT 
drill can reduce the CO2 emission in the range of 13–14 t ha

−1. The data from Hary-
ana, India, and Punjab, Pakistan showed that ZT saved approximately 35 L of diesel 
and reduced CO2 emission (Erenstein et al. 2008). Gupta and Seth (2007) argued 
that avoiding the crop residues burning on an area of 5 million ha can minimize 
carbon dioxide emissions by 43.3 million tons. Grace et al. (2003) and Gupta et al. 
(2004) reported that ZT can eliminate the carbon dioxide emission by 156 kg ha−1 
annually. However, more extensive research is needed, especially in the tropical 
areas where good quantitative information about the emission of these gases is 
lacking. Traditionally, farmers remove crop residues for feeding animals, or plough 
them through tillage or in high-production areas, mostly burnt which releases huge 
quantity of GHGs and pollutants to the atmosphere (Hobbs and Govaerts 2010). 
Reduction in the intensity of tillage could help to reduce the adverse effects of cul-
tivation on soil CH4 uptake (Hütsch 1998).

As studies are limited, the impact of tillage on the methane flux in a crop produc-
tion system is still unclear (Jacinthe and Lal 2004). However, ZT in rice cultivation 
could minimize CH4 emissions by avoiding puddling and encourage more water 
percolation through the soil profile and help in soil aeration. This effect would be 
more visible in bed-planted rice production system since aeration is greater. How-
ever, large reductions in rice yields will hinder adaptation of ZT use by farmers; 
hence, future research is needed to develop new crop management systems for con-
servation tillage on different soils and water regimes. These management practices 
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include development of aerobic crop varieties, better weed control measures, good 
nutrient applications, and proper seeding equipment (Hobbs and Govaerts 2010).

11.6.2 � Soil and Crop Management-Related Policies

Improved soil and crop management-related policies have considerable positive en-
vironmental and socioeconomic feedback. For example, irrigation pricing would 
be an important effort to increase the water-use efficiency in the western IGPs with 
improvement in associated environmental impacts but it will have considerable so-
ciopolitical resistance to implement due to adverse affects on farmers’ income in 
the rice-wheat system. Policy makers, planners, and civil society need to be made 
aware of the long-term benefits of RCTs to ensure sustainable development in the 
IGP (Aggarwal et al. 2004). The government should make durable efforts to per-
suade farmers to diversify rice-wheat monoculture with other crops (Chauhan et al. 
2012). In Indian Punjab, experts have proposed to reduce rice area by about 1 M ha 
(Hira 2009), by introducing the other crops like maize, Bt-cotton ( Gossypium hir-
sutum L.), groundnut ( Arachis hypogaea L.), and soybean ( Glycine max (L.) Merr.) 
as viable alternatives to rice by saving plenty of water (Kaur et al. 2010).

A model study using ORYZA2000 and hybrid corn models predicted very high 
yield potential of post-rice winter corn in four South Asian countries, viz. Pakistan, 
India, Nepal, and Bangladesh (Timsina et al. 2010, 2011). In Indian Punjab, 0.5 mil-
lion ha of rice area can be switched to maize, soybean, or pigeon pea ( Cajanus 
cajan L. Millsp.) in less irrigated upland areas. Because of environmental pollution 
by straw burning, it may be banned. In spite of better understanding and scientific 
knowledge of climate change and its implications, there is a lack of functional part-
nership between scientists, the private sector, policy planners, and farmers in order 
to move beyond rhetoric to real actions. To adapt to climate change, use of RCTs can  
buffer soil and canopy temperatures. Farmers’ participatory field trials have been 
conducted across the IGPs to develop, define, and validate the innovative solutions 
to combat with terminal heat stress in wheat production. No tilling should also be 
uplifted. Only then does it become possible for all stakeholders to operate in a con-
verging and complementary manner for transforming the prevailing tillage-based 
production systems to conservation tillage-based systems as the basis for sustain-
able production and intensification.

11.6.3 � Evolution of Production Costs and Commodity Prices

Agricultural policies should focus on improving access to market, input and credit 
input supplies, and rural infrastructure. They should support the development of 
farmers’ groups. Incentives should encourage diversification and RCTs, especially 
during the transition phase from conventional farming to conservation practices. 
Appropriate product pricing can raise productivity per unit land and reduce pressure 
on marginal regions. Inadequate policies and subsidies that support conventional 



H.-ur-Rehman et al.274

practices might discourage farmers from adopting conservation tillage. Land use 
and customary rights must also be taken into account. Subsidies and other incen-
tives can also support the spread of RCTs. Policies may guarantee farmers’ long-
term rights to the land they cultivate and in case of insecure tenure, their willingness 
to invest in improvements to the land through conservation tillage will be reduced 
(Singh et al. 2007).

11.6.4 � Regional Differences Affecting Uptake

The learning process for the adaptability of site-specific RCTs can be accelerated by 
promoting and developing the information-sharing network among scientists, farm-
ers, and other stakeholders. It is extremely necessary because RCTs are site specific 
and a technology showing success on one site may fail on another one (Singh and 
Meena 2013). Manufacturers’ base to prepare and provide services for access to 
equipment, cost of tillage drills, institutional policy framework, and landholding 
size are major drivers for awareness, uptake, and spread of RCTs among farmers’ 
cooperatives. Access to equipment can be increased through service providers and 
quality of planting can also be increased, if service providers are trained about the 
technology. For instance, in northwest India and central Nepal, growers are associ-
ated with farmers’ club and cooperatives and participation through household coop-
eratives is high in northwest Bangladesh. Large landholders in these cooperatives 
provide services to their neighbor cooperatives by providing machinery on rent ba-
sis and land on lease to nonfarming or small landholders. Due to very common dif-
ferences of small or large landholdings in northwest India, these cooperatives and 
farmers club can play role in designing the strategies for diffusion of ZT. Adoption 
surveys indicate that 60% of farmers adopting ZT drill in Haryana, India, do not 
have their own drills and depend on service providers having hands-on experience 
and self-interest to promote the technology and this model is successful only in this 
region of South Asia (Erenstein et al. 2007b; Erenstein and Laxmi 2008). Similarly, 
in Punjab, Pakistan, where the agroecological conditions and system instability are 
same, successful experimentation favored the adoption of ZT drill in the 1990s but 
later the uptake had been slow due to less demand, smaller manufacturer base, and 
machine cost including institutional controversy (Aslam et al. 1993; Erenstein et al. 
2007a).

Political instability and lack of manufacturer base has also hampered the spread 
of technology in Nepal and this increased the import of costly machinery from 
India. In Bangladesh, use of two-wheel tractors and least developed local manu-
facture base has largely bypassed the adoption of ZT drill; however, now research 
and development efforts are going to adapt two-wheel tractor-based RCTs (Tripathi 
et al. 2006; Erenstein et al. 2007a). RWC had played a critical role in the spread 
of conservation technologies through public-private partnership with involve-
ment of national and international sources and efforts are underway to accelerate 
the profitability and dissemination of RCTs in South Asia through CSISA project. 
Nonetheless, with the involvement of several local manufacturers, at comparable 
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costs guaranteed repair services and access to good quality machines can play a role 
in uptake of these technologies. Development of close linkage of private sector with 
researchers and farmers for easy access to machines in nearby villages for on-farm 
experiments can play a role in the spread of technologies with feedback for further 
refinement. Encouraging support from local government and extension officials, 
and provision of tillage machines at subsidized rates to initiate extensive on-farm 
demonstration trials can be conclusive to change the mind-set and accelerate adop-
tion rate of CA practices. Further, there is need to look for the true indicators to 
robust the uptake and diffusion of these technologies on ground basis.

11.7 � Conclusion and Future Thrusts

CA in South Asia provides a pragmatic option to reduce the production cost, energy 
use, and improve the soil resource base, soil health, and net benefits at farmer field 
on sustainable basis. However, its spread is very low due to farmers’ mind-sets 
about conventional tillage, noninvolvement of international organizations like CSI-
SA, CIMMYT, IRRI, and RWC, nonavailability of suitable planting implements, 
and increased incidence of pests and diseases.

The future CA research thrusts for South Asia are listed below:

•	 Spread can be promoted rapidly by developing a strong collaborative network 
among scientists, farmers, international organizations, implement manufactur-
ers, and other stakeholders

•	 There is an urgent need for basic, strategic, and adaptive research in CA-based 
systems in contrasting soils with different edaphic and crop requirements. Em-
phasized breeding programs to develop crop varieties for CA systems are needed

•	 In-depth understanding and modeling of crop behavior, physiology, and adapta-
tion to drought stress and other limiting abiotic factors is required

•	 There is need to develop integrated weed, disease, insect, and pest management 
strategies for CA systems with profound integration in different microclimates

•	 Integrating genetic enhancement (biotic and abiotic stresses) traits with relevant 
CA-based technology to help the resource poor farmers to produce more and 
high-value crops

•	 Integrating crop-livestock commodities with CA-based land and water manage-
ment research

•	 Lot of progress has been made in cover crops, diversification especially in maize-
based cropping system, permanent bed planting with residue cover, introduction 
of intercropping, laser land leveling, DSR, ZT transplanted rice, dual purpose 
wheat, and crop-livestock interface and this need to be distilled to the rainfed 
environments

•	 The better foresight and projections will help to minimize the uncertainty about 
decision and impact of CA-based technologies in different agroecologies and 
cropping systems of South Asia.
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Abstract  In Southeast Asia (SEA), the joint process of deforestation, agricul-
tural land expansion, and intensification has led to vast soil erosion and a general 
decrease in soil and water quality. In addition, current agricultural practices such as 
deep plowing of soil or burning of forest and crop residues favor CO2 emissions and 
contribute to global warming. The deforestation rate in SEA is important (0.91 % 
per year of the forest area) and soil degradation is important either by erosion or 
acidity (63 % of the total land area). Conservation agriculture (CA) is an alterna-
tive land-use system reconciling economic viability, social balance, soil fertility 
restoration, and environmental conservation as well as climate change adaptation, 
which are crucial elements for the long-term improvement of smallholders’ living 
conditions and poverty alleviation. A basket of CA technologies, including zero 
or reduced tillage, direct seeding, crop rotations, soil cover, and residue manage-
ment has been developed in different countries. Adoption of CA technologies has 
regenerated fertility of degraded soils, provided livestock with high-quality forage, 
and increased soil carbon sequestration. New innovative farming systems need to 
be developed to successfully integrate crops and livestock by offering numerous 
advantages such as diversification of income through animal products such as milk, 
meat, fiber and manure, weed control, soil erosion control, increased yield of main 
crops, and income during the “start-up” period for tree crops. The development 
of farming systems, which are more intensive and respectful of natural resources 
and the environment, requires acquisition of new stakeholder knowledge and skills. 
This is a priority since these stakeholders will initiate the required changes. The 
Conservation Agriculture Network for Southeast Asia (CANSEA) was created in 
2009 to optimize similarities and complementarities among countries and institu-
tions in SEA to improve the efficiency of research carried out by the various pro-
grams, and to optimize resources and means.

Keywords  Biodiversity · Carbon sequestration · Deforestation · Erosion · Smallholders
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12.1 � Introduction

Southeast Asian (SEA) countries have demonstrated a comparative advantage in 
their rate of expansion, resulting in sizable gains in global market shares for key 
food and agricultural products. The challenge for SEA is to pursue economic devel-
opment without placing additional pressure on natural resources and the environ-
ment. The degradation of agricultural resources is a major hurdle in improving the 
global situation of agriculture in the region. Natural resources upon which agri-
cultural production depends are deteriorating due to land degradation, forest loss, 
and poor agricultural practices. The intrinsic fragility of soils, the rate of organic 
matter decomposition, and increased population pressure have led to yield declines 
(Dierog et al. 2001; Lienhard et al. 2013a)

The negative impacts of conventional agricultural practices—land degradation, 
soil erosion (Fig. 12.1), declines in biodiversity, pollution, desertification, etc.—
are well known. Added to these are the dramatic social implications of famine, 
poverty, out-migration, etc. Global food needs are rising with population growth. 
Agricultural production needs to increase to fulfill these pressing needs. Agricul-
tural systems capable of meeting this challenge must now be productive, profit-
able, and sustainable. Production and quality must be improved to boost farmers’ 
incomes while preserving natural resources and the environment. Through many 
positive impacts in the field and for the environment, conservation agriculture 
(CA) and ecological intensification can effectively meet these substantial chal-
lenges in both developing and developed countries. The principal identified route 
to feeding an increasing population while mitigating climate change, in particular 
in developing countries, is assisting smallholder farmers in agricultural devel-
opment and especially with the promotion of agroecological farming practices 
(De Schutter 2011).

Fig. 12.1   Soil erosion after 
plowing in North Laos
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12.2 � History of CA in Southeast Asia

CA is any cropping system, which integrates the three principles of minimal soil 
disturbance, permanent soil cover, and crop rotations (FAO 2007), and is not dis-
sociable from conservation tillage, defined by Lal (1989) as any tillage system that 
reduces loss of soil or water relative to conventional tillage. Both approaches have 
similar objectives (e.g., soil erosion control, soil fertility improvement), promote 
to some extent similar tools (e.g., use of cover crops, soil mulching, reduction/
cancellation of soil tillage, integration of the landscape dimension), and face similar 
constraints regarding their broad adoption (e.g., opportunity cost of land and labor, 
field protection against communal grazing, management skills).

In recent decades, agrarian landscapes and livelihoods in the uplands of SEA 
have undergone dramatic changes. Farming households have had to adapt to the 
mounting influence of global drivers such as demographic changes, market forces, 
and government policies that have led to the rapid expansion and intensification of 
agriculture (Castella 2012). The need to buffer the negative consequences of these 
land-use changes (e.g., deforestation, land degradation) has rapidly emerged.

Experiments and the promotion of soil and water conservation practices start-
ed in the early 1970s (Garrity 1996) and included various technical packages, 
including contour hedgerows systems, agroforestry practices, natural vegetative 
strips, and managed fallows. Contour hedgerow systems were developed in the 
Philippines in the early 1970s and are based on the principle of growing field 
and permanent crops in 3–5-m-wide bands between double-contoured hedgerows 
of nitrogen-fixing trees. These leguminous trees are regularly pruned and the 
cuttings are placed in alleyways to serve as organic fertilizers (MBLRC 2004). 
Contour hedgerows were widely promoted during the 1980s and 1990s in several 
SEA countries (e.g., Indonesia, Myanmar, Thailand, Vietnam, and Philippines) to 
reduce soil erosion and maintain soil fertility. These were the first experiments in 
SEA showing interest in soil mulching. Two main constraints were identified for 
their broad diffusion (Garrity 1996): (1) the tendency for perennial pruned-tree 
hedgerows to compete for growth resources and hence reduce yields of associ-
ated annual crops planted in adjacent rows and (2) the enormous amount of labor 
needed to prune and maintain hedgerows. The diffusion of contour hedgerow sys-
tems has also been hindered by the increasing pressure on land to increase and 
sustain agricultural production (Lal 2005), with smallholders confronted more and 
more with the opportunity cost of growing hedgerows where staple or cash crops 
may be grown. Competition between main and relay crops, labor requirements, 
labor difficulty and, above all, the opportunity costs of land and labor are similar 
constraints experienced for CA diffusion in SEA, with the main challenge for 
smallholder farmers being how to make the best use of limited resources (land, 
labor, and capital).

Considerable agronomic studies were conducted in SEA countries in the 1990s 
to improve the benefits of fallowing through the establishment and management of 
leguminous species during fallow periods of less than 2 years. Experiments were 
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based on the use of herbaceous, fast-growing legume cover crops (von Uexkull and 
Mutert 1995), shrubby legumes (Roder and Maniphone 1998), or forage legumes 
(Garrity 1996). All studies pointed out the benefits of using legume species in short-
term fallows to accelerate soil fertility regeneration, weed suppression, and/or pro-
vide a possible source of other economic benefits. The main constraints highlighted 
for the greater diffusion of cover crops use were: field protection from communal 
grazing, protection from dry season fires, and a dependable seed supply, all of which 
are common constraints in CA diffusion.

CA is much more recent with less than a decade of on-field experiments in 
SEA. The first projects, which included a CA component, were located in conti-
nental SEA (Cambodia, Laos, and Vietnam) and have been mainly supported by 
the French Development Agency (AFD) with technical support from the French 
Agricultural Research Centre for International Development (CIRAD). More re-
cently, new institutions (US and Australian universities, ICRAF) supported by 
other donors (United States Agency for International Development, USAID, 
AusAid, Australian Centre for International Agricultural Research, ACIAR) have 
similarly initiated work on CA in continental (Cambodia, Vietnam) and insular 
(Philippines) SEA.

12.3 � Current Status of CA in SEA

Since the history of CA in SEA is short (less than a decade), its development has 
been driven more by the research sector than extension. The main success stories 
of CA system adoption are with maize cropping due to the expansion of this crop 
in the region over the past decade (Lestrelin and Castella 2011). Maize cultivation 
under zero tillage with prior crop residue management and/or relay association 
with a legume (beans, forage, or shrubby legumes) is the most popular CA system. 
After 6 years of research and 4 years of extension support, adoption estimates 
of maize-based CA systems in the south of Sayabouri province (Northern Laos) 
in 2008 were 1500 ha implemented by 1100 smallholders (Slaats and Lestrelin 
2009) and 5000 ha in 2011 (Panyasiri et al. 2011). However, only a limited (~10 %) 
and highly variable percentage of these areas were implemented in association 
or rotation with a legume (Slaats and Lestrelin 2009). Maize associated or inter-
cropped with legume crops are the main systems tested and promoted in north-
ern Vietnam (Tuan and Doanh 2008; Hauswirth et al. 2011; Nicetic et al. 2011), 
Yunnan province (Tao et al. 2008), and the Philippines (Mercado et al. 2011), while 
in Cambodia, they are mainly based on maize and/or cassava ( Manihot esculenta) 
associated with stylo legume ( Stylosanthes guianensis CIAT 184; Boulakia et al. 
2008, 2012a) with about 500  ha of experiments conducted and evaluated with 
farmers (Chabierski et al. 2011).
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12.4 � CA and Ecological Intensification: An Alternative  
to Traditional/Conventional Farming Systems

Feeding an increasing population and mitigating climate change through promotion 
of agroecological farming practices is how the CIRAD and its national partners 
(National Agricultural Research Institutes) have come together over the past 10 
years to develop CA systems, particularly in Brazil, Cambodia, Cameroon, Laos, 
Madagascar, and Vietnam.

In these countries, CA systems are evaluated according to the main objectives 
assigned to agricultural food systems (De Schutter 2011) which include the need to: 
(i) increase agricultural production (to respond to future needs), (ii) increase farm-
ers’ incomes (to reduce poverty), notably smallholders’ incomes, and (iii) sustain 
resources, which support agricultural activities.

There are limited published works on CA in SEA with most of the information 
coming from grey literature (reports, technical leaflets, and communications to con-
gress), which is accessible on the following websites:

•	 CIRAD: www.agroecologie.cirad.fr
•	 Conservation Agriculture Network for Southeast Asia (CANSEA): www.cansea.

org.vn
•	 CA and agroforestry: www.conservationagricultureandagroforestry.org
•	 ORCATAD: http://orcatad.nafri.org.la/

12.4.1 � Economic Returns of CA Systems at Field  
and Farm Level (Economic Impact)

In the absence of government subsidies for the agricultural sector and/or payment 
for environmental services, clear economic benefits must be apparent for smallhold-
ers to change from conventional to CA. The effects of CA on economic returns—
calculated as value of production minus operational costs per unit area—vary ac-
cording to its effect on the main grain or tuber yield of crops and the implementing 
costs. The economic valorization of the additional biomass produced by cover crops 
is important in the short term when used for animal production while the medium- 
to long-term effect is important for soil fertility; however, for farmers during CA 
development and dissemination, it is not an argument for changing their farming 
system (Lienhard 2013b).

In productive lands, subsistence agriculture and extensive systems, the opera-
tional costs associated with CA systems are generally higher than under conven-
tional slash and burn systems (Fig. 12.2) with additional outlays for secondary crop 
seed, minimal fertilization and/or pesticide use, and fencing materials. Economic 
gains therefore rely on productivity gains, which can be substantial (Husson et al. 
2001), modest (Nicetic et al. 2011), or nil (Affholder et al. 2009) depending on the 

www.cansea.org.vn
www.cansea.org.vn
www.conservationagricultureandagroforestry.org
http://orcatad.nafri.org.la/
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system tested (diversified rotational system vs. mulching) and the years of experi-
mentation (short to medium term).

On productive land engaged in a process of intensification and marketization 
of agriculture (mountainous area, newly connected to market areas), farmers often 
practice high-input cultivation without adequate knowledge (Nicetic et al. 2011). 
Improved crop and input management and intercropping with legumes can signifi-
cantly improve maize production and increase profits (Nicetic et al. 2011).

On degrading land with commercial intensive monocropping, 5-year experiments 
with 2-year rotation of maize with rice bean under tillage significantly increased 
economic returns (from 20 to 50 % depending on the year) compared to maize 
monocropping due to less production costs for land preparation and weed control 
and associated increased maize yields (Tran Quoc et al. 2008). In Laos, the fee-for-
service requested for disc plowing with a tractor under conventional tillage is higher 
than the cost for rolling and herbicide spraying under CA (Tran Quoc et al. 2008; 
Slaats and Lestrelin 2009; Lienhard unpublished). In addition, land preparation costs 
are significantly higher under the conventional system when herbicides are needed 
before sowing to supplement tillage for effective weed control, which is the common 
situation after several years of monocropping under tillage (Bounthong et al. 2005; 
Tran Quoc et al. 2008). The reduction in production costs is the main reason (28 % 
of answers) given by farmers for expanding their cultivated surface under CA in the 
south of Sayabouri province (Lestrelin et al. 2012b). Despite no significant differ-
ences in grain yields, the differences in costs for land preparation and weed control 
led to significant differences in economic returns (10–15 % higher profits for maize 
continuous cultivation under no-till and crop residue management compared to con-
ventional monocropping under tillage; Tran Quoc et al. 2008; Slaats and Lestrelin 
2009) and explained the rapid and large diffusion of this cropping system.

Cambodian rainfed areas engaged in intensive market-oriented agriculture for 
some time (Chabierski et al. 2011) had greater economic returns under CA systems 
than conventional tillage systems for maize (15–25 % under CA) and cassava 
(20–35 % under CA) production, due to substantial gains in productivity. However, 

Fig. 12.2   Slash and burn 
traditional practice in moun-
tainous area
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these increases in productivity were associated with higher investments, which rep-
resent the main constraint for broader diffusion of CA (Chabierski et al. 2011).

In degraded acidic and weathered savannah soils of northern Laos, grain and 
forage production was significantly improved with significant gains in economic 
returns, but required higher initial investments (machinery, fertilizers) when com-
pared to traditional tilled and unfertilized production systems (Lienhard et al. 2008). 
In highly degraded, poor, and acidic sandy soils (derived from sandstone with a pH 
of around 4–5 and often aluminum toxicity), CA techniques of no tillage, rice direct 
seeding, and rotation with legumes and gramineaes forages increased paddy rice 
production from 2.5 to 4.6 t/ha (3-year average) with the same level of fertilization. 
Forage production of Brachiaria humidicola and Stylosanthes guianensis in rota-
tion (3 years) with rice (3 years) allowed beef-fattening activities during the rainy 
season. Beef weight gain was around 650 g day−1 with meat production of around 
500–600 kg ha−1 (Legoupil 2013).

12.4.2 � CA Systems Impact on Soil Fertility and on Environment

12.4.2.1 � Effect on Soil Erosion

Soil erosion is deemed a key reason for CA promotion in SEA sloping areas (Boun-
thong et al. 2005; Tuan and Doanh 2008; Mercado et al. 2011). Valentin et al. (2008) 
found that mulching significantly reduced runoff and total sediment yield in differ-
ent catchments in Laos, Thailand, and Vietnam. Lestrelin et al. (2012b) identified 
soil conservation issues as an important reason for farmers to experiment with CA 
systems (12 % of answers) and/or to expand their cultivated land under CA (9 % of 
answers).

12.4.2.2 � Effect on Soil Physicochemical Properties

CA has had a positive effect on soil aggregation, which plays a key role in soil 
organic turnover and soil susceptibility to erosion. Tivet et al. (2008) observed a 
significant increase (up to 60 %) in the mean weight diameter (MWD) of aggregates 
in field top soils (0–10 cm) under no-till management (maize monocropping with 
residue management and 2-year rotation of maize and rice bean) compared with 
conventional tilled and maize monocropping systems. Lienhard et al. (2013d) had 
similar results for a 3-year rotation of rice, maize, and soybean cultivated under 
no-till management with cover crops prior to and with main crops, or under con-
ventional tillage. Lienhard et al. observed a significant decrease in C and N con-
tents in top soil (0–10 cm) in a Laos savannah grassland under conventional tillage 
compared to CA management (11 % difference after 2 years’ cultivation). Despite 
similar amendments, the sum of exchangeable bases was 1.5-fold higher under CA 
systems than under conventional tillage.
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12.4.2.3 � Effect on Soil Biodiversity and Biological Activity

Several regional studies have shown a significant positive effect of CA systems on 
soil macrofauna diversity (Husson et al. 2003; Boyer et al. 2008; Boulakia et al. 
2012b), density, and biomass (Husson et al. 2003; Boyer et al. 2008; Tivet et al. 
2008). All studies notably mentioned the positive effect of CA on earthworm popu-
lations with increased earthworm biomass (up to 80 %) under CA compared to con-
ventional burn and/or tillage systems.

Husson et al. (2003) observed similar microbial communities (as estimated by 
FAME—fatty acid methyl ester—profiles) under a 2-year managed fallow of ruzi 
grass and a 10-year natural fallow. Boyer et al. (2008) observed significant (30 %) 
increases in microbial respiration under no-till systems with mulch when compared 
with bare soils. Lienhard et al. (2013a, c), showed a significant decrease (− 20 %) of 
soil microbial molecular abundance (as estimated by soil DNA extracts quantifica-
tion) under a conventional tillage compared to CA systems.

12.4.3 � Climatic Change Impact and Carbon Sequestration

The joint process of deforestation, new land extension, and agricultural intensifica-
tion often leads to vast soil erosion and gradual soil exhaustion. Crop residues are at 
a minimum, organic matter in the soil decreases, and carbon sequestration becomes 
minimal. In terms of greenhouse gas (GHG) emissions, these traditional systems 
are polluting the atmosphere since they are based on burning fallow biomass. Alter-
natives need to be created and developed that reconcile economic viability, social 
balance, environmental conservation, and climate change adaptation. These are cru-
cial for the long-term improvement of smallholders’ living conditions and poverty 
alleviation.

Analysis of long-term climatic conditions in SEA clearly showed that climate 
is variable (Lefroy et al. 2010), and is a critical issue for agricultural production. 
Using projections, the analysis predicted that by 2050 the minimum and mean tem-
peratures will increase by up to 2 °C and the maximum by up to 5 °C. The predic-
tions for rainfall suggest less in May and more in April and October.

12.4.3.1 � Resistance to Climate Change

Resistance is the tendency of a system to remain stable in the face of external pertur-
bations. CA improves resistance to climate change as CA has beneficial effects on 
soil fertility, water management, and water-use efficiency. With an increase in soil 
organic matter and root density under CA, water infiltration and water holding ca-
pacity improve, making water more available throughout the farming cycle (Ricosy 
and Saxton 2007). Surface mulch and improved soil pore structure also increase in-
filtration and absorption capacity, while reducing evaporation. These benefits help 
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reduce the risk of erosion and flooding during heavy rains, which contributes to 
aquifer recharge and makes more water available to crops (Hobbs 2007; Derpsch 
2008; Verhulst et al. 2010). Together, these CA characteristics increase crop resis-
tance to drought and tend to reduce yield fluctuations between dry and wet years 
compared to conventional farming practices.

12.4.3.2 � Resilience to Climate Events

Resilience refers to a system’s ability to recover quickly from damage or change. 
Climate change is reflected in the increasing number of extreme weather events. 
The use of agroecological techniques can significantly reduce the negative effects 
of these events because resilience is enhanced by the implementation and promo-
tion of agricultural biodiversity at the production system level. It is expected that 
droughts and floods become more frequent and severe. CA based on species diver-
sity is better able to cope with both weather risks.

12.4.3.3 � Carbon Sequestration and Reduction in the Greenhouse Effect

Storing carbon in the soil is an agricultural (enhanced physicochemical and biologi-
cal soil properties) and environmental (reduced atmospheric CO2) challenge. CA 
systems were initially developed to fight soil erosion, but they appear to also favor 
C storage in soils. It is well-known that agriculture is responsible for substantial 
atmospheric GHG emissions and these could be reduced by implementing CA crop-
ping techniques. In CA, the balance is markedly in favor of carbon sequestration. 
The use of direct seeding reduces fuel consumption (less mechanized work) thus 
reducing CO2 emissions from tractors. CA also promotes carbon fixation in organic 
matter accumulated in the soil. By implementing CA, anywhere from 0.5 to more 
than 3 t ha−1 per year of carbon can be fixed over a period of at least 10 years. It 
is not clear whether this would have a positive effect in the fight against green-
house emissions because it is unknown if these systems promote further significant 
emissions of GHG such as CH4 and N2O. At two well-structured, clayey sites in 
Brazil and Madagascar, CH4 and N2O emissions were almost negligible (Seguy 
et al. 2006).

12.5 � Challenges and Strategies to Develop  
and Disseminate CA in SEA

12.5.1 � Restoration of Soil Fertility in Degraded Areas

Land degradation refers to land which, due to natural processes or human activ-
ity, can no longer sustain economic function and/or the original natural ecological 
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function due to causes such as deforestation, inappropriate agricultural practices, 
or overgrazing (GEF 1999). Land degradation involves two interlocking and com-
plex systems: the natural ecosystem and the human social system. Land degrada-
tion takes various processes and forms such as soil erosion due to water and wind, 
physical deterioration (compaction, sealing), chemical deterioration (soil fertility 
decline, salinization, acidification), or vegetation degradation. Figure 12.1 shows 
land degradation due to erosion in northern uplands of Laos.

Trends indicate that accelerated land degradation and related environmental 
problems will continue to impede economic and social development in SEA. One 
major challenge is to achieve sustainable economic growth in a way that alleviates 
rural poverty without jeopardizing the quality of the environment.

Unfortunately, the rate of degradation is accelerating in most regions of the 
world (Table 12.1) and particularly in most countries of the southeast subregion. 
Some countries face more serious challenges than others do. This is partly due to 
differences in the rate of overall population increase or the rate of urbanization. 
Land degradation is also due, in large part, to the failure to engage land users in the 
mitigation effort. Most soil and water efforts are stand-alone interventions that are 
not attractive to rural households. Poor farmers have little or no money to invest 
in conservation measures and have no incentive to change their land use if this in-
creases the risk of not producing enough food for their families.

Water erosion covers all forms of soil erosion by water, including sheet and rill 
erosion, and gullying. Human-induced intensification of land sliding is caused by 
vegetation clearance, road construction, etc. Wind erosion refers to loss of soil by 
wind, which occurs primarily in dry regions. Soil fertility decline is a catchphrase to 
refer to what is more precisely described as deterioration in soil physical, chemical, 
and biological properties. While a decline in fertility is indeed a major effect of ero-
sion, the term covers forms of degradation other than erosion. The main processes 
involved are:

•	 Lowering soil organic matter with an associated decline in soil biological activity.
•	 Degradation of soil physical properties such as structure, porosity, and water-

holding capacity, due to reduced organic matter.

Table 12.1   Humid tropical forest deforestation areas (in 106 hectare (ha) and degradation rates (in 
% of the initial areas). (Source: Achard et al. 2002)

Latin America Africa Southeast Asia
Total study area (× 106 ha) 1155 337 446
Forest cover in 1990 (× 106 ha) 669 198 283
Forest cover in 1997 (× 106 ha) 653 193 270
Annual deforested area (× 106 ha) 2.5 0.85 2.5
Rate 0.38 % 0.43 % 0.91 %
Annual degraded area (× 106 ha) 0.83 0.39 1.1
Rate 0.13 % 0.21 % 0.42 %
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•	 Deficiency in soil nutrient resources, including reduced availability of major nu-
trients (nitrogen, phosphorus, potassium), onset of micronutrient deficiencies, 
and development of nutrient imbalances.

•	 Acidification of soils, including aluminum toxicity; these “acrisols” are com-
mon in mountainous areas. Acidic soils can exist in rice plains where soils have 
developed from sandstone.

•	 Salinization is a term used in its broad sense to refer to all types of soil degrada-
tion brought about by increased salts in the soil. It thus covers salinization in its 
strict sense, the buildup of free salts, and the development of dominance of the 
exchange complex by sodium.

The key issues in terms of environmental degradation and the main reasons for 
these soil degradations are explained in Table 12.2. As far as agricultural soils are 
concerned, the main cause of degradation is soil erosion due to rainfall occurring 
on bare soil either after slash and burn or after land plowing on steep soils mainly 
where commercial monocropping is practiced. Plowing on steep slopes and foot-
hills is largely practiced as it is often included in a global package proposed by 
traders in which credit, hybrid seeds, and chemical inputs are supplied in exchange 
for grain production.

The vulnerability to and impact of climate change are major concerns for SEA. 
The Fourth Assessment Report of the Intergovernmental Panel on Climate Change 
(IPCC 2007) mentioned that warming of the climate system is evident from ob-
servations of increasing global average air and ocean temperatures. Since IPCC’s 
first assessment report in 1990, assessed projections have suggested that global 
average temperatures will increase anywhere from about 0.15 to 0.3 °C from 1990 
to 2005.

The IPCC reported that without further action to reduce GHG emissions, the 
global average temperature is likely to rise by a further 1.84 °C this century, or up 
to 6.4 °C in the worst-case scenario. This projected global warming is likely to trig-
ger serious consequences for humankind and other life forms, including a rise in 
sea levels of between 18 and 59 cm, which would endanger coastal areas and small 
islands, as well as a greater frequency and severity of extreme weather events. SEA 
is highly vulnerable to climate change as a large proportion of the population and 
economic activities are concentrated along coastlines. The region is heavily reliant 
on agriculture for livelihoods and the level of extreme poverty remains high.

About 21 % of the lands in SEA (91 M ha) is used for agriculture. Of this, ap-
proximately 36 % (33 M ha) is classified as lowlands and 64 % (58 M ha) as uplands 
(Dierog et al. 2001). These uplands represent the greatest potential for agricultural 
production despite the fact that most have acid soils (Table 12.3). Due to their low 
fertility status, only 20 % of the uplands are presently being used for agriculture 
and are characterized by diverse unstable agricultural systems. These areas often 
have poor infrastructure that limit farmers’ access to necessary agricultural inputs 
to improve productivity.
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Country Shared issues Key causes
Brunei Seasonal smoke and haze; solid 

wastes
Transboundary pollution from land and 
forest fires

Cambodia Soil erosion; sedimentation; water 
pollution; deforestation; loss of bio-
diversity; threats to natural fisheries

Unmanaged waste and effluent discharge 
into Tonle Sap lake; destruction of man-
grove wetlands through extensive industrial 
and aquaculture development

Indonesia Deforestation; Soil erosion and loss 
of biodiversity; water pollution; air 
pollution in urban areas; national 
and transboundary seasonal smoke 
and haze; land degradation; pollu-
tion of Malacca straits

Deficiencies in urban infrastructure—
unmanaged industrial wastes and municipal 
effluents and waste; vehicular congestion 
and emissions; extensive land clearance 
and forest fires for pulp wood and oil palm 
production; extensive and unmanaged min-
ing activities; national and transboundary 
industrial pollution; tourist developments in 
coastal regions beyond carrying capacity

Laos Deforestation; loss of biodiver-
sity; soil erosion; limited access to 
potable water; water-borne diseases

Land clearance; shifting cultivation

Malaysia Urban air pollution; water pollution; 
deforestation; loss of biodiversity; 
loss of mangrove habitats; national 
and transboundary smoke/haze

Vehicular congestion and emissions; defi-
ciencies in urban infrastructure industrial 
and municipal effluents; extensive land 
clearance and forest fires for pulp wood and 
oil palm production; unmanaged coastal 
developments; tourist developments in 
coastal regions beyond existing carrying 
capacity

Myanmar Deforestation; soil erosion, loss of 
biodiversity; urban air pollution; soil 
erosion; water contamination and 
water-borne diseases

Land clearance; excessive mineral extrac-
tion; vehicular congestion and emissions; 
deficiencies in urban infrastructure—
unmanaged industrial and municipal 
effluents

Philippines Deforestation in watershed areas; 
loss of biodiversity; soil erosion; air 
and water pollution in Manila lead-
ing to water-borne disease; pollution 
of coastal mangrove habitats; natural 
disasters (earthquakes, floods)

Illegal forest-cutting; land clearance; rapid 
urbanization and deficiencies in urban 
infrastructure—unmanaged industrial and 
municipal effluents; inadequate water sup-
ply and sanitation; tourist developments in 
coastal regions beyond existing carrying 
capacity

Singapore Industrial pollution; limited natural 
fresh water resources; waste disposal 
problems

Seasonal smoke/haze; limited land available 
for waste disposal

Thailand Deforestation; loss of biodiversity; 
land degradation and soil erosion; 
shortage of water resources in dry 
season and flooding in rainy season; 
conflict of water users; coastal 
degradation and loss of mangrove 
habitat; urban air pollution; pollution 
from solid waste, hazardous materi-
als, and hazardous waste

Sporadic development and destruction of 
watersheds; unmanaged aquaculture; tour-
ist growth exceeding growth in carrying 
capacity; deficiencies in urban and rural 
infrastructure; freshwater resources polluted 
by domestic/industrial wastes and sewage 
runoff

ASEAN Association of Southeast Asian Nations

Table 12.2   Key environmental issues and degradation causes in ASEAN zone. (Source: 4th 
ASEAN State of the Environment Report 2009)
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12.5.2 � CA Practices to Restore Soil Fertility in Degraded Areas

Soil erosion control in sloping areas is a major issue in SEA, notably when land 
preparation is based on soil tillage. Of the existing conservation tillage technologies 
(e.g., mulching, contour hedgerow systems, natural vegetative strips, strip tillage), 
crop residue retention requires the least labor (Garrity 1996) with a significant im-
pact on reducing runoff and sediment yields (Valentin et al. 2008). In sloping and 
soil tillage-based areas, no tillage and crop residue retention are alternatives to till-
age for limiting soil erosion.

The 10-year experiment in SEA with CA confirmed that soil organic carbon 
content was directly linked to land preparation (less C mineralization under no till-
age) and the quantity of biomass returned to the soil (Lienhard et al. 2013). A basket 
of CA technologies, including zero and reduced tillage, direct seeding, and resi-
due management, has been developed and tested in different countries. Promising 
results were obtained in (i) regenerating fertility to degraded soils, (ii) providing 
livestock with high quality forage, and (iii) increasing soil carbon sequestration. 
Despite these promising results, dissemination has been limited. Lestrelin et  al. 
(2012a, b) found that the innovation process was hindered by multiple stakeholder 
strategies that need to be fully understood and disentangled before new practices 
could be widely adopted.

In degraded acid and weathered savannah soils (northern Laos), significant gains 
in economic returns were obtained when initial investments in machinery and fertil-
izers were made (Lienhard et al. 2008).

In highly degraded, poor, and acid sandy soils of the Savannakhet plain of 
Laos—with acid soils derived from sandstone, a pH of around 4–5 and often alu-
minum toxicity—CA techniques of no tillage, rice direct seeding, and rotation with 
legumes and forage grasses have increased paddy rice production with forage pro-
duction allowing beef-fattening activities during the rainy season (Legoupil 2013).

Table 12.3   Extent of acid soils in Southeast Asian countries in ’000 ha. (Source: Dierog et al. 2001)
Country Total land Lowland % of total Acid soil % of total
Brunei 527 2 0.4 467 88.6
Cambodia 17,652 1726 9.8 10,565 59.9
East Timor 1487 30 2.0 274 18.4
Indonesia 181,157 8863 4.9 122,289 67.5
Laos 23,080 448 1.9 19,009 82.4
Malaysia 32,855 606 1.8 26,185 79.7
Myanmar 65,755 3893 5.9 40,642 61.8
Philippines 29,817 3254 10.9 13,743 46.1
Singapore 60 2 3.3 42 85.0
Thailand 51,089 8242 16.1 38,630 75.6
Vietnam 32,549 5843 18.0 23,317 71.6
Total SE Asia 463,029 32,909 7.1 295,163 63.7



298 J.-C. Legoupil et al.

12.5.3 � Providing Alternatives to Slash and Burn—Intensification 
and Diversification of Existing Farming Systems in the 
Uplands

12.5.3.1 � Existing Farming Systems in the “Uplands”

Rice is the staple food grain produce in SEA with around 50 % of all agricultural 
land devoted to its cultivation. Farmers have made great progress during the past 
decade to improve average rice yields and modestly expand crop areas. However, 
present food security is highly tenuous given that surplus rice production occurs 
mainly in lowland areas. The highland regions are still largely deficient in staple 
food grain production.

Highland areas represent large surfaces in SEA. Most of these areas are sub-
jected to a tropical monsoon climate with two distinct wet and dry seasons; the wet 
season occurs between May and November. It has been estimated that 70 % of high-
land areas have a slope greater than 20 %, which precludes its use for permanent 
agriculture. Most farmers live in subsistence conditions with very little production 
marketed off-farm. Oilseed, pulses, root crops, fruits, vegetables, coffee, and tea are 
the other crops.

12.5.3.2 � Rainfed Rice-Based Farming Systems

The traditional highland/upland farming system is called “shifting cultivation” or 
“slash and burn,” where land is cleared annually of forest or scrub then traditionally 
planted with rice using a dibble stick (see Fig. 12.2). Historically, rice was grown 
for a single season on a plot of land cleared from the forest and then left fallow for 
a long period (10–20 years). For different reasons such as limited allocated land to 
farmers, demographic pressure, and extension of commercial monocropping, the 
fallow period has been drastically reduced to 3 years or less leading to erosion, loss 
of fertility, and declining production. A short-fallow farming system is simply not 
sustainable. Farming production systems still rely mainly on upland rice production 
under slash and burn techniques and cattle production (free grazing in forests and 
fallow areas), but the recent development of monocropped corn at the expense of 
former upland rice and fallow areas is becoming increasingly important from an 
economic perspective. A reduction in grazing areas has resulted in less cattle stock. 
Producers have sold their cattle to develop corn production and other business ac-
tivities such as agricultural services and transport.

12.5.3.3 � Commercial Monocropping Systems

Despite the government policy to curb slash and burn cultivation to preserve forest-
ed lands, the aggregate agricultural land area in the uplands has increased owing to 
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a surge of cash crop cultivation. In the provinces linked with transboundary markets 
and commercial exchanges, the rural economy is presently based on the production 
of cash crops. These cash crops are grown under contract for export markets.

The early integration to markets led farmers to clear most of the communal forest 
areas and mobilize land more than 20 years ago (private land ownership and land 
titling process) and develop these new farming systems based on cash crop produc-
tion. As a result, most of the forest areas have disappeared and the development 
of extensive livestock production systems is thus limited by a minor extension of 
the remaining forest areas, as forests are also used as grazing areas. These farming 
systems are completed by legumes, cassava, and Job’s tears with mainly paddy rice 
systems in the lowland areas and some upland rice production for farmers who have 
little or no access to paddy fields.

As a result of increasing demand for land to produce both staple food grains such 
as rice and export products such as crops, rubber, or timber, the total forest area has 
significantly declined. The absence of diversification as well as the use of mecha-
nized tillage practices has gradually resulted in decreased levels of soil fertility and 
soil degradation. The development of legume production systems in association or 
in rotation with cash crops has always been limited by market demand and labor 
constraints. More recently in some areas, farmers have developed other cropping 
systems such as that based on cassava, which are more adapted to poor soils.

The development of farming systems based on cash crop production has been 
facilitated by the development of a private sector with traders supplying seeds, in-
puts, services such as land preparation, credit, and marketing. This dynamic has led 
farmers to often depend on traders to deliver these services. Some farmers are now 
engaged in a cycle of debt and de-capitalization due to high interest rates, which 
range from 30 to 40 % per annum. As a result, this farming system has generated 
a high level of socioeconomic differentiation, despite increases in average rural 
incomes, based mainly on:

•	 Access to equipment (tractors, trucks, and two-wheel hand-tractors)
•	 Level of financial capital for covering the production costs
•	 Livestock capital

12.5.4 � CA Practices to Intensify and Diversify Conventional 
Farming Systems

In order to overcome problems related to soil degradation and reduced soil fertil-
ity linked to the traditional slash and burn system, and the recent development of 
monocropping cash crops, since 2002 some projects in Laos, Vietnam, and Cambo-
dia have developed alternative techniques based on CA (Slaats and Lestrelin 2009), 
including direct seeding, management of crop residues, and crop diversification 
through legumes production in association or rotation with corn. These projects 
have produced interesting results at the farm level in terms of adopting these tech-
niques as well as economic and ecological benefits.
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Farming systems that successfully integrate crop and livestock enterprises stand 
to gain many benefits, which can in turn have a direct impact on an entire agricul-
tural production. CA practices require critical levels of crop residue and cover crops 
to maintain or enhance soil chemical, physical, and biological properties as well 
as prevent land degradation. Crops and livestock compete for the same resources 
and require proper management to meet CA objectives. Farming systems that suc-
cessfully integrate crop and livestock enterprises stand to improve synergies that 
directly impact production and agroecological efficiency offering numerous advan-
tages such as income diversification through animal products such as milk, meat, 
fiber and manure, weed control, soil erosion control, increased yield of main crops, 
and incomes during the “start-up” period for tree crops (Sanchez 1995).

The appropriate management of livestock is a key issue for improved grain pro-
duction and even for livestock itself, by improving the sources and quality of feed, 
and indirectly by improving the soil. In order to achieve this, the following practices 
are emphasized:

•	 Do not overstock; keep some animals according to land availability and forage 
production capacity which will balance biomass production and consumption 
throughout the year, avoid overgrazing, and maintain adequate soil coverage

•	 Increase land-use intensity by establishing fenced areas for production of grasses 
and legumes for different uses such as cutting, grazing, silage, hay and for cor-
rals

•	 Control grazing with rest periods, which allows pasture recovery. However, the 
investment for pasture division and rotational grazing is a real constraint

Unfortunately, the dissemination of these new techniques is slow and a significant 
number of farmers have abandoned these systems due to several constraints: (i) 
lack of access to credit, suitable equipment, and markets for legumes; (ii) lack of 
technical support from government; and (iii) lack of farmer or village crop and ani-
mal management organizations. On the other hand, an example of a “development 
fund for sustainable agriculture” has been implemented in Sayaboury, Lao PDR. 
Based on a tax of 10 Lao Kip kg−1 on exported corn, the fund provides financial and 
technical support to farmers. This initiative has facilitated the establishment of a 
favorable socioeconomic context through strong links between farmers and traders 
for credit, markets, and equipment access, which are essential for the development 
of similar adoption dynamics for more sustainable cropping systems using direct 
seeding techniques and promoting diversified production.

12.5.5 � Developing Human Resources to Address the Needs of CA 
Development and Dissemination Groups

12.5.5.1 � The Present Context

Training is a central issue for CA and agroecology. The development of farming 
systems that are more intensive and more respectful of natural resources and the 
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environment requires acquisition of new stakeholder knowledge and skills to trigger 
these changes. The lack of resources and training managers on these issues is often 
mentioned as a key sticking point to further development.

Ongoing research and development projects have specific objectives to transfer 
the knowledge and know-how gained during project implementation to existing na-
tional institutions. To be effective, this transfer simultaneously requires a capacity-
building program in the area of professional training and communication. Different 
groups such as farmers, extension agents, researchers, and technicians from na-
tional organizations must gain competence to efficiently manage new professional 
responsibilities. Capacity-building is a long process, which requires adequate hu-
man resources and financial means.

This training strategy is not only an accumulation of training sessions, field vis-
its, and other activities. It is a permanent attitude aimed at acquiring and assimilat-
ing knowledge and know-how. This will result from three types of actions: (i) facili-
tating information access; (ii) creating and supporting collective thinking during all 
the steps of program implementation; and (iii) organizing training sessions to cover 
the technical, management, and legal aspects of CA implementation.

12.5.5.2 � International CA Training Cooperation with Brazil

At the regional level, there are no academic or even technical offers in terms 
of agroecology and/or CA. Several years ago, a training offer was made by the 
University of Ponta Grossa (UEPG-Brazil). This initiative has been supported by 
various Brazilian research and extension organizations. The UEPG benefits from 
the university structures and has been developing specific curricula on CA and 
direct seeding since 1984. Six international training sessions were organized be-
tween 2006 and 2011 thanks to support from the “Multi-Country Project for Agro-
ecology—PAMPA.” To date, these courses have trained 78 agronomists, research-
ers, and academics involved in the field of CA. These researchers came from 12 
countries, including Cambodia, China (Shanghai and Yunnan), Laos, Thailand, and 
Vietnam.

12.5.5.3 � Technical Training in Laos

To meet the challenges of sustainable agricultural intensification in Laos, the 
Centre for Research and Training in Conservation Agriculture (CERFAC) in Ban 
Poa (Xieng Khouang Province) was created in 2007 (Fig. 12.3). The aims of the 
CERFAC Ban Poa Centre are:

•	 Training and awareness for a wide audience of students, technicians, farmers, 
and policy makers. The center began to assume a regional role of exchanges in 
the framework of the CANSEA network. In 2011, 7 Chinese technicians from 
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the Yunnan province and in 2012, 12 Vietnamese technicians received general 
training in CA-direct seeding mulch-based crop system (DMC) techniques

•	 Conducting innovative research to support the training program, including de-
velopment of ecologically more intensive innovative farming systems based on 
CA principles.

12.6 � Problems and Constraints Encountered  
in Scaling-Up/Out CA

The factors influencing farmers’ decisions to adopt (or not) CA practices are both 
highly context-specific (e.g., biophysical characteristics, involvement of local 
elites, extension staff motivation, and capacity; Lestrelin et  al. 2012b) and fast 
changing (e.g., market opportunities, land degradation stage, and/or production 
costs changes).

General constraints learned from this decade of CA experiments in SEA include 
those specific to CA systems (e.g., local unavailability of suitable equipments, relay 
crop, and residue management) and, more importantly, those common to all innova-
tions dealing with agricultural intensification in the uplands and with smallholders 
(e.g., lack of land tenure security, communal land-use plan, poor public resources 
and support, unadapted credit access).

12.6.1 � Lack of Availability of Suitable Implements Locally

The lack of availability at a local level of suitable equipments for CA implemen-
tation, notably for smallholders, is a major constraint already described for other 
small-scale agricultural contexts (Harrington and Erenstein 2005; Kassam et  al. 

Fig. 12.3   Technical training 
in North Laos
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2009; Johansen et  al. 2012). Manual sowing in a mulch increases labor force 
requirements (Affholder et al. 2009; Lestrelin et al. 2012b), drudgery-induced de-
lays in crop establishment with negative impacts on productivity, and increased 
competition for labor with other farm activities, notably transplanting lowland pad-
dy rice (Lienhard et al. 2008). Different no-till planters have been introduced from 
Brazil and tested/adapted in Laos and Cambodia. This equipment has significantly 
reduced sowing drudgery and improved labor productivity (Lienhardet al. 2013d). 
The importation process and cost of such equipment, as well as the local need for 
equipment maintenance and continuous adaptation, has highlighted the need for in-
creased involvement of local (national/regional) manufacturers in the development 
and deployment of affordable and effective no-till implements.

12.6.2 � Communal Grazing and Cover Crop Protection

Communal grazing after crop harvest is a widespread traditional territory manage-
ment rule in SEA mountainous areas (Garrity 1996). Animals are located far from 
cultivated areas during the cropping season and brought back after harvest, threat-
ening cover crop development and effective residue management.

Cover crops must provide clear economic benefits for smallholders to shift from 
conventional monocropping to systems with crop association and/or succession. 
Most successful stories of CA intercropping systems in SEA are associated with 
edible or commercial bean production and/or forage use for livestock system inten-
sification.

Fencing is often required to supplement local bylaws on cattle roaming and en-
sure effective management and share of crop residues and cover crops between in 
situ recycling, livestock, and energy supply.

12.6.3 � Unadapted Credit System

Regardless of annual production costs, the practice of CA often requires high initial 
investments hardly affordable by smallholders in the absence of adequate credit 
support. Credit needs are highly context-specific and depend notably on the cultiva-
tion system (manual vs. mechanized), productivity of the land (fairly productive vs. 
degraded), and local prices of commodities.

The access of smallholders to financial capital is a major issue for CA adoption 
in SEA. With limited guarantees (e.g., land titles) to support their credit demand, 
Lao farmers have been shown to encounter difficulties in gaining access to bank 
loans, which are, in any case, subject to high interest rates and short-term refund 
periods—hardly compatible with the timeframe required for such investments 
(Lienhard et al. 2008).
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12.6.4 � Weed Management and Herbicide Use in CA Systems

Changing from a conventional system to CA changes the nature of weeds and weed-
ing patterns (Kassam et  al. 2009; Johansen et  al. 2012). The traditional reliance 
on burning and/or full tillage for initial weed control is not compatible with CA 
principles of maximum soil cover and minimal disturbance, respectively. Beyond 
considering soil disturbance, traditional hoeing of weeds during the crop cycle is 
hindered under CA by the presence of crop residues; and this leads to increased labor 
requirements.

To replace tillage and/or burning for weed control, CA-based projects have 
promoted slashing (in place of hoeing), rolling (in mechanized areas), crop rota-
tions, use of cover crops, adjustment of sowing time and methods, use of competi-
tive crop genotypes, planting pattern, adjustment of fertilizer strategy, and herbi-
cides, all of which are part of an integrated weed management strategy (Johansen 
et al. 2012).

12.6.5 � High Specialization of Agriculture at Local Level

If local agriculture in SEA is increasingly integrated into market (ADB 2011), 
they also become more specialized. Lestrelin and Castella (2011) showed that for 
Laos, total annual maize production increased tenfold between 2000 and 2009 
from 117,000 to 1,130,000  t, representing more than 90 % of total rainfed culti-
vated land in several areas. In Cambodia, Boulakia et al. (2010, 2012a) described 
highly specialized production systems in the uplands, and the difficulty to introduce 
crops in rotation with cassava due to the high-selling prices of cassava since 2008 
(> US$ 200 Mg−1).

If higher integration to market is truly a chance for smallholders for their increased 
income (Lestrelin and Castella 2011), the high specialization of agriculture also 
limits the development of more ecologically intensive CA systems.

12.6.6 � Limited Public Resources to Ensure Adequate On-field 
Research, Sensitization, and Technical Support

SEA countries are not equal with regard to public support to research, education, 
and agricultural extension but many are considered low-income countries with lim-
ited means to invest in the agricultural development sector.

CA local adaptation and promotion takes time. Harrington and Erenstein 
(2005) stated that it is not unusual for CA implement development and adaptation 
to take at least 10 years of (continuous) research and extension. If CA economic 
and environmental benefits can be seen quickly at field and farm level, then their 
assessment at watershed/regional scale requires more resources (human and finan-
cial) and time. Low governmental salaries and means are also common constraints 
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leading to limited motivation and effective support from agricultural extension 
agents.

12.7 � The CANSEA Regional Network

12.7.1 � Introduction: Background of CANSEA

Several research for development (R4D) projects in the subregion have devel-
oped and disseminated systems of CA based on DMC-SCV, which contribute 
to ecological intensification and sustainable diversification. These projects have 
produced a significant set of results and data on CA farming systems in SEA. 
The CANSEA was created in September 2009 to address various regional prob-
lems of research and development, which cannot be solved at the national level. 
CANSEA is a structured regional organization aimed at implementing projects 
of regional interest with regional comparable research designs, harmonized envi-
ronmental and economic assessment methods, and comparable impact indicators 
(Legoupil 2013).

12.7.2 � Organization and Governance of the CANSEA Network

This regional network of research for development is made up of eight institutional 
partners from six SEA countries.

Eight founding members of the network are:

•	 Cambodia: the Ministry of Agriculture, Forestry, and Fisheries (MAFF)
•	 China: the Yunnan Academy of Agricultural Sciences (YAAS)
•	 Indonesia: the Indonesian Agency for Agriculture Research and Development 

(IAARD)
•	 Laos: the National Agriculture and Forestry Research Institute (NAFRI)
•	 Thailand: the University of Kasetsart
•	 Vietnam: the Northern Mountainous Agriculture and Forestry Science Institute 

(NOMAFSI) and the Soils and Fertilizers Research Institute (SFRI)
•	 The French “Centre de Coopération Internationale en Recherche Agronomique 

pour le Développement (CIRAD)” which cooperates with all partners in SEA. 
The CANSEA network is considered by CIRAD as its own platform in partner-
ship for CA development in SEA

The CANSEA network is a regional nonprofit structuring organization for research 
institutions and/or CA-dedicated groups. Network members agreed to: (i) share ex-
periences and results, (ii) define regional priorities and design corresponding R&D 
programs, and (iii) research and mobilize funding to implement regional programs. 
CANSEA allows members to do together what cannot be achieved individually. 
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The network is managed by a steering committee and a regional coordination unit 
(Vientiane Laos). The organizational structure of the regional network is given in 
Fig. 12.4 (Legoupil 2013).

Table 12.4 shows how the CANSEA strategy areas link to, and are coherent with, 
national interests for defining common priority objectives. This demonstrates the clear 
opportunities and entry points for CANSEA members to cooperate with each other.

Fig. 12.4   The CANSEA organizational structure

 

Table 12.4   Interactions between CANSEA’s strategic topics and geographical areas
Fertility restoration 
of degraded areas 
(erosion—acidity)

Intensification diversi-
fication of traditional 
farming systems

Human resources 
development

Traditional rainfed 
agriculture in moun-
tainous areas
(slash and burn 
systems)

Acidity of mountain 
soils (acrisols)
Water erosion of steep 
lands

Intensification Diversi-
fication of subsistence 
rainfed and rice-based 
farming systems

Academic training 
with:
National agriculture 
faculties
Specific regional role 
of Kasetsart University
Technical training for 
CA practices with:
Network of national 
institutions

Commercial 
agriculture
Cash monocropping 
systems in steep 
lands

Water erosion of steep 
lands
Soil fertility

Intensification Diversi-
fication of conventional 
farming systems linked 
to markets

Large plains 
with soil fertility 
problems

Soil acidity (sandstone)
Salinity
General fertility 
problems
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12.8 � Conclusion

While CA investigations are currently mainly in the research sector, recent field ex-
periences in SEA have indicated their potential as a viable and accepted alternative 
to plow-based agricultural intensification, even in the context of small-scale farm-
ing. Several lessons can be learned from the past decade of in situ CA experiments:

•	 Agriculture and cropping patterns in SEA are spatially diverse and constantly 
evolving. The identification of windows of opportunity for CA, i.e., key mo-
ments for intervention along specific agroecological transition pathways cor-
responding to successive stages of land-use intensification and land degradation, 
may facilitate the design of appropriate CA technologies and spatially differenti-
ated policies.

•	 Agricultural trajectories often repeat themselves in time and space, so that les-
sons can be drawn from past experiences and/or neighboring countries. The re-
cent CANSEA network may play a key role in facilitating the exchange of results 
and experiences within the region, and hence in CA diffusion.

•	 Increase the participation of the private sector. Undoubtedly, there is a need 
for higher sensitization and enrollment of the private sector to not only improve 
local availability of suitable implements but also provide credit facilities and/or 
technical support to farmers’ groups.

•	 Need for long-term active research, training, and technical mentoring on CA. 
A shift from projects on CA to programs on CA is required at the national and 
regional level to better capitalize on research results and human resources. Of the 
research topics related to continuous improvement of CA agronomic, economic, 
and environmental performances, the question of enhancing the diversification 
of farming systems and reducing pesticide use are two important ones.
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Abstract  Conservation agriculture (CA) is now widely recognized as a viable con-
cept for practicing sustainable agriculture. Grouped under the title “conservation 
agriculture,” an inter-related and synergetic set of principles and practices have been 
developed to combat land degradation, falling soil fertility, rapidly declining pro-
duction levels, inefficient use of scarce water resources, and desertification. China 
is an ancient agricultural country, its agriculture dates back at least 8000–9000 
years. It has a long history of practices of soil and water conservation. Presently—
due to a wide range of soil types and climate, and the cropping systems practiced 
in China—diverse CA systems exist in different agroecological regions of China. 
However, modern conservation tillage (CT) is fairly new. The total area under CT 
in China exceeded 6.67 million ha in 2012 with a ten-fold increase in past 10 years. 
A 13-year case study on the Loess Plateau showed that no-till with stubble retention 
(NTS) improved grain yield significantly. With NTS, water stored in surface layers 
is more available for crops than that in deeper layers; surface (0–10 cm) soil water 
content under NTS improved up to 90 % when compared with conventional tillage. 
Soil organic carbon improved. Crops under NTS had better growth and yield. Soil 
quality, water use efficiency, and nitrogen use efficiency improved, and soil ero-
sion significantly decreased. Profitability improved under NTS within two rotation 
cycles of spring wheat–field pea; total profitability of NTS was 81, 38, 75, 165, 
and 66 % higher than that of conventional tillage (T), no-till without stubble reten-
tion (NT), conventional tillage with stubble incorporated (TS), conventional tillage 
with plastic mulch (TP), and no-till with plastic mulch (NTP). Therefore, NTS is 
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the best CA practice for improving crop productivity and sustainability. Although 
the importance of CA has been increasingly recognized, there are many barriers to 
its widespread adoption including traditional intensive agriculture attitude, small 
farm sizes, lack of suitable machines, lack of diverse CA technologies, and the 
high opportunity cost of straw/residues. Therefore, further investment into technical 
research, machine design, demonstration and extension, and substitutes for fuel and 
forage are important for a breakthrough on CA adoption in China.

Keywords  Soil and water conservation · Loess Plateau · History · Present state · 
Adoption challenge

13.1 � Introduction

Conservation agriculture (CA) is now widely recognized as a viable option for prac-
ticing sustainable agriculture. CA is an interrelated and synergetic set of principles 
and practices developed to combat land degradation, falling soil fertility, rapidly 
declining production levels, inefficient use of scare water resources, and desertifica-
tion (Benites et al. 2003). Conservation tillage (CT) is the main component of CA, 
which has three principles viz. continuous minimum mechanical soil disturbance, 
permanent soil cover (crop or mulch), and the diversification of crop species in se-
quence/association (www.fao.org/ag/ca). Based on experiences in agricultural his-
tory, CA in China in this chapter refers to all soil and water conservation practices 
in agriculture. The area under CT expanded rapidly from 45 million ha in 1999 to 
111 million ha in 2009, with a growth rate of 6 million ha per annum (Derpsch and 
Friedrich 2009; Kassam et al. 2009), and has even expanded to soils and climates 
earlier thought inadequate for successfully practicing the technology. The superior-
ity of this system in relation to unsustainable intensive tillage practices, time, labor 
and fuel savings, as well as higher economic returns are the driving forces for this 
development (Derpsch et al. 2010).

China is an ancient country with its agriculture dating back about 9000 years. 
The arid and semiarid regions account for 52.5 % of the land area in China with 
rainfed farming systems occurring widely across most of the country, especially in 
Northwest and North China (Wei and Wang 1999). Soil conservation has been an 
eternal topic of research and development for rainfed farming systems; China has 
a long history of practicing CA (Huang 2003) with some CA systems dating back 
to ancient times (e.g., mulch tillage). A classic example, gravel mulch, has been 
used to preserve soil moisture on many cash crops and vegetables for hundreds of 
years. Systematic research on modern mechanical CT only commenced recently in 
the 1990s. Due to the wide range of soil types and climates in China, the cropping 
systems practiced are also diverse as are CA practices. The semiarid Loess Plateau 
is the most important region of rainfed agriculture in China (Fig. 13.1). Soil ero-
sion on the Loess Plateau is the highest in China (Liu 1999), and indeed among the 
highest in the world (Fu 1989). This chapter discusses CA in China, particularly in 
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rainfed areas, including its early history and progress on research and adoption for 
better soil and water conservation.

13.2 � History of CA in China

In a global context, research on CT started when the “Dust Bowl” occurred in Mid-
west USA in the 1930s. Soon after, the Soil Conservation Service (SCS) and Soil 
Conservation Society of America (SCSA) came into existence in 1935 and 1945, 
respectively, to research CT for soil and water conservation. In 1951, Edward H. 
Faulkner published a book titled Ploughman’s Folly, where he explained that the 
“Dust Bowl” resulted from plowing (Faulkner 1951). After that, CT research started 
around the world. Before 1977, the term “conservation tillage” was called minimum 
tillage, which aimed to reduce the number of tillage actions over a field (Uri 2000). 
Tillage provided many benefits, including weed control and creating a favorable 
environment for crop sowing and emergence (Kuipers 1991). During World War 
II, postemergence herbicides (2,4-D and MCPA) were discovered. Other herbicides 
followed in the 1950–1960s including triazines, etc. (Rijn 1982). With time, her-
bicides increasingly provided an economic substitute for the weed control func-
tion of tillage (Unger 1990). Another crucial component for mechanized agriculture 
was the development in postwar years of planting equipment (direct seed drills) 
that could adequately sow through crop residues. Both the herbicides and planting 

Fig. 13.1   Loess Plateau, the most important rainfed agriculture regions in China

 



314 L. Li et al.

equipment enabled successful crop establishment while using CT. The USA is gen-
erally perceived to be the cradle of this technology—with a large body of literature 
to document the advances of research and its use (Hatfield and Stewart 1994). The 
success of the technology in the USA generated substantial interest to replicate 
such conservation farming systems elsewhere. The total area under CT was 111 mil-
lion ha in 2009 (Derpsch and Friedrich 2009; Kassam et al. 2009).

CA systems in China date back to ancient times (e.g., mulch tillage); several 
ancient agricultural books such as Lv shi chun qiu (Buwei Lv, circa (ca.) AD 239 ) 
and Qi min yao shu (Sixie Jia, ca. AD 540) have described CA systems (Liu 2008). 
Many techniques of soil and water conservation have been used in rainfed areas of 
China with the most common being mulch.

Prior to 1960, soil and water conservation practices were dominated by gravel 
and sand mulch, which were adopted widely in some marginal areas that theoreti-
cally were not suitable for crop production in terms of quantity of annual precipita-
tion (Liang et al. 2012). The system involved growing crops on gravel, pebble, and/
or sand mulched land. The most important impact of the system was soil water con-
servation. The gravel or pebble mulch reduced surface water runoff, increased infil-
tration and decreased evaporation (Wang et al. 2003; Xie et al. 2003; Zhao and Li 
2009). The improved microenvironment was more favorable to plant growth, result-
ing in larger root systems, more leaf area, higher photosynthesis and transpiration 
rates, and earlier maturity (Xie et al. 2003). Furthermore, since gravel and pebbles 
contain selenium, there was often higher selenium content in the produce. By using 
this technique, a satisfactory crop yield could be obtained even in an arid climate of 
200–300 mm annual precipitation (Chen et al. 2008). Gravel and sand mulch was 
invented much earlier but became popular only 200–300 years ago. Nowadays, it is 
still a popular technique in the Loess Plateau for all kinds of vegetables, fruits, and 
field crops (Fig. 13.2).

Although gravel and sand mulch offer many benefits for soil and water conserva-
tion, there is no benefit to soil organic matter (SOM)—unlike crop residue retention—
and may lead to the long-term decline in SOM and degraded soil structure. In the late 
1970s, plastic mulch was introduced into China. As it can reduce evaporation, con-
serve soil moisture, and increase soil temperature, thereby improving crop productiv-
ity and water use efficiency (WUE), plastic mulching has become more and more 
popular and is now a dominant technology in rainfed agriculture. In 2012, in Gansu 
alone, a province on the Loess Plateau, the plastic-mulched area was about 146 mil-
lion ha, which consumed 0.13 million  t of plastic film and improved annual grain 
output from 8 to 101 million t (Wang 2012a). Like gravel and sand mulch, plastic 
mulch reduces evaporation, conserves soil moisture, and increases soil temperature, 
but it does not increase SOM and soil structure; and the plastic is a pollution problem.

From the early 1980s, single techniques such as no-till, stubble cover, etc. were 
introduced from overseas. However, the adoption rate was low due to the traditions 
of intensive cultivation, even though no-till and stubble retention achieved very 
good field results.

Modern CT research in China started in the 1990s. From 1992, China Agricul-
tural University, in cooperation with the University of Queensland and Shanxi Farm 
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Machinery Bureau, started CT experiments in Shanxi Province (Gao and Li 2003), 
mainly to develop no-till machinery for various crops. From 2001, Gansu Agricul-
tural University and Gansu Grassland Ecological Research Institute, in coopera-
tion with the University of Adelaide, NSW Department of Primary Industries and 
Agricultural Production Systems Research Unit at CSIRO, started CT research on 
the western Loess Plateau of Gansu Province (Huang et al. 2003; Li et al. 2004). 
The results from this research showed that CT is an advanced technology, which 
can help solve ecological environment problems, increase crop productivity, reduce 
input costs, and generally improve sustainability of rainfed agriculture.

13.3 � Present State of CA in China

As mentioned above, China has a long agricultural history, which has used many 
soil and water conservation techniques more than hundreds or thousands of years. 
At present, due to the wide range of soil types and climates, the cropping systems 
practiced in China are diverse, as are the tillage systems that are practiced (Zhang 
et al. 2014).

In northeast China, with its cold and semiarid climate, ridge tillage is practiced 
by most farmers as a means to improve soil temperatures and conserve soil water; 
other CA systems, such as no-till without stubble retention (NT) under original 
ridges and subsoiling, have been developing gradually. In North China, NT for sum-
mer corn and rotary tillage for winter wheat are the dominant soil tillage systems. In 
northwest China, CA practices are diverse with different crops and agroecological 
regions, and include contour tillage and strip cropping on slopes, plastic mulch, 
gravel and sand mulch, raised beds in irrigation regions, and modern CT practices 

Fig. 13.2   Major crops and fruit trees growing in gravel and sand mulch fields ( top, from left to 
right: linseed, sweet pepper, and watermelon; bottom, from left to right: apple, corn, and wheat)
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of no-till with stubble retention (NTS). In southern paddy fields, double- and triple-
cropping systems of rice are popular. Rotary tillage has become the dominant till-
age method, with benefits of labor and fuel savings; CA is also used in most paddy 
fields. NT for both early and late paddy fields has been conducted in small parts of 
this region (Zhang et al. 2014).

Although mechanical CT started only about 20 years ago, it increasingly became 
the most important CA practice in China. Central government also invested to ac-
celerate its adoption. In 2012, central government invested 300 million RMB (about 
US$ 50 million ) for 80 counties, which increased the area under CA by 1.6 mil-
lion  ha, or 30 % compared to 2011; the total area under CT in China exceeded 
6.67 million ha in 2012, ten times more than 10 years ago (Wang 2012a), but only 
about 4.5 % of total arable and permanent cropland area in the country, and much 
lower than the world average of 7.5 % (Kassam et al. 2012).

13.4 � Experiences with CA in China: A Case Study  
on the Loess Plateau

13.4.1 � Background

Severe soil erosion on the Loess Plateau is a serious and continuing problem con-
tributing to uncertainty with regard to food security and poverty in the region. The 
reasons are many, among which traditional agricultural practices are a leading cause. 
These traditional practices involve intensive cultivation, where the soil is plowed 
three times using a moldboard plow and harrowed twice between harvest and spring 
sowing. According to Fig. 13.3, these traditional practices were used in the Xihan 
dynasty (202 BC–AD 9) and have continued largely unchanged to modern times.

In a traditional system, the soil surface is left uncovered for the 7–8-month-long 
fallow period, which includes part of the rainy season. All stubble and residues 
are removed at crop harvest for use as forage, fuel, etc. The combination of these 
practices leaves the soil highly vulnerable during this critical period, resulting in 
extensive erosion, soil degradation, and reduced production potential. Consequent-
ly, local farmers are trapped in a cycle of soil degradation and poverty. These se-
vere erosion and poverty problems have been recognized by central and provincial 
governments. The government responded with a policy called “grain for green.” 
However, implementation has met with some resistance, as the area has a tradition 
of crop cultivation several thousand years long, and local farmers are reluctant to 
convert their cropland to grass and forestry (Shi and Shao 2000; Rui et al. 2002; 
Zhang et al. 2004). Therefore, the development of farmer friendly agronomic prac-
tices is needed to empower farmers to reduce erosion, increase crop productivity, 
ameliorate poverty, and improve the environment.
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13.4.2 � Aim of the Research

Conservation tillage has been thoroughly studied in large areas under many crop-
ping systems worldwide, such as the USA, Canada, Australia, South America (Fab-
rizzi et  al. 2005), etc. In general, CT can help improve food availability for the 
growing populations of many countries, reduce production costs and erosion, and 
help to ease environmental problems (Gao and Li 2003). However, CT is not an eas-
ily transferable single component technology. The CT knowledge base developed 
in the USA, Canada, and Australia and as a result is not directly transferable to 
developing countries, thus the need for research into CT on the Loess Plateau. For 
this purpose, an experiment on different tillage systems was designed for a 1-year 
one-crop rotation of spring wheat and field pea, and implemented from August 2001 
in Dingxi, a typical semiarid area on the Loess Plateau. The experimental design in-
cluded six treatments, replicated four times, and included both phases of the wheat/
pea rotation each year. The six treatments included traditional farmer practice (T, 
conventional tillage with crop residues removed) and a CA treatment (NTS). To 
separate the effects of tillage and crop residues, these factors were combined facto-
rially as follows:

•	 T, traditional tillage with crop residues removed
•	 NT, no-till without stubble retention
•	 TS, conventional tillage with stubble incorporated
•	 NTS, no-till with stubble retention

The design also incorporated plastic mulch with and without tillage. The main aim 
of this research was to develop suitable CT practices for the rainfed Loess Plateau.

Fig. 13.3   Traditional agricultural practices. ( top left, photo taken from wall painting in Dunhuang 
Grotto, right, typical tillage in the 1980s; bottom left, typical tillage practice in the late 1990s, 
right, no-till seeder introduced for CT)

 



318 L. Li et al.

13.4.3 � Key Results

13.4.3.1 � Conservation of Soil Water

Soil water conservation is highly important in rainfed areas. Research on the western 
Loess Plateau highlighted that NTS considerably increased surface soil (0–10 cm) 
moisture at sowing. This is important for crop emergence, and to mitigate against 
spring droughts which are frequent in the area (Table 13.1). However, the different 
CT patterns had no strong effect on total soil water storage (0–200 cm). The ratio 
between plant transpiration and soil evaporation of NTS increased significantly, 
thus, grain yield and WUE of NTS improved significantly compared with conven-
tional tillage (Li et al. 2005).

13.4.3.2 � Improving Soil Quality

Increase Soil Organic Carbon  The research results show that total organic carbon 
(TOC) and readily oxidizable organic carbon (ROOC) decreased with soil depth, 
but not uniformly with all treatments. The average content of TOC and ROOC at 
0–30 cm soil depth over the 12 years for the different treatments was NTS > TS > NTP 
(no-till with plastic mulch) > NT > T > TP (conventional tillage with plastic mulch). 
Compared with T, average ranges of TOC and ROOC under NT, NTS, NTP, and TS 
increased, respectively by 1.2–7.2 and 5.3–16.6 %. Both no-till and straw mulching 

Table 13.1   Soil water profile at sowing under different no-till scenarios with stubble retention 
compared with conventional tillage (V %). (Li et al. 2005)
Crop Soil depth 

(cm)
2002 2003 2004
T NTS T NTS T NTS

Wheat 0–5 10.2 19.5 7.0 12.4 15.7 20.2
5–10 15.2 20.1 9.6 13.5 19.9 21.1
10–30 20.1 21.5 15.3 16.2 19.9 20.2
30–50 15.1 16.3 13.5 13.7 19.2 20.0
50–80 13.3 13.9 13.4 13.2 18.2 18.8
80–110 14.0 13.4 13.6 14.0 17.7 17.4
110–140 14.8 14.0 14.2 14.2 17.2 17.9
140–170 15.9 14.9 15.6 14.9 16.6 17.4
170–200 16.1 16.2 15.0 15.6 17.0 16.8

Field pea 0–5 16.9 21.8 14.2 22.1 9.9 11.0
5–10 23.3 24.3 17.1 21.3 18.4 19.4
10–30 21.4 22.5 14.3 16.9 20.0 21.7
30–50 15.3 16.9 11.8 12.1 19.1 19.3
50–80 13.6 14.9 12.4 11.3 18.4 19.2
80–110 13.6 14.1 13.7 12.3 17.2 18.2
110–140 14.8 14.7 14.2 13.3 16.2 17.2
140–170 16.1 15.2 15.6 14.1 16.0 16.5
170–200 17.0 16.5 15.5 15.2 17.1 16.2

NTS no-till with stubble retention, T conventional tillage
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increased TOC and ROOC contents, but the NTS treatment produced the optimum 
result. Compared with 2002, the average contents of TOC and ROOC under NTS 
increased, respectively, by 9.5 and 42.9 %, 13.2 and 67.6 %, 21.5 and 71.5 %, 1.1, 
and 15.9 %, 2.7 and 12.6 % in 2004, 2006, 2008, 2010, and 2012. ROOC was more 
sensitive to tillage practices than TOC (Tables 13.2 and 13.3), and was thus used 
as an early indicator for changes in soil organic carbon in loess soil on the western 
Loess Plateau.

Additions of organic matter, such as manure, compost, aboveground crop resi-
due or increases inSOM, belowground crop residue, microbial biomass, etc. can 
improve soil organic carbon (Loveland and Webb 2003). NT and/or minimum till 
reduce soil compaction and prevent SOM decomposition.

Improving Soil Structure and Increasing Soil Infiltration  The research on the 
Loess Plateau highlighted that although NTS had no strong effect on soil bulk den-
sity and total porosity, the non-capillary porosity and aggregates under NTS greatly 
improved (Table 13.4). Thus, soil saturation conductivity improved (Fig. 13.4), and 
soil infiltration increased.

Soil infiltration is determined by soil structure and aggregate stability. The favor-
able effect of CT systems on soil structure has been reported in different soil types 

Table 13.2   Dynamic changes in total organic carbon in the 0–30 cm soil layer under different till-
age practices (g kg−1; P < 0.05). ( Wang et al. 2013)
Treatment 2002 2004 2006 2008 2010 2012 Mean
T 8.89a 8.26c 8.07b 8.62c 7.61ab 7.70c 8.19b
NTS 8.13c 8.9a 9.20a 9.88a 8.22a 8.35b 8.78a
NT 8.64a 8.39bc 8.13b 8.64c 7.60ab 8.34b 8.29b
TS 8.54ab 8.61ab 8.83a 8.93bc 7.67ab 8.82a 8.57a
TP 8.16bc 8.19c 7.52c 7.96d 7.42b 7.80bc 7.84c
NTP 8.49ab 8.16c 8.31b 9.37b 8.11ab 8.14bc 8.43b
Different letters represent significant difference (5%) in the columns.
NTS no-till with stubble retention, T conventional tillage, TS conventional tillage with stubble 
incorporated, TP conventional tillage with plastic mulch, NTP no-till with plastic mulch, NT no-till 
without stubble retention

Table 13.3   Dynamic changes of readily oxidizable organic carbon in the 0–30 cm soil layer under 
different tillage practices (g kg−1; P < 0.05). (Wang et al. 2013)
Treatment 2002 2004 2006 2008 2010 2012 Mean
T 4.04ab 4.65b 5.58bc 5.59b 3.87ab 3.32c 4.51bc
NTS 3.89b 5.56a 6.52a 6.67a 4.51a 4.38ab 5.26a
NT 4.04ab 4.90b 5.41c 5.61b 3.90ab 4.66a 4.75bc
TS 4.12ab 4.92b 6.10ab 6.08ab 3.75ab 4.31ab 4.88ab
TP 3.84b 4.62b 5.23c 5.49b 3.62b 3.54bc 4.39c
NTP 4.49a 4.87b 5.74bc 6.19ab 4.13ab 3.62bc 4.84ab
Different letters represent significant difference (5%) in the columns.
NTS no-till with stubble retention, T conventional tillage, TS conventional tillage with stubble 
incorporated, TP conventional tillage with plastic mulch, NTP no-till with plastic mulch, NT no-till 
without stubble retention
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and climates (Oyedele et al. 1999). In contrast, conventional tillage promotes loss 
of SOM, which leads to disruption of soil aggregates and increased erosion (Roldán 
et  al. 2003). Crop residues in CT protect the soil from raindrop impact, reduce 
slaking of surface aggregates, and prevent pore sealing and crust formation. When 
asked why they practice traditional tillage, farmers mentioned that they needed to 
break down crusts that quickly formed in their low SOM soils after rain. So, CA can 
only work if both reduced tillage and stubble retention are practiced together, like 
in our NTS treatment.

Residues left on the soil surface also reduce surface flow and runoff, and thus 
increase the opportunity for water to infiltrate. The combination of these beneficial 
effects of residues increases water infiltration (Potter et al. 1995).

13.4.3.3 � Reducing Soil and Water Erosion

Data from rainfall simulation on soils of the western Loess Plateau showed that 
NTS significantly increased cumulated infiltration and alleviated runoff, and soil 
loss (sediment load) from erosion decreased by 62.4% (Table 13.5).

Field observations also showed an obvious effect of reducing soil and water ero-
sion during crop growth (Fig. 13.5).

13.4.3.4 � Increasing Crop Productivity

Long-term research on the western Loess Plateau in China showed that grain yield 
was generally higher under NTS than under conventional tillage over a 12-year 
wheat-pea rotation. It also illustrated the advantage of NTS in drier years (2003, 
2007; Table 13.6).

Management of crop residues under CT was the most important factor affecting 
crop yield. The water conserving effect of crop residues on the soil surface ensured 
at least some degree of yield and often a substantial yield increase when drought 
stress was an issue (Huang et al. 2008). Organic matter used in crop residue mulch, 

Fig. 13.4   Soil saturation 
conductivity under different 
tillage systems. (Luo 2008)
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however, had different short-term implications, typically hinging on the quality of 
organic matter as reflected by the C to N ratio. Crop residue mulch also helped con-
trol crop weeds, pests, and diseases.

13.4.3.5 � Improving Resource Use Efficiency and Profitability

Water Use Efficiency  Water deficiency is a major constraint to dryland crop pro-
duction in the semiarid areas on the western Loess Plateau, where long-term average 
annual precipitation is 390 mm. Low WUE results from the uneven distribution of 

Table 13.4   Soil physical properties under different tillage systems in 2007 ( P < 0.05). (Luo 2008)
Depth 
(cm)

Treatment Bulk density 
(g cm−3)

Total porosity 
(%)

Capillary 
porosity (%)

Non-capil-
lary porosity 
(%)

Aggre-
gates > 0.25 mm 
(%)

0–5 T 1.24a 53.09b 48.70a 4.39b 14.90b
NT 1.21ab 54.40ab 49.10a 5.30ab 14.57bc
TS 1.15b 56.47a 49.81a 6.67a 10.28d
NTS 1.22ab 53.94ab 47.62a 6.31a 16.53a
TP 1.23ab 53.53ab 49.65a 3.96b 10.98d
NTP 1.22ab 53.97ab 49.66a 4.31b 13.57c

5–10 T 1.26a 52.54a 48.92a 3.62b 6.87d
NT 1.21a 54.28a 49.07a 5.21ab 8.58c
TS 1.25a 52.87a 47.68a 5.20ab 10.15b
NTS 1.25a 52.72a 46.94a 5.78a 12.22a
TP 1.24a 53.14a 49.52a 3.63b 5.82e
NTP 1.22a 53.99a 49.90a 4.09ab 11.47a

10–30 T 1.32a 50.22a 46.59 a 3.63b 7.55cd
NT 1.25a 52.73a 48.15a 4.58ab 8.50bc
TS 1.31a 50.71a 46.35 a 4.37ab 11.82a
NTS 1.28a 51.85a 46.89a 4.96a 11.68a
TP 1.27a 52.13a 48.63a 3.50b 6.60d
NTP 1.26a 52.58a 48.97a 3.61b 8.85b

Different letters represent significant difference (5%) in the columns.
NTS no-till with stubble retention, T conventional tillage, TS conventional tillage with stubble 
incorporated, TP conventional tillage with plastic mulch, NTP no-till with plastic mulch, NT no-till 
without stubble retention

Table 13.5   Cumulated runoff, infiltration and sediment under different tillage systems ( P < 0.05). 
(Zhao et al. 2007)
Treatment Rainfall (mm) Cumulated runoff 

(mm)
Cumulated infiltration 
(mm)

Sediment (g m−2)

T 85 53.10b 31.90b 27.77ab
NT 85 62.90a 22.10b 32.73a
TS 85 66.26a 18.74c 23.79b
NTS 85 44.85c 40.15a 14.89c
Different letters represent significant difference (5%) in the columns.
NTS no-till with stubble retention, T conventional tillage, TS conventional tillage with stubble 
incorporated, NT no-till without stubble retention
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limited rainfall. Conventional tillage practices hinder increases in WUE and crop 
productivity. Conventional tillage in the area using a moldboard plow as three 
primary tillage implements followed by two harrows is the standard method for 
controlling weeds during the fallow year. This practice incorporates surface crop 

Table13.6   Grain yield under different tillage systems (kg ha−1; P < 0.05)
Rotation Year Crop T NT TS NTS TP NTP
Pea→
wheat

2002 Pea 1653a 1416c 1527b 1790a 1614ab 1529b
2003 Wheat 1416d 1545d 1646cd 1825b 2033ab 2140a
2004 Pea 1708a 1496a 1681a 1668a 1762a 1512a
2005 Wheat 2900b 3076ab 2988b 3327ab 3277ab 3578a
2006 Pea 758bc 552c 872ab 890ab 1020ab 1049a
2007 Wheat 561c 633bc 666bc 944a 732b 926 a
2008 Pea 1342ab 1306ab 1190b 1661a 1063b 1250ab
2009 Wheat 1232bc 985c 1670a 1607ab 1471ab 1241bc
2010 Pea 1353ab 1240b 1446a 1435a 1419a 1473a
2013 Wheat 1229b 1419ab 1526ab 1723a 1468ab 1857a
Sum 14154 13669 15212 16858 15825 16597

Wheat
→pea

2002 Wheat 1816b 1414c 1736b 2151a 1385c 1258c
2003 Pea 881bc 803c 823c 1269a 1062b 1022b
2004 Wheat 2189b 1664c 2162b 2382a 2625a 2171b
2005 Pea 1686b 1816ab 1911ab 2119a 1980ab 2148a
2006 Wheat 1428bc 1316c 1565b 1549b 1847a 1821a
2007 Pea 206cd 277bc 342b 553a 180d 249cd
2008 Wheat 1632a 1818a 1851a 2100a 2136a 1858a
2009 Pea 762a 727a 857a 873a 738a 863a
2010 Wheat 1356b 1365b 1482b 1648ab 2378a 2100a
2013 Pea 839c 1050b 1052b 1428a 1106b 1241b
Sum 12 796 12 252 13 782 16072 15 437 14 730

Different letters represent significant difference (5%) in the columns.
NTS no-till with stubble retention, T conventional tillage, TS conventional tillage with stubble 
incorporated, TP conventional tillage with plastic mulch, NTP no-till with plastic mulch, NT no-till 
without stubble retention

Fig. 13.5   Runoff at the end of plots ( left: NTS, right: TP)
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residues, which may increase soil water losses by evaporation (Aase and Siddoway 
1982).

Research elsewhere has considered CT as an alternative to conventional tillage 
to reduce evaporation losses and to increase water storage and WUE of crops in 
rainfed farming systems (Fisher 1987; Unger et al. 1991). Before CT practices can 
be readily adopted in any region, the suitability of these management systems must 
be assessed locally (López and Arrúe 1997).

In this research, retaining stubble on the soil surface significantly increased soil 
water content in the 0–10 cm layer at sowing, but this was not the case over the 
whole profile (0–200 cm). However, water consumption and grain yield improved 
significantly using NTS. Consequently, WUE and soil water availability under dif-
ferent CT practices was investigated in this research for the semiarid areas on the 
western Loess Plateau (Table 13.7).

Many factors affected WUE of field pea and spring wheat (Table 13.7; for more 
detail, see Huang et al. (2008). For field pea, the year effect (i.e., climate variability, 
mainly rainfall) was greater than the treatment effect. Average WUEs across treat-
ments in 2002, 2003, 2004, and 2005 were 8.80, 5.63, 11.07, and 10.05 kg ha−1 mm−1. 
WUE of field pea in 2003 was extremely low; total and in-crop rainfall was very 
high that year, but low at pivotal stages. Among treatments, significant differences 
appeared in 2002 and 2003, where WUE of field pea under NTS was much higher 
than others. In 2004 and 2005, average WUE was higher than the previous 2 years, 
but there was no significant difference between treatments. The average WUE of 
field pea under NTS across years was 9.67 kg ha−1 mm−1, being 12, 20, 14, 2, and 
8 % higher than that of T, NT, TS, TP, and NTP, respectively. No-till without stub-
ble retention had the lowest WUE, highlighting that reducing or eliminating tillage 

Table 13.7   Water use efficiency of crops based on grain yield (kg ha−a mm−m)
Crop Year T NT TS NTS TP NTP Mean LSD1 LSD2
Pea 2002 9.03 8.11 8.44 10.26 8.70 8.28 8.80 1.03 1.03

2003 5.03 4.76 4.87 6.79 6.29 6.06 5.63 1.03 1.03
2004 11.22 9.81 11.15 11.00 12.62 10.59 11.07 1.83 1.83
2005 9.31 9.52 9.43 10.63 10.40 10.98 10.05 1.83 1.83
Mean 8.65 8.05 8.48 9.67 9.50 8.98 8.89
LSD 1.39 1.39 1.39 1.39 1.39 1.39

Wheat 2002 6.48 5.52 6.20 7.49 5.90 5.84 6.24 1.39 1.39
2003 5.26 4.95 5.40 6.79 6.27 6.39 5.84 1.39 1.39
2004 8.67 7.23 8.91 8.22 9.83 8.15 8.50 1.73 1.73
2005 9.54 9.71 9.96 10.64 10.39 11.31 10.26 1.73 1.73
mean 7.49 6.85 7.62 8.28 8.10 7.92 7.71
LSD 1.42 1.42 1.42 1.42 1.42 1.42

LSD1 tested the difference between treatments in group 1 (T, NT, TS, and NTS); LSD2 tested 
the difference between treatments in group 2 (TP and NTP); LSD in rows tested the difference 
between years within a certain treatment
NTS no-till with stubble retention, T conventional tillage; TS conventional tillage with stubble 
incorporated; TP conventional tillage with plastic mulch, NTP no-till with plastic mulch, NT no-till 
without stubble retention
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without retaining crop residues results in low crop productivity and soil degrada-
tion. This finding supports an important principle of CA that reduced tillage must 
be combined with crop residue retention. Average WUE of two groups cross years 
and treatment was only slightly different from each other.

For WUE of spring wheat, year effect was greater than treatment effect. The 
average WUE across treatments was the highest in 2005; it was 64, 76, and 21 % 
higher than that in 2002, 2003, and 2004. Among treatments, significant differ-
ences appeared in 2002 and 2003, where WUE of spring wheat under NTS was 
much higher than others. There was no significant difference between treatments 
in 2004 and 2005. The average WUE of spring wheat under NTS across years was 
8.28 kg ha−1 mm−1, being 11, 21, 9, 2, and 5 % higher than that of T, NT, TS, TP, and 
NTP, respectively. Again, NT had the lowest WUE. Average WUE of two groups 
cross years and treatment was only slightly different from each other.

For different tillage practices, climate (year) variability affected WUE of field 
pea more strongly than treatment differences. One practice stood out—NTS—in-
creasing the WUE of both field pea and spring wheat, while NT was the worst 
practice for WUE. Dingxi is a typical drier area for rainfed farming on the western 
Loess Plateau with rainfall being the only water source for agriculture and humans. 
Therefore, increasing WUE is the key to increasing agricultural productivity in the 
area; NTS is the best tillage practice since it can improve WUE.

Nitrogen Fertilizer Use Efficiency  From 1949 to 1995, crop productivity increased 
greatly with increasing fertilizer application in China; however, the incremental 
increases in productivity associated with fertilizer application have decreased, with 
the main reason being lower fertilizer use efficiency (Gu and Gao 2000). Nitrogen 
fertilizer use efficiency in the year of application is only 30–35 % in China (Fan and 
Liao 1998). Lower fertilizer use efficiency means substantial fertilizer is lost into 
the soil, underground water, or atmosphere; this not only reduces the benefits to 
crop production, but contaminates the environment, contributing to human health 
problems. To improve crop productivity and reduce environment problems in the 
area, it is important to explore efficient agricultural practices to increase fertilizer 
use efficiency of crops in Dingxi. Nitrogen fertilizer use efficiency of spring wheat 
from 2002 to 2004 and nitrogen balance of two rotation cycles were determined in 
this research.

Average soil NO3-N under NTS was 90 kg N ha
−1, the lowest among six treat-

ments being 21, 5, 26, 32, and 17 % lower than that under T, NT, TS, TP, and NTP. 
Total nitrogen uptake of wheat plants was less than half of soil N at sowing, and the 
difference between treatments was smaller than sowing soil nitrogen. Spring wheat 
under NTS and TP absorbed the most nitrogen over the growing period, which 
was reflected in higher grain yields and harvest dry matter. The nitrogen fertilizer 
use efficiency of different treatments calculated from soil NO3-N at wheat sowing, 
fertilizer amount and total nitrogen uptake of wheat differed. NTS had the highest 
nitrogen fertilizer use efficiency, being 26, 50, 41, 20, and 14 % higher than that of 
T, NT, TS, TP, and NTP (Table 13.8).
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Profitability of CT  Poverty is a serious problem on the western Loess Plateau. It 
is therefore important to conduct a detailed profitability study on different CT prac-
tices before introducing new tillage systems in the area. CT systems are promoted 
for their soil conservation benefits; however, short-term economics—specifically in 
regard to profitability—provide an incentive for the adoption of soil conservation 
practices (Boehm and Burton 1997). Some studies have confirmed the economic 
superiority of specific forms of CT (Fletcher and Featherstone 1987; Brown et al. 
1989; Williams et al. 1990), because in addition to higher yields, CT can reduce 
production costs by eliminating tillage operations practiced under conventional sys-
tems (Landers et al. 2001; Govaerts et al. 2004). However, some studies have shown 
no economic benefit to using CT systems when compared to conventional tillage 
systems. Other research has indicated that minimum tillage generally produces sim-
ilar or only slight differences in crop yields under similar inputs (i.e., fertilizer and 
herbicide) when compared with conventional moldboard plowing (Carter 1991a, b; 
Carter et al. 1997).

Inputs, outputs, and benefits of different tillage systems with two phases are 
presented in Table  13.9. Inputs differed between treatments; NT and NTS had 
the least inputs as these two practices did not require tillage or plastic film as 
mulch, while TP had the highest inputs (675 yuan ha−1 for tillage operations and 
675 yuan ha−1 for plastic film as mulch). As for outputs, the different treatments 
produced different yields. Consequently, the benefits of different tillage prac-
tices varied greatly. For both phases, NTS had the best benefit over two rota-
tion cycles because it had the lowest inputs and highest grain yield output, while 
the practice of tillage with plastic film mulch had the least benefit because of its 
high inputs. The average net benefit of NTS at the end of two rotation cycles was 
8492 yuan ha−1, being 80.6, 37.9, 74.8, 164.6, and 65.9 % more than that of T, NT, 

Table 13.8   Nitrogen fertilizer use efficiency of wheat under different treatments from 2002 to 
2004

Year T NT TS NTS TP NTP Mean
Soil NO3 at sowing 
(kg N ha−1; 0–140 cm)

2002 109 68 112 80 132 95 99
2003 126 104 116 106 148 69 111
2004 108 114 135 84 115 161 119
Mean 114 95 121 90 132 108 110

Total N uptake (kg ha−1) 2002 37 27 28 47 34 32 34
2003 41 36 41 44 49 49 43
2004 45 36 44 48 55 50 46
Mean 41 33 38 46 46 44 41

Nitrogen use efficiency 
(%)

2002 17 16 13 25 14 16 17
2003 18 17 19 21 19 28 20
2004 21 16 18 25 25 19 21
Mean 19 16 17 24 20 21 19

NTS no-till with stubble retention, T conventional tillage, TS conventional tillage with stubble 
incorporated, TP conventional tillage with plastic mulch, NTP no-till with plastic mulch, NT no-till 
without stubble retention
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Year Crop Items T NT TS NTS TP NTP
2002 Wheat Inputs (yuan ha−1)

Seeds 225 225 225 225 225 225
Fertilizers 685 685 685 685 685 685
Herbicides 97.5 97.5 97.5
Tillage 675 675 675
Plastic film 675 675
Total inputs 1585 1008 1585 1008 2260 1683
Outputs
Grain yield (kg ha−1) 1816 1413 1735 2150 1385 1258
Price (yuan kg−1) 1.5 1.5 1.5 1.5 1.5 1.5
Total outputs 
(yuan ha−1)

2724 2120 2603 3226 2078 1887

Benefits (yuan ha−1) 1138 1112 1018 2218 − 182 204
2003 Pea Inputs (yuan ha−1)

Seeds 252 252 252 252 252 252
Fertilizers 337 337 337 337 337 337
Herbicides 97.5 97.5 97.5
Tillage 675 675 675
Plastic film 675 675
Total inputs 1264 687 1264 687 1939 1362
Outputs
Grain yield (kg ha−1) 881 803 823 1269 1062 1022
Price (yuan kg−1) 1.5 1.5 1.5 1.5 1.5 1.5
Total outputs 
(yuan ha−1)

1322 1204 1234 1904 1592 1533

Benefits (yuan ha−1) 58 518 − 30 1217 − 347 172
2004 Wheat Inputs (yuan ha−1)

Seeds 225 225 225 225 225 225
Fertilizers 685 685 685 685 685 685
Herbicides 97.5 97.5 97.5
Tillage 675 675 675
Plastic film 675 675
Total inputs 1585 1008 1586 1008 2260 1683
Outputs
Grain yield (kg ha−1) 2189 1664 2162 2382 2625 2171
Price (yuan kg−1) 1.5 1.5 1.5 1.5 1.5 1.5
Total outputs 
(yuan ha−1)

3283 2496 3243 3573 3938 3256

Benefits (yuan ha−1) 1698 1488 1658 2565 1678 1573

Table 13.9   Profitability of a wheat–pea rotation under different tillage systems from 2002 to 
2005. (Li 2006)
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TS, TP, and NTP. Furthermore, as mentioned earlier, plastic does not build up soil 
fertility like crop residues and presents a source of pollution.

Therefore, NTS is the most profitable practice from this research. Adoption of 
this practice on the western Loess Plateau of Gansu Province should ameliorate 
poverty in the area.

13.4.4 � Summary

To sum up, 13 years’ research showed that NTS significantly improved the rotation 
grain yield, while NT had the lowest grain yield compared to conventional tillage. 
With NTS, water stored in surface layers is more available for crops than that in 
deeper layers. Surface (0–10 cm) soil water content under NTS improved by up to 
90 % compared to conventional tillage. Under NTS, crops grew and yielded better, 
soil quality improved, and WUE improved. NTS also had the highest wheat nitro-
gen use efficiency. Profitability improved under NTS within two rotation cycles of 
spring wheat–field pea, being 81, 38, 75, 165, and 66 % higher than that of T, NT, 
TS, TP, and NTP. Therefore, CA (NTS treatment) is the best crop husbandry prac-
tice for the rainfed western Loess Plateau.

Year Crop Items T NT TS NTS TP NTP
2005 Pea Inputs (yuan ha−1)

Seeds 252 252 252 252 252 252
Fertilizers 337 337 337 337 337 337
Herbicides 97.5 97.5 97.5
Tillage 675.0 675.0 675.0
Plastic film 675.0 675.0
Total inputs 1264 687 1264 687 1940 1362
Outputs
Grain yield (kg ha−1) 1686 1816 1911 2119 1980 2148
Price (yuan kg−1) 1.5 1.5 1.5 1.5 1.5 1.5
Total outputs 
(yuan ha−1)

2530 2724 2867 3179 2970 3222

Benefits (yuan ha−1) 1265 2037 1602 2492 1031 1860
Total inputs 2002–2005 (yuan ha−1) 5700 3390 5700 3390 8400 6090
Total outputs 2002–2005 (yuan ha−1) 9859 8545 9948 11882 10579 9899
Total profitability (yuan ha−1) 4159 5155 4248 8492 2179 3810

NTS   no-till with stubble retention, T conventional tillage, TS conventional tillage with stubble 
incorporated, TP conventional tillage with plastic mulch, NTP no-till with plastic mulch, NT no-till 
without stubble retention

Table 13.9  (continued) 
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13.5 � Challenges and Barriers for Increased Uptake  
of CA in China

China is an ancient country with thousands of years of intensive agriculture repre-
sented by intensive tillage. There is no doubt that intensive tillage has contributed to 
China’s historic crop production; intensive tillage made it possible for China to feed 
22 % of the world’s population on 7 % of the world’s cultivated land area (Zhang 
2011). However, China’s agriculture has paid a heavy price for intensive farming. 
These intensive agricultural practices inadvertently led to accelerated soil erosion, 
especially on the Loess Plateau, where it coincides with summer-dominated rain-
fall, erodible soils, and erodible hilly and gully topography. Furthermore, intensive 
tillage is tedious and costly; it requires numerous steps prior to sowing, such as resi-
due removal, plowing, harrowing, land leveling, and seeding. As more and more of 
the rural population moves to urban areas, farm labor shortages require labor-saving 
agricultural practices to ensure food production.

The demand for CT is increasing in China. The world pace of CA adoption is 
45 million ha in 1999, 72 million ha in 2003, and 111 million ha in 2009 (Derpsch 
et al. 2010). Taking Australia as an example, demonstrations of the benefits of re-
duced and no-tillage conservation farming practices for improved productivity and 
soil conservation began in the mid-1970s (Thomas et al. 2007) and by 2009, the 
total area under CA was 17 million ha (Derpsch et al. 2010). China started intro-
ducing and researching CT in the early 1990s, and by 2012, the adoption area was 
6.67 million ha (Wang 2012a). Therefore, although the pace of CA adoption is not 
too bad, total adoption rate has been low. The main obstacles and challenges are 
summarized below.

13.5.1 � Traditional Intensive Agriculture Attitude

As mentioned earlier, intensive agriculture has been practiced in China for 
thousands of years. At least since the Xihan dynasty until now, tillage practices 
have been practiced without change (Fig. 13.3), thereby, evolution from traditional 
agriculture to CT is a kind of revolution, in both technological and attitude context. 
In Plowman’s Folly, Edward Faulkner (1951) addressed that “no one has ever 
advanced a scientific reason for plowing.” A typical answer to why plow?” by 
farmers in our research area was, “my parents did, as did my grandparents, great 
grandparents and great great grandparents” which reflects how traditional attitudes 
are adversely affecting adoption of CA in China.

13.5.2 � Small Farm Size and Lack of Suitable Machines

Behind the increasing rate of CA adoption around the world, the most common 
denominator of those countries with > 100,000  ha of CA adoption is the large 
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farm-scale. After the Chinese government finished implementing the policy of 
household production and small peasant economy in the early 1980s, most farms 
averaged about 0.3 ha per household with this small area further divided into sever-
al spatially separated fields. This small field size requires appropriate-sized agricul-
tural machinery for CA. Specially designed sowing and harvesting machines, used 
successfully for CT in other countries, cannot be used in China. In this case, suitable 
small seeders need to be developed to meet the needs of scattered small plots.

13.5.3 � Lack of Diverse CA Technologies

Diverse soil, climate, topography, and cropping systems in different agroecological 
regions require diverse CA technologies. Long-term research is always needed to 
measure the tillage system effect. It takes time to develop suitable CA technologies 
for different agroecological regions, followed by on-farm demonstrations. How-
ever, although China has a long history of soil and water conservation, modern me-
chanical CA is quite new. The duration of most CA experiments is relatively short 
(5 years; Zhang et al. 2014). With regard to improving the adoption rate, long-term 
extensive research on CA technologies and demonstrations are needed, followed by 
strong financial support.

13.5.4 � High Opportunity Cost of Straw/Residue

In rainfed areas of China, especially less-developed regions, crop stubble and stalks 
are used as fuel for cooking and heating, and/or as feed for animals. This is a neces-
sary part of farming systems in China, and will remain an obstacle to adoption of 
CT until suitable substitutes for feed and fuel are available (Li et al. 2013).

13.6 � Common and National Policies Affecting CA

13.6.1 � Research Support

China has a long history of CA practices (Huang 2003; Liu 2008). As soil and water 
conservation is an eternal subject of rainfed agriculture, many research projects 
centering around soil and water conservation have been financially supported at 
prefectural, provincial, and national levels.

Modern mechanical CT first commenced in 1992 in Shanxi, a province on the 
eastern Loess Plateau (Gao and Li 2003), and focused on developing no-till ma-
chinery for small-scale operations for rainfed agriculture in China. In 2001, two 
CA experiments were established on the western Loess Plateau of Gansu Province 
to study the long-term effects of CA on soil chemical, physical, and biological 
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processes, as well as crop productivity and profitability for rainfed farming systems 
(Huang et al. 2008); this project was financially supported by the Australian Center 
for International Agriculture Research (ACIAR). After that, two key projects sup-
ported by national research were under the “National Science & Technology Pillar 
Program during the Eleventh Five-year Plan Period” (2006–2010). One focused 
on CT research and demonstration in China, including the Northeast, Loess Pla-
teau area, transition zone between cropping area and nomadic area, northern China 
Plain, and Yangzi River basin. The other focused on “study and demonstration of 
conservation tillage in ridge tillage areas.” There were many other projects support-
ing technical, machinery, and demonstration of CA in different parts of China.

It has been increasingly realized that adoption of CA is important in China to 
combat severe soil erosion and low WUE (Gao and Li 2003; Gan et al. 2008; Huang 
et al. 2008), hence central government has endeavoured to accelerate its adoption. 
In 2008–2009, only about 1.33 million ha of agriculture land practiced CA, mak-
ing up 0.9 % of total arable and permanent cropland area for 2008–2009 (Kassam 
et al. 2009). In 2012, the adoption area increased to 6.67 million ha (Wang 2012b). 
Although it increased quickly, the percentage of CA relative to total arable land is 
still very low due to the challenges mentioned early in this chapter.

In countries where adoption of CA is high, farmers themselves have been criti-
cal regarding successful innovation and adoption of CA. This may be part of the 
reason why adoption of CA in China is low. Increased engagement of farmers in CA 
research is needed in future Chinese research and development.

13.6.2 � Grain for Green

This is a national strategy in response to serious erosion issues in western China, 
which endanger food security and result in poverty in the Loess Plateau. Traditional 
agriculture is the main man-made reason for the occurrence of soil erosion. Ad-
dressing rural poverty and improving the environment across western China has 
been a priority of government policy over the past several decades (MOA 2001). 
In Gansu, provincial strategies aim to reduce farmer reliance on grain production, 
increase production of cash crops and livestock, and relocate farming villages to 
more fertile lands (MOA 2001; Feng et al. 2003). However, the Loess Plateau is an 
area with a tradition of crop cultivation several thousand years long. Local farmers 
are reluctant to convert their cropland to grass and forestry (Shi and Shao 2000; 
Rui et al. 2002; Zhang et al. 2004). Therefore, CA can also take this chance, that is, 
“grain for green” is also an opportunity for CA.

13.6.3 � Strategies Responding to Climate Change

Climate change is a global issue. As a result of recent developments in the Kyoto 
protocol, there has been increased interest to identify management practices that 
enhance carbon (C) sequestration in soil (Malhi 2011). As CA could increase soil 
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carbon sequestration (Paustian et al. 1997), it has attracted more attention regarding 
this problem. As mentioned above, CA adoption in China increased quickly from 
2008 to 2012, an important reason for this is the government response to climate 
change. In the “2012 Annual Report of Policy and Action of China Responded to 
Climate Change,” CT effects on energy-saving and emission-reduction were highly 
supported. The related practical action was that, in 2012, central government in-
vested 300 million RMB for a demonstration base in 80 counties, which increased 
the area under CA by 1.6 million ha, and the total area under CT in China exceeded 
6.67 Mha (Wang 2012a). FAO took achievements of China as a typical promotion 
in Asia to promote.

13.7 � Conclusions

CA is gaining global acceptance toward achieving sustainable aquiculture due to its 
strong environmental, economic, and social benefits (Kassam et al. 2012). Although 
China has a long history of soil and water conservation practices, modern CT is 
fairly new. A case study on the Loess Plateau showed that NTS—which conserved 
surface soil moisture, improved crop productivity and soil quality, and increased 
WUE, nitrogen use efficiency, and profitability of crop production—is the best CA 
practice for the rainfed western Loess Plateau. However, due to obstacles with tra-
ditional intensive agriculture attitudes, small farm sizes, lack of suitable machines, 
lack of diverse CA technologies, and the high opportunity cost of straw/residues, 
the adoption rate has been slow, but increased quickly in recent years. Therefore, 
further investment on technical research, machine design, demonstration and exten-
sion, substitutes for fuel and forage, and closer engagement with farmers in future 
research and development of CA are important for a breakthrough on CA adoption 
in China in the future.
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Abstract  The adoption and implementation of conservation farming principles 
have followed very different paths in Australia and New Zealand. In Australia, 
severe erosion events, and the obvious advantages of conservation farming prac-
tices, led to rapid adoption, and currently around 90 % of farmers use some form 
of conservation agriculture. In New Zealand, advantages of conservation farming 
practices are not so obvious, and the perceived risks have resulted in adoption rates 
of less than 10 %. In this chapter, we briefly review the adoption in both Australia 
and New Zealand, and then look in greater detail at how the principles of conser-
vation agriculture are currently being applied in Australia. Because agriculture in 
Australia is largely non-irrigated and reliant on rainfall, we have a specific focus on 
impacts of conservation farming practices on soil water balance. We also look at the 
future of conservation farming in Australia and New Zealand, and discuss recent 
advances in weed control strategies.

Keywords  Conservation farming · Water balance · No-till · Zero-till · Reduced 
tillage · Residue retention · Stubble retention

14.1 � Introduction

Conservation farming as a term was defined in 1959 as ‘making the most efficient 
use of the land over a long period of time’ (Kohnke and Bertrand 1959). Subsequent 
definitions have focused on various aspects of profitability and environmental 
protection, but all definitions come back to the simple principles of profitable 
agricultural production while protecting the environmental resource base. Core com-
ponents of conservation farming tend to revolve around three main areas: reducing 
soil disturbance, increasing vegetative ground cover, and increasing the diversity 
of crops. Within each of these areas, there is plenty of scope for local adaptation of 
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suitable techniques. Therefore, conservation farming is not a well-defined sequence 
of processes or technologies, but is rather an attitude in which the long-term stability 
of production is as important as the short-term profitability.

Of course, ‘conservation farming’ as a philosophy was in evidence long before 
1959, in Oceania and all around the world. Australian farmers proved themselves to 
be adaptable and innovative, and rapidly responded to challenges as they adapted 
European farming knowledge to the more fragile Australian conditions.

Farming in the conventional sense commenced in Australia and New Zealand in 
the late eighteenth century, with the arrival of European settlers. Initially, farming 
used techniques directly imported from the UK, but these techniques quickly proved 
unsuitable for Antipodean conditions (Cornish and Pratley 1987). Because of the 
ready availability of land, a form of ‘shifting’ farming became normal, in which 
land was cleared, and wheat was grown for a few years until yield declined. The 
decline in yield was caused by decline in soil fertility and encroachment of weeds. 
After a few years of crop production, the cycle was repeated on new land, and the 
previous land was abandoned. Often, the abandoned land was returned to cropping 
after a period of several years, during which organic matter, nutrients, and weed 
populations recovered to reasonable levels. In this way, a form of rudimentary crop 
rotation was established very early in the history of agriculture in Oceania.

Over the past 200 years, innovative Australian farmers have solved many of the 
problems associated with early agriculture. Inventions including the stump-jump 
plough in 1876, and the Ridley Stripper in 1843, made major contributions to the 
development of productive and sustainable farming systems. However, the main 
factor pushing farmers in southern Australia towards a modern conservation farm-
ing system was major erosion events in the 1930s. Erosion was associated with the 
practice of long fallowing, an idea borrowed from farming systems prevalent in the 
USA at the time. In this system, soils were kept bare from January in one year until 
seeding in June of the next year, a period of up to 18 months. Frequent cultivation 
ensured a weed-free soil surface, but also left a soil with poor structural stability. 
This proved to be particularly damaging on soils of sandy texture, as is common 
throughout southern Australia. By 1940, Hore (1940) demonstrated the value of 
surface cover in reducing the erosion risk, and other research (Callaghan and Mil-
lington 1957) showed that a 16-month fallow was no more effective than fallows 
of 11–12 months. The lessons learned during this time have resulted in a farming 
system with retained residue, and minimum cultivation, in line with worldwide un-
derstanding of conservation farming principles.

More recently, the decline in wool prices during the 1980s resulted in increased 
cropping intensity, with an associated increase in the need for timely farming op-
erations (Llewellyn et al. 2012). At the same time, the price of glyphosate and tri-
fluralin also declined, further increasing the appeal of reduced tillage in favour of 
herbicide options for weed control (D’Emden et al. 2008). The ability of farmers to 
plant crops over larger areas in a more timely manner resulted in increased average 
farm size (Kirkegaard et al. 2014). In Western Australia, the average farm size in 
the wheat belt region (excluding farms with gross production values of less than 
Australian $ 150,000 per year, which account for less than 4 % of the total value of 
production) in 2011 was 3300 ha (Trestrail et al. 2013).
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Farmers in Australia and New Zealand are now looking towards international best 
practice, as they strive to improve their conservation farming systems even further. 
In 2005, Rolf Derpsch, a conservation farming specialist from Paraguay, was invited 
to Australia. During his visit, he observed that in Australia, ‘…no till has reached a 
plateau and it appears difficult to advance the system to a higher level…’ (Derpsch 
2005). For Australian farming, he recommended full year-round stubble retention, 
diverse rotations including cover crops, and integrated weed management.

A major factor in the development and extension of conservation farming prac-
tices in Australia and New Zealand was the establishment of farmer groups. Groups 
such as the Western Australian No-Till Farmers Association (WANTFA), South 
Australian No-Till Farmers Association (SANTFA), Victorian No-Till Farmers 
Association (VNTFA), Conservation Agriculture and No-till Farming Association 
(CANFA), Conservation Farmers Inc (CFI), and the New Zealand No-Tillage Asso-
ciation (NZNTA) assisted farmers at local and regional level to adopt conservation 
farming practices. These groups have been instrumental in encouraging farmers to 
test and refine practices to suit local conditions.

14.2 � Climatic Conditions and Conservation agriculture

There are three main climatic zones represented in the cropping regions of Australia 
and New Zealand (Fig. 14.1), and each has developed slightly different forms of 
conservation agriculture (CA).

Fig. 14.1   Major climatic zones in Australia and New Zealand
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14.2.1 � Mediterranean

The Mediterranean region encompasses the south-west and portions of the south 
coast of mainland Australia, and the western coast of Tasmania. These areas are 
characterised by hot, dry summers, and because of the general lack of suitable ir-
rigation sources, crop growth is only possible during winter and spring. Large parts 
of this region also have sandy-textured top soils, and these factors to a large degree 
have shaped the evolution of agriculture.

Conservation agriculture, encompassing minimum tillage and residue retention, 
has been widely adopted throughout the region (D’Emden et al. 2006), particularly 
in the west. Currently about 90 % of farmers in the western region use no-tillage 
(defined in Sect. 14.3; Llewellyn et al. 2012). The initial key driver for large-scale 
adoption was prevention of wind erosion, and the development of suitable herbicides, 
machinery, and a sharp decrease in the wool price lead to the high adoption rate.

14.2.2 � Temperate

The temperate region includes New Zealand and the southeastern parts of Australia. 
In this region, rainfall is roughly equally distributed throughout the year. In warmer 
parts of the region, reliable crop production is restricted to the winter and spring 
months, as evaporation increases markedly during summer. In cooler parts, the best 
time for crop production is summer, as it is too cold during winter. The soils tend 
to be fine textured and more productive than those of the Mediterranean region, 
particularly in New Zealand.

Conservation farming practices have been readily adopted in the temperate re-
gions in Australia (D’Emden et al. 2006; Llewellyn et al. 2012), for similar rea-
sons as experienced in the Mediterranean region. For example, average adoption in 
southern New South Wales was recently estimated at 89 % (Llewellyn et al. 2012). 
However, adoption has been less extensive in New Zealand, with rates of less than 
10 %. Low adoption in New Zealand was attributed largely to the better soils (Baker 
et al. 2003, 2007), because the benefits of conservation farming practices were not 
as evident as in Australia. With recent advances in machinery, particularly for seed-
ing, and increases in the fuel price, adoption may be increasing (Safa et al. 2010).

14.2.3 � Subtropical

The subtropical agricultural region extends along the east coast of Australia, and is 
characterised by summer dominant rainfall. In this region, either summer or winter 
crops can be grown reliably, due to the rainfall patterns and good soil-water-holding 
capacity, but growing two crops in a 12-month period is rare. Intense rainfall associ-
ated with summer thunderstorms caused major erosion, and by the 1950s, farmers 
were encouraged to retain residue to reduce the erosion risk (McFarlane 1952).
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As a result of an effective extension programme, residue retention was adopted 
during the 1950s in this region (Cornish and Pratley 1987). No-tillage was adopted 
later, and by 2011, no-tillage was used by 72–82 % of farmers (Llewellyn et al. 2012).

14.3 � Experiences of Conservation Farming

14.3.1 � Reduced Tillage

No-till farming in Australia arose mostly in response to the threat posed by soil ero-
sion, and there is no doubt that erosion was substantially controlled by the changes 
implemented. Additional advantages of a reduced-tillage system, such as allowing 
earlier seeding, also allowed for better crop production. For these reasons, no-till, 
or some form of reduced soil disturbance, was enthusiastically adopted by farmers 
right across southern Australia (D’Emden et al. 2006).

The continuing evolution of reduced tillage in farming systems has seen the in-
troduction of the disc seeder (Fig. 14.2), resulting in even less soil disturbance, and 
this also allows seeding machinery to cope with larger residue quantities (Fig. 14.3). 
Disc seeding technology was seen by Derpsch (2005) to be a core component of ad-
vanced conservation farming systems in the Australian context.

More recently, there has been considerable interest in ‘strategic’ tillage, in which 
a general no-till farming system is occasionally tilled for various benefits includ-
ing weed control and lime or phosphorus incorporation (Kirkegaard et al. 2014). 
Preliminary evidence under Australian conditions suggests that occasional strategic 
tillage does not cause damage to the soil, or impact negatively on crop yields.

Fig. 14.2   Disc seeders cause 
minimal soil disturbance and 
can cope with large residue 
loads
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14.3.2 � Residue Management

In a conservation farming system, residue provides a number of important benefits. 
Principally, residue protects the soil surface during rainfall so that the impact of 
droplets does not dislodge soil particles, resulting in potential for surface sealing, 
increased run-off, and the associated increased erosion risk (Hunt and Kirkegaard 
2011). The presence of residue on the soil surface also slows down the rate of water 
movement across the soil, which helps to restrict soil erosion (Fig. 14.4).

In some situations, residue can also decrease evaporation from the soil surface. 
By shading the soil surface and lowering the average wind speed at the soil surface, 
residue can absorb or deflect some of the energy, which would otherwise be used to 
evaporate water (Ji and Unger 2001). However, research under Australian conditions 

Fig. 14.3   A wheat crop 
growing through canola 
stubble

 

Fig. 14.4   A good reason for 
residue retention
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shows that impacts of residue on evaporation are generally minor (Ward et al. 2009, 
2012; Hunt and Kirkegaard 2011; Hunt et al. 2013). Where residue retention may 
have a large positive impact is in slowing down evaporation at the time of crop 
seeding, which may extend the sowing window to allow more crop to be sown in a 
timely manner (Ward et al. 2012).

Residue retention can also have an impact on soil temperature, through shading 
the soil surface and protecting it from direct sunlight (Swella et al. unpublished 
data). During the hot and dry summer, soil temperatures at the surface can rise 
above 70°C, and lower soil temperatures are thought to be positive for maintaining 
diverse soil biology. However, in cooler parts of Australia and New Zealand, lower 
soil temperatures during periods of crop growth can slow growth and potentially 
restrict crop yield.

Residue retention also plays a direct role in increasing biological activity in the 
soil. While residue can harbour crop diseases (see the section on crop diversity), 
residue also encourages other soil organisms, many of which are beneficial to crop 
production. Earthworms are encouraged by residue retention, and generally have a 
positive impact on crop yield (Buckerfield et al. 1997), particularly in the temperate 
and cooler parts of the Mediterranean zones. Earthworms are less suited to hotter 
and drier parts of Australia, but in a recent study near Geraldton, the exclusion of 
ants and termites and other soil insects was associated with a 30 % decline in crop 
production (Evans et al. 2011). Residue provides a key food source for termites, 
so residue retention is likely to increase termite numbers, with potential long-term 
benefits for crop production.

14.3.3 � Cover Crops

Cover crops, crops grown specifically to generate ground cover, have been proposed 
as a means of increasing the quantity of residue. In the subtropical zone, and wetter 
parts of the temperate zone, there is a scope to plant a summer cover crop between 
two conventional winter/spring crops. In this way, cover can be maintained year-
round without losing a year of production. However, in the Mediterranean zone and 
drier parts of the temperate zone, cover crops will normally be grown during winter 
and spring, replacing a conventional crop. Therefore, winter cover crops must pro-
vide considerable benefits to subsequent crops, and the whole farming system, in 
order to be financially attractive.

Some of the benefits that cover crops may provide are in weed control, subsoil 
amelioration, and for leguminous cover crops, nitrogen fixation (Flower et al. 2012). 
Because cover crops are not grown for grain, they can be killed at maximum biomass, 
which gives good options for weed control. One of the options for killing the cover 
crop is knife-rolling (Fig. 14.5). The blades on the roller damage the stems, which 
kills the plants (and any weeds) and also prevents re-sprouting (Flower et al. 2012). 
In South America, knife-rolling alone has been effective, which reduces pressure 
on herbicides. However, under Australian conditions, herbicide application prior to 
rolling is usually required to ensure a good crop and weed kill.
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In an experiment at Wellington, NSW, summer cover crops of pigeon pea or 
millet were effective in increasing residue quantity by around 1 t/ha. Water use by 
the crops resulted in lower soil water contents at the time of cover crop termination, 
but if the cover crops were terminated early (February or March), impacts on crop 
production were small (see the section on infiltration, below; M. McNee, unpub-
lished data).

Winter cover crops, sprayed at anthesis in trials in southwestern Australia 
at Mingenew and Cunderdin, did not result in greater levels of residue when 
compared with residue after traditional grain crops (Fig. 14.6; Ward et al. 2012). 
However, there was a significant increase in ground cover following a cover crop 
(Fig. 14.7).

Fig. 14.5   Knife-rolling a 
Saia oat cover crop. (Photo: 
N. Cordingley)

 

Fig. 14.6   The inclusion of 
a winter cover crop on its 
own is not enough to increase 
residue quantity. (Ward et al. 
2012)
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14.3.4 � Diverse Rotations

The benefits of rotation in crop production have been known nearly since the dawn 
of agriculture. Ancient Egyptians and Romans quickly discovered that crops grown 
without rotation were subject to disease and yielded poorly. In modern agriculture 
with greater emphasis on residue retention, rotation and crop diversity become even 
more important. The residue from a crop can act as a refuge for pathogens, enabling 
them to react quickly if another susceptible crop is grown (Watt et al. 2006; Gupta 
et al. 2011).

Diversity in the crop rotation also allows for different weed control options, 
which reduces the risk and impacts of resistance to any specific form of weed con-
trol. Herbicide resistance is becoming a real problem in reduced-till farming, and so 
the use of a diverse range of crops will help to overcome this.

A key benefit of cover crops is that they do not need to be traditional crops such 
as wheat, barley, canola, or lupins. This can add considerable diversity to the crop 
rotation and offer farmers additional weed control options. In Australia, many cover 
crops are killed chemically prior to seed set, enabling good control of weed seed 
numbers (Flower et al. 2012).

14.4 � Water Balance

Because most of the agricultural areas in Australia and New Zealand are rain-fed, 
knowledge of the water balance, and the influence that conservation farming has on 
components of the water balance, can be critical.

The soil water balance (Fig. 14.8) is a simple equation that states that the inputs 
of water into the soil (in southern Australia, usually just rainfall, P) must equal 
the outputs from the soil, plus any change in soil water storage (∆S). Outputs are 
either upwards (evaporation E or transpiration T), sideways (run-off or lateral flow 
through the soil L), or downwards (deep drainage D).

Fig. 14.7   Despite not 
increasing residue quantity 
in the rotation, cover crops 
increased ground cover for 
the summer immediately fol-
lowing. (Ward et al. 2012)

 



344 P. R. Ward and K. H. M. Siddique

Because it is a ‘balance’, if one of the components changes, others must also 
change. For example, if evaporation decreases, one or more of transpiration, lateral 
flow or drainage to groundwater must increase to maintain the balance.

14.4.1 � Infiltration and Soil Water Storage

One of the biggest impacts that conservation farming practices has on water bal-
ance is to increase infiltration. Soil is comprised of solid particles and the spaces, 
or pores, between them. For most soils, total porosity is about 40–50 % by vol-
ume, and so in theory, the total amount of water that can be stored in the soil var-
ies between 0  (dry) and 50 % v/v (saturated). In practice, the lower limit (LL) of 
soil water content is largely determined by the ability of plants to extract water 
from the soil, and the upper limit of soil water storage is determined by the ability 
of the soil to hold water against the force of gravity. Both the upper limit and LL 
are strongly influenced by soil texture (Fig. 14.9). The term drained upper limit 
(DUL), or field capacity, denotes the practical upper limit of soil water storage, 
and the LL is sometimes called the permanent wilting point. Water in the soil be-
tween the DUL and LL is called plant available water (PAW), because this is the 
water that can be used by plants.

Numerous studies conducted in the 1980s and 1990s in Western Australia, South 
Australia, Victoria, New South Wales, and Queensland, using rainfall simulators 
and models, demonstrated that both stubble retention and reduced tillage lead to 
faster rainfall infiltration, and consequently, increased levels of soil water stor-
age, via a reduction in losses due to run-off. Differences such as the one shown in 
Fig. 14.10 are seasonally dependent, but can happen if summer rainfall conditions 
are favourable (Hamblin 1984).

A recent study in Western Australia (Evans et  al. 2011) also found that the 
tunnels created by ants and termites encourage infiltration of water away from 
the soil surface. Deep soil water is less prone to evaporation from the soil sur-
face, so ants and termites (encouraged by conservation farming practices) could 

Fig. 14.8   Components of the 
water balance
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also lead to higher levels of soil water storage, but this has not yet been widely 
demonstrated.

In other trials in the Mediterranean region of Western Australia, no consistent 
differences in soil water storage were observed between the different residue man-
agement treatments (Ward et al. 2012) in terms of soil water storage during summer. 
As indicated earlier, the cover crop treatments did not consistently leave more resi-
due than the ‘district practice’ treatments, but within any specific growing season, 
there was considerable variation in residue quantity depending on crop type. For ex-
ample, after the 2009 growing season, residue loads ranged between 6.2 and 9.0 for 
barley crops at the Cunderdin site. In 2010 and 2011, differences between residue 

Fig. 14.10   Zero-till can increase soil water in some situations. (Hamblin 1984)

 

Fig. 14.9   Plant available soil water varies with soil type. DUL is the drained upper limit, and LL 
is the lower limit for plant water extraction
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levels were enhanced by stubble removal from the ‘district practice’ treatment, so 
that residue levels in the trial ranged between 1.7 and 7.7 t/ha after the 2010 season, 
and 3.5 and 9.0 t/ha after the 2011 season. Despite these differences, there were no 
clear differences between the treatments in average soil water over the summer pe-
riod (Fig. 14.11) in both wet (e.g. 2011–2012) and dry (e.g. 2009–2010) summers.

However, as rainfall increases during late autumn and winter, the presence of 
residue can increase infiltration into the soil. For example, at two sites in the Medi-
terranean region of southern Australia (near the towns of Maitland and Wirrabara), 
soil below a depth of 20  cm wet up considerably more at the start of the 2009 
season in the plots where residue was retained (Figs.  14.12; 14.13) (G. Butler, 
unpublished data). Here, the residue protected the soil surface, allowing greater 
infiltration to deeper in the soil. At both sites, soil water storage below a soil depth 
of 20 cm increased by about 20 mm due to the presence of retained stubble on the 
soil surface.

Fig. 14.12   Residue retention 
increased soil water early 
in the growing season (late 
June and July) compared with 
residue removal at the Mai-
tland (SA) trial. (G. Butler, 
unpublished data)

 

Fig. 14.11   Residue quantity has little impact on average summer soil water storage. (Ward et al. 
2012)
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In the longer term, changes in soil organic carbon can lead to changes in soil 
structure and infiltration. In the Maitland and Wirrabara sites, after 4 years of 
residues being either retained or removed, soil organic carbon differed by about 
2 t/ha in the top 10 cm of soil. Organic carbon is pivotal in maintaining good soil 
structure, and a difference of this magnitude could have significant impacts on in-
filtration rate.

In the temperate region of eastern Australia, plots with a short-season summer 
cover crop were drier during the 2009 autumn and early winter than traditional ‘fal-
low’ plots (M. McNee, unpublished data). However, soil water storage in the plots 
with the cover crop responded more to rainfall at the start of the winter growing 
season, indicating that the cover crop was protecting the soil surface and allowing 
more rainfall to infiltrate (Fig. 14.14). By the time flowering commenced, there was 
little difference between the treatments in terms of soil water.

In other years of the trial, there was little difference between the early-season 
summer cover crop treatments and the ‘summer fallow’ treatments, thanks largely 
to good autumn rains and increased infiltration due to the summer cover crop resi-
due. However, the ‘late season’ and ‘long season’ summer crops used soil water dur-
ing autumn, and soil water contents were lower in these treatments at wheat sowing, 
which impacted crop yield.

Fig. 14.14   Although soil 
was drier after a summer 
cover crop in the temperate 
region of New South Wales, 
it responded more to winter 
rainfall (M. McNee, unpub-
lished data)

 

Fig. 14.13   Residue retention also increased infiltration in June and July at the Wirrabara (southern 
Australia) trial. (G. Butler, unpublished data)
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14.4.2 � Run-off

A major benefit of stubble retention is that it protects the soil surface. Raindrop 
impact can lead to a break down in surface soil structure, which leads to reduced 
rates of infiltration and increased run-off. Residue intercepts the raindrops and 
prevents damage to the soil structure (Hillel 1971), thereby ensuring good infil-
tration. Reduced tillage also has a direct effect on soil structure, with soils gen-
erally having a much more stable structure when physical disturbance is mini-
mised. Through these two effects, conservation farming practices generally lead 
to decreased run-off compared with systems, where tillage and residue removal are 
practised. For example, at a trial on a red-brown earth in the Mediterranean zone 
of southern Australia, soil loss under simulated rainfall was reduced from 0.8 to 
0.4 t/ha, when residue was increased from 0.5 to 5.0 t/ha (Malinda 1995). Earlier 
trials in the subtropical areas of southern Queensland undertaken by Freebairn and 
colleagues showed similar results (e.g. Freebairn and Boughton (1980). In other 
trials in the subtropical zone, Lang (1979) found that run-off and erosion increased 
markedly when ground cover fell below 75 %. This promoted the idea of ‘threshold’ 
values for ground cover, and it is generally accepted now that a value of 2 t/ha of 
residue is adequate to minimise the erosion risk (Scott et al. 2010).

14.4.3 � Evaporation

14.4.3.1 � Evaporation Rate

Evaporation involves the transport of water to the soil surface, and its conversion 
into water vapour. This conversion requires energy, which in southern Australia and 
New Zealand mostly comes from sunlight, with a minor contribution from wind.

Evaporation from an initially saturated soil can be broken down into three stages 
(Fig. 14.15). In stage 1, there is plenty of water at the soil surface, and evaporation 

Fig. 14.15   The three stages 
of evaporation. For soil mois-
ture deficit, 0 is a wet soil, 
and 1 is a dry soil
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is limited only by the amount of available energy. However, as the soil dries, the 
ability of the soil to transmit water to the soil surface starts to diminish, and the 
evaporation rate rapidly falls (stage 2). In stage 2, the evaporation rate is related to 
the surface soil water content. When the surface soil is air dry, the only way that 
water from deeper soil layers can reach the soil surface is by diffusion of water va-
pour (stage 3), which is a slow process. In stage 3, the rate of relative evaporation 
is roughly constant.

Many studies around the world have demonstrated that residue can slow the rate 
of evaporation from a wet soil, and it does this by restricting energy available for 
the evaporation process. Initially, residue shades the soil surface, which instantly 
reduces the amount of available energy for evaporation. Residue also reduces wind 
speed at the soil surface, which reduces the input of energy to the soil.

Therefore, while evaporation from the soil is limited by energy availability (that 
is stage 1 evaporation), residue is likely to reduce the rate of evaporation. However, 
as a general rule, stage 1 evaporation usually only happens for, at most, a few days. 
During stage 2 and stage 3 evaporation, residue has little impact on evaporation rate.

For example, Ward et  al. (2012) measured evaporation rate at midday a few 
hours after 18.6 mm of rainfall in January 2009 at a site in southwestern Australia. 
Evaporation rate from plots with a cover crop averaged 0.28 mm/h, but evaporation 
from wheat stubble was 0.35 mm/h. However, a few days after rainfall, the evapora-
tion rate had fallen to 0.065 mm/h, and there was no difference between plots with 
high and low residue loads.

After extended dry periods, as is common during summer in zones with a Medi-
terranean climate, evaporation rates were even lower, and once again, there was  
little difference between treatments with high and low residue loads. In three trials 
in southern Australia, the evaporation rate was measured at midday in March 2010, 
and at all three sites, evapotranspiration (ET) was slightly faster from the plots with 
the retained stubble (Table 14.1; G. Butler, unpublished data). This has also been 
observed at a trial in Western Australia (Ward et al. 2009). Although ET appeared 
to be faster from plots with retained stubble, the difference was small, and only 
amounted to a few millimetres if summed over a period of 5 months.

For the Wirrabara (SA) trial, evaporation rate was also measured at the same 
time on plots newly raked to remove the stubble, and evaporation from these plots 
was 0.075 mm/h (about three times faster than from the undisturbed plots). This 
demonstrates the immediate impact that soil disturbance can have on evaporation 
rate simply by exposing different soil surfaces to direct sunlight. Although evapora-
tion rate was not measured at this trial on the next day, we expect that the increase 
in ET caused by soil disturbance would have been temporary.

Table 14.1   Midday evaporation rate for three trials in southern Australia in March 2010. (G.Butler, 
unpublished data)
Site Soil type Evaporation rate (mm/h)

Stubble retained Stubble removed
Buckleboo Sand 0.041 0.031
Ardrossan Clay 0.083 0.075
Wirrabara Clay 0.033 0.018
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14.4.3.2 � Total Evaporation over Summer

As discussed in Sect. 14.3.1, there can be differences in evaporation due to residue 
retention, depending on the time elapsed since the last rainfall. However, over a 
longer time period, such as the period between harvest of one crop and sowing the 
next, differences tend to even out. If the ET rate is reduced for a few days after rain 
by residue retention, then after a few days, the soil is wetter than the soil where 
residue was not retained. The wetter soil under the residue then loses water faster 
than the drier soil without the residue, and the total soil water storage tends to even 
out regardless of residue quantity (Fig. 14.11).

For example, the total evaporation over a whole summer in response to 
different cereal residue management was studied in trials at Cunderdin and 
Mingenew in the Mediterranean zone in Western Australia. In both trials, there 
were substantial differences in residue generated by either retaining or windrow-
ing residue, but differences in summer evaporation were not related to residue 
levels (Ward et al. 2012). Similar results were observed for the trials in Buckleboo, 
Wirrabara, and Ardrossan (SA), and also in trials in the temperate region of NSW 
(Hunt and Kirkegaard 2011).

The exception to this rule could be for rainfall received close to seeding time. 
Evaporation rates at this time of the year are generally much lower than during the 
height of summer, and so rainfall received at this time is likely to stay in the soil for 
longer. Therefore, a reduction in evaporation rate, induced by residue, could lead 
to higher soil water contents for up to a week. In combination with the impacts of 
residue on infiltration discussed above, this could have large impacts on extending 
the sowing opportunity for crops.

14.4.3.3 � Evaporation During Crop Growth

The presence of large quantities of residue on the soil surface may reduce evap-
oration, leaving more water in the soil available for transpiration through crop 
leaves (Yunusa et al. 1994). Evaporation rates at midday were measured in the tri-
als in Western Australia at Mingenew and Cunderdin during the early crop growth 
stage in June or July. On a sandy soil at Mingenew, total ET rate at midday was 
0.17 mm/h from both the ‘residue retained’ and ‘residue burned’ plots, suggesting 
that on this soil type, residue did not influence evaporation rate. However, at the 
loamy Cunderdin site, midday ET rate was 0.21 mm/h where residue was removed, 
and 0.15 mm/h where residue was retained. This suggests that residue retention on a 
loamy soil reduced evaporation from the soil surface, which could potentially allow 
more water to be transpired.



14  Conservation Agriculture in Australia and New Zealand 351

14.4.4 � Deep Drainage

The water balance component of deep drainage is of crucial importance in south-
ern Australia through its link with groundwater recharge, and associated dry land 
salinity (Peck and Williamson 1987). Although deep drainage is generally a small 
component of the overall annual water balance (Ward 2006), an increase of just a few 
millimetres per year (caused by clearing native perennial vegetation, and replacing it 
with annual crops and pastures) has lead to a substantial increase in the area affected 
by dry land salinity (Ferdowsian et al. 1996). Any farming practice that increases soil 
water storage could also increase deep drainage, and so conservation farming prac-
tices need careful scrutiny to ensure that the risk of dry land salinity is not increased.

14.4.4.1 � Residue Retention

Very few studies have quantified the impact that conservation farming practices 
have on deep drainage and groundwater recharge. In trials across southern Australia 
(Ward et al. 2012), impacts of increased residue retention on soil water storage were 
minimal at all times of the year. Calculations of deep drainage from measurements 
of the water balance concluded that there was no significant impact of residue re-
tention on deep drainage. Although this was only a few trials, all indications at this 
stage are that increased residue retention will not change the risk of deep drainage 
and associated dry land salinity.

14.4.4.2 � Early Termination of Cover Crops, Crops, or Pastures

At a trial on a sandy soil near Mingenew in Western Australia, there were several 
instances where crops or pastures were terminated early, around anthesis in August 
or September. Some of these were planned as a part of the cover crop inclusion, 
designed to increase residue levels quickly. On other occasions, crops and pastures 
were terminated early to assist with weed control or to simulate grazing. On all these 
occasions, extra water was conserved in the soil, and some of this water was car-
ried over until sowing of the next crop. Averaged over three summers (2008–2009, 
2009–2010, and 2010–2011), the extra water stored in the soil at sowing following 
early termination was around 20 mm.

This extra water at sowing did not lead to increased crop yield at the Mingenew 
trial, but increased the quantity of deep drainage by around 10 mm in the 2009 and 
2011 seasons (Fig. 14.16). Seasonal conditions were particularly dry in 2010, and 
deep drainage was zero from all treatments. However, on a loamy soil in West-
ern Australia where early crop termination was also practised, there was no clear 
link between early crop termination and deep drainage, suggesting that increased 
groundwater recharge is most likely on sandy soils.
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14.5 � Weed Control

In Australia, one of the principal technologies enabling widespread adoption of 
conservation agriculture was the introduction of herbicides for weed control. In 
particular, glyphosate proved successful in killing weeds without cultivation, allow-
ing earlier sowing and crop establishment (D’Emden et al. 2006; Llewellyn et al. 
2012). However, the frequent use of glyphosate, and lack of equally efficacious 
alternatives, resulted in the development of weed populations resistant to glypho-
sate (Walsh and Powles 2007; Farooq et al. 2011). In Australia, resistant populations 
of annual ryegrass ( Lolium rigidum) and wild radish ( Raphanus raphanistrum) are 
widespread throughout the cereal-producing regions. Furthermore, some herbicides 
(e.g. trifluralin) need to be incorporated into the soil, and so conservation agri-
culture practices with minimal soil disturbance and residue retention can reduce 
their effectiveness. For these reasons, weed control in conservation agriculture in 
Australia is becoming a major issue, leading to farmers following a more pragmatic 
line of strategic tillage (Kirkegaard et al. 2014).

Obviously, an integrated approach to weed control is a core component of con-
servation farming strategies (Derpsch 2005). With this in mind, an opportunity for 
weed seed control was highlighted by Walsh and Powles (2007), with the observa-
tion that many weed seeds went through the harvester with regular grain harvest op-
erations. Collection and destruction of the chaff fraction was effective in reducing 
ryegrass seed numbers, but less effective for wild radish control. Alternatively, con-
centration of chaff in a windrow behind the harvester, followed by burning of the 
windrow, could control weed seed numbers. However, neither of these operations is 
consistent with conservation agriculture principles of maximising residue retention.

More recently, a Western Australian farmer, Ray Harrington, developed and test-
ed an attachment for a harvester that physically damages weed seeds in the chaff 
fraction before returning the entire residue fraction to the soil surface. The Har-
rington Seed Destructor (Walsh 2012) has proved as effective as windrow burning 
and chaff removal in reducing ryegrass emergence in the subsequent year.

Fig. 14.16   Early crop or pas-
ture termination can increase 
the deep drainage risk in the 
subsequent year. (P. Ward, 
unpublished data)
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14.6 � Future Outlook

In most of Australia, adoption of conservation farming has nearly reached its maxi-
mum level. The biggest threat to a continued high level of adoption is suitable weed 
control methods. Clearly, an integrated approach to weed control, reducing the reli-
ance on herbicides or any other single control strategy, will be necessary to maintain 
the current use of conservation farming practices.

In New Zealand, current adoption of conservation farming is still relatively 
low. Greater adoption will rely on demonstration of the advantages of conservation 
farming principles over current practices. One of these advantages is likely to come 
from the increased price of fuel, with the lower fuel requirements of reduced tillage 
likely to prove attractive. With recent developments in seeding machinery making 
crop and pasture establishment less risky, adoption of conservation farming prac-
tices is likely to increase.

In terms of water balance, there is a scope for long-term changes in soil-water-
holding capacity, associated with long-term residue retention and potential organic 
matter accumulation. Increases in soil-water-holding capacity could prove enor-
mously beneficial to crop growers, especially in the southern and western parts 
of Australia where many soils currently have low water-holding capacity. Several 
research trials around the world have demonstrated improvements in soil-water-
holding capacity and soil structure after 5–10 years of conservation tillage practices, 
and these benefits need to be quantified under Australian conditions.

The current research has also highlighted the role that residue might play in 
reducing evaporation during early crop growth. This has the potential to increase 
transpiration, which should flow through to increased water use efficiency and crop 
yield. However, this has not yet been demonstrated under Australian conditions, and 
needs further research.

14.7 � Conclusions

Farmers in cereal-producing regions of Australia have enthusiastically adopted no-
till farming systems, with excellent outcomes from the reduced soil erosion. Local 
and regional farmer groups have been instrumental in encouraging adoption and 
developing systems suitable for local conditions. Adoption has been slower in New 
Zealand, due to the perceived risks of crop and pasture establishment, and lack of 
clear advantages with a conservation farming system.

In terms of water balance:

•	 Residue retention, on its own, has little impact on soil water storage, when mea-
sured over periods of several months. However, over periods of days or weeks, 
residue retention can increase infiltration and reduce evaporation, which can be 
particularly beneficial in extending the sowing window.

•	 Winter cover crops do not have much impact on residue quantity, but do increase 
ground cover when residues are ‘rolled’.
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•	 In regions or years with adequate early summer rainfall, summer cover crops 
increase residue quantity and infiltration of autumn rains. Early termination of 
summer cover crops (e.g. February) is desirable to maximise storage of autumn 
rains for subsequent crop production.

•	 Increased residue during early crop growth has the potential to reduce evapora-
tive losses of water, with a complementary increase in transpiration. This should 
increase water-use efficiency, but has not yet been demonstrated.

•	 Increased residue retention does not increase the risk of deep drainage and as-
sociated dry land salinity. However, early termination of crops or pastures can 
lead to increased risk, particularly in soils of low water-holding capacity, and in 
wet years or regions.

An integrated approach to weed control is essential to maintain the current high 
level of conservation farming use in Australia, and to encourage adoption in New 
Zealand. The Harrington Seed Destructor, in combination with other weed control 
mechanisms, may be beneficial in this regard.
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Abstract  This chapter provides a description of the past and recent development of 
conservation agriculture (CA) in Europe. It reviews scientific and technical litera-
ture as well as empirical evidence reported by the European Conservation Agricul-
ture Federation (ECAF) and its national member associations.

Starting from the early beginnings of CA in Europe, this chapter reviews the de-
velopment of CA until its current status. This clearly indicates that Europe lags far 
behind other regions in the world in terms of the adoption and spread of CA. This 
chapter presents actual data of adoption in several European countries as far as it is 
reported by national CA associations. It also reviews the most relevant experiences 
gained throughout Europe, focussing on crop performance, impact on soil quality, 
and weed, insects and disease incidence, as well as environmental and economic as-
pects of CA. Challenges and possible reasons for the relatively low uptake of CA in 
Europe are discussed, including the influence of national and European agricultural 
policies and regulations on the past evolution of CA uptake in Europe. Finally, this 
chapter provides an outlook into future prospects for up-scaling of CA in Europe, 
and what the likely impact of global changes and constraints may mean for the 
adoption and spread of CA in Europe.

Keywords  Aggregate stability · Biodiversity · Common Agricultural Policy · 
European Conservation Agriculture Federation · Weed management
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15.1 � Introduction

Conservation agriculture (CA) is a relatively recent concept which has its origins in 
soil and water conservation systems, which were developed in the 1940s and 1950s 
in response to the dust bowls in the USA that became known as conservation tillage. 
Since the middle of the twentieth century, both the need for soil and water conserva-
tion due to the intensification of agricultural land use and technological advances 
led to an increased demand and interest in conservation tillage systems and the 
gradual replacement of conventional plough tillage, which for many centuries, was 
the most effective way to guarantee satisfactory weed control, nutrient mineraliza-
tion and seedbed preparation.

This chapter reviews developments in the science and practice of CA in Europe 
over the last few decades beginning in the late 1960s. It reviews reported informa-
tion from several European countries, most of which have national associations 
dedicated to the promotion of CA and are members of the European Conservation 
Agriculture Federation (ECAF).

Today, compared to other regions, Europe is lagging behind in terms of the adop-
tion of CA. Only the African continent with about 1 million ha under CA—corre-
sponding to 1 % of the global arable land—has a lower relative uptake when com-
pared to Europe’s approximately 1.36 million ha (not including Russia) under CA, 
which corresponds to approximately 2 % of the global arable cropland. These rates 
of uptake of CA lag far behind other regions in the world. For example, countries 
and regions such as USA, Canada, Paraguay and western Australia show adoption 
rates of 15, 30, 79 and 100 %, respectively (Friedrich et al. 2014).

Based on the history of CA in Europe, this chapter provides a sketch of the pres-
ent state of CA and reviews experiences that may or may not help to explain the 
reason for the low adoption of CA in Europe in general and why adoption is much 
higher in some countries than in others. Challenges and opportunities are analysed 
in the light of both research findings and farmer experiences as well as under the 
economic and political conditions within the Common Agricultural Policy (CAP) 
framework.

15.2 � History of CA in Europe

The initial adoption of conservation tillage was driven by different motives in dif-
ferent regions of the world where these techniques are widely applied today. In the 
USA, it was mainly the concern for the degradation of highly erodible prairie soils 
subject to both wind and water erosion due to intensive mechanical soil disturbance. 
Soon, the economic benefits of reduced and no-tillage crop production systems be-
came as relevant as the concern for soil conservation, leading to the massive adhe-
sion of farmers to the new technology for crop establishment and grassland renova-
tion. Despite the occurrence of severe soil erosion in many parts of Brazil, it was 
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mainly the economic aspect that led farmers to initially adopt no-tillage, there in the 
early 1970s (IAPAR 1981).

In Europe, the first step towards CA in the form of no-till was driven by the at-
tempt to reduce plough tillage and thus production costs associated with machinery, 
fuel, time and labour. The replacement of soil tillage, partly or entirely, both for crop 
establishment and for pasture renovation, began at the end of the first half of the last 
century, but only the availability of chemicals such as plant growth regulators and 
herbicides triggered a wider application of conservation tillage and the consequent 
research in reduced and no-tillage (Phillips and Phillips 1984). Despite intensive re-
search on the different aspects of conservation tillage after the invention of paraquat 
in 1955 and its commercial release in 1961, no-tillage and even reduced tillage were 
applied only at a very small scale until the end of the last century.

Throughout Europe, the history of CA varies considerably from country to coun-
try as did the first experiences with the use of no-till (Table 15.1). In the UK, the 
first, very positive results made the area under no-till grow to almost 300,000 ha in 
the early 1980s. However, the straw burn ban caused farmers to abandon this tech-
nique due to increasing problems of weed control and volunteer cereals (Christian 
1994). On the contrary, the first experiences carried out by Bakermans and de Wit in 
the Netherlands were far from successful, which made Van Ouwerkerk and Perdok 
(1994) conclude that no-tillage was not feasible in Dutch arable farming. Already in 
the early 1980s, very positive results were reported from Spain and Portugal, where 
both water scarcity during spring and summer and severe water erosion potential 
during winter encouraged the use of soil conservation measures. While in many 
countries, the reduced adoption of CA was driven initially by research institutions, 
already in the 1960s and 1970s in Denmark and at the very end of the last century 
in Finland, the initial adoption was farmer-driven. In Denmark, however, the no-till 
practice was replaced by reduced or minimum tillage before seeding, whereas the 
spread of no-till among farmers in Finland was rather fast, reaching 13 % of the total 
area of cereals and oilseed crops by 2008 (Soane et al. 2012).

At the end of the last century, CA in Europe was mostly characterized by the 
adoption of different levels of reduced tillage with little correspondence to the full 
CA system as defined by FAO (FAO 2013a). The establishment of the ECAF in 

Table 15.1   Results of the first experiences with CA in some European countries
Country Year Experience Reference
UK 1955 + + Christian (1994)
The Netherlands 1962 – – Van Ouwerkerk and Perdok (1994)
Germany 1966 +  Bäumer (1970)
Belgium 1967 +  Cannell and Hawes (1994)
Switzerland 1967 +  Cannell and Hawes (1994)
Italy 1968 +/– Sartori and Peruzzi (1994)
France 1970 +  Boisgontier et al. (1994)
Spain 1982 + + Fernández-Quintanilla (1997)
Portugal 1984 + + Carvalho and Basch (1994)
+ = positive, + + = very positive, – – = not feasible
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1999, which, together with the UN Food and Agriculture Organization held the 
first World Congress on Conservation Agriculture in 2001 in Madrid, contributed 
to a ‘renaissance’ not only of conservation tillage practices but also an increased 
concern regarding the two other main principles of CA: permanent soil cover both 
in annual and perennial crops and the utilization of balanced but market-oriented 
crop rotations to reduce the input of agrochemicals and to overcome a potential 
increase of problem weeds, pests and diseases. Still, Europe lags far behind other 
regions in the uptake of CA and continues to be a ‘developing’ continent in the 
adoption of CA.

15.3 � Present State of CA in Europe

Since the end of the last century, not least because of the action of ECAF and its 
affiliated member associations, some advances in the uptake and spread of CA has 
occurred in Europe, albeit with large differences between countries. As far as in-
formation on the extent of adoption is concerned, difficulties persist because in 
most European countries there are no official statistics differentiating different crop 
establishment or soil management systems. In countries or regions where so-called 
agri-environmental measures support the use of CA, official data are available 
which, however, may not cover the total area under CA. In addition, the definition 
of farming practices considered compliant with CA also may differ somewhat from 
country to country. In some countries, mulch sowing systems and ‘temporary’ no-
till are considered and reported as areas under CA. Therefore, some authors distin-
guish between area under no-till and under CA (Friedrich et al. 2014). The most reli-
able information on the area under CA and its percentage of cultivated area, even for 
European countries, can be retrieved from the FAO Aquastat webpage (FAO 2013b; 
Fig. 15.1). The data obtained by ECAF from its member associations in Europe are 
incorporated in this worldwide database.

In 2011, the areas under CA in the countries listed in Fig. 15.1 add up to 1.36 Mha, 
which corresponds to a share of 1.92 % of the total arable land in these countries. 
In 2005, although not covering exactly the same countries, an average percentage 
of adoption for Europe was estimated at 1.1 % (Basch et al. 2008). Spain is by far 
the leading Western European country in terms of no-till adoption, with around 
650,000 ha under CA corresponding to almost 5 % of total arable land. Only Finland 
presents a higher share of arable land under CA with more than 7 %. Surprisingly, 
this figure was achieved within a short period of time (since 1998) and can be ex-
plained by the farmer-driven process of adoption that only later was supported by 
extension services and research organizations as well as the agribusiness sector. 
Within the bigger countries, it is only the UK that surpasses the 2 % of adoption, 
whereas France and Italy present adoption rates of around 1 %. Despite the exis-
tence of an increasing number of successful CA practitioners in Germany, adoption 
of CA remains low as the main interest of farmers continues to be mulch-tillage 
systems, not at least due to the growing pressure from ecologists pointing at CA 
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being allegedly a farming system dependent on the use of more herbicides, which 
in practice is not proven.

Over the last two decades, there has been an increased perception in Europe for 
the need for effective soil conservation in perennial crops. Considering that nearly 
80 % of the 10.4 Mha of perennial crops in the European Union (EU) are covered 
by olives and grapes (48 and 32 %, respectively), it is evident that a considerable 
part of this area is under Mediterranean conditions, and often on undulated and 
even hilly areas (Jones et al. 2006). Although the principles of CA were mainly 
developed for arable cropping systems, they are considered equally feasible in pe-
rennial cropping systems, especially with regard to minimum soil disturbance and 
permanent soil cover, applied not only for tree crop establishment but also, and 
more importantly, for growing. It is therefore not astonishing that the adoption of 
CA principles can be found in Spain and Italy with around 0.9 and 0.5 million ha 
under CA, respectively (personal communication: AEAC/SV 2013, AIGACoS 
2013, the Spanish and Italian CA associations, respectively), which correspond to 
almost 20 % of the total area under perennial plantations in these two countries. 
Smaller areas under CA are reported for Portugal (30,000 ha; personal communica-
tion: APOSOLO 2013) and Slovakia (10,000 ha; personal communication: SNTC 
2013). In Germany, both in vineyards and fruit orchards, the most frequent soil 
management system is based on cover crop establishment in every second inter-row 
space. For other countries, at least to our knowledge, there are no data available on 
the adoption of CA in perennial crops.

Fig. 15.1   CA adoption in annual crops in some European countries. (Source: FAO (2013b), ECAF 
(2013, personal communication))
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15.4 � Experiences with CA in Europe

As mentioned above, research work on CA in countries in Europe started soon after 
the release of paraquat in the early 1960s. Since then—and earlier in western and 
central Europe than in Southern Europe—many experiments, some long term, have 
been undertaken to compare the performance of no-till and reduced or min-till crop 
establishment with the traditional, mainly plough-tillage-based soil management 
system. This focus on field experiments and research solely comparing pure soil 
tillage systems rather than concentrating on improving CA-based systems has cer-
tainly not contributed to optimizing the performance of CA systems under different 
pedo-climatic conditions and cropping systems. Therefore, many of the available 
research results may not reflect the potentially attainable performance of CA crop-
ping systems when compared to conventional systems.

The following sections review the most relevant results obtained in several coun-
tries and regions throughout Europe covering the crucial aspects of crop perfor-
mance, soil quality, weed, disease and pest incidence, environmental aspects includ-
ing ecosystem services and economic aspects including input use efficiency.

15.4.1 � Crop Performance

The comparison of the performance of different agricultural practices is mostly 
done through the determination of crop yields. In many European countries, data 
on crop yields with no-till compared to conventional tillage are available. Some 
of these data covering regions from North to South are summarized in Table 15.2. 
No clear pattern can be deduced when comparing crops or seeding period. How-
ever, in general, it appears that crops under NT perform relatively better in central 
and southern European countries when compared to northern European countries. 
For the same country and the same crops, very different results are reported (Kän-
känen et al. 2011; Alakukku et al. 2009). Other reviews and results on comparative 
crop yields in different countries are reported for Scandinavia (Arvidsson 2010; Al-
akukku et al. 2009; Riley et al. 1994), the UK (Christian and Ball 1994), Germany 
(Tebrügge and Böhrnsen 1997a) and Spain (González et al. 1997; Cantero-Martínez 
et al. 1994; Hernánz and Sánchez-Girón 1994).

As an overall result of the analysis of crop yields from the manifold experiments 
under different conditions, most of NT yields range within 10 % of those under con-
ventional tillage. The results presented in Table 15.2 show increasing yield levels 
under drier conditions. Detailed analysis indicates that lower yields under NT are 
often the result of problems related to soil compaction, poor residue management or 
weed management (Soane et al. 2012). Especially under high-yielding conditions 
producing high quantities of crop residues, management poses increasing challeng-
es to crop establishment. Lower temperatures in the topsoil, partially due to crop 
residues, were also reported to adversely affect both crop and weed seed germina-
tion (Morris et al. 2010; Riley et al. 1994).
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Yields during wetter years are frequently reported to be lower especially on clay 
soils with poor drainage (Cannell et al. 1986). Interactions between crops, soil type 
and regional climate conditions with regard to the success of CA have often been 
observed throughout Europe. Under relatively cold soil conditions in spring, autumn-
sown crops seem to perform comparatively better under CA than spring-sown crops, 
which can be attributed to delayed crop emergence (Anken et al. 2004) or deficient 

Table 15.2   Selected examples of crop yields obtained with no-till and ploughing in various loca-
tions in Europe. (Adapted from Soane et al. 2012)
Country Crop No. of 

harvests
Ploughed yield
(t ha−1)

No-till 
as % of 
ploughed

References

Norway Winter wheat/
barley

27 5.17 99 Riley et al. (1994)

Sweden Winter wheat/
Barley

22 4.89 91 Riley et al. (1994)

Sweden Winter wheat n.a. 6.26 95 Arvidsson (2010)
barley n.a. 4.25 88

Finland Spring barley 
Spring barley

8
7

4.3
4.3

95
100

Alakukku et al. (2009)

Finland Spring barley
Oats

4
4

5.89
6.38

61
91

Känkänen et al. (2011)

Denmark Winter 5 2.44 89 Rasmussen (1994)
Oilseed rape 5 4.13 96
Winter wheat 6 5.52 101
Spring barley 6 4.36 83

Denmark Winter wheat 6 8.57 83 Schjønning et al. (2010)
Scotland Spring barley 15 4.79 91 Soane and Ball (1998)

Winter barley 9 8.8 99
England Winter wheat 

Winter wheat
4
4

8.40
7.79

105
92

Cannell et al. (1986)

Germany Winter wheat 32 6.57 100 Tebrügge and Böhrnsen 
(1997a)Sugar beet 8 67.9 100

Oilseed rape 3 3.64 109
Silage corn 3 50.7 88
Sugar corn 3 10.6 99

France Maize 8 8.37 102 Labreuche (pers. 
communication)aWheat 11 8.59 102

Barley 12 7.82 101
Portugal Wheat 4 2.22 103 Basch et al. (1997)

Wheat 10 1.73 98
Barley 4 1.89 113

Spain Barley n.a. 2.62 103 Lacasta Dutoit et al. 
(2005)Sunflower n.a. 0.87 108

Spain Barley 1 3.50 100 Fernández-Ugalde et al. 
(2009)Barley n.a. 1.00 200

a Personal communication: J. Labreuche, 2011, Arvalis Institut du Végétal, Boigneville, France
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crop establishment, especially on wet clay soils (Carvalho and Basch 1994). In many 
cases, sandy soils were less suited to no-till than loams or clay loam soils, due to weak 
soil structure which tend to compact (Ehlers and Claupein 1994; Van Ouwerkerk and 
Perdok 1994). In other cases, some crops perform better when grown under CA on 
certain soil types. Under similar climate conditions, Tebrügge and Böhrnsen (1997a) 
found higher yields of NT sugar beet on loamy soil, but lower yields on a sandy Cam-
bisol. Although rainfed sunflower should benefit from increased water availability 
under CA due to reduced evaporation losses, yields on Vertisols in South Portugal 
were lower under CA (Carvalho and Basch 1994). Basch et al. (1998), who found 
yield differences between tillage systems even under irrigated conditions, explain 
this through a reduced sunflower root development caused by a higher penetration 
resistance under NT and weak soil structural conditions.

Despite the wide difference in crop yields under different conditions when grown 
conventionally compared to CA, any possible initial yield reductions are overcome 
after the transition phase mainly due to improvements in soil structure and biopores, 
increased N and water availability in the soil and, not least, the farmer gaining prac-
tical experience with the CA system (Soane et al. 2012).

15.4.2 � Soil Quality

Soil quality is usually assessed through physical, hydrological, chemical and bio-
logical parameters. Unlike other regions in the world, and with the exception of 
areas in the Mediterranean, most European cropland has been considered reason-
able quality, showing low risk of degradation. However, at the very beginning 
of this century, a European Commission driven initiative called ‘Soil Thematic 
Strategy’ drew attention to major threats that ‘apparently’ European soils are also 
subject to. Although this initiative did not result in a European Soil Framework 
Directive, similar to other existing directives on Water, Air, Biodiversity, etc., it 
triggered action in the form of research, demonstration and support of soil con-
servation measures through changes in farming practices to combat the identified 
major soil threats, being erosion, loss of organic matter and loss of soil biodiversity 
(Van-Camp et al. 2004).

Over the last few decades, considerable research has been undertaken to as-
sess the responses of soils to changes in their management, mainly soil tillage 
and soil cover, through either crop residues and/or cover crops. The results ob-
tained allow anticipating the most important soil responses after a medium or 
long-term shift to CA. A more detailed compilation of the soil responses obtained 
mainly under European conditions is reported by Ball et  al. (1998), Tebrügge 
(2003) and Imaz et  al. (2010). Potential benefits and disadvantages of CA are 
summarized in Table 15.3.

With regard to soil physical properties, the gradual improvement of soil struc-
ture under CA and consequent higher aggregate stability was experienced under 
the most diverse climatic and soil conditions. Initial gains in bulk density and soil 
strength under NT were often compensated through a more vertically oriented 



36515  Conservation Agriculture in Europe

macroporosity with root channels and earthworm activity; contributing to soil 
aeration, water intake and moisture retention (Vogeler et  al. 2009). After some 
years, however, and given that excessive traffic load under wet conditions is avoid-
ed, initial higher bulk densities may equal or even be less than those under con-
ventional tillage. Still the benefits in terms of bearing capacity remain, though late 
harvests of summer crops under wet conditions may pose enormous challenges to 
soil structure under CA.

Changes in soil hydrology, after the adoption of CA, can be expected through 
the modification of soil structure, impact on infiltration rate, hydraulic conductivity 
and evaporation from the soil surface due to a higher rate of soil cover. The increase 
in infiltration rate over time after CA adoption has been well documented (Vogeler 
et al. 2009). In general terms, this is explained as the result of the raindrop energy-
breaking mulch cover, better aggregate stability and higher topsoil SOC content 
(Lampurlanés and Cantero-Martínez 2006), as well as the vertically oriented mac-
ropore structure along the soil profile (Strudley et al. 2008).

However, changes in the hydraulic behaviour of the soil through CA adoption are 
not limited to water intake, drainage and evaporation. Carvalho and Basch (1995) 
observed a profound change in pore size distribution after 6 years of no-till on a 
vertic Cambisol (Fig. 15.2). The pore volume responsible for the retention of plant 
available water (50–0.2 µm) increased from 5.1 to 9.4 % under no-till in the top 
30 cm soil layer. The differences in water availability between no-till and ploughed 
land were very small resulting in identical crop yields under central European con-
ditions (Vogeler et al. 2009), but in the semiarid northeast of Spain, barley yields 
doubled under no-till (Fernández-Ugalde et al. 2009).

Regarding chemical soil properties, the stratification of soil organic carbon and 
nutrients such as available P and K becomes more pronounced in the absence of 
soil tillage due to decomposition of crop residues and increased microbiological 
activity. Apparently, this accumulation near the soil surface does not interfere with 

Table 15.3   Summary of the most frequently reported changes in soil properties after several years 
of no-till. (Adapted from Soane et al. 2012)
Benefits Disadvantages
Increased aggregate stability, especially near 
surface

Increased bulk density at 0–25 cm depth can 
lead to poor aeration when wet

Increased organic matter content near surface Increased moisture content near surface in 
spring in northern regions delaying drilling

Increased vertical and stable pore structure Reduced soil surface temperature, especially in 
spring in northern regions delaying drilling

Increased biological activity, especially 
earthworms

Increased acidity near surface

Increased infiltration rate Increased accumulation of P near surface with 
risks of loss in runoff

Increased hydraulic conductivity in subsoil on 
well structured soils
Increased soil strength and load bearing capac-
ity with reduced damage from traffic
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plant nutrient uptake (Peigné et al. 2007). Other likely changes in chemical soil 
characteristics are increased soil acidity in the surface layer due to residue decom-
position (organic acids) and nitrification of ammonium-based fertilizers (Ekeberg 
and Riley 1997), and increased enzymatic activity such as urease, which recom-
mends avoiding the use of urea fertilizers (Rochette et al. 2009). After long-term 
application of no-till practices, Piovanelli et al. (2006) observed improved chemi-
cal fertility in the form of increased soil organic matter; whereas Mazzoncini et al. 
(2011) reported higher nitrogen contents, which agrees with the results of Carvalho 
et al. (2010) and Regina and Alakukku (2010).

The contribution of soil life to soil health and function is indisputable. Numer-
ous European studies underpin the importance of minimal or no soil disturbance, 
and the food and shelter provided by crops including cover crops and their resi-
dues, for both diversity and number of soil organisms, and also above-ground wild-
life. Increased numbers of earthworms in the absence of tillage and the presence 
of residues at the surface is the most frequently reported indicator for enhanced 
biological activity under CA (Peigné et al. 2009; Pelosi et al. 2009; Boguzas et al. 
2006; Anken et al. 2004; Fortune 2003; Kladivko 2001; Ehlers and Claupein 1994). 
After 5 years of no-till on a Luvisol in South Portugal, the number of earthworms 
was almost threefold (39 vs. 129) and after 3 years of straw residue (0, 2000 and 
4000 kg ha−1), earthworm numbers increased from 100 to 122 and 136 individuals 
m−2 respectively. In addition, microbial activity and population, such as mycor-
rhizas (Brito et al. 2006), as well as other macro fauna and even ground-nesting 
birds that find more favourable habitats under CA, all contribute to the enriched 
biodiversity and food webs/chains below and above the ground surface.

Fig. 15.2   Air-filled and available water porosity in the topsoil layers of a vertic Cambisol under 
conventional and no-tillage. (Adapted from Carvalho and Basch 1995)
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15.4.3 � Weeds, Diseases and Insect Pests

From scientific as well as practical experience, it is well known that the adoption 
of CA may cause changes in the incidence and type of weeds, insect pests and 
diseases. Some attempts to introduce CA have failed due to the unsuccessful or 
uneconomic control of these problems. Even the well-established no-till system 
in the UK was abandoned in the early 1980s after the straw burn ban, due to sub-
sequent problems with weeds and volunteer cereals. The shift to no-till especially 
favours perennial grass weeds (e.g. Agropyron repens) but also some annual grass 
weeds such as sterile brome ( Bromus sterilis), black-grass ( Alopecurus mysuroides) 
and annual meadow grass ( Poa annua), and some broadleaved weeds like cleavers 
( Gallium aparine) and groundsel ( Senecio vulgaris). Before the effective control 
by selective weedicides in cereal-based crop rotations, grass weed infestation meant 
a serious challenge to CA farmers, who in many situations adopted the stale seedbed 
technique to overcome weed infestation (Schutte et al. 2014). Many other weeds 
and overall weed numbers declined either due to effective chemical control, miss-
ing protection through seed burial or shading by crop residues acting as a physical 
barrier to weed seed emergence. Yet, volunteer cereals were a severe problem in a 
following no-till cereal crop in central and northern Europe (Melander 1998).

As a result of long and dry summers, the southern regions of Europe are chal-
lenged much less by perennial weeds as most of the weed species present are an-
nual, with the exception of badly drained lowlands or continuously irrigated areas 
(Basch and Carvalho 1994). In rainfed conditions, the control of annual weeds un-
der CA is facilitated in case the first wave of weeds is successfully controlled before 
the establishment of autumn-sown crops (Calado et al. 2010, Barros et al. 2008). 
Under no-till, these researchers observed a reduction in late re-infestation when 
compared to conventional tillage in which old weed seeds are brought up to soil 
layer from where they can germinate during the season. Barros et al. (2008) further 
stressed the importance of the higher soil-bearing capacity under no-till allowing 
for the correct timing of application of any necessary weed control measure. In gen-
eral, in the more humid regions of Europe, grasses and some perennial weeds pose 
greater challenges to CA systems, while annual weeds seem to cause less problems 
throughout Europe.

The challenge posed by herbicide-resistant weeds has been known in Europe for 
a long time, but it is not limited to no-till or CA conditions. However, the more fre-
quent use of non-lethal doses of glyphosate-based herbicides may carry a higher risk 
of developing resistant weeds in no-till systems. Problems with herbicide-resistant 
weeds could put at risk opportunities for wider adoption of no-till in Europe, calling 
therefore for complementary and effective integrated weed management measures 
that include permanent soil cover either through residues or cover crops where pos-
sible and, above all, crop rotations under CA conditions (Soane et al. 2012).

Slugs, whether seed hollowing or leaf damaging, present a potential threat to 
the successful establishment of crops under CA, especially under humid and high 
residue conditions (Hammond et al. 1999). Several strategies have been proposed 
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to cope with this problem, ranging from the application of mulluscicides or calcium 
cyanamide that increase production costs and affect other beneficial soil organisms, 
to deeper seed placement and aggressive residue cultivation. In order to intervene 
in time, monitoring before and after seeding is recommended (Jordan et al. 1997, 
Glen et al. 1990). Other proposals to reduce undesirable initial slug incidence in-
clude avoidance of anti-slug treatments to favour higher populations of predator 
beetles and other natural enemies of slugs as shown by Symondson et al. (1996) 
under direct drilling. While the incidence of some insect pests such as springtails 
in sugar beet decreases under mulch conditions, others such as the European corn 
borer (Soane et al. 2012), lesion nematodes (Mota et al. 1997) and mice (Xavier 
et al. 2005) may increase due to the practice of no-till.

Pathogens contained in crop residues may bear a higher risk of disease infection 
of subsequent crops, especially in monocropping systems (Mikkola et  al. 2005). 
However, the few studies available in Europe comparing the effects of conventional 
and CA-based cropping systems on the incidence of disease provide no clear evi-
dence if one or the other practice favours or suppresses the occurrence of crop dis-
eases. Bräutigam and Tebrügge (1997), for example, found no difference between 
ploughing and no-till in eyespot infestation in wheat after 3 years, but considerably 
higher infestations after 8 years when ploughing. In the Czech Republic, Matusinsky 
et al. (2009) found that soil management only had a limited effect on the incidence of 
stem-based diseases, whereas Fusarium avenaceum was more prevalent with tillage 
in 2007. In Norway, reduced incidence of clubroot ( Plasmodiophora brassicae) in 
reduced and no-tilled brassica crops was observed by Ekeberg and Riley (1997), but 
Fortune et al. (2003) reported higher levels of infection of net blotch ( Pyrenopho-
rateres) and rhynchosporium ( Rhychosporium secalis) under reduced tillage. Also, 
the incidence of barley yellow dwarf virus on no-till winter barley was considerably 
less when compared to ploughing (Jordan et al. 1997; Kendall et al. 1991).

15.4.4 � Environmental Aspects of CA

Concerns about the environmental performance of farming practices rank high in 
Europe. Legislations and regulations govern the use and amount of many produc-
tion inputs. It is therefore not astonishing that environmental impacts of CA or no-
till have been investigated thoroughly in Europe and that there are many studies on 
the aspects of environmental behaviors of CA. The main concerns are related to 
erosion, nutrient and pesticide dispersal and, in the last two decades, emissions of 
greenhouse gases also (Holland 2004; Davies and Finney 2002).

For a long time in Europe, runoff and soil erosion have been underestimated as 
being a widespread problem not only with regard to the degradation of agricultural 
soils but also as an environmental problem affecting off-site ecosystems and water 
resources. Only in the twenty-first century has erosion been officially recognized as 
a major threat to agricultural soils and to the environment (Van-Camp et al. 2004). 
More evident and severe in some regions than in others, erosion is now a concern of 
almost all national and regional authorities in Europe. The Mediterranean regions, 
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due to the concentration of rainfall in the winter months, are especially prone to 
severe erosion events (García-Ruiz 2010; Basch and Carvalho 1998), but also other 
regions in Europe are seriously threatened by soil erosion. Ploey et al. (1991) esti-
mated this area to be around 25 Mha in western and central Europe, with an average 
annual soil loss of tens of Mg ha−1 on several million hectares. Others have esti-
mated that the annual average soil erosion rate within the European Union is in the 
order of 17 Mg ha−1 (Troeh and Thompson 1993), and individual events may cause 
soil losses between 20 and 40 Mg ha−1 (Montanarella 2006).

Much evidence has been collected about the benefits of CA and no-till in ef-
fectively reducing soil erosion rates: improved soil structure, vertically oriented 
macropores and thus greater downward movement of water in the soil as well as the 
breakdown of the energy of raindrops through residues contributing to much less 
soil detachment and crust formation (Basch et al. 2012a) which are key processes 
that decrease soil losses by up to 95 % and surface runoff by up to 60 % under CA 
when compared to conventional soil management (Márquez et al. 2008; Ordóñez 
et al. 2001). Although less widespread—such as on sandy soils in the Netherlands 
(Van Ouwerkerk and Perdok 1994) and in East Germany—wind erosion has been 
effectively controlled by the adoption of CA (López and Arrúe 2005; IRENA 2005). 
However, under certain conditions, the absence of soil disturbance alone is not suf-
ficient to keep runoff and erosion well below the rates found under conventional 
tillage management. In an experiment in olive groves in southern Spain, Gomez 
et al. (2009) obtained not only higher runoff coefficients in inter-rows kept weed-
free but also higher erosion rates. Only the establishment of barley as a cover crop 
was able to reduce both runoff and erosion effectively.

Besides the impact on degradation of agricultural land, runoff and erosion con-
tribute decisively to the off-site transport of nutrients and pesticides and thus to the 
environmental impact of farming. Both nutrients and pesticides can be transported 
in a dissolved form in runoff water, but the strong adsorption of many pesticides and 
phosphorous to soil particles make off-site transported sediments a major source for 
contamination and eutrophication of water bodies. Yet, the occurring soil stratifica-
tion under CA and the consequent enrichment of the uppermost surface layer in 
SOM and the dissolved fraction of P may lead to higher concentrations of dissolved 
fractions in the runoff of no-till fields. Despite 70 % reduced off-site transport of 
particulate P under no-till, Puustinen et al. (2005) found almost four times more 
dissolved P in the runoff. Some authors attribute the higher availability of dissolved 
P at the surface of no-till fields also to the decay of weeds or cover crops and to sur-
face-applied fertilizers (Ulén et al. 2010; Muukkonen et al. 2009). Further improve-
ment of water infiltration by integrating the other two principles of CA to no-till 
farming may minimize the losses of dissolved P in runoff under no-till conditions.

Mechanisms for off-site transport of pesticides are similar to those of nutrients. 
Strongly soil-bound pesticides, such as glyphosate, the most widely used herbi-
cide in CA systems, would only be a problem if considerable amounts of soil were 
lost by runoff. Several studies confirm that both the persistence of herbicides in 
soil and the amounts found in runoff from fields under no-till are reduced (Cuevas 
et al. 2001; Cox et al. 1999). Basch et al. (1995) attribute the lower persistence of 
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pesticides in the soil under CA to the higher microbiological activity in the surface 
soil layer and the reduced concentration in the runoff to a stronger adsorption to 
higher amounts of SOM. With the exception of one first runoff event after applica-
tion, these researchers found at different sites in southern Portugal that concentra-
tions of atrazine and metolachlor in maize and isoproturon in winter wheat were 
lower in CA compared to conventional tillage. They also highlighted the importance 
of avoiding applications just before heavy rains, especially under CA conditions 
where weeds or crop residues retain considerable parts of the applied herbicide. Bo-
rin et al. (1997) confirmed similar results from other experimental sites in Italy and 
Germany, which also participated in the EU project on ‘Effects of tillage systems 
on herbicide dissipation’.

Although nitrogen compounds may be transported in runoff, the main losses of 
nitrogen from agricultural fields occur in the form of nitrate leaching. The release of 
an EU Nitrates Directive and the classification by the EU of areas as ‘nitrate vulner-
able zones’ indicate the severity of this problem in Europe. Farming practices are 
therefore scrutinized with regard to their impact to nitrate leaching (Hansen et al. 
2010). However, as far as the practice of CA is concerned, results from several stud-
ies are inconclusive (Hansen et al. 2010; Oorts et al. 2007a). There is general agree-
ment that the absence of tillage in autumn reduces mineralization and thus leaching 
of nitrate over winter (Hansen et al. 2010; Düring et al. 1998). In addition, Tebrügge 
(2003) argued that despite a greater percolation of water under no-till, there is no 
increase in nitrate leaching as most of the downward water movement occurs as 
bypass flow. He also concluded that the predominant form of nitrogen under no-till 
is organically bound nitrogen not subjected to vertical displacement as is the case 
with mineral nitrogen from fertilizer. Crop residues, especially those with higher 
C/N ratios will further tend to immobilize mineral nitrogen, thus reducing nitrate 
leaching (Morris et al. 2010).

Over the past 20 years, the analysis of the environmental impact of any eco-
nomic activity has increasingly included its contribution to greenhouse gas (GHG) 
emissions. To obtain a full picture on the GHG footprint of any system change 
introduced, a complete life cycle assessment would be required. In agriculture, and 
apart from the well-known methane emission sources, which are flooded rice and 
ruminants, it is all the cultivated land that may contribute to the emission of GHG. 
According to Eurostat data from 2010 (Fellmann et al. 2012), agriculture in Europe 
contributed almost 10 % to the total EU−27 GHG emissions deriving around one-
third from enteric fermentation, one-sixth from manure management, and more than 
50 % from agricultural soils. Astonishingly, the JRC report (Fellmann et al. 2012) 
noted that ‘emissions (and removals) of carbon dioxide (CO2) from agricultural 
soils are not accounted for in the “agriculture” category. Whereas detailed statistics 
are available for the 27 member states on their agricultural share and evolution of 
methane and nitrous oxide emissions, no precise data are available on CO2 emis-
sions from agricultural soils’.

While analyzing the impact of different soil management practices on CO2 flux-
es from agricultural soil, short- and long-term effects must be considered. There 
is a broad consensus on the strong short-term increase of CO2 emissions after 
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conventional tillage when compared to CA, but in the longer term, not all research-
ers have found consistent reductions in CO2 emissions under CA (Vinten et  al. 
2002), and under certain conditions some researchers even found higher CO2 fluxes 
under no-till (Oorts et al. 2007b). Results from the measurement of CO2 fluxes at a 
given moment, even if over a longer period of time, are strongly influenced by total 
C and N, but also by mineral N, water content, weather conditions and the amount 
and form of SOM (Regina and Alakukku 2010). Whether there is a long-term nega-
tive or positive balance with regard to CO2 fluxes can be assessed to some extent 
by the evolution of SOM. Provided organic carbon inputs through biomass residues 
(above and below ground) are similar, the comparison of the evolution of SOM 
should provide a clear indication for the performance of different farming practices 
in terms of their carbon flux balance.

Although not linear over time (Freibauer et al. 2004), carbon sequestration has in-
creased with the adoption of CA, especially under favourable conditions, i.e. under 
no-till and the retention of crop residues (Corsi et al. 2012; Basch et al. 2012b, 2010; 
Mazzoncini et al. 2011; Bhogal et al. 2007; Oorts et al. 2007c; Tebrügge 2003). Ac-
cording to the finding that SOM change was negatively correlated with initial SOM 
content (VandenBygaart et al. 2002), it also appears that the highly SOM-depleted 
soils in the Mediterranean region respond faster and with higher carbon sequestra-
tion rates to carbon-enhancing changes in soil management. However, in order to 
evaluate the full potential for carbon sequestration through changes in land use and 
soil management, excluding short-term effects of changes in soil biological pro-
cesses, time scales of up to 100 years may be necessary under European conditions 
to reach a new equilibrium (Smith 2004). Several authors have used average carbon 
sequestration rates to highlight the importance and potential of widespread adoption 
of CA practices for the mitigation of anthropogenic CO2 emissions at national and 
European levels (McConkey et al. 2000; Basch et al. 2002; Tebrügge 2002). Tebrüg-
ge (2002) estimated for EU-15, based on the assumption of no-till and conservation 
tillage adoption on 30 and 40 % of arable land, respectively, that a total emission 
reduction of CO2 could be achieved by carbon sequestration in the soil. Together 
with an additional reduction of 5 MtCO2 year

−1 through savings in fuel consumption, 
the total emission reduction could have accounted for around 39 % of the EU-15 
commitment in terms of CO2 emission reduction target within the Kyoto Protocol 
until 2012. These estimates also show that the mitigation potential of CO2 emission 
through fuel savings using CA is far from that of carbon sequestration in the soil.

Concerning other GHGs, especially nitrous oxide, the results obtained for dif-
ferent soil management systems seem to be more controversial. It is well known 
that soil moisture and compaction, leading to less soil aeration, favour denitrifica-
tion processes. Reduced aeration due to higher soil moisture under CA, especially 
on poorly drained soils, are therefore conditions where higher N2O emissions are 
reported (Regina and Alakukku 2010; Ball et al. 2008; Oorts et al. 2007b). It seems 
however that with time, and the build-up of a favourable soil structure and porosity, 
the conditions under CA become less prone to the release of N2O when compared to 
the conventional tillage (Six et al. 2004). Under well-aerated soil conditions similar 
(Rochette 2008) or even reduced N2O emissions (Mutegi et al. 2010) were measured 
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under no-till when compared to ploughing, and in the case of incorporation of le-
guminous crops through tillage, considerably higher N2O emissions were detected 
when compared to no-till (Almaraz et al. 2009). The varying results regarding N2O 
emissions while comparing soil management systems clearly indicate the need for 
further and continuous long-term research especially with regard to reduced mineral 
nitrogen fertilization requirements under improved soil fertility conditions with CA.

Under European conditions, little is known about the impact of soil tillage man-
agement on the emission or absorption of methane from soil. Ball et  al. (1999) 
reported some increased methane emission under no-till, yet other authors did not 
find appreciable levels and differences between soil management systems (Regina 
and Alakukku 2010).

The decline in biodiversity has been considered by the Soil Thematic Strategy 
as an important threat to European soils (Van-Camp et al. 2004). Biodiversity as 
such can be looked at from the functional point of view affecting the productivity 
of soils but also from an environmental or ecological point of view as it goes much 
beyond interfering with the natural infrastructure and the soils’ functions to provide 
ecosystem services. Today, it is evident from international scientific studies as well 
as from observational evidence from farmers’ fields and agricultural landscapes that 
intensive soil tillage adversely affects soil biodiversity and health.

Besides the improvement of functional biodiversity through CA and no-till, al-
ready referred to in the section on soil quality, and including microfauna but espe-
cially meso- and macrofauna, there are below- and above-ground living vertebrate 
species such as birds and hares (Fig. 15.3) that benefit from no-till and the shelter 
that crop residues provide. Holland (2004) provided a comprehensive review on the 
environmental consequences of the adoption of CA in Europe.

15.4.5 � Economic Aspects of CA

Initial uptake of no-tillage in Europe was voluntary and driven by the need to reduce 
crop establishment costs (Basch et al. 2008). More surprising is the fact that the 

Fig. 15.3   Evidence of increased incidence of above-ground vertebrate species (hares and Little 
Bustard) under CA. (Fotos: R. Freixial, left; AEAC/SV, right)
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declining economic viability through continuously increasing costs for inputs in the 
form of fuel, agrochemicals and labour but also through environmental restrictions 
did not lead to a breakthrough in terms of widespread adoption of CA systems. Eco-
nomic returns almost throughout Europe have been highly favourable when applying 
the CA system. Calculating the profits of several crop rotations since the beginning 
of different long-term soil management systems at five different sites in Hessian/
Germany, Tebrügge and Böhrnsen (1997a) obtained 17.8, 6.9, 15.7, 10.3 and 20.3 % 
higher profit, respectively, under no-till when compared to conventional ploughing, 
despite several years of smaller yield benefit at the beginning. Depending on the 
starting yield level and the market prices for the crops, and considering a 500-ha 
farm, they calculated ‘acceptable’ yield reductions (break even with the plough sys-
tem) for no-till between 12 and 28 %. Under rainfed conditions in southern Portugal 
and for a 500-ha farm, Marques and Basch (2002) calculated a necessary level of 
wheat production to obtain a breakeven net margin of 1431 kg ha−1 for the plough 
system, whereas only 1130 kg ha−1 for the no-till system. These calculations, how-
ever, do not reflect other advantages of the no-till system that might translate into 
economic benefits, which are more days available for crop establishment and the 
better trafficability on no-till soil allowing the correct timing for top dressing or her-
bicide application even in wet winters (Basch et al. 1997), lower wear and tear costs 
on machinery and equipment as well as environmental and soil health benefits. In 
Finland, Mikkola et al. (2005) found that yield reductions up to 15 % under no-till 
were still economically tolerable.

In the final report of the European project on Sustainable Agriculture and Soil 
Conservation (SoCo 2009), the authors report cost savings with respect to labour in 
no-till systems of up to 50–75 % and up to 60 % of cost savings with fuel consump-
tion. Although the adoption of CA may require some initial investment in machin-
ery, mainly seeding equipment, the later reduction in overall machinery and respec-
tive costs for repair and replacement are significant, especially for larger farms. 
Freixial and Carvalho (2010) calculated a reduction in variable costs of around 80 % 
for the maintenance of tractors and seeding or tillage equipment after changing from 
conventional plough tillage to no-till cereal-based crop rotation on a farm of 350 ha 
in southern Portugal.

While the adequate timing of the application of agrochemicals may be a source 
of economic savings, improved soil fertility and better nutrient and water cycling 
and availability under CA are one of the most important economic benefits of CA. 
Besides the reduction of phosphorus losses through runoff and erosion (Soane et al. 
2012), the possible reduction in mineral nitrogen inputs through higher total ni-
trogen contents in the SOM content could contribute to an improved nitrogen and 
water use efficiency and productivity of mineral fertilizer applied. In a nitrogen 
fertilization response trial, Carvalho et al. (2012) found a significant relationship 
between SOC content in the top 30 cm of the soil, level of nitrogen applied and 
wheat yield (Fig. 15.4).

On the same soil but with 2 % SOM content obtained after 11 years of no-till and 
crop residue retention, instead of 1 % SOM under conventional tillage and straw 
removal, the wheat crop yielded more with less nitrogen.
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It is evident that the achievable cost savings through the implementation of CA 
systems far outweigh any potential small yield reductions that may occur in some 
instances, mainly in the transition phase from conventional tillage system to CA 
system. Still, the aforementioned examples do not account for the environmental 
costs or benefits that a change to CA may save or add to the system.

15.5 � Challenges for CA in Europe

Bearing in mind the potential benefits that can be delivered through the application 
of CA as described in the previous sections, it raises the question ‘why is Europe 
lagging so far behind other regions in the adoption of CA?’ In an inquiry conducted 
in several European countries among two stakeholder groups, divided into practi-
tioners (farmers) and experts (advisors, researchers, extensionists), Tebrügge and 
Böhrnsen (1997b) concluded that farmers who were applying CA had a positive atti-
tude with regard to CA, highlighted the economic more than the ecological benefits, 
and complained about the lack of advice and applied research results. In contrast, 
experts were more sceptical, stressing the potential yield depressions as the main 
disadvantage of CA. In a study carried out in 2007 on behalf of the Spanish Ministry 
for Agriculture, 135 inquiries by Spanish CA farmers were analysed to find out more 
about the performance of CA practices (Veroz-González et al. 2008). The general 
conclusion was that despite a change in weed flora, CA does not increase weed con-
trol problems and the referred trends did not indicate any more or less problems with 

Fig. 15.4   Effect of soil organic carbon (SOC) content (0–30 cm depth) on the wheat response 
to nitrogen fertilization. The nitrogen level values (160 and 98 in italic) are relative to the most 
economical N level for each SOC value considered. The values for wheat grain yield (3063 and 
3587 in italic) are relative to the respective predictable yields. (Adapted from Carvalho et al. 2012)
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pests and diseases with CA. Production levels were reportedly maintained which 
together with reduced costs contributed to improved competitiveness of farms. The 
following sections discuss what makes European farmers reluctant to change.

15.5.1 � Cultural and Economic Entrenchment  
of Tillage Agriculture

Even today, European farmers believe that by mechanically tilling and working the 
soil, they are doing good by burying any growing weeds and weed seeds, mineral-
izing nutrients, breaking soil compaction, aerating the soil and creating a ‘suitably’ 
loose seedbed for sowing a variety of crops. The perfect inversion of the upper soil 
layer that effectively controlled perennial grass weeds and provided a clean seedbed 
for sowing made the mouldboard plough the preferred tillage implement and the 
symbol of modern agriculture. Therefore, it is not surprising to still find ploughing 
contests all over Europe. Knowing the history of this implement, it is comprehen-
sible why Europeans are the strongest defenders of the plough.

15.5.2 � Favourable Natural Conditions and Yield Levels

In many regions of the world, the adoption of CA has been in response to adverse 
crop growing conditions caused by severe natural constraints, e.g. severe soil ero-
sion, or the need to reduce costs due to high production risks or farming under mar-
ginal economic conditions. Despite the occurrence of less favourable conditions, 
such as low soil fertility (low soil organic matter), dry conditions and/or erratic 
rainfall distribution and poor soil structure, in some, mostly southern parts of Eu-
rope—the most important agricultural regions of Europe with the biggest influence 
on the definition of agricultural policies and on technological development—natu-
ral conditions for crop production and the financial support provided to farmers 
under the CAP agreement are favourable. Therefore, in most regions in Europe, the 
perception of the need to change and the drivers to search for better and sustainable 
solutions is insufficient.

Due to these favourable conditions, yield levels in many intensively cultivated 
regions in Europe are very high although difficult to sustain (Lin and Huybers 2012; 
Brisson et al. 2010; Petersen et al. 2010) and there is concern regarding possible 
yield losses as the result of a system change. In fact, some researchers have reported 
yield (not necessarily profit) reductions in the first year after CA adoption due to 
reasons outlined in Sect. 15.4.1. After the transition phase or under optimal condi-
tions, crop yields are similar to or greater than those under conventional tillage right 
from the start. Still, in many cases, the performance of CA relative to plough tillage 
is measured on the basis of a crop yield and not on a profit or production cost per 
unit of grain basis.
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15.5.3 � Weed, Insect Pest and Disease Challenges

As referred to in Sect. 15.4.3, weeds, insect pests and diseases may pose serious 
problems to the prescriptive and ready-to-use application of CA principles. Certain 
weeds, mainly perennials and some grass weed species may become more abundant 
while overall weed numbers normally decline under CA. Successful weed control in 
CA means a change in timing of herbicide application and in the type of herbicides 
used, not necessarily higher amounts of chemicals applied. More persistent herbi-
cides with residual effects are used less as they will not do their job effectively when 
retained in crop residues. Advanced CA farmers rely more and more on integrated 
weed control strategies based on the combination of crop rotation, cover crops and 
residue management. However, the general perception that no-till requires more 
herbicide applications to control weeds adequately remains one of the greatest ob-
stacles for the acceptance of CA as a sustainable farming system.

With regard to insect pest and diseases, it is mainly slugs (Sect.  15.4.3.) and 
the increased incidence of head blight disease ( Fusarium spp.) recorded in wheat 
that raised arguments against the uptake of CA. Whereas slugs may increasingly 
be controlled by higher numbers of predating beetles, under wet conditions, they 
may cause problems locally that need to be monitored carefully. The higher inci-
dence of mycotoxins producing head blight under CA, reported mainly in Germany, 
France and Switzerland, may be suppressed by not following wheat after maize, 
and through adequate residue management and the use of resistant wheat varieties 
(Vogelgsang et al. 2005). In general terms, the inquiry conducted by Tebrügge and 
Böhrnsen (1997b) among 101 European farmers revealed that between 76 and 80 % 
of the participating CA farmers did not experience more problems with insect pests 
and diseases, respectively, after the change from conventional tillage to CA.

15.5.4 � Crop Residues and Management

Within Europe, tremendous differences exist in terms of agro-ecological conditions 
with extremely high productivity levels and high input farming systems in the cen-
tral and northern regions (and southern when irrigated) and rather extensive, rainfed 
agricultural systems in the Mediterranean region. The amount of crop residue the 
planters have to deal with varies from less than 2 Mg ha−1 to more than 10 Mg ha−1. 
In regions with low productivity, crop residues and stubble (mainly cereals) are fre-
quently used as fodder for livestock, whereas in high productivity regions, retention 
of crop residues in the field is common. Both situations present big challenges for 
the uptake and spread of CA, as high amounts of residue cause problems for drill-
ing equipment and seed placement under wet conditions but also for warming and 
drying in spring, whereas low residue levels prevent the rapid improvement of soil 
conditions and water conservation under CA. Several solutions are used to deal with 
high residue levels, including improved chopping and distribution equipment on the 
combine harvester, high stubble cut, improved no-till drilling equipment, and even 
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seeding by broadcasting small seeds like rape before the cereal harvest. Although 
the importance of crop residue retention for soil improvement and water availability 
in Mediterranean regions has been demonstrated (Basch et al. 2012b), it remains a 
challenge to guarantee adequate soil cover, especially under rainfed conditions, un-
less, as it happens in some countries or regions, payments for agri-environmental 
measures compensate for any loss of income.

15.5.5 � Availability of Suitable Seeding and Planting  
Equipment and Inputs

One of the biggest challenges for the European farmer to adopt CA is the lack of 
adequate no-till drilling equipment. Under low residue conditions, most of the im-
ported drilling machines from North and South America work considerably well, 
while on wet and clayey soils the management of high residue levels pose increased 
challenges for crop establishment. The low demand for adapted and specific drill-
ing equipment did not encourage European manufacturers to develop machinery in 
this specific area compared to other regions where many solutions and options are 
available to cope with specific local conditions. It is not by chance that Finland has 
the highest percentage of arable land under CA. Despite about ten different brands 
of no-till seeders on the market, one Finnish manufacturer has more than a 50 % 
share of no-till drills sold in Finland. Some improvements have been noticed in the 
availability of chopping and distribution devices of harvest equipment.

Besides equipment, the availability or even the identification of crop variet-
ies that respond to specific constraints when sown under CA conditions is still a 
challenge for breeders and seed companies in Europe. Varieties with improved 
germination under lower soil temperatures, more vigorous initial root develop-
ment or a better response to different nutrient and water dynamics could make the 
difference for the success of CA, as well as specific, locally adapted mixtures of 
cover crops.

15.5.6 � Problem-Oriented Research and Training in CA

Despite some intensive and long-term research carried out in several European 
countries in the field of CA, there seems to be no notable link between research 
and adoption by farmers. It also appears that the research was mainly driven by 
academic interest with little focus on practical and solution-oriented research. Only 
in regions where CA farmers organize farmers’ groups, as it happened decades ago 
in South America, some bottom-up approach occurs, and researchers and extension 
workers whether public or private are called to provide solutions to further improve 
CA. In some countries or regions, such as Spain, the role of the national CA as-
sociation has been decisive for a wider uptake of CA, mainly through training and 
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technology transfer actions, organization of field days and exchange with experts, 
as well as through their efforts to guarantee support from the private sector and 
public institutions.

15.5.7 � Common Agricultural Policy (CAP)  
and Economic Pressure

For almost 50 years, farming in Europe has been subjected to the strong influence 
of the CAP framework. The objectives of these policies changed substantially 
over this period; nonetheless, there was always and continues to exist strong fi-
nancial support for the farming sector. Until more or less 10 years ago, subsidies 
were mostly production oriented favouring high productivity levels, obtained 
with massive external inputs, instead of promoting competitiveness and sustain-
ability. The constant transfer of welfare from the consumer and taxpayer to the 
producer in the form of subsidies (named compensatory payments) prevented the 
necessary adaptation of European agriculture to the changes and new realities of 
a global agricultural market. Even with the tremendous fluctuations of commod-
ity prices, European farmers do not yet fully perceive the need to lower produc-
tions costs and become economically sustainable, as much of the risk in farm-
ing is still covered by CAP subsidies. This dependence on subsidies has made 
most European farmers focus their activities towards maximization of subsidies 
rather than think and act in the long term and invest in soil fertility and health. It 
therefore seems that without financial incentives, new production methods will 
not be widely accepted, especially those referred to as being ‘knowledge and 
management intensive’ such as CA. Unless there is a clear change in the sup-
port policy for the agricultural sector, i.e. shifting away from unspecific, non-re-
strictive direct payments (1st Pillar of CAP) towards stronger support of overall 
sustainable productions systems through either conditioning 1st Pillar payments 
or agri-environmental measures supported through Rural Development Policy 
(2nd Pillar), little will change in the attitude of European farmers and EC policy 
makers regarding the mainstreaming of CA as a basis for sustainable produc-
tion intensification. Although the new policy instrument of the 1st Pillar, the 
so-called Greening, is directed to the provision of environmental public goods, 
the measures proposed (maintenance of permanent grassland, ecological focus 
areas and crop diversification) are clearly insufficient to achieve the objectives 
explained in the CAP 2014–2020 reform proposal (Basch et al. 2012c).

15.6 � Common and National Policies Affecting CA

In Europe as a whole, CA has received relatively little public support compared 
to other production methods. This support varies strongly from country to country 
and even between regions within Europe. In general, it is provided either through 
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incentive for farmers to adopt certain management practices or, to a much smaller 
extent, through the promotion of mostly fundamental research with some relevance 
for CA.

15.6.1 � Research Support

As mentioned in Sect. 15.2, even with some relevant research into the consequenc-
es of change in soil management practices, most research was focussed on conser-
vation tillage and the comparison of the performance of different tillage systems, 
rather than on enhancing CA or other soil-improving management systems. From 
the scientific literature, there has been some research support at a national level 
in response to the increasing awareness of the seriousness of some of the later 
identified ‘threats to European soils’. On a European level, an increasing concern 
with soil-related issues is noted with the start of the Fifth Framework for Research 
and Technological Development of the EU in 1998. Several research, technology 
transfer and knowledge dissemination projects have been put in place since then 
to close knowledge gaps and to create awareness of the need for soil conserva-
tion. In more recent years, several European transnational research projects such 
as ‘Smartsoil’, ‘Ramsoil’ and ‘SoCo’ have been funded to study ways to mitigate 
soil threats and to identify best management practices to achieve this mitigation. 
Similarly, in the next framework named Horizon 2020, calls are open to improve 
the insight into ‘soil quality and functions’ and ‘sustainable crop production’ and 
the ‘assessment of soil-improving cropping systems’, initially named ‘assessment 
of CA systems’.

15.6.2 � Soil Thematic Strategy Initiative and Rural  
Development Measures

The increasing awareness that sustainability of agricultural production can only be 
guaranteed if its most important resources are maintained or improved, gave rise 
to policy-driven initiatives towards soil protection both nationally and Europe-
wide, with the Soil Thematic Strategy Initiative being the most visible attempt. 
Although the working groups established within this initiative clearly identified 
the major threats to European soils and proposed action that lead to the proposal 
of a European Soil Framework Directive, the ratification of this Directive was 
blocked by five-member states. Despite or most likely as a result of the failure of a 
European initiative, soil conservation became more and more an issue at national 
level and was encouraged by the possibility to support soil-protecting farming 
practices through so-called agri-environmental measures co-financed between the 
EU and member states through the Rural Development Program Funds (2nd Pillar 
of CAP). In some member states, this lead to the launch of support schemes for 
the uptake of CA either nationwide (Portugal) or limited to some regions (Spain, 
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Germany, Italy). In Switzerland, it is in the Canton of Berne where a highly sophis-
ticated support scheme to fight soil erosion started in 1993 (Schwarz et al. 2007). 
It is in this and three other cantons with similar support schemes where CA was 
practiced on around 5 % of arable land in 2006 (Ledermann and Schneider 2008).

The support schemes introduced and the respective levels of ‘compensation’ 
vary from country to country and even between regions. They can range from non-
inversion conservation or mulch tillage (Saxony/Germany) to strip tillage on wide-
row crops to pure no-till. Additional measures, such as those in place in Portugal 
during the past few years, should compensate the farmer in case he left high stubble 
or the entire straw on the field. In Spain, additional subsidies of up to 40 % of 
the costs of new no-till seeders were granted by several regional governments and 
governmental institutions. However, due to the economic crisis and the obligatory 
co-financing of the Rural Development measures through the member states or re-
gional authorities, support and further uptake of CA measures have been seriously 
compromised.

15.7 � Prospects for Up-Scaling CA in Europe

15.7.1 � Effects of Climate Change

In Europe, climate change is a real concern for society and of major importance to 
farmers. Whether in Northern regions where winters are supposed to become milder 
and autumns and springs wetter, or in southern, central or eastern countries with 
expected increases in drought incidence in spring and summer, climate change will 
affect agriculture both in regard to adaptation strategies to be adopted and through 
its potential for mitigation. If winter climate conditions in northern Europe become 
wetter, possibly with more intense rainfall, widespread application of CA could lim-
it the higher risk of water erosion and associated problems through off-site transport 
of sediments and agrochemicals. In regions where rainfall becomes less and more 
erratic, with longer summer droughts, no-till in combination with residue cover 
would improve soil water use efficiency to maintain or even improve yield levels 
(Basch et al. 2012b).

As referred to in Sect. 15.3.4, carbon sequestration in agricultural soils could 
contribute significantly to the mitigation of anthropogenic CO2 emissions. The re-
versibility of this process if soils were submitted again to intensive soil tillage after 
years of SOM accumulation through CA makes very few decision makers believe 
in the long-term CO2 emission mitigation potential of CA.

15.7.2 � Soil and Crop Management-Related Policies

Probably more than elsewhere, soil and crop management practices in Europe are 
extremely scrutinized and regulated by the respective authorities with regard to 
their environmental performance, both at national and European level. Today, CA 
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is recognized as a farming practice which can effectively reduce runoff and ero-
sion, and even enhance SOM content. This is clearly demonstrated through the 
CA-promoting agri-environmental measures already in place in several European 
countries. The general acceptance of the conclusions of the Soil Thematic Strategy 
as a European Soil Framework Directive could have further positive impact on the 
adoption of CA, as it clearly addresses several of the identified soil threats.

On the other hand, more restrictive regulations for the use of herbicides as well 
as surface applied but not immediately incorporated slurry may pose increasing 
challenges to the use of CA systems based on no-till. Although the use of herbicides 
is not necessarily higher under CA when compared to conventional tillage, the per-
ceived risk of not having the means to eventually handle weed problems may make 
farmers hesitate to adopt CA.

15.7.3 � Evolution of Production Costs and Commodity Prices

At present, a considerable percentage of European farms are economically viable 
only due to the subsidies received in the form of the so-called Single Farm Pay-
ment. There is enormous pressure both from outside and inside the EU to reduce 
the direct payments and make support to farmers dependent on the verifiable de-
livery of public goods. More than in the past, the current CAP reform stresses the 
need for more competitiveness of European agriculture, as CAP expenditure with-
in the EU budget has been maintained over the last 18 years despite the increase 
from 15 to 28 member states. The prospect of decreasing direct payments and the 
simultaneous increase of production costs, together with stagnating and extremely 
volatile agricultural commodity prices, will force farmers, also in Europe, to adopt 
farming methods that reduce overall production costs while maintaining produc-
tivity levels. As demonstrated in Sect. 15.4, CA will immediately reduce fuel costs 
and working time per unit area, reduce investment in machinery and maintenance 
costs, and, in the case of irrigation, result in less water and energy consumption. 
In the medium and long term, benefits from improved soil fertility are expected 
through lower levels of mineral fertilizer inputs. The concomitant improvement 
in the environmental and economic performance of farming through the applica-
tion of ‘good’ CA has often been described as a win–win situation. The upward 
evolution of production costs and commodity prices, together with the reduction in 
subsidies will most probably be the fastest driver to have CA adopted on a much 
larger area, also in Europe.

15.8 � Conclusions

In a few regions of Europe, CA has been well adopted while in others, this farming 
practice is almost unknown or regarded as exotic. The fact that CA is successfully 
applied under the most diverse pedo-climatic conditions (from the most southern 
regions in Spain up to Scandinavia) means that the reasons Europe lag far behind 
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other regions in the world in the uptake of CA cannot be explained by less favour-
able soil or climate conditions or differences in cropping systems. There are two 
fundamental conditions that appear to make the difference when comparing with 
other regions of the world.

The use of agrochemicals in agriculture for weed and pest management in ag-
riculture is a central issue both with regard to food safety and environmental im-
pact. Consumers and society as a whole are receptive to arguments that justify the 
restriction of pesticides. Europe has probably one of the strongest regulations that 
control the release of plant protection products on the market (Regulation (EC) No 
1107/2009) and the homologation of products must be obtained for each country. It 
therefore does not seem surprising that the alleged increased input of herbicides and 
other chemicals for disease and pest control is the main barrier to the full acceptance 
of CA as a sustainable crop production concept.

Less than a constraint, but more a missing driver for the adoption of CA, is the 
level of support European farmers still receive. Although subject to today’s world 
market prices of commodities, the enormous transfer of welfare from consumers 
and taxpayers to the agricultural sector allows farmers to maintain less efficient and 
thus less competitive production systems.

There is no doubt that the change from conventional to conservation agricul-
ture requires the acquisition of new knowledge, skills and a great deal of obser-
vation and learning capacity. However, farmers who wish to change do not find 
the necessary practical knowledge among extension workers and advisors, whether 
public or commercial. Despite some already existing farmer-to-farmer exchange, 
only the institutional promotion of education, capacity development and extension 
in CA-based sustainable soil management would help bridge the gap between the 
objectives of sustainable resource management recurrently proclaimed in the CAP 
and the implementation of real sustainable soil management. Lessons learned from 
other regions in the world, such as in Canada or Brazil, where the carbon offset 
potential of CA or its capacity to ‘cultivate good water’ ( Cultivando Água Boa) are 
officially recognized and paid for as ecosystem services (Kassam et al. 2013), may 
teach European stakeholders and decision makers that the inclusion of the prin-
ciples of CA in the CAP ‘greening’ measures of the 1st Pillar direct payments could 
reach a much larger area under sustainable management.

Regionally, there are other bottlenecks that may act as a deterrent to the wider 
uptake of CA, such as high crop residue amounts, specific weed problems, soil 
compaction or lack of adequate machinery. Persistent pioneer farmers, more than 
results from research, have demonstrated that CA does work in Europe, once it has 
adapted to the existing conditions. Research can help improve knowledge gaps and 
available technology, and obtain scientific evidence for the many benefits of CA in 
order for it to gain acceptance by the public. However, even if farmers were con-
vinced and researchers were willing to help, in a Europe with agriculture driven by 
CAP and the respective authorities, it appears that it is up to the political decision 
makers and administrative stakeholders to set or change the course towards the right 
direction, bearing in mind the words of the former US President Roosevelt: ‘A na-
tion that destroys its soils, destroys itself’.
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Abstract  Conservation agriculture (CA) has been widely successful in the South-
ern Cone region of South America. A leader in the development of CA practices and 
technology, Brazil has encouraged the spread of CA throughout the region through 
an effective and innovative network of farmers and their associations, private and 
public partnerships. The benefits of CA in Latin America include soil conserva-
tion, reduced production costs, and increased soil biodiversity, which enhances 
environmental equilibrium, improves crop water balance, and increases yields. In 
other regions of Latin America, however, such as Central America and the Andean 
region, CA adoption has proven more difficult. A review of case studies in Latin 
America suggests that CA adoption is limited by socioeconomic constraints, access 
to appropriate machinery, crop-residue trade-offs, lack of adaptation of the technol-
ogy to farmer’s agronomic constraints, and uncoordinated efforts of stakeholders. 
The development of effective CA innovation systems in countries such as Brazil 
and Mexico has been instrumental in overcoming factors limiting CA adoption and 
reflects the importance of collaboration between public and private sectors, includ-
ing machinery manufacturers, as well as the need for positive incentives and low-
interest loans to make technology affordable for farmers. In addition, CA education, 
information dissemination through extension agents and farmers, and greater pol-
icy support and social capital, can help change attitudes and conventional farming 
practices.

Keywords  No-till · Brazil · Mexico · Southern Cone · Central America · Andean 
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16.1 � Introduction

Conservation agriculture (CA) has been introduced and promoted in more than 
40 countries, yet its massive adoption has only occurred in a few regions (Ekboir 
2002; Derpsch et al. 2010). Latin America, particularly the Southern Cone of South 
America, has had the highest rate of CA adoption. The success of CA in this region 
has been attributed to close collaboration between industry, government, research 
centers, extension services, and farmer associations (Busscher et al. 1996) and the 
rise of “networks that used participatory research and extension methods” (Ekboir 
2003). CA is commonly referred to as no-till, or no-tillage, and describes systems 
with direct seeding into untilled soil with minimum soil disturbance, permanent 
soil cover with growing crops and/or crop residue, and crop rotation (Kassam et al. 
2009). No-tillage can be used synonymously with the terms “direct seeding” or 
“direct drilling” which denotes the process of sowing the seed into soil not pre-
viously tilled. In the Southern Cone region (Argentina, Brazil, Chile, Paraguay, 
Uruguay), the term direct seeding ( siembra directa in Spanish, plantio direto or 
semeadura direta in Portuguese) is most often used; worldwide, however, the term 
CA has been more widely accepted as it encompasses the idea of a production 
system rather than concentrating solely on the tillage component, and is therefore 
used in this chapter.

The development of CA in Latin America originated from the need to address 
extensive soil degradation, especially soil erosion, evident by the mid-20th century. 
This soil degradation mainly resulted from the transfer of agricultural practices and 
technology from European colonists. Plowing worked well for European soils, but 
as conventional plow-based tillage expanded, it proved inefficient for tropical soils 
low in soil organic matter (Derpsch 1998). The reduction in production costs and 
evident reduction in soil erosion were the main drivers that encouraged the adop-
tion of CA first in Brazil, then throughout the region (Machado and Silva 2001). 
CA has since then become the main agricultural system in southern Latin America, 
implemented on 60 % of cropland (Kassam et al. 2009). In this chapter, the origins 
and impacts of CA in different regions of Latin America are described. Factors 
limiting its adoption and innovations and strategies developed in some countries to 
overcome these limitations are also discussed.

16.2 � Origins of CA in Latin America

CA originated in the USA around 1945, where it was further developed during the 
1950s into the CA we know today. Up until then, conventional agriculture consisted 
of tillage systems (Friedrich and Kassam 2009; Kassam et al. 2009). The use of a 
plow to till the soil was developed in Europe in the 18th and 19th centuries, where 
tillage continues to be the most common land preparation practice. During the age 
of colonization, the European powers transferred their agricultural knowledge and 
practices to their new colonies, but after some decades these resulted in problems of 
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soil erosion and degradation in the hotter and more humid tropical and subtropical 
regions (Derpsch 1998). Although agriculturally driven soil erosion is not a recent 
problem, as evidenced through historical records of regions, such as the Mediterra-
nean during the Roman era, the widespread erosion and degradation observed today 
with conventional agricultural practices is a major threat to world food security, 
considering the importance of soil fertility for sustaining high yields of food, feed, 
and fiber (Constantinesco 1976).

In South America, Brazil became the first country to adopt CA practices in re-
sponse to severe erosion and soil degradation rates. Implementation of no-tillage 
systems began in 1972 and according to Ekboir (2003), no-tillage “is the most im-
portant agricultural technology adopted in Brazil in the past 50 years.” Although the 
environmental benefits of using CA were quickly evident, the main driver for the 
widespread adoption was economics (Derpsch 2003). When first converting to CA, 
costs may increase due to the purchase of new equipment, especially direct seeders, 
and increased herbicide use, but in the long term the costs are significantly lower 
compared to conventional tillage (CT; Ekboir 2003). Beginning in the 1960s and 
up until the 1990s, agricultural expansion in the South, Center-West and North of 
Brazil was heavily encouraged by the federal government. Soybean production in-
tensified, leading to wider use of CT which, combined with rainfall and hilly terrain, 
caused extensive soil erosion. Looking for ways to control soil degradation and 
prevent financial losses by a forced switch to cattle raising or forestry, large-scale 
farmers began looking into conservation practices (Ekboir 2002).

Southern Brazil led the way for no-tillage research beginning in 1971, with no-
till field trials headed by the Meridional Agricultural Research Institute (IPEAME) 
carried out by German researcher, Rolf Derpsch, and a Brazilian farmer of German 
origin, Herbert Bartz. Bartz bought a no-till planter from the USA and began culti-
vating soybean continuously under no-till. The first few years without tillage were 
difficult and some neighboring farmers who adopted the new system reverted back 
to CT after struggling to control weeds (Derpsch 1998). This exemplified the need 
to continuously adapt CA systems and find solutions to emerging problems rather 
than simply reverting to soil degrading practices. After the initial trials, major ac-
tions were taken by the Agricultural Research Institute of Paraná (IAPAR) for the 
dissemination of CA techniques. Efforts from this research institute included the 
development of direct-seeding machinery, herbicide testing, and the selection of 
cover crops based on adaptation to different soils, climates, and their effects on soil 
properties (IAPAR 1981).

Like Brazil, research into no-till practices began in Argentina in the 1970s. 
However, it was not until 1986 with the creation of the nonprofit Argentine As-
sociation of Direct Seeding Farmers (AAPRESID) that the use of CA really began 
and spread. Since its beginnings as a small group of no-till farmers, AAPRESID 
has grown tremendously, organizing conferences, encouraging knowledge-sharing 
among agricultural producers, participating in field trials, lobbying with the central 
government, and collaborating with public and private organizations both nation-
ally and internationally to support the spread of CA (Aapresid 2013). In 2009, there 
were reportedly about 25 million ha under CA in Argentina (FAO 2012). However, 
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not all of this land was under strict CA, but rather under a direct-seeded soybean 
monoculture, which leaves little durable crop residue for soil protection so these 
systems still lead to soil degradation. Thus, less than half of the direct-seeded area 
in Argentina is under complete CA practices including crop rotations (Friedrich 
et al. 2012). Yet, once Argentinian farmers switch to CA they tend to continue with 
the system permanently. The success of no-tillage in Argentina is mainly due to 
relatively cheap herbicides and accessibility to direct-seeding equipment. There are 
numerous manufacturers of no-till equipment in the country, with some exporting 
their machinery abroad (Derpsch et al. 2010).

In Uruguay, about 655,000 ha are under direct seeding (FAO 2012), but, as in 
Argentina, not all can be considered a complete CA system. The problem is being 
addressed through stronger regulations regarding use of cover crops, specifically 
in soybean systems, and subsidies to encourage proper CA in general. In Paraguay, 
successful application of CA began in 1983 through the efforts of a Japanese im-
migrant, Akinobu Fukumi, director of the farmers’ cooperative, Colonia Yguazú. 
With the help of the Japan International Cooperation Agency (JICA), no-tillage was 
being practiced by all the cooperative’s farmers within 10 years. No-till systems 
expanded in Paraguay, thanks to the support of the German Technical Cooperation 
(GTZ; Derpsch et al. 2010) and by 2008, there were 2.4 million ha under CA in 
Paraguay (FAO 2012). The successful adoption of CA by small farmers in Paraguay 
was mostly due to grants provided by the Ministry of Agriculture and the GTZ with 
the KfW (the German Reconstruction Credit Institute) to buy direct-seeding equip-
ment. In addition, yield increases of manioc ( Manihot utilissima), a staple crop in 
Paraguay—previously considered inappropriate for CA because of the soil distur-
bance associated with its harvest—have encouraged continued use of CA practices 
by small farmers (Derpsch et al. 2010).

In the 1980s, some local large-scale farmers started no-till activities in Bolivia. 
No-till with crop rotation has a positive effect on wheat production in the dry win-
ters. Large-scale farmers found that no-till machinery reduced production costs, 
mainly equipment and fuel costs, and extended the planting period from 3 days to 
as many as 12 days (Ekboir 2002; Wall 2002). Since the late 1990s, CA in Bolivia 
has been used mainly in soybean cultivation in the eastern lowlands (150–700 masl; 
Derpsch et al. 2010), with 706,000 ha under CA management by 2007 (FAO 2012). 
Up to 2001, most formal no-till research was carried out by the International Maize 
and Wheat Improvement Centre (CIMMYT) and the Centre for Tropical Agricul-
tural Research, a state nonprofit research center in Santa Cruz de la Sierra, in collab-
oration with the National Association of Oilseed and Wheat Producers (ANAPO), 
Fundacruz (a farmer-funded research foundation), agrochemical companies, and 
farmers (Ekboir 2002).

In Chile, a farmer in the southern region, Carlos Crovetto, began developing 
no-tillage practices in 1978 and has promoted CA practices in the country ever since 
(Derpsch et al. 2010). Crovetto has published books (e.g., Agricultura de Conser-
vación y Rastrojos sobre el Suelo) based on his experiences and the science under-
lying CA. Though the government has done little to encourage CA in Chile, about 
180,000 ha were under CA in 2008 (FAO 2012).
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Research on no-till with residue cover in Mexico began in the 1950s through the 
national agricultural research organization, Instituto Nacional de Investigaciones 
Agrícolas (INIA, today INIFAP), but was soon abandoned due to poor results. In 
1973, CIMMYT began research on no-till maize, encouraging researchers from 
INIA and another agricultural research organization, the Fideicomisos Instituidos 
en Relación con la Agricultura (Rural Development Trust Funds, FIRA), to start 
their own CA programs. FIRA provided no-till training for farmers, organized 
conferences and, most importantly, purchased necessary equipment. Research and 
promotion by these two organizations continued into the 1980s and 1990s, joined 
by the Colegio de Posgraduados whose CA research was mainly carried out by 
postgraduate students. Although all three institutions conducted similar research, 
interaction and communication between them was scarce and farmer adoption of 
CA was minimal. During this time, private companies (e.g., John Deere, Monsanto) 
also promoted minimum tillage and no-till (Ekboir 2002).

In 2001, the Agricultura Sostenible Basada en la Siembra Directa (ASOSID) 
project was initiated in the Bajío and irrigated double-crop region of central Mexico. 
ASOSID aimed to assemble an interinstitutional platform project including farm-
ers and their associations (irrigation districts, groups of tube well users, marketing 
groups), federal and state government agencies located in the region (FIRA, INIFAP), 
regional, national, and international research institutions (CIMMYT and the Centre 
de Coopération Internationale en Recherche Agronomique pour le Développement, 
CIRAD), and private companies. The project employed a participatory technology 
development and training approach that involved close interaction with farmers, 
extension agents, and researchers and promoted farmer-to-farmer extension. As of 
2014, ASOSID continues to play an important role in promoting CA in the region. 
Farmers in the Bajío region have continued to experiment with components of CA 
and currently more than half of the farmers are practicing a system of no-till dur-
ing the spring/summer season. However, many of these farmers practice CT in the 
autumn/winter season (M.-S. Turmel, personal observation, 2014).

In 2011, CIMMYT partnered with the Mexican Secretariat of Agriculture to 
carry out a project called the Sustainable Modernization of Traditional Agriculture, 
better known as MasAgro. The objective of MasAgro is to strengthen innovation 
systems with multiple stakeholders to address factors limiting the productivity of 
Mexico’s maize and wheat production systems. CA is the basis of the modernized 
production system promoted by CIMMYT because of its demonstrated benefits of 
improving soil quality, retaining soil moisture, and reducing production costs in the 
varied agroecological regions of Mexico. The MasAgro project has continued pre-
vious efforts by CIMMYT and other institutions in the Bajío, the Central valley, the 
Northwest, and the Chiapas regions, and seeks to unify the efforts of stakeholders at 
the regional and national levels (CIMMYT 2012).

A common agricultural system used by indigenous peoples in Mexico and oth-
er parts of Central America since pre-Hispanic times is the slash–mulch system. 
Different forms of this system have been observed in southeastern Mexico, Gua-
temala, Honduras, Nicaragua, and Costa Rica (Kettler 1997). The slash–mulch 
system can be considered a resource-conserving technology and a step towards 
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CA systems, in some cases following all three principles of CA (Pulleman and 
Flores 2008). A common slash–mulch system used in this region, called “abo-
nera” or “frijol de abono,” incorporates the legume mucuna, also called velvet 
bean ( Mucuna spp.), in maize crop rotations. Originally from Asia, mucuna has 
spread throughout the Americas where farmers have adapted it to their own needs. 
Unlike the traditional slash-and-burn methods of growing maize in both the dry 
and rainy seasons for 2 years and then leaving the land fallow for 4 or more years, 
the maize–mucuna system consists of planting mucuna in the dry season in be-
tween maize rows. After maize harvest, the mucuna continues to grow through 
the wet season, at the end of which it is slashed (cut down) and then maize is 
planted directly into the mucuna residues at the start of the next dry season (Neill 
and Lee 1999). In the past few decades, thousands of farmers in Honduras, south-
ern Mexico, and Guatemala have adopted the slash–mulch maize–mucuna system 
(Buckles et al. 1999).

In some regions of Central America, where CA-type practices have been 
abandoned, efforts to reintroduce its principles to reduce rates of soil erosion 
have been made. For example in Panama’s Azuero Peninsula, the Agricultural 
Research Institute of Panama (IDIAP), along with CIMMYT and the Regional 
Maize Program (PRM), began a research program in the 1980s examining the 
major soil erosion problem in this maize-producing region. The main causes 
were land preparation and maize-sowing practices, both linked to high produc-
tion costs. IDIAP began recommending the use of no-till (now CA) to replace 
the conventional practice of preparing the soil with a disk plow up to 15 cm in 
depth, followed by harrow passes. By 1994, farmers in the region were using 
three forms of land preparation: no-tillage (17 %), minimum tillage (by reducing 
the number of harrow passes; 48 %), and CT (36 %; Pereira de Herrera and Sain 
1999).

Information on the development of CA systems in other countries in Latin Amer-
ica is scarce, and more research and monitoring are necessary to determine the 
progress of, and challenges to, CA adoption particularly in Central America and the 
Andean region. Table 16.1 provides a summary of the latest available data on area 
under CA systems in Latin American countries.

Country Land under CA (ha)
Argentina 25,553,000 (2009)
Brazil 25,502,000 (2006)
Paraguay 2,400,000 (2008)
Bolivia 706,000 (2007)
Uruguay 655,100 (2008)
Venezuela 300,000 (2005)
Chile 180,000 (2008)
Colombia 127,000 (2011)
Mexico 41,000 (2011)

CA conservation agriculture

Table 16.1   CA in selected 
Latin American countries. 
(Source: FAO 2012)
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16.3 � Impacts of CA in Latin America

Since post-Columbian times, some form of soil tillage has been used in Latin 
America with the belief that turning the soil before planting is beneficial. More 
recently, CT often involves the initial use of moldboard plowing followed by har-
rowing or field cultivating. This form of tillage buries all remaining superficial 
crop residues (Tisdale et al. 1985), which can help to incorporate organic matter in 
the soil, as well as temporarily enhance porosity and control weeds (Hillel 1982). 
However, tillage causes high rates of soil erosion and breaks down the natural soil 
structure, leading to loss of soil organic matter by oxidation and erosion (Hillel 
1982; Montgomery 2007). Deterioration of soil quality worldwide, especially in 
tropical and subtropical regions, has been observed over the past few decades due 
to tillage-based management practices (Arshad and Martin 2002).

Developed in response to the degradation, CA is a system based on integrated 
management of soil, water, and agricultural resources. Its main objective is eco-
nomical, ecological, and socially sustainable agricultural production (Fig.  16.1) 
allowing soil regeneration and preventing soil degradation (Govaerts et al. 2009b; 
Derpsch et al. 2010; FAO 2012). CA practices achieve these objectives by reducing 
soil erosion, improving water conservation, reducing costs and, over time, gener-
ally increasing soil organic matter, soil microbiota, soil fertility, and crop yields 
(Verhulst et al. 2010a; Calegari et al. 2013). Minimum soil disturbance, combined 
with a mulch layer on the soil surface, is critical to sustainable and productive 
agriculture. In addition, crop rotations can reduce the need for applied nutrients 
(especially nitrogen) and the incidence of pests and diseases. The maintenance of 

Fig. 16.1   Perceived benefits and limiting factors to the adoption of conservation agriculture and 
examples of regions of Latin America with different levels of adoption
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surface cover either with crop residues or growing crops, including green-manure 
cover crops (GMCC, incorporated into the system specifically for soil cover pro-
duction and improved nutrition), is particularly important in warm and wet envi-
ronments such as the tropics where heavy rainfall causes severe erosion, microbial 
activity and nutrient leaching is high, and weeds can grow quickly throughout the 
year as long as moisture is available. Understanding how different crop residues, 
crops, and GMCC influence soil nutrient cycling and chemical properties is essen-
tial to optimize the system (Govaerts et al. 2009b).

With crop rotations, including the use of GMCC, and careful planning, Brazilian 
farmers have been able to keep the soil continuously covered under a variety of soil 
and climatic conditions and a range of farm sizes. The resulting CA systems have 
led to decreased soil erosion, increased soil organic matter, and breakdown of com-
pacted soil layers, while at the same time permitting integration of livestock into the 
system and reducing the reliance on agrochemicals. Lime requirements to manage 
the highly acidic soils have been reduced, and regular (usually annual) applications 
of small amounts of lime and gypsum have replaced the heavy applications every 
5 years or so. Among the leading CA nations, Brazil has substantial areas of CA 
in the tropics, including considerable adoption by small landholders. In both the 
subtropical and savannah (Cerrado) regions of Brazil, CA practices have not only 
increased crop yield but also conserved and maintained soil fertility, and decreased 
the incidence of insect pests and/or diseases, representing a promising strategy for 
sustainable soil–water crop management (Basch et al. 2012). Reported benefits of 
CA for small landholders include reduced labor demands and drudgery, increased 
income, crop and labor productivity, and reduced erosion (Calegari 2010).

In Mexico, an improved crop moisture balance is one of the main benefits of 
leaving surface residue cover, which results in increased crop yield, especially in 
rainfed climates where crop production is limited by soil moisture. Residue reten-
tion protects the soil surface from the impact of raindrops, increases water infiltra-
tion into the soil, thereby reducing runoff and erosion, and reduces evaporation, 
contributing to greater soil water content and resilience in drought-prone areas (Ver-
hulst et al. 2011b). In a 15-year study in the semiarid, subtropical highlands of cen-
tral Mexico, Verhulst et al. (2011b) observed that soils under no-tillage with surface 
residues retained (CA) had higher soil moisture content than those under CT with 
or without residue retention or no-tillage without surface residues. Average maize 
yields over the course of the study were higher and more stable in CA compared to 
both CT and no-tillage without residue retention, reflecting more crop resilience to 
drought stress.

Besides increased moisture retention, CA practices also improve soil structure 
through the combined effects of reduced tillage and increased superficial soil or-
ganic matter. In the irrigated Yaqui valley in the state of Sonora, Mexico, surface 
residues are traditionally used for animal feed or incorporated into the soil (now 
that burning is not permitted). Irrigation water is becoming scarce and water-ef-
ficient gravity-irrigated systems are increasingly required. Here a CA system has 
been developed with permanent raised beds, where the furrows between the beds 
are used for irrigation. The tops of the beds are never tilled, but furrows are re-
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shaped between seasons as necessary and some soil moved back onto the top of 
the beds. Comparing CT and no-tillage under full and reduced irrigation, both with 
residue retention, Verhulst et al. (2011a) noted increased soil aggregate stability in 
the 0–5-cm layer in permanent raised beds compared to conventionally tilled beds 
due to increased soil-surface protection with residues. Leaving residues on the soil 
protects surface aggregates from raindrop impact and thus overcomes surface crust 
formation. In tilled soils, the weakened soil aggregates at the surface are broken 
down by raindrops and the loosened soil particles block the surface pores, creating 
an impervious soil layer that restricts water infiltration, increasing runoff and ero-
sion. When this layer dries, it forms a surface crust that can reduce or impede crop 
germination leading to reduced plant populations.

Soil compaction is caused by tillage implements or wheel traffic on crop fields, 
especially when the soil is moist or wet. Compaction is exacerbated when soil struc-
ture is weak, such as those with reduced organic matter content or recently tilled 
soils. In CA, both tillage and traffic are reduced, and any compaction is superficial 
where it is readily overcome by surface biological activity associated with residue 
breakdown. However, with tillage, a sub-surface plow pan or tillage pan is com-
mon, reducing root growth and water infiltration. In northwestern Mexico, penetra-
tion resistance was highest in soils with no-tillage and burnt crop residue compared 
to tilled soils and CA (Verhulst et  al. 2010b). With residues left on the surface, 
however, higher infiltration rates under CA were recorded compared to no-tillage 
without residue retention (Govaerts et  al. 2009a), indicating that surface residue 
retention is important for soil health.

In addition to soil conservation, studies on the economic impact of adoption of 
CA practices often show higher net returns compared to CT practices (Knowler 
and Bradshaw 2007), due to a reduction in labor and fuel costs associated with ma-
chinery operation and have been a main driving factor for adoption. For example, 
economic studies of CA systems in the Yaqui valley and the central highlands of 
Mexico found that CA systems were more profitable due to a combination of higher 
yields and lower production costs (Table 16.2; Romero-Perezgrovas et  al. 2014; 
Sayre and Govaerts 2012). In Brazil and Paraguay, after the initial investment in no-
till machinery on farm, costs decreased over time (Ekboir 2003) and net revenue in-
creased substantially with CA compared to CT (Sorrenson et al. 1997; Table 16.2).

The economic benefits of CA are not limited to large-scale mechanized farms, 
but have also been found in small-scale subsistence systems. In Central America, 
the slash–mulch mucuna–maize or abonera systems have been found to reduce 
manual labor requirements for land preparation and weeding. The extensive cover 
of the mucuna plants suppresses weed growth and, since it is a legume, the mucuna 
mulch reduces the need for fertilizer applications (Sain et al. 1994; Neill and Lee 
1999). In Honduras, several studies have explored the benefits of the abonera sys-
tem in the country’s Atlantic coastal region (Flores and Licona 1985; Buckles et al. 
1993, 1999; Sain et al. 1994; Neill and Lee 1999). Through farm surveys, Sain et al. 
(1994) examined the short-term and long-term economic advantages of the abonera 
system compared to the traditional system (maize–fallow rotation without abonera) 
during its expansion in the 1980s. They found that after the third year of setting up 
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the mucuna rotation, the abonera system had higher maize yields than the traditional 
system. Using the net present value, production costs were much lower after the 
second year in the abonera system, since land preparation was no longer required 
after the initial mucuna planting. For farmers renting cropland for only 1 year (two 
growing seasons), switching to the abonera system would be less attractive; how-
ever, for landowners it would be advantageous in the long term. In fact, Sain et al. 
(1994) observed that in a complete 6-year cycle, the abonera system reduced labor 
requirements. After 6 years, the profitability of the abonera system was greater than 
that of the traditional system (Table 16.2), increasing the value of land on the Hon-
duran Atlantic coast as producers were willing to pay higher prices for productive 
land under abonera. A review by Erenstein (2003) described similar environmental 
and economic benefits of slash–mulch systems for small landholders in tropical and 
subtropical countries around the world.

16.4 � Overcoming Factors Limiting the Adoption of CA: 
Case Studies from Latin America

The environmental and economic benefits of CA are evident in many regions of 
Latin America; yet its success and adoption is closely tied to the socioeconomic 
issues of each country and region. The importance of perceived benefits of CA 
including soil conservation, reduced production costs and labor requirements, im-
proved soil water retention, and increased yields depend on the agroecological and 
socioeconomic conditions (Fig. 16.1). The adaptation and adoption of CA princi-
ples have been more successful in the temperate regions of South America (e.g., the 
Southern Cone), while remaining more challenging for resource-poor farmers in 
tropical regions (Fig. 16.1).

Several papers have reviewed factors that influence adoption of CA around the 
world (e.g., Ekboir 2002; Knowler and Bradshaw 2007; Wall 2007; Friedrich and 
Kassam 2009; Erenstein et al. 2012). The main factors that appear to limit the adop-
tion of CA by farmers in different regions of Latin America include:

•	 Socioeconomic constraints (limited access to financial capital and credit oppor-
tunities, inability to take risks, short-term priorities, land tenure)

•	 Lack of machinery and tools (reliance on manual labor, lack of locally available 
mechanization solutions)

•	 Crop-residue trade-offs (mixed crop–livestock systems)
•	 Agronomic constraints and lack of CA knowledge (poor extension capacity, adap-

tation of CA principles to different agroecological and socioeconomic conditions)

CA has mainly been addressed through two perspectives: soil conservation and in-
creased production and profitability. Since ultimately it is the farmers who decide 
how to manage their land, it is necessary to “alleviate some productivity concerns 
before, or in addition to, conservation concerns, with the soil conservation measures 
imposing only moderate additional costs on the user” (Erenstein 1997). Thus, not 
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surprisingly, some of the main factors limiting the adoption of CA in Latin America 
pertain to the economic realities of farmers as well as preconceptions, attitudes, and 
traditional practices.

Adoption rates in different regions of Latin America are essentially reflected in 
the balance of perceived benefits and limiting factors (Fig. 16.1). For example, high 
adoption rates are found in rainfed high-input systems of the Southern Cone where 
the perceived benefits of CA are high and the limiting factors are few and relatively 
easy to overcome. However, in small tropical non-mechanized mixed crop–live-
stock systems such as in Central America and southern Mexico, many complex lim-
itations exist and the perceived benefits of CA adoption are relatively low. Regions 
with moderate adoption include areas where limiting factors are low, but with fewer 
perceived benefits, such as the irrigated systems of northwest Mexico where CA 
may reduce production costs, but is unlikely to increase crop productivity, at least 
in the short term. Moderate adoption is also found in rainfed mixed crop–livestock 
systems of the Southern Cone and Mexico where the perceived benefits in terms of 
water and soil conservation and increased productivity are high, although adoption 
is limited strongly by residue trade-offs. Adoption can be increased by increasing 
perceived benefits and reducing limiting factors through a combination of innova-
tion, extension, positive incentives, policy, and social capital (Fig. 16.1).

The combination of bottom-up and top-down efforts is essential in the success 
of CA adoption. In most cases, there are multiple factors limiting CA adoption, thus 
the adaptation and adoption of CA requires the participation of diverse stakehold-
ers working in cooperation to eliminate these limiting factors (Fig. 16.1). Below 
we provide examples of the main limiting factors to CA adoption in Latin America 
and, where ever possible, case studies identifying how these limiting factors were 
overcome.

16.4.1 � Socioeconomic Constraints

Socioeconomic constraints can be a major factor preventing farmers from adopting 
CA practices especially in small-scale subsistence farms in Central America and the 
Andean region. Although the benefits of CA in terms of soil conservation have been 
clearly demonstrated, the adoption of CA by small-scale farmers in both rainfed and 
irrigated regions has remained minimal due to economic constraints. For example, 
in Belize, socioeconomic constraints prevent indigenous Mayan communities in 
particular from adopting more sustainable agricultural practices. Traditionally, farm-
ers use slash-and-burn agriculture which works well if there is a balance between 
land availability and population growth. In the past few decades, however, the high 
population growth rate has increased pressure on land availability, leading to more 
forest clearing for agriculture and shorter fallow periods. In the Mayan commu-
nity of San José in the Toledo district, the main factors impacting the population 
and agricultural production were: (1) decreasing availability of fertile agricultural 
land, (2) no national government representation (as of 1997), (3) the land tenure 
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system (most of the land is owned by the state), (4) minimum agricultural sup-
port, and (5) limited markets for their crops (Levasseur and Olivier 2000). Farmers 
have the potential to intensify agricultural production in existing agricultural land 
rather than clearing more forest to address problems of land reduction. However, 
sustainable intensification through the adoption of CA practices would require more 
institutional support (Levasseur and Olivier 2000).

Land tenure can also limit the implementation of sustainable soil management 
practices. Whether the land is owned or rented can determine how much importance 
the farmer places on soil conservation, as those who rent will focus mainly on the 
short-term outcome (Pereira de Herrera and Sain 1999). In Honduras, the slash–
mulch system expanded rapidly among small-scale farmers in the 1980s (Buckles 
et al. 1993), with land tenure being one of the factors promoting adoption of the 
abonera system. Since positive results of the practice are not noticeable until after a 
few years, adopting the practice is less risky for those that own their land (Buckles 
et al. 1992). By 1997, however, it was reported that 45 % of the farmers surveyed 
had abandoned the abonera system and only 39 % were still using it, while16 % 
had never adopted it (Neill and Lee 1999). Considering its economic benefits, as 
described above, and its previously widespread acceptance, Neill and Lee (1999) 
sought to explain what caused the sudden abandoning of the abonera system in the 
1990s. Three main categories of factors were suggested: external, environmental, 
and management. External factors included: “changes in land markets, distribution 
and tenure; the expansion of the cattle industry; and modernization of the infrastruc-
ture of Northern Honduras” (Neill and Lee 1999). In order to benefit, the abonera 
system requires several years to build up organic matter and nitrogen levels to pro-
duce better yields. Therefore, long-term land security is necessary. In addition, land 
area is important, with the abonera system requiring a minimum of 2–3 ha because 
one or two additional plots are needed for the main maize crop during the wet sea-
son while the other plot(s) are planted with mucuna. However, since the 1970s, farm 
size has decreased and in the 1980s the government’s new land-titling program and 
the Agricultural Modernization Law made landowners less likely to sell their land 
and made it harder for subsistence farmers to enter in informal land agreements 
with landowners. This suggests that policy that governs farmer land tenure or the 
ability to enter into long-term rental agreements significantly impacts the adoption 
of sustainable land management practices such as CA.

Soil conservation practices provide important ecosystem services such as re-
duced erosion and its multiple negative downstream effects and the prevention of 
landslides. However, for many small farmers, adopting new practices may not be 
economically viable or involves too much risk. A study begun in 2012 through the 
United States Agency for International Development (USAID)-sponsored Sustain-
able Agriculture and Natural Resource Management Collaborative Research Sup-
port Program (SANREM-CRSP) examined the benefits of CA in the poorest region 
of Ecuador, the province of Bolivar. Subsistence farmers in the province are faced 
with food insecurity and environmental constraints related to inconsistent rainfall 
and steep topography. Landslides have left many areas bare, forcing farmers to 
grow crops on low-quality soils on slopes, thus leading to further soil erosion, low 
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yields, and cropland expansion (Nguema et al. 2013). Nguema et al. (2013) reported 
economic benefits of using CA in two distinct regions of Bolivar: the higher eleva-
tion sub-watershed of Illangama and the lower elevation sub-watershed of Alumbre. 
Due to elevation, these sub-watersheds have different cropping systems. In Alum-
bre, reduced tillage and a corn–oats/vetch–bean rotation without incorporation of 
the cover crop into the soil had larger returns than CT. In Illangama, however, the 
current practices of CT with removal or incorporation of the crop cover and a crop–
fallow rotation for the main crops (faba beans and potatoes) was economically more 
advantageous than converting to reduced tillage and thus there was little incentive 
to adopt soil conserving practices. Further participatory research is required to adapt 
the principles of CA to the conditions of Illangama in such a way that the system 
is productive and economically viable (Nguema et al. 2013). In regions where con-
verting to CA may not be initially economically viable, but the potential benefits 
to society in terms of soil conservation and ecosystem services are high, incentive 
programs may be used to promote adoption of soil-conserving practices.

Socioeconomic constraints to CA adoption have been overcome in other regions 
through institutional support, incentive programs, and social capital. To promote CA 
in southern Mexico, since the 1970s, information dissemination has mainly been 
carried out by research centers and national institutions, including the Secretaría de 
Agricultura y Recursos Hidráulicos (SARH), the Secretaría de Desarrollo Rural y 
Ecología (SDRyE), FIRA, INIFAP, and CIMMYT. CIMMYT and INIFAP began 
a collaborative research program in Chiapas in the 1980s. A survey of 181 farm-
ers conducted in 1992, with support from SARH, examined factors limiting maize 
production and factors promoting CA adoption in La Fraylesca, Chiapas, Mexico 
(van Nieuwkoop et al. 1994). The main problems limiting agricultural production 
were high soil erosion and low fertility caused by environmental factors, CT, and 
residue burning. van Nieuwkoop et al. (1994) found that 3 years before their survey, 
adoption of CA practices grew rapidly, largely due to local incentive programs. 
Beginning in 1990, FIRA provided free backpack sprayers and herbicides to those 
who did not burn their field residues. SARH and SDRyE also initiated CA support 
programs and provided free equipment. In addition, information obtained through 
these incentive and promotion programs, together with field demonstrations and 
conversations with contacts outside the farm played a role in enhancing CA adop-
tion (van Nieuwkoop et al. 1994).

In the Peruvian Altiplano, the mountainous terrain not only increases the sus-
ceptibility to soil erosion but also limits the land available for agriculture and ac-
cessibility to markets. In addition, reduced government aid to farmers and funding 
for agricultural research in the mid-1980s and 1990s coincided with mass migra-
tion from rural communities to urban centers. Combining a conceptual behavioral 
model and data from a 1999 farm survey in the Peruvian Altiplano, Swinton (2000) 
suggested that social capital may be a useful tool in developing more sustainable 
agricultural practices. Based on the results, the author postulated that alternative 
solutions to public programs and market incentives are needed to motivate farmers 
to use agricultural practices that reduce soil erosion and ensure long-term soil con-
servation. Thus, “Social capital in the form of shared norms and/or fellow feeling 
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among community members has the potential to motivate individuals to act for the 
collective good. Where community organizations exist, social capital may further 
help individuals overcome resource barriers to conservation, by providing collective 
capital and labor” (Swinton 2000).

16.4.2 � Access to Machinery

Lack of or insufficient access to machinery for planting, fertilizing, and spraying 
pesticides, due both to economic and local technological constraints, often limits 
the adoption of CA (Fig. 16.1). In areas with fewer technological constraints such 
as Brazil, Argentina, regions of Paraguay and Bolivia, changing seed drills hap-
pened very quickly. Generally, farmers bought a small grain drill that they could 
use for wheat and soybean, or they adapted their conventional equipment for direct 
seeding. Later, as they grew accustomed to the system, they bought more special-
ized precision drills for maize and soybean. However, in other regions, suitable 
machinery for CA may not exist locally or is relatively more expensive (Pereira 
de Herrera and Sain 1999). For small-scale farmers in the Bolivian lowlands, for 
example, adopting no-till practices was difficult because no-tillage machinery suit-
able for farm sizes smaller than 150 ha was not locally available (Ekboir 2002). In 
La Fraylesca, Chiapas, Mexico, with few direct seeders in the region, many farmers 
who own CT and seeding equipment prefer minimum tillage or CT, incorporating 
crop residues, over replacing their conventional machinery (van Nieuwkoop et al. 
1994). Machinery constraints have been overcome through innovation and adapta-
tion of existing machinery, promotion of local machinery developers to create CA 
designs, and incentives to make new machinery more accessible.

Private industry innovation has played an important role in machinery develop-
ment and CA promotion. As Brazilian farmers began experimenting with no-tillage 
in the 1970s, the British agrochemical company, Imperial Chemical Industries (ICI), 
transferred its no-till research to Brazil in 1972 and began investing in the develop-
ment of direct-seeding machinery. Collaborating with IAPAR, Empresa Brasileira 
de Pesquisa Agropecuária (EMBRAPA) and a then-small manufacturing company, 
Semeato, ICI imported a planter for researchers, farmers, and manufacturers to use 
(Ekboir 2003). Semeato is now the “largest manufacturer of no-till planters outside 
the US” (Ekboir 2002) and continues to promote CA practices in Brazil (Semeato 
2013).

The development of machinery for small farmers, including animal-drawn plant-
ers (e.g., Fig. 16.2), has been instrumental in the adoption of CA by farmers. In 
the southern state of Paraná, Brazil, the state government’s family agriculture sup-
port policy implemented in the early 1980s resulted in the development of animal-
powered direct-seeding machines. In the 1990s, the main no-tillage technologies 
were validated on small farms and, in later years, were responsible for the wide 
adoption of the system and the appearance of small, manual, and animal-powered 
equipment manufacturers, mainly in the states of Santa Catarina and Rio Grande 



406 A. Speratti et al.

do Sul. This encouraged the change to CA systems on small farms in southern 
Brazil (Casão-Junior et al. 2012; Calegari et al. 2013). Figures 16.3 and 16.4 show 
examples of no-tillage machinery used in this region.

Providing finance and incentives for investing in CA machinery has been another 
key factor in improving access to CA machinery. In Brazil, after 1995, agricultural 
financing started to have lower and fixed interest rates which increased machinery 
acquisition throughout the country. In addition, agricultural machinery fairs, usu-
ally with dynamic exhibitions of direct-seeding machines, proliferated and provided 
reference points to launch new machine models by the industry and linked farmers 
to suppliers (Casão-Junior et al. 2012; Calegari et al. 2013).

Modification of conventional equipment to no-tillage equipment and to local 
conditions has also permitted CA adoption by small-scale farmers. This was par-
ticularly effective for small-scale farmers in Paraguay who could adapt CA tools 
at home and start using them before investing in specialized equipment (Lange and 
Meza 2004). In the Bolivian highlands, small-scale farmers had difficulty operat-
ing heavy animal-drawn direct seeders imported from Brazil, which were designed 
for maize and beans. Through a joint project between CIMMYT, the Universidad 
Mayor de San Simón, and the Bolivian research institute, Instituto Boliviano de 

Fig. 16.3   Knife roller used 
on a black oat cover crop 
before the cash crop is 
seeded. Agronomic Institute 
of Paraná (IAPAR), Lond-
rina, State of Paraná, Brazil

 

Fig. 16.2   An animal-pow-
ered no-till seeder. (Source: 
Casão-Junior et al. 2012)
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Tecnología Agropecuaria (IBTA), animal-drawn direct seeders for small grains were 
developed for local conditions and tested by farmers. Based on wheat yield increase 
under direct seeding with Brazilian seeders, researchers and extension staff were 
confident that results would be positive with the adapted seeders, as long as enough 
straw cover could be retained on the surface (Wall 1999). However, since the early 
2000s, funds for research and extension to continue this work with farmers have not 
been available and efforts were largely suspended (P. Wall, personal communica-
tion, 2014). In Mexico, CIMMYT imported prototypes of machines from Argentina, 
Bangladesh, Brazil, China, India, and Nepal ranging from large tractor-drawn plant-
ers to animal-drawn seeders and hand planters, in order to develop and adapt them 
to local conditions. They are working with local machine shops to encourage local 
production of machinery to increase accessibility for farmers (CIMMYT 2012).

16.4.3 � Crop-Residue Trade-offs

Crop residues are commonly used as animal feed, albeit of relatively low quality. 
The trade-offs involved in leaving crop residues on the surface for soil conserva-
tion are important, especially for smallholder farmers, who often manage mixed 
crop–livestock systems. These systems become more intense in marginal areas with 
low system productivity, leading to intense competition for residues and limited CA 
adoption (Fig. 16.1). For example, in Panama, maize residue is highly coveted as 
livestock feed, particularly during the dry season. Most maize farmers also manage 
mixed crop–livestock systems. Over 85 % of landowners use maize residue to feed 
their livestock; those who do not have livestock sell their crop residues or grazing 
rights; and those who rent land from cattle producers must leave crop residues on 
the surface for livestock to graze (Pereira de Herrera and Sain 1999). Similarly, in 
Bolivia one of the biggest challenges for leaving crop residue on the surface was 
that it was usually removed for threshing, used for livestock feed, or allowed to be 
grazed (Wall 1999).

Fig. 16.4   Big farm seeder 
for direct seeding in crop 
residues. Floresta, State of 
Paraná, Brazil
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In many areas of Mexico, the use of crop residues for animal fodder is a major 
constraint to adopting full CA. Since there is high demand for residues as animal 
feed, farmers prefer to supplement their income than leave residues on the ground for 
soil conservation; moreover, even if they left it on the surface, traditional practices of 
burning and communal grazing make it difficult to retain residue on the soil (Ekboir 
2002). In La Fraylesca, Chiapas, Mexico, a factor determining whether or not farm-
ers adopted CA in the 1980s was the use of crop residue for animal feed. Chances of 
CA adoption decreased according to the availability of pasture, the number of cattle 
owned relative to farm size, and the local importance of communal grazing rights 
(van Nieuwkoop et al. 1994). Leaving residues on the surface is an essential part of 
CA especially in soils susceptible to surface compaction and crusting (Verhulst et al. 
2010b). However, communities practicing communal livestock grazing find it diffi-
cult to apply the residue retention component of CA. After several years of continued 
on-farm training and demonstration events conducted through the MasAgro project, 
Mexican farmers in the central highlands have begun to see the value of retaining 
residues on the surface in terms of water infiltration and soil moisture retention. 
Farmers have started to raise awareness of this value in their communities by com-
municating with their neighbors. As of 2013, the communities have started to respect 
individual farmers’ intentions to retain crop residues and not allow their animals to 
graze on their land (M.-S. Turmel, personal observation, 2013).

Strategies to reduce animal grazing of surface residues have included restricting 
animal access, measures to make residues unpalatable or growing pasture species 
for grazing in fallowed areas (Wall 1999). In addition, adopting CA practices in 
water-limited environments usually results in greater crop yields that leave more 
biomass residue after harvest, enabling some residues to be used for animal feed 
(or other purposes) and the remainder for soil cover (Lal 1995; Ekboir 2002; Gov-
aerts et al. 2005). A potential compromise to the residue trade-off is only removing 
a part of the residue for fodder and leaving a part for soil cover. Farmers can cut 
stalks higher to leave them as standing stubble that is more difficult for goats to eat. 
Another solution is growing fodder crops or dual-purpose (grain and fodder) crops 
(Reyes-Muro et al. 2013). Triticale has been promoted as an alternative forage crop 
for the central highlands that can be grown on a small portion of the farmer’s land 
and is more nutritious than maize residue.

The feed–soil cover trade-off may be one of the most difficult obstacles to overcome 
for CA adoption. However, solutions can be found through a combination of participa-
tory research on potential solutions and by changing perceptions of the importance of 
soil degradation and the value of residue for soil cover (Reyes-Muro et al. 2013).

16.4.4 � Adaptation of CA to Overcome Local Agronomic 
Constraints

A widespread limitation to the adoption of CA is its complexity and the need to 
adapt the system to local conditions (Erenstein et al. 2012). CA is a knowledge- in-
tensive system; in addition to changing tillage and residue management practices, 
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adoption of CA can require many other agronomic changes such as weed and pest 
management and crop rotation. CA practices efficient in one region may not be ap-
plicable to another location given the agronomic and socioeconomic context of that 
region. A shift from conventional practices to CA requires learning and innovation 
and multiple changes in agricultural systems.

A major agronomic constraint to CA adoption worth discussing is the control 
of weeds without tillage, especially for smallholder farmers with limited access to 
herbicides. In the state of Veracruz, Mexico, for example, research carried out by 
CIMMYT in the 1970s observed that the main challenge to high maize yields for 
small-scale farmers was weed control. Weed removal was mostly done by using the 
machete and hoe. Some farmers would contract a tractor to assist in seedbed prepa-
ration, but few tractors were usually available and the sticky, clay vertisols of the 
area made it difficult for mechanical tilling and hoeing. For these reasons, the use of 
herbicides together with no-tillage and surface residue retention was recommended, 
and farmers in the region still use these practices (Violic et al. 1989). Cover crops 
are also a viable option for reducing weed infestation and herbicide costs (Teasdale 
et al. 2007), reducing diseases and pests, and producing permanent cover needed 
in a direct-seeding system to increase the organic matter content of soil (Derpsch 
2003). In perennial crops like coffee plantations, cover crops can provide good soil 
cover and protect the soil against water erosion and surface crusting (Araujo-Junior 
et al. 2013). Araujo-Junior et al. (2013) noted that GMCC reduced weed density and 
diversity, both between coffee rows and under the canopy, which promoted reduced 
production costs through less weed control by hand hoeing.

The impact of herbicides on the spread of CA is worth noting. In 1955, ICI dis-
covered the desiccant herbicide, paraquat. Seeing that it could be used to control 
weeds prior to crop establishment in untilled fields, ICI began investing in research 
to develop a new agricultural technology package. However, paraquat only con-
trolled annual weeds, and problems with increasing perennial weed populations led 
to many farmers abandoning the system. By the end of the 1970s, an alternative her-
bicide, glyphosate, arrived on the market, allowing for a complete no-tillage pack-
age for farmers (Ekboir 2002). Yet, the price of Roundup®, Monsanto’s patented 
glyphosate herbicide, was very high which restricted its use, thus spawning many 
new crop-spraying technologies and techniques to reduce herbicide use. The drop 
in glyphosate prices after the end of the Monsanto patent in Brazil in 1985, coupled 
with the availability of no-till machinery adapted for different soils, led to a rapid 
expansion of CA practices nationally (Casão-Junior et al. 2012).

In regions with hot and wet climates, surface residues degrade rapidly making 
permanent soil cover difficult to achieve. Cover crops can provide living soil cover 
and more mulch. In the state of Paraná, Brazil, for example, black oats ( Avena 
strigosa) alone or mixed with vetch ( Vicia spp.) is used as a cover crop that is laid 
(rolled) onto the soil surface to complement the residue of the main crops, which de-
grade quickly under the warm, wet conditions, or crops such as soybean that do not 
produce much residue (K. Sayre, personal communication, 2013). The use of cover 
crops in CA is widespread in all main production areas of Brazil, from the south to 
the Cerrado, where they also provide mulch for no-till cash crops used as intercrops 
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in perennial crops (coffee, rubber tree, citrus, and other perennial fruit) or for hor-
ticultural crops (potatoes, carrots, tomatoes, onion, garlic, cabbage, etc.; Teasdale 
et al. 2007). Besides providing mulch and weed suppression, cover crops can also 
be a source of nutrients, especially nitrogen, and animal fodder (Calegari 2009).

16.4.5 � Innovation Systems and Coordination of Stakeholders

In most cases, the adoption of CA is not limited by one single factor, but rather sev-
eral factors that must be overcome to facilitate adoption. Innovation systems that en-
gage farmers, agronomists, researchers, extension agents, input and credit suppliers, 
produce purchasers, policy makers, and other members of the principal value chains 
are essential to overcome complex agronomic and socioeconomic constraints to CA 
adoption. In Brazil, adaptation required problem solving and innovation which de-
veloped through the formation of groups of large-scale and small-scale farmers and 
support from government agencies, universities, industries, and international orga-
nizations (Kassam et al. 2009). According to Casão-Junior et al. (2012), the com-
mon goal of these innovations in the 1970s was to develop agricultural guidelines 
for tropical and semitropical regions of Brazil since there was little knowledge from 
other tropical regions with similar conditions. Most land management practices had 
come from temperate European countries from which many Brazilian immigrants 
had originated. Through the work produced by innovation systems adapted to local 
conditions, Brazil has become a pioneer in CA, with its development of new no-till 
technology, making it a worldwide leader in CA particularly in the field of agricul-
tural machinery (Casão-Junior et al. 2012).

In the past, most small landholders in Brazil did not have easy access to credit 
and information about agricultural technologies. In recent years, this has changed 
and, as a result of a combination of government support (municipal, state, and fed-
eral), farmers’ associations, public extension service, and participatory research has 
focused on developing sustainable soil and water management practices. This has 
been done mainly by supporting CA practices, including use of cover crops, crop 
rotation, and options for grain, livestock, and agroforestry. In addition, strategies 
that improve local markets for inputs and outputs, support agroindustry to add value 
to their products, and develop locally adapted soil and water conservation systems, 
have been promoted in various agricultural regions of Brazil (Casão-Junior et al. 
2012).

Examples of the successful development of innovation systems are evident in 
southern Brazil (the states of Paraná, Santa Catarina, and Rio Grande do Sul), which 
in the 1970s and 1980s was facing extensive soil erosion. In Paraná, forest cover 
went from 87 to 10 % in a 50-year period. To address this issue, organizations in 
Paraná such as farmers’ cooperatives, research institutions and professional associa-
tions assembled to develop soil conservation programs which were subsequently 
supported by state legislature. Mainly led by local farmers, with financial support 
from conservation programs, several actions were carried out to control soil erosion 
by water and promote CA conservation practices, including “training and capacity 
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development of technicians and farmers through lectures, field days, courses, re-
gional and state meetings on soil management and the publication of technical 
manuals” (Casão-Junior et  al. 2012). In Rio Grande do Sul, a project involving 
five public and private institutions began in 1993 to support research and extension 
to facilitate small landowners’ access to no-tillage packages. Among other activi-
ties, they allowed for the adjustment of cover crop and fertilizer management to 
local needs, provided cost-effective kits to convert conventional planters to no-till 
planters, and provided training for extension agents. Similarly in the state of Santa 
Catarina, development of soil management practices based on research and farmers’ 
experience led to massive adoption of CA; by 1999, 80 % of the grain produced in 
the state was under no-tillage (Ekboir 2002).

As in Brazil, support from research institutions, international organizations 
(e.g., JICA, GTZ, CIMMYT) and farmers’ organizations (e.g., AAPRESID) has 
been the key for promoting adoption in Argentina and Paraguay. In addition, active 
information exchange exists between farmers’ associations in Brazil, Argentina, 
and Paraguay (Ekboir 2002) and through the regional organization, CAAPAS, the 
Confederación Americana de Asociaciones de Productores para una Agricultura 
Sustentable (American Confederation of Associations in Sustainable Agriculture).

The collaboration between multiple stakeholders to align interests towards pro-
motion of sustainable soil management has been instrumental in the promotion of CA 
in Mexico. The increase in productivity will, in part, be achieved through adoption 
of CA in areas where water is the limiting factor. In 2 years, the strategy increased 
the area under CA adoption by 23,000 ha nationally (B. Govaerts, unpublished data, 
2012). CIMMYT has played a catalytic role in improving the collaboration and co-
ordination among stakeholders including farmers and their organizations, research 
institutes, extension services, national, state, and local government, and the private 
sector. Most notably, MasAgro has played an important role in orienting federal and 
state government incentive programs to promote CA and reactivating the national 
extension program for maize, Programa de Incentivos para Productores de Maiz y 
Frijol (PIMAF), through training in CA and sustainable management practices, and 
strengthening linkages between farmers and research institutes (CIMMYT 2012).

Sharing CA know-how between farmers has been vital for the expansion of CA 
practices in Latin America and should be maximized in CA extension programs. 
In Atlántida, Honduras, the expansion of the abonera system during the 1970s and 
1980s attracted a great deal of attention among researchers as its spread was mostly 
farmer-to-farmer, rather than through government or researcher intervention. Farm-
ers using this system innovated and shared new and improved practices with their 
neighbors (Neill and Lee 1999). An effective way to continue promotion is for ex-
tension agents to focus on farmer communication networks and facilitate informa-
tion exchange between farmers (Buckles et al. 1992). Indeed, in their review on 
factors affecting CA adoption, Knowler and Bradshaw (2007) noted that “Without 
knowledge of the practices associated with CA via some [effective] information 
or communication channel, adoption is improbable.” CA has been more readily 
embraced by farmers who have better linkages to information systems, and are 
more engaged in farmers’ associations, as seen in Argentina and Brazil. Organized 
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farmers’ unions and associations are important as they can assist not only in dis-
seminating information among peers but also in pooling resources for the purchase 
of machinery and other inputs, reducing economic barriers, and improving acces-
sibility to technology.

16.5 � Summary and Conclusions

The greatest success of CA adoption has been in the southern South American re-
gion. In Brazil, CA knowledge and technology developed first in the southern tem-
perate region has spread to the more tropical north and central-west regions. Areas 
of Argentina, Paraguay, and Bolivia with similar agroclimatic characteristics also 
benefited from knowledge and technology exchange with Brazil. No-till machinery, 
ranging from manual planters and small animal-drawn planters designed for hilly 
regions, to extremely wide planters for expansive, flat regions such as the Brazil-
ian Cerrado have been developed. The fact that CA has spread throughout the vast 
landscape of Brazil reflects the widespread applicability of the principles of CA 
to different climates and topography. However, the techniques used to apply these 
principles have been diverse, depending on local farming systems and the socioeco-
nomic situations of farmers. In Central America, for example, many communities 
have adopted the slash–mulch system which follows the principles of CA. This 
practice was developed by indigenous farmers and can be considered a bottom-up 
approach for soil conservation and food security which, especially when combined 
with institutional and policy support, led to rapid adoption. A number of global 
networks of sustainable agriculture collaboration exist, through which ideas and 
innovations from one region can be exported to others and can then be adapted to lo-
cal conditions. Component technologies and techniques implemented, for instance 
in the Southern Cone of South America, can be adapted to other regions where CA 
has caught on more slowly.

Since it appears that CA has the potential to be adapted to any agroclimatic 
zone, one may suggest that constraints to the adoption of CA practices in other 
regions are not so much related to environmental factors but related rather mainly 
to socioeconomic and political issues. Of the limitations outlined above, most were 
related to economic constraints, lack of incentives, access to information, crop-
residue trade-offs, and traditional practices and beliefs. In Central America, institu-
tional support for research on CA and information dissemination has been limited. 
Though benefits in terms of reduced labor, soil conservation, and increased yields 
have been demonstrated, small-scale farmers still have limited access to technology 
due to economic constraints and lack of know-how. Competition for crop residues 
between animals and soil cover in Central America and the Andean region, as well 
as in many other regions worldwide, especially rainfed cropping regions, is closely 
linked to the potential of CA adoption. Future research using participatory methods 
should aim to find solutions to crop-residue trade-off issues and to make CA more 
economically viable for small holders.

Future research directions should thus focus on strengthening innovation sys-
tems and collaboration among research institutions, NGOs, farmers and farmers’ 
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associations, policy makers, input and output market agents, machinery suppliers, 
etc., in order to create the enabling environment for CA innovation and adoption. 
Farmer-to-farmer knowledge dissemination has proven most effective suggest-
ing that technology extension efforts should concentrate on facilitating farmer-to-
farmer information exchange. Increased knowledge sharing on CA between similar 
regions of Latin America and the rest of the world could help to accelerate rates 
of adoption. Adoption of CA, leading to sustainable and soil-conserving farming 
systems, can become more widespread in Latin America, but will require increased 
collaboration of stakeholders and attention to socioeconomic, political, and agro-
nomic factors that currently impede adoption.
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Abstract  Conservation agriculture (CA) is a production paradigm that groups 
reduced tillage, mulching with crop residues or cover crops, and diversified crop 
rotations, especially those that incorporate leguminous crops. In North America, 
reduced tillage is the most widely adopted practice that seeks the ideals of CA and 
adoption rates are increasing. Cover crops are used on a low percentage of cul-
tivated land in North America, but recent efforts to promote the value of cover 
cropping have resulted in increased adoption rates. Developing cropping systems 
that use biomass for biofuel systems has potential for expanding the cultivation of 
cover crops. This chapter illustrates the diversity in CA adoption in North America 
by describing CA adoption in contrasting production regions with variations in cli-
mate, soil types, and cropping systems. Zero-till adoption has been more popular in 
regions where growing seasons are not limited by cold conditions and with moder-
ate levels of crop residue. Zero-till adoption has been limited by difficulties in seed-
ing and the development of weed resistance to common herbicides. Strip tillage has 
evolved as an alternative conservation tillage practice and is being adopted widely 
across North America. Future CA systems will allow for conservation practices, 
such as tillage intensity, to be applied in a spatially variable way that matches con-
servation costs and benefits with specific conditions in fields and watersheds.

Keywords  Cover crops  ·  Cropping systems  ·  Dryland agriculture  ·  Great 
Plains · Watersheds
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17.1 � Introduction

Conservation agriculture (CA) is a production paradigm that groups reduced tillage, 
mulching with crop residues or cover crops, and diversified crop rotations, especial-
ly those that incorporate leguminous crops. The use and adoption of these practices 
varies widely throughout North America, but the grouping of these three manage-
ment systems is not commonly referred to as CA by producers, conservationists, 
or researchers. The variability in adoption of CA in North America is a function 
of climate, cropping system, soil type, and socio-economic factors (Pannell et al. 
2014). In North America, reduced tillage is the most widely adopted practice that 
seeks the ideals of CA. For example, maize ( Zea mays L.) is produced on more 
than 10,000,000 ha in the USA and about 20 % of the area sown to maize is zero-
till (Horowitz et al. 2010). However, the adoption of zero-till varies widely among 
maize regions in North America. For example, in the Great Plains region, zero-till is 
practiced on about half of the total maize area in the US state of Kansas (Horowitz 
et al. 2010). In this semiarid region, zero-till has been beneficial in improving water 
use in rainfed systems. By contrast, in the US state of Minnesota, maize is exten-
sively cultivated but zero-till adoption is less than 1 % of the sown area (Horowitz 
et al. 2010). As with other parts of the Upper Mississippi River Basin, cold climate 
and short growing seasons limit the adoption of zero-till. Conservation tillage, in-
cluding zero-till, has been widely promoted in the USA by federal government con-
servation agencies and no-till adoption rates are increasing overall at an estimated 
rate of about 1.5 % per year (Horowitz et al. 2010).

Cover crops are an increasingly important conservation practice in North Amer-
ica. In the USA, there are currently about 0.8 million ha planted to cover crops. 
While this is a small percentage of the total cropland, this area experienced about 
a fivefold increase in the USA between 2008 and 2013 (Werblow and Watts 2013). 
Organic crop producers have successfully demonstrated how cover crops can be 
used to suppress weeds, fix nitrogen, and cycle nutrients. The success in organic 
systems has been a catalyst for adoption in conventional crop production. Federal 
incentive programs in the USA are currently emphasizing the use of cover crops as 
an approach to reduce soil erosion and improve overall soil health.

To illustrate the diversity in CA adoption in North America, this chapter pro-
vides an overview of several contrasting production regions (Fig. 17.1). For each 
region, the climate and soil types are described and the typical cropping systems are 
outlined. An explanation of how CA practices are adopted is given and barriers to 
further adoption are explained.

17.2 � History and Present Status of CA in North America

There has been an evolution of common tillage approaches in North America. In the 
early twentieth century, most soils were subjected to intense tillage with the mold-
board plow as the primary tillage approach. However, reducing fuel use, minimizing  
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soil erosion, and improving soil quality have motivated adoption of reduced tillage 
practices. Conservation tillage systems have been promoted as a component of best 
management practices for reducing water runoff, soil erosion, and enhancing soil 
quality (Unger 1990; Hatfield et al. 2001; Holland 2004). Conservation tillage can 
increase water infiltration rate (Truman et al. 2005; Sullivan et al. 2007), soil water 
content (Phillips et al. 1980), crop water productivity (Blevins and Frye 1993; Hat-
field et al. 2001), soil organic matter (Franzluebbers 2002), and microbial activity 
(Six et al. 1999) compared to conventional tillage.

Early in the history of no-till and conservation tillage, the major stumbling blocks 
to adoption of these practices were concerns over weed and pest control limitations 
of planting equipment to handle crop residues. Technology has evolved to address 
these concerns, including advancements in herbicide and pesticide technologies as 
well as improvements in field equipment and plant genetics. As adoption of con-
servation tillage has grown, weed resistance to common herbicide modes-of-action 
has increased as a concern for crop producers (Lyon et al. 1996). In addition, insect 
and pathogens can be more difficult to control as crop producers reduce tillage 
or discontinue tillage operations in favor of soil conservation and reduced tillage. 
Other stumbling blocks to adoption of no-till or other conservation tillage practices 
are prominent in colder climates and are related to planting delays, poor crop estab-
lishment, and slow crop growth, which often results in substantial yield reductions 

Fig. 17.1   Selected Regions of North America where conservation agriculture is practiced
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(Buman et al. 2004). This concern is especially important for maize production or 
high-crop residue rotations, such as continuous maize. As soil and water conserva-
tion continue to be a high priority, innovation and technology are needed to address 
factors that limit adoption of sustainable practices such as CA.

17.3 � Regional Experiences with Conservation Agriculture

17.3.1 � Dryland Cropping Systems in the Semiarid 
Great Plains

The US Great Plains is a semiarid agricultural region in a native prairie and steppe 
landscape. Irrigation is widely practiced when there is access to water resources, but 
dryland crop production is also extensive. The region extends from Canada in the 
north to the US state of Texas in the south and is bound by the Rocky Mountains to 
the west and higher rainfall zones to the east (Fig. 17.1). Most cultivated soils in the 
Great Plains were formed from loess parent materials, have textures of silt loam, 
silty clay, and loamy sands (Stewart et al. 2010), and are classified as Mollisols, 
Entisols, Aridisols, Vertisols, and Alfisols (Aandahl 1982). Annual precipitation 
increases sharply from west to east, ranging from just 300 mm east of the Rocky 
Mountains to more than 500 mm on the eastern boundary of the semiarid zone. A 
major challenge for crop production in this region is the frequency of in-season and 
long-term droughts, with annual precipitation varying more than 100 % from year to 
year. While precipitation increases from west to east, there is also a strong increase 
in potential evapotranspiration (PET) from north to south. Annual precipitation 
nearly equals annual PET in the northern Great Plains, but PET is nearly four-times 
greater than annual precipitation in the southern Great Plains. The geographic varia-
tion in precipitation and PET strongly influences cropping practices and adoption 
of CA over the region.

The principle dryland crop in the Great Plains is wheat ( Triticum aestivum L.). 
Because of limited and unpredictable rainfall, the traditional rotation is wheat–sum-
mer fallow (WF). The WF rotation produces one crop every 2 years, employing 
a summer fallow to capture and store precipitation. For the southern and central 
Great Plains, winter wheat is grown and the cropping period is 9 months followed 
by 15 months of fallow. In the northern Great Plains, spring wheat is grown with the 
fallow period as long as 21 months. These extended fallow periods, referred to as 
summer fallow, have been the traditional system for wheat production in the Great 
Plains since early in the twentieth century. Although WF produces only one crop 
every 2 years, this rotation gained favor over annual cropping because the summer 
fallow stabilized yields, reduced crop failure, and improved the annualized grain 
yield at some locations (Greb et al. 1970; Baumhardt and Anderson 2006).

While summer fallow minimizes the risk of crop failure, there are many sustain-
ability problems associated with extensive fallowing including poor precipitation 
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use efficiency, increased soil erosion, decreased soil organic C and N, and fragile 
economic returns (Black et al. 1981; Janzen 1987; Campbell et al. 1990; Wienhold 
et al. 2006). Precipitation storage efficiency during fallow is poor, ranging from ap-
proximately 15 to 40 % (Black and Power 1965; Tanaka and Aase 1987; Peterson 
et al. 1996), with reduced and no-till systems accounting for the higher reported 
values. To address these problems, there has been an evolution of tillage and resi-
due management practices for dryland cropping systems in the Great Plains that 
has reduced the number and type of tillage operations (Lyon et al. 2004). Specific 
tillage methods used in WF rotations vary, but a common approach is to use mul-
tiple, shallow tillage passes using wide blades or sweeps to control weeds during 
summer fallow and chisels or disks for seedbed preparation. The development of 
cost-effective herbicides and good planting equipment has facilitated the adoption 
of zero-till systems by an increasing number of producers. Zero-till systems elimi-
nate all soil disturbing operations other than planting, increase precipitation capture 
and storage, and allow intensification of the crop rotation. Thus, zero-till adoption 
is the first step towards developing a CA system in the Great Plains environments.

Intensified dryland crop rotations employed with zero-till in the Great Plains 
reduce the frequency and change the timing of fallow periods. The adoption of 
these CA systems varies regionally in the Great Plains. In the northern Great Plains, 
zero-till increased from less than 5 % of total dryland in 1989 to nearly 25 % in 
2004 (Fig. 17.2; CTIC 2011) to nearly 60 % in recent years (Hansen et al. 2012). 
Adoption of no-till practices has been less in the higher PET areas of the central and 
southern Great Plains where there is less flexibility in crop choice and crop rotation. 
In the central Great Plains, no-till has increased from 5 % of the dryland areas in 
the early 1990s to more than 20 % in recent years (Hansen et al. 2012; Fig. 17.2). In 
parts of the southern Great Plains, adoption of no-till is less than 5 % of the dryland 
area (Hansen et al. 2012). In these southern areas, biomass production in dryland 

Fig. 17.2   Zero-till adoption in the northern, central, and southern Great Plains in the USA 
from 1989 to 2004. (Source: Conservation Tillage Information Center, Purdue University, West  
Lafayette, IN)
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areas can be so limited that there is not enough crop residue to conserve soil water 
under no-till practices. Further, grazing of winter annual forage crops is typical in 
the southern region, which can lead to soil compaction that requires tillage to alle-
viate the problem. These regional differences clearly illustrate how climate factors 
influence the potential adoption of CA.

Intensification of the WF rotations has accompanied adoption of zero-till due 
to improved soil water capture and storage (Aase and Siddoway 1980; Aase and 
Reitz 1989; Cochran et  al. 2006). In the northern Great Plains, zero-till farmers 
have converted the traditional WF to annual crop rotations without a summer fallow 
period. The most common CA rotations in the northern regions replace the sum-
mer fallow period with pulse and oilseed crops (Zentner et al. 2002). In the central 
Great Plains, CA rotations have not eliminated summer fallow, but have reduced 
fallow frequency to every third or fourth year. A typical 3-year CA rotation is winter 
wheat–summer crop–summer fallow with maize, sorghum ( Sorghum bicolor [L.] 
Moench ssp. bicolor), sunflower ( Helianthus annuus L.), and proso millet being 
common summer crops. There has been little success incorporating a pulse crop in 
the central Great Plains, but current efforts are exploring options. In the hotter and 
drier southern Great Plains, the most common CA crop rotation is wheat-sorghum 
summer fallow.

Use of green manures and cover crops in CA systems has been limited in dry-
land systems of the Great Plains. The greatest adoption of green manures and cover 
crops has been in the northern Great Plains, where leguminous green manures have 
been used to reduce fertilizer N requirements (Pikul et al. 1997; Zentner et al. 2004; 
Miller et  al. 2006). In the central and southern regions, the competition for soil 
water by cover crops has limited their adoption. Research in these areas has shown 
that cover crops in lieu of fallow can adversely affect subsequent wheat yields due 
to soil water depletion (Vigil and Nielsen 1998; Nielsen and Vigil 2005).

CA systems have increased the productivity of dryland cropping systems in the 
Great Plains. Zero-tillage increases water use efficiency of spring wheat (Cutforth 
and McConkey 1997), oilseeds (Cutforth et  al. 2006), and pulse crops (Cutforth 
et  al. 2002). Cochran et  al. (2000) found that the total production of continuous 
spring wheat was about 25 % greater than a spring wheat–summer fallow rotation 
in a long-term study in NE Montana initiated in 1984. Wheat-based rotations with 
crops like pea ( Pisum sativum L.) or lentil ( Lens culinaris Medic) increased the 
wheat yield by 25 % compared with continuous wheat (Allen et al. 2010; Miller 
et al. 2003). In the central Great Plains, intensifying the cropping systems using CA 
has increased annualized grain yield by more than 75 % relative to the yield of the 
WF system (Peterson and Westfall 2004). These yield increases have translated into 
25–40 % gains in net income for farmers (Kaan et al. 2002). CA systems have had 
positive impacts on soil physical and chemical properties including decreased bulk 
density of the surface soil layer, increased total porosity, and increased effective 
pore space (Shaver et al. 2002). In a long-term study, Sainju et al. (2009) reported 
that zero-till annual cropping systems for spring wheat reduced the potential for 
soil erosion, improved soil quality, and increased soil organic matter compared to 
conventionally tilled spring wheat–summer fallow.
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17.3.2 � Irrigated Cropping Systems in the Semiarid Great Plains

Irrigated crop production systems are highly developed in the semiarid climate of 
the Great Plains. Irrigation substantially increases crop yield potential and decreas-
es the risk of crop failure during periods of drought, especially for full-season crops 
such as maize and alfalfa ( Medicago sativa L.) or relatively high-value crops such 
as potato ( Solanum tuberosum L.) or sugar beet ( Beta vulgaris L.). Irrigation, how-
ever, depends on the availability of surface or subsurface water resources, which are 
scarce in the semiarid Great Plains. As a result, irrigation is practiced on only about 
7 million ha in this region (NASS 2012). Principal sources of irrigation water are (1) 
the upper Missouri River, (2) the Platte River, (3) the Arkansas River, and the High 
Plains (Ogallala) Aquifer. Soils under irrigation are usually highly productive, but 
their characteristics vary widely, ranging from loess or glacial till in upland areas to 
mixed alluvium in the river valleys.

Maize is the most common irrigated crop in the semiarid Great Plains and is 
grown on more than 2.4 million ha. Alfalfa and other hay crops, wheat, grain sor-
ghum, cotton ( Gossypium hirsutum L.), soybean ( Glycine max [L.] Merr.), sugar 
beet, malt barley ( Hordeum vulgare L.), potato, dry edible bean ( Phaseolus vulgar-
is L.), and many other minor crops are also grown with irrigation. Rotation diversity 
varies throughout the region from continuous maize or perennial hay crops to 3- or 
4-year rotations including combinations of the previously listed crops. Often, when 
a single crop with relatively high economic return is grown in an area, producers 
will grow that crop as often as possible to maximize economic return, with maize 
produced for grain as the most common crop in continuous rotations. While eco-
nomic factors often favor continuous maize production, it is well established that 
most crops benefit from rotation diversity. It is often attractive for producers to 
diversify their rotations by adding annual legume crops such as dry bean or soybean 
to maize rotations. Further, rising costs and environmental risks associated with 
commercial N fertilizers make it attractive to adopt practices that utilize nonfertil-
izer sources of N and it is well-documented that including legumes in rotation with 
nonlegume crops reduces the commercial fertilizer N requirement (Burgess et al. 
2012).

There is ample opportunity to implement principles of CA in irrigated cropping 
systems of the semiarid Great Plains. The earliest development of irrigation in the 
Great Plains used surface water that was spurred by construction of water stor-
age reservoirs and distribution canals beginning in the late nineteenth and early 
twentieth century. Most early irrigation projects involved surface irrigation prac-
tices (furrow, flood, etc.) that were not conducive to CA. Beginning in the 1930s, 
pumping and sprinkler irrigation technology advanced and more sprinkler systems 
were installed and the most extensive irrigation in the Great Plains is center-pivot 
sprinklers fed by water pumped from the High Plains Aquifer. Sprinkler irrigation 
now makes up more than 70 % of the irrigated land in the Great Plains.

A current factor driving adoption of CA is water scarcity. Increased irrigation in 
the semiarid Great Plains has led to declining groundwater supplies. For example, 
irrigation wells in the central and southern Great Plains of the USA that tap the High 
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Plains Aquifer have led to declining water levels in the aquifer. While the overall 
decline is less than 10 % of the original water storage, there are some southern areas 
of the aquifer where only about half of the original saturated thickness remains, 
leading to an estimated 35 % of the southern High Plains unable to economically 
pump water for irrigation within 30 years (Scanlon et al. 2012). Further, competi-
tion for surface and groundwater among agriculture, municipalities, industries, rec-
reation, and environmental uses is driving scarcity and the need for improvements 
in water use efficiency. CA is being implemented to maintain crop residues at the 
soil surface, leading to more efficient capture and use of precipitation, thus reducing 
the demand for irrigation water. Similarly, crop rotations that reduce the frequency 
of high water use crops such as maize and alfalfa ( Medicago sativa L.) are becom-
ing more common.

No-till innovation and adoption has been fostered through local organizations 
that bring together producers, equipment companies, and scientists that work to-
gether to solve challenges associated with no-till. For example, the organization 
called No-till on the Plains demonstrates consistency with the principles of CA, 
stating their purpose to education of “several key components including high-qual-
ity continuous no-tillage with invisible sowing methods, undisturbed previous crop 
residue or growing a living mulch between cash crops, and diverse crop rotations 
along with planned, managed grazing of livestock (www.notill.org).” The organi-
zation hosts an annual conference and trade show, symposia, and field day events, 
publishes a trade-oriented magazine, and maintains a website (www.notill.org). 
Other organizations with similar goals are instrumental in promoting CA in the 
Great Plains (Table 17.1) and throughout North America. Most of the organizations 
are led by a board of volunteers who are committed to forwarding soil conservation 
and sustaining agriculture.

While zero-till adoption has increased, many irrigated producers have been re-
luctant to adopt no-till due to challenges associated with high levels of residue, 
weeds, disease, and insect pressure. Abundant crop residues produced by some 
crops (e.g., maize) under irrigation may interfere with planting operations or may 
inhibit seedling emergence due to reduced springtime soil temperatures or physical 
interference. Some farmers remove crop residues in order to address these and other 
concerns.

Strip tillage is a conservation tillage system that is gaining popularity as an alter-
native to zero-till in the Great Plains. Strip till seeks to combine attributes of both 
conventional tillage and zero-till. In this system, a narrow band of soil (15–25 cm) 
is tilled to a depth of about 10–20 cm where the row crop will be established while 
the soil and crop residue in the inter-rows (50–60 cm) remains in a no-till condition 
(Farmaha et al. 2011). The system provides soil and water conservation similar to a 
zero-till approach, and also overcomes some of the seedbed limitations associated 
with zero-till (Vyn and Raimbault 1992; Jones et al. 1994; Morrison 2002; Randall 
and Vetsch 2008; Farmaha et al. 2012; Fernández and White 2012). Strip till is often 
used to subsurface apply nutrients such as phosphorus and potassium, which oth-
erwise tend to accumulate in the soil surface in no-till fields (Holanda et al. 1998; 
Fernández and Schaefer 2012). Strip till requires specialized equipment and greater 
operator skills, not only to till the strips, but to match the strip with the planter and 

www.notill.org
www.notill.org
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other field equipment. It has been most successfully adopted in association with 
precise global positioning system-based guidance mechanisms. In the Great Plains, 
strip till has recently been applied successfully to sugar beet production (Overstreet 
2009; Evans et al. 2010). Jabro et al. (2011) reported that bulk density was lower 
and infiltration greater in sugar beet grown with strip tillage than when grown with 
conventional tillage. This difference was attributed to differences in soil compac-
tion resulting from vehicular traffic, which can be five to seven times greater with 
conventional tillage than with strip tillage.

17.3.3 � Rainfed Cropping Systems in the Upper Minnesota 
River Basin

The Upper Minnesota River Basin is an important agricultural region in North 
America and a major part of the region known as the US corn belt. The region is 

Table 17.1   Organizations in the US Great Plains region that promote the adoption of conservation 
tillage practices with their mission statements and activities
Organization Mission statements and activities Website
Colorado Conservation 
Tillage Association

Mission: “To facilitate the exchange of 
ideas to preserve our agricultural soil and 
water resources for generations by provid-
ing a system which drastically reduces 
soil erosion, conserves soil moisture, and 
builds organic matter”

www.highplainsnotill.com

Regular activities: Annual conference, 
newsletter

No-till on the Plains Mission: “To provide education and 
networking on agricultural production 
systems that model nature”

www.notill.org

Regular activities: Annual conference, 
symposia, magazine

Panhandle No-till 
Partnership

Mission: “To help arm producers with 
educational support, knowledge, and 
practical use techniques for continuous 
no-tillage cropping practices”

www.panhandlenotill.org

Regular activities: Annual conference, 
field day events

Manitoba-North 
Dakota Zero-Till 
Farmer’s Association

Mission: “To preserve our agricultural soil 
resource for future generations by promot-
ing a system of crop production which 
drastically reduces soil erosion and builds 
up organic matter”

www.mandakzerotill.org

Regular activities: Field tours, workshops
South Dakota No-Till 
Association

Mission: “To promote, advance, and 
improve agriculture through the utiliza-
tion of no-till farming methods”

www.sdnotill.com

Regular activities: workshops, soil health 
challenge

www.highplainsnotill.com
www.notill.org
www.panhandlenotill.org
www.mandakzerotill.org
www.sdnotill.com
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primarily comprised of land in four US states, Illinois, Iowa, Minnesota, and west-
ern Wisconsin (Fig. 17.1). Most cultivated soils in this region formed from loess or 
glacial till parent material, and soil textures in agricultural fields range from sand 
in the central part of Minnesota to silt loam and silty clay loam in most of Illinois, 
Iowa, southern Minnesota and western Wisconsin. One of the most distinctive char-
acteristics of the region is the prevailing deep and fertile soils with high organic 
matter content in a relatively level landscape. The dominant soil orders in agricul-
tural production areas are Mollisols and Alfisols. The southern third of Illinois is 
characterized by older soils that were not affected by the last glaciation (Wiscon-
sinan glaciation) approximately 11,000 years ago and have lower productivity and a 
subsurface claypan that makes them less permeable. In general, soils become more 
alkaline from east to west as calcium carbonate concentrations increase. The region 
has a substantial precipitation gradient that decreases from south to north and from 
east to west. Mean annual precipitation in southern Illinois is above 1200 mm and in 
northwestern Minnesota is about 450 mm. Annual mean temperatures also decrease 
from south to north with approximately 14 °C in southern Illinois to less than 2 °C in 
northern Minnesota. The temperature variation has a large influence on the adoption 
of CA, with much less adoption of zero-till practices in the colder zones. In general 
for the region, wet and cool soil conditions in early spring become increasingly 
predominant from south to north. The adoption of zero-till for maize production 
follows this pattern, decreasing from south to north reflecting the challenge for 
zero-till maize production under wet and cool soil conditions.

The two most-extensively cultivated crops in the Upper Mississippi River basin 
are maize and soybean, representing 89 % of all cropland. The most common crop 
rotation is a 2-year rotation of maize and soybean. In recent years, mostly induced 
by favorable maize prices and increasing maize demands for ethanol production, 
there has been an increase in continuous maize or 2 years of maize followed by 1 
year of soybean. Lesser crops in the region are wheat and alfalfa. In southern areas 
of this region, where wheat harvest is sufficiently early in the growing season, a 
second crop of soybean is often produced in the same growing season.

Among the CA practices, conservation tillage has been the most widely adopt-
ed practice in this region. Reducing soil erosion by water has been the primary 
motivation for adoption of conservation tillage practices. Another important reason 
for implementation of conservation tillage practices in the region is the benefit of 
reduced labor and equipment costs associated with these practices. Although con-
servation tillage approaches are common, adoption of continuous zero-tillage in 
the upper Mississippi basin is only 13 % of cultivated land (Horowitz et al. 2010). 
The primary limitation to the adoption of zero-tillage is that crop residues create an 
insulation layer and greater albedo of crop residue compared to tilled soil, which 
reduces water evaporation and warming of the soil (Horton et al. 1996). These are 
important concerns in this region where soils are cool and normally saturated with 
water early in the spring. Reduced water evaporation can delay field operations 
for planting and wet soils are slower to warm up in the spring, which can cause 
problems with seed germination and root development. Further, cool soils can slow 
down important processes of sulfur and nitrogen mineralization from the soil organ-
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ic matter and reduce their availability to the crop. In general for the region, wet and 
cool soil conditions in early spring become increasingly predominant from south to 
north. The adoption of zero-till for maize production follows this pattern, decreas-
ing from south to north reflecting the challenge for zero-till maize production under 
wet and cool soil conditions. Most maize is planted after primary tillage with chisel 
plowing in the fall followed by secondary shallow tillage, such as field cultivation, 
to prepare the seedbed in the spring. In most cases, this approach is still classified 
as conservation tillage because the fall chisel plow leaves a rough surface and suf-
ficient crop residue on the soil surface to reduce soil erosion concerns. Maize grain 
yield is affected by tillage system, but the effect varies according to soil and climate 
factors. Typically, maize yield tends to be equal or slightly higher in no-till than 
conventional tillage systems in well-drained soils, soils with considerable slope 
(5 % or greater), soils with low organic matter, or when dry conditions develop 
during the growing season. The yield advantage is mostly the result of water con-
servation benefits with zero-till. On the other hand, maize yields tend to reduce with 
no-till relative to tilled fields in the predominant soils of the region: poorly drained 
fine-textured soils with high organic matter content and minimal slope (Simmons 
and Nafziger 2009). In contrast to maize, soybean is often planted directly on the 
maize residue, and is often referred to as zero-till soybean. While soybean is planted 
without tillage, the maize–soybean rotation is not a zero-till system. The reason 
soybean is often planted directly without prior tillage operations is that this crop 
is planted later in the spring relative to maize, so the soils are normally drier and 
warmer than when maize is planted. However, recent research also indicates that 
there might be seed yield advantages for early soybean planting (De Bruin and Ped-
ersen 2008). It is possible that similar concerns to those for maize production exist 
for early-planted soybeans in no-till or conservation tillage systems.

Strip tillage is also emerging as an alternative to zero-till in the Upper Missis-
sippi River Basin (Farmaha et al. 2011; Fernández and White 2012). In contrast to 
the semiarid Great Plains region, strip tillage in this region is best when done in 
the fall rather than spring because soil conditions tend to be drier and there is less 
concern for sidewall smearing in the soil or formation of large clods. Fall tillage 
also exposes soil in the tilled strip to the freezing and thawing, which is perceived to 
create a more “mellow” seedbed. A significant limitation for strip tillage in the Up-
per Mississippi River Basin is the common rolling topography. Strip tillage is best 
suited for flat fields as tillage strips in the direction of the slope can create a channel 
for water to flow and cause substantial soil erosion.

17.3.4 � Rainfed Cropping Systems in the Great Lakes Region

Situated at the border of the USA and Canada are five large, fresh water lakes 
(Lakes Superior, Erie, Huron, Michigan, and Ontario) collectively referred to as 
the Great Lakes region, which encompass parts of eight US states and the Ontario 
province of Canada (Fig. 17.1). The region has a subhumid, temperate climate. An-
nual precipitation varies from 840 mm in the northwest to 1100 mm in the southeast 
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(Harstene 1991), which is similar to the wetter parts of the Upper Mississippi River 
Basin. In most years, precipitation is sufficient to meet crop water requirements 
of rainfed agronomic crops. Irrigation is used to support some fruit and vegetable 
crops, which are more sensitive to lack of soil moisture than agronomic crops. One 
distinguishing feature of this region is in winter when dry cool air masses from 
Canada’s northwest pick up heat and moisture when passing over the ice free lakes. 
The moisture precipitates as snow over the downwind land masses and can lead to 
significant snowfall in areas known as the Snowbelt (USEPA 1995). Further, annual 
temperatures are moderated by the latent heat of the massive freshwater bodies, 
which extend the frost-free periods and provide a climate conducive for some crops 
that otherwise could not persist at these northern latitudes, such as grapes (Dami 
et al. 2005). Soil genesis in the Great Lakes region is strongly affected by glacial 
activity during past ice ages (USEPA 1995). Several soil orders can be found in the 
region, but Alfisols dominate followed by Mollisols.

In the Great Lakes region, maize, soybean, hay crops, and wheat are planted on 
the majority of cropland (OMAFRA 2013; USDA 2009). A variety of other eco-
nomically important field and vegetable crops are produced, but on much less area. 
Similar to the Upper Minnesota River Basin, a maize–soybean rotation is com-
monly practiced throughout the region. Soybeans may be planted as a double crop 
after wheat is harvested if the growing conditions are favorable. Forage crops are 
significant in the region and include alfalfa and silage maize. A developing forage 
practice is to plant winter cereal grains (i.e., wheat, triticale) after maize silage as 
a double-cropping system. The winter cereals are harvested as forage in late fall or 
spring as supplemental feed for the operation (Dustin Ramsier, personal communi-
cation, 29 January 2014).

One factor motivating the need for CA is the loss of sediment and nutrients in 
runoff from cropland and the resulting water quality degradation. Erosion is most 
likely to occur during winter and spring months when soils are either bare or covered 
with decomposing crop residue rather than summer or fall when cropland is covered 
by growing plants or recent crop residues (Richards et al. 2007). In the late 1970s, 
Wall et  al. (1982) reported that cropped land contributed 70–100 % of sediment 
loads in basins in southern Ontario resulting in an estimated 5.9 × 105 Mg year−1 of 
sediment to the Great Lakes. Since then, adoption of conservation tillage and other 
erosion control practices has been widely promoted in this region. In northwest 
Ohio, sediment loading of Lake Erie declined during a 30-year period ending in 
2005 (Richards et al. 2007).

Subsurface and surface losses of nitrogen and surface losses of phosphorus from 
cropland in the Great Lakes drainage basin are also of major concern. Improved 
surface and subsurface drainage systems increase the transport of nutrients from 
cropland to streams that drain into the Great Lakes (Gilliam et al. 1999). Addition of 
phosphorus to the Great Lakes has caused considerable negative impacts in the past. 
Historically and in recent years, Lake Erie has been severely impacted by eutrophi-
cation due to phosphorus loads in agricultural runoff (Kleinman 2012). Phosphorus 
loading to Lake Erie declined as crop producers shifted from conventional to con-
servation tillage practices and reduced total phosphorus in runoff (Sharpley et al. 
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2013). However, one challenge associated with reduced tillage is the stratification 
of applied phosphorus in the surface soil horizons, which can increase the risk of 
dissolved phosphorus loss in runoff to the Great Lakes.

Adoption of conservation and reduced tillage practices varies by region and 
crop. In the more southern parts of the region, no-till adoption represents 47 % of 
cropland, while in the more northern areas, no-till is about 20 % of cropland. The 
more broadly defined conservation tillage represents 60 and 30 % of cropland for 
the same areas, respectively (Horowitz et al. 2010). When the same data are consid-
ered over the entire region by crop, zero-till is used on 20 % of maize and 65 % of 
soybean. Similar to the observations for the Upper Mississippi River Basin, these 
statistics clearly do not illustrate zero-till over the full crop rotation.

Less data are available about the adoption of cover crops, but in general they 
are used on a small percentage of cropland. When used, cover crops are most often 
planted between maize and soybean in the 2-year rotation. Generally, crop produc-
ers appear to prefer planting a single species, which may be winter cereal grains, 
legumes, brassicas, and annual grasses in decreasing order of preference (Werblow 
and Watts 2013). Less than 20 % of crop producers are planting two or more species 
in a cover crop mix.

Maize and soybean crop yields are slightly lower when crop producers practice 
CA in the Great Lakes region compared to conventional tillage practices (DeFelice 
et  al. ). The yield reduction is greater in poorly drained soils than well-drained 
soils. Yet, the benefit of zero-till management is the reduction in overland flow, 
sediment, and chemical transport from cropland (DeLaune and Sij 2012). Crop 
producers are less likely to contribute nonpoint pollutants to streams and lakes 
when erosion and runoff are minimized through conservation tillage practices. The 
benefits of cover crops in CA systems continue to be reported. Cover crops are 
grown to secure the soil during winter and spring months, reduce nutrient loss, 
and provide forage for animals. Fae et al. (2009) reported that cover crops plant-
ed after silage maize in Ohio did not negatively affect the following maize yield, 
and crop producers harvested the crop as supplemental forage. Similarly, many 
researchers find that cover crops do not negatively affect yields in the following 
crops in this region (Heatherly and Elmore 2004; Wortman et al. 2012). The ben-
efits of cover crops are reduced surface runoff, increased infiltration and perco-
lation of precipitation, increased soil organic carbon, improved soil structure, se-
cured nutrients, and addition of nitrogen to soils when a legume is used (Frye et al. 
1988).

In a survey of crop producers in Ohio, Sundermeier et al. (2009) evaluated how 
producers make decisions about farming practices. They reported crop producers 
adopted conservation practices based on observing other crop producers and read-
ing popular press publications. Nearly 75 % of those surveyed who have adopted 
conservation tillage identified decreased inputs (time, labor, expense) as their pri-
mary reason for adopting CA and about 67 % also indicated protection against ero-
sion as a motivating factor. In addition, the justification for adopting CA systems 
may need to focus on the financial implications of conservation practices rather 
than focusing on ecological impacts or values (Long 2003).
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17.3.5 � Rainfed Cropping Systems in the Humid Southeast

The south and southeastern regions of the USA consists of vast land areas of forests, 
woodlands, agricultural lands, and urban areas. The vast agricultural land area is di-
verse in soil types and agricultural commodities produced. From fruits and vegeta-
bles to timber, grazing and row crop production, the southern region is a productive 
agricultural region. The southern USA has a warm and humid climate that allows di-
versity of production as well as a mild winter allowing production of various crops 
in the winter season as well as the summer season. CA in the southeastern USA 
has been adopted mostly in row crop production. Summer agronomic crops such 
as maize, cotton, peanut ( Arachis hypogaea L.), and soybean are the most widely 
grown. The traditional tillage practice in this region is based on soil inversion with 
a moldboard plow. Plowing is still a common practice. Heavy rainfall events can oc-
cur in spring in this region, which can cause fields to washout and erode drastically 
when a cover crop is not in place. CA systems that minimize soil erosion save time 
and operation costs associated with preparing land for planting. Severe erosion is a 
serious concern for the long-term sustainability of farming where soils are plowed. 
Additionally, plowing can create hardpans in the coarse-textured, sandy soils com-
mon in the region. Hardpans typically form immediately below the impact point 
where the bottom of the plow glides across the soil profile, usually 25–30 cm depth. 
Downward pressure from the weight of the implement forces the soil to compact at 
that depth, which becomes very difficult for roots to penetrate.

CA systems for row crops in this region of the USA emphasize the use of conser-
vation or zero-till systems. Adoption of zero-tillage has been quite limited, but there 
has been better adoption of other forms of conservation tillage. In cotton, for exam-
ple, zero-till is rare but strip tillage has been widely adopted. In a strip-till-based CA 
system, a winter cover crop is established in the fall (September through Novem-
ber). Common cover crops are rye ( Secale cereale L.) and wheat, or crimson clover 
( Trifolium incarnatum L.) if a leguminous cover crop is preferred. Vetch ( Vicia 
villosa L.) is another legume that has increased in popularity in recent years. Grass 
cover crops are most common because of more rapid growth in the fall prior to 
cold temperatures, providing better surface cover for weed suppression and erosion 
prevention into the winter. Crimson clover has gained some popularity preceding  
maize or cotton because of the added benefit of supplemental nitrogen. Strip tillage 
is performed, typically to a depth of 30–45 cm deep. This often results in around 
10–30 % disruption of the soil surface and the rest of the surface is not tilled. Strip 
tilling uses a subsoil shank that is deeper than typical compaction layers and can 
fracture through a hardpan, allowing easier root penetration for exploration of water 
and nutrients through the soil profile. A deeper root system also reduces the chance 
of lodging with taller, upright growing crops like maize and cotton. Zero-till is more 
common in soybean production than for cotton and is practiced on about half of the 
cultivated land in the state of North Carolina. In recent years, herbicide-tolerant 
weeds have emerged as a significant problem in this area, leading to more tillage.

In addition to improved root penetration, there are numerous benefits to zero-till 
or conservation tillage systems in this region. These include improved soil organic 
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matter and tilth, reduced mechanical power demand and fuel costs, and reduced labor 
expenses. Other benefits are often unseen and overlooked and include erosion con-
trol and more diverse agroecosystems. For peanut, there can be both advantages and 
disadvantages to using either conservation or conventional tillage. Some benefits  
gained from turning the soil include physical weed control of emerged seedlings, 
warming the seedbed for quicker crop germination, and burial of surface residues 
containing pathogens and other pests. Negative impacts include soil erosion as pre-
viously discussed, new weed seed brought to the soil surface, and rapid drying of 
the soil. One of the greatest in-season benefits of strip till is the fact that the surface 
residue from a cover crop disrupts the feeding behavior of thrips on peanut foliage, 
which also reduces infection of tomato spotted wilt virus (TSWV). However, the 
release of some highly resistant cultivars to TSWV has minimized this benefit com-
pared to more susceptible varieties. Therefore, tillage operations should be evalu-
ated consistently. There are some long-term benefits from using strip till (especially 
when considering rotations and cropping systems as a whole) that may outweigh 
the immediate gains of using conventional tillage (greater seed–soil contact and 
warmer soil temperatures at planting, raised beds for easier digging, etc.). If the 
same yields and grades can be achieved with fewer inputs, then both the producer 
and sustainability of the environment will benefit from reduced tillage systems.

Although this humid region has high annual precipitation (1000–2000  mm), 
there are key times during the growing season when dry conditions can prevail. 
The most common argument against using cover crops in CA systems in the south-
eastern USA is that there is not adequate soil moisture available to the seed during 
planting of the summer crop in nonirrigated growing conditions. The use of avail-
able water in the soil profile throughout winter by growing cover crops can deplete 
the soil during a time when it is most crucial for moisture to be present. However, 
if a crop can be established with timely rainfall or irrigation, then the cover crop 
residue on the soil surface helps to retain soil moisture throughout the remainder of 
the growing season by reducing evaporation and capturing and holding more water 
in the soil.

Some producers have experimented with growing a winter grain crop to gain the 
advantages of a cover crop and an additional grain harvest. However, since wheat 
harvest is not usually completed until mid- to late May and most of the high-value 
summer crops have ideal planting times around that time or earlier, there is a time 
constraint for getting fields prepared rapidly for double cropping. Most farmers 
prefer to optimize timing of their primary cash crop (the summer crop) rather than 
risk late planting in order to complete a preceding winter grain crop. In some cases, 
a planted wheat crop originally designed for carrying to grain harvest may be termi-
nated and used as a cover crop in order to allow for earlier planting of the summer 
crop, especially true in nonirrigated systems.

An example of a successful CA system in southeastern US cropping systems is 
an integrated sod-based-row-crop rotation. Perennial pasture grasses grown for high 
biomass yield make up the sod component of the rotation. Bahiagrass ( Paspalum 
notatum Flüggé) is extensively grown in the southeast because of its adaptability to 
a wide range of soils and climatic conditions, ease of establishment and termination,  
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and low-maintenance management because of characteristics like low fertility re-
quirement, tolerance to drought and close grazing, and minimal concern of dis-
ease and insect infestation. It functions well in rotation with most row crops in the 
southeast since it is a nonhost for most pathogens that affect the major row crops. 
The rooting of bahiagrass aids in water infiltration, development of soil organic 
matter, and increasing earthworm populations. Row crops in this CA rotation have 
reduced early and late leaf spot ( Cercospora arachidicola and Cercosporidium per-
sonatum, respectively) diseases in peanut, decreased southern blight/stem rot/white 
mold ( Sclerotium rolfsii) in peanuts and cotton, and reduced thrips ( Flankliniella 
fusca), leading to less TSWV ( Tospovirus) in peanuts and tobacco. In addition, it is 
reported that peanut and soybean root-knot nematode ( Meloidogyne spp.), reniform 
nematode ( Rotylenchulus reniformis), and soybean cyst nematode ( Heterodera gly-
cines Ichinohe) infestations may decline following bahiagrass since it is a nonhost 
to these pests (Johnson et al. 2000; Katsvairo et al. 2006). Collectively, these factors 
can result in savings from reduced inputs such as a less frequent need for irrigation, 
elimination of one or more fungicide spray events, and potentially reduced applica-
tions of expensive specialty herbicides due to bahiagrass outcompeting weeds.

17.3.6 � Bioenergy Cropping Systems in the Humid South

The southern USA has a humid climate much like that described for the southeast 
region of the country. Many crop production practices related to CA are similar, as 
are the challenges such as soil erosion and degradation. For many years, agricultural 
soils in the region have provided food, feed, and fiber. More recently, there has been 
an interest for these soils to provide feedstocks for the production of biofuel, both 
for co-firing and for liquid transportation fuels. While many traditional summer an-
nual crops, such as maize and soybean, have been used in bioenergy production, the 
focus here is to illustrate how winter bioenergy crops and perennial bioenergy crops 
can be integrated with traditional row crops in a CA system. Bioenergy cropping 
systems can provide many conservation benefits while providing farm revenue.

Both perennial biomass crops and winter annual bioenergy crops can provide 
some conservation benefits in a CA system that may otherwise leave fields fallow in 
the winter. Table 17.2 contains a list of examples of bioenergy crops being explored 
in the south and southeast regions of the USA. The crops are presented in categories 
of perennial biomass, winter annual oilseed, and winter annual sugar. Bioenergy 
crops provide an opportunity not only to diversify the energy portfolio but also to 
diversify crops and crop rotations.

Winter annual crops can provide some of the same benefits as cover crops, yet 
provide a harvestable product. Some advantages of growing crops over the winter 
include physical protection of the soil, growing roots that provide microorganism 
habitat, break-up of compaction layers by roots of different depth/morphology than 
the summer crop, and addition of organic matter from the winter crop residues. The 
combination of these plant growth activities improves aggregate stability, enhances 
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natural nutrient cycling and infiltration, and overall maintains a healthy soil. Two 
winter oilseed crops gaining interest in the south for bioenergy production are cam-
elina ( Camelina sativa L. Crantz) and rapeseed ( Brassica napus L.), both in the 
Brassicaceae family. Both of these winter crops are cold tolerant and, in most years, 
can be grown successfully in the southern region over winter, whereas in northern 
climates, these are summer crops. The oil from these crops can be used to produce 
biodiesel and other specialty lubricants. These crops, when drilled with narrow row 
spacing, provide good groundcover over the winter months. The seed germinates 
quickly, can be planted into late fall, and has a growth pattern that provides good 
soil coverage even early in the growing season. When cold weather commences, the 
plants remain relatively dormant in the rosette stage, until the early warming when 
the plants begin growing again. They grow additional leaves in the rosette and then 
bolt, flower, and put on seeds in a relatively short time period. Both camelina and 
rapeseed can be planted in zero-till CA systems. After harvest, the crop residue is 
easily planted with the summer crop, as early as May, in the case of camelina and 
June for rapeseed in the mid-south region. The potential delay in planting the sum-
mer crop is one of the barriers to adoption of the bioenergy CA system.

Another winter bioenergy crop beginning to emerge in the southern USA is en-
ergy beet. Preliminary data suggest that energy beets can be grown in the humid 
south as a winter crop, providing potential for both revenue and soil protection. 

Table 17.2   Bioenergy crops being evaluated for production in CA systems in the US south and 
southeast regions
Energy crop Reported yield Citations
Perennial biomass crops Dry biomass yield (Mg ha−1)
Switchgrass ( Panicum 
virgatum)

5–18 Angima et al. 2009; 
Heggenstaller et al. 2009

Miscanthus ( Miscanthus x 
giganteus)

15–25 Lewandowski et al. 2000

Eastern gamagrass ( Tripsacum 
dactyloides)

5–10 Angima et al. 2009; 
Heggenstaller et al. 2009

Big bluestem ( Andropogon 
gerardii)

6–12 Angima et al. 2009; Hall et al. 
1982; Heggenstaller et al. 2009

Little bluestem ( Schizachyrium 
scoparium)

6 Angima et al. 2009

Indian grass ( Sorghastrum 
nutans)

7–18 Angima et al. 2009; 
Heggenstaller et al. 2009

Reed canarygrass ( Phalaris 
arundinacea)

9–16 Cherney et al. 2003; Lamb et al. 
2005

Winter oilseed crops Seed yield (kg ha−1)
Camelina ( Camelina sativa) 675–1700 Gesch and Archer 2013
Rapeseed ( Brassica napus) 2200–3900 Gascho et al. 2001; Slaton et al. 

2011
Winter sugar crops Wet yield (Mg ha−1)
Energy beet ( Beta vulgaris) 128 Scully and Webster 2012

CA conservation agriculture
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The leaves of energy beets provide good canopy cover and the roots take up excess 
nutrients, thus protecting the soil from raindrop impact as well as reducing water 
quality impairment from leaching. A study in Georgia produced up to 128 Mg ha−1 
of raw energy beets (Scully and Webster 2012).

Perhaps the most promising CA bioenergy systems come from the production of 
biomass crops. These crops, including but not limited to switchgrass, big bluestem, 
eastern gamagrass, and Indiangrass are historical mainstays of conservation plant-
ings. These crops are native, warm-season perennials of the southern prairies. They 
are deep rooted (> 1.5 m), bunch grasses developing dense stands that produce high 
biomass (switchgrass yielded up to 23 Mg ha−1 in a Tennessee study (Mooney et al. 
2009) and 26 Mg ha−1 in an Alabama study (Bransby and Sladden 1991), grow rap-
idly, are drought tolerant, and very adaptable to the variations of climatic conditions 
in the south (Sanderson et al. 1996). These native warm-season grasses can pro-
vide excellent habitat for nesting birds (Meehan et al. 2010, Robertson et al. 2011). 
These biomass grasses provide excellent erosion control. When drilled at planting, 
these biomass plantations provide dense strips of bunch grasses in narrow rows 
that expand their coverage over the years. Even when harvested as biomass in the 
late fall, early winter, 10–15 cm tall stems remain to protect the soil in addition to a 
substantial mat of leaves that senesce prior to harvest. Studies have also shown that 
perennial warm-season grasses such as switchgrass work as a carbon sink (Adler 
et  al. 2007). Whereas many cropping practices are sources of greenhouse gases, 
long-term perennial grass cropping systems can sequester carbon and offset other 
greenhouse gases due to the low inputs and high above- and below-ground biomass 
production (Adler et al. 2007).

In addition to the physical protection provided by the plant material, soil health is 
enhanced by these perennial crops. Research in northeast Arkansas has shown that 
aggregate stability of a silt loam soil under native warm-season grasses, including 
switchgrass and eastern gamagrass, was significantly greater than that of high bio-
mass sorghum (47 % greater), a summer annual with minimum tillage and a winter 
wheat cover crop. A Missouri soil increased in hydraulic conductivity and soil po-
rosity and reduced bulk density (Udawatta et al. 2008). In Texas, soils under warm-
season grasses had more water stable aggregates and lower bulk density than soils 
under row crops (Acosta Martinez et al. 2004). Perennial warm-season bioenergy 
crops also aid tremendously in controlling erosion on susceptible lands. Hohenstein 
and Wright (1994) estimated a reduction in erosion of up to 95 % for switchgrass 
compared to summer annual crops like maize and soybean.

Another warm-season grass, though not native to North America, has taken root 
in parts of the humid south. Miscanthus x giganteus has many of the same conserva-
tion attributes as the native warm-season grasses: deep rooting, high aboveground 
biomass, thick stands, perennial, erosion control, etc. (Heaton et al. 2004a). It pro-
duces high biomass, returns substantial organic matter to the soil system, and uses 
soil nutrients efficiently, especially nitrogen (Anderson et  al. 2011). Its aboveg-
round biomass is often greater than that of switchgrass (22.4 Mg ha−1 for Miscan-
thus vs. 10.3 Mg ha−1 for switchgrass in an analysis of 21 different studies; Heaton 
et al. 2004b). In northeast Arkansas, more than 2600 ha of Miscanthus have been 
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planted specifically for bioenergy production (with a goal of 20,000 ha in northeast 
Arkansas). These bioenergy plantations have been planted on marginal land that 
would likely have been planted to row crops where erosion, nutrient leaching, and 
runoff would have been probable. Studies in Illinois have shown the positive impact 
of land use change from cultivated agriculture to perennial bioenergy cropping with 
Miscanthus (Anderson-Teixeira et al. 2009; Davis et al. 2010).

Growing bioenergy crops in the south provides many benefits to conservation as 
well as maintaining potential for farm revenue. Whether the bioenergy CA system 
is based on winter annuals that act similarly to a cover crop or are perennial grasses 
that provide permanent cover, managing bioenergy crops in the south has the poten-
tial to have many agricultural conservation benefits.

17.4 � Challenges for Increased Uptake of CA 
in North America

The challenges for increased adoption of CA in North America have been high-
lighted in the regional examples. They are diverse and depend on specific cropping 
systems and climates. The following list summarizes the primary challenges, many 
of which are being addressed through research and development in public and pri-
vate sectors.

Principle challenges for increased adoption of CA are:

•	 Delayed planting and emergence associated with zero-till in cold climates
•	 Competition by cover crops for limited water in dry climates
•	 Management of diseases and pests harbored in crop residues
•	 Development of herbicide tolerance in weeds
•	 Development of crop varieties and hybrids best suited to CA systems
•	 Application of conservation tillage in surface-irrigated systems

17.5 � National Policies Affecting CA in North America

There are numerous national policies in both the USA and Canada that encourage 
the application of management practices consistent with the principles of CA. A few 
key examples are detailed here. In the USA, soil conservation has been a national 
priority since the 1930s, when a national-scale drought triggered serious wind ero-
sion. Within the US Department of Agriculture, the Natural Resources Conserva-
tion Service (NRCS) is the principle agency promoting the adoption of conservation 
practices. The philosophy of the NRCS is to use incentive programs to encourage 
farmer participation. The NRCS has widely promoted conservation practices under 
the slogan “Core 4.” The NRCS “Core 4” are principles similar to CA that embody 
a wide range of practices that can be applied in a site-specific way. The four prin-
ciples are (1) conservation tillage, (2) crop nutrient management, (3) conservation 
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buffers, and (4) pest management. The NRCS has outlined the details of these prac-
tices in a published technical document (USDA-NRCS 1999) and uses this informa-
tion to direct conservation incentive programs. The NRCS is currently emphasizing 
soil health and is widely promoting the use of cover crops.

Conservation research and development is also widely sponsored by the USA 
and Canada. In the USA, a major national funding program is the Sustainable Ag-
riculture Research and Education (SARE) program, which has grant programs for 
researchers and innovative producers. SARE has widely promoted the development 
of cover crop practices and has published a useful reference book on the topic (Bow-
man et al. 2007), which is available at no cost on-line. SARE has also developed a 
cover crop decision tool to help producers identify ideal cover crop species for their 
application and they host a national Cover Crops and Soil Health conference.

17.6 � Future Direction and Trends

Perhaps one of the most influential technologies affecting agriculture in modern 
times is the development of precision agriculture. Elements of precision agriculture, 
such as the use of tractor guidance systems, precision nutrient management, and 
precision seeding have become common practice in much of North America and the 
world. The technologies are now being explored in the realm of precision conserva-
tion. Since many farmers have or will have the needed tools and technologies for 
precision farming; these resources can be applied towards precision conservation. 
Future CA systems will allow for conservation practices, such as tillage intensity, to 
be applied in a spatially variable way that matches conservation costs and benefits 
with specific conditions in fields and watersheds. Remote sensing technologies can 
be used for real-time assessment of soil and climate factors that affect not only crop 
production but also soil and water conservation. Much research is currently needed 
on how to obtain and interpret data from remote sensing and apply it for creation of 
precision conservation recommendations.

The emergence of strip till as a system that seeks the advantages of zero-till 
while overcoming some of its limitations has resulted in increased adoption of 
conservation tillage. Similar developments that overcome barriers while capturing 
benefits are needed. The application of plant breeding and biotechnology tools has 
potential for improved function and adoption of CA. For example, development 
of crop varieties that perform well in zero-tillage has not been a priority in most 
seed development programs. Similarly, development of crops with properties that 
enhance the function of residues for soil protection holds potential.

Among the most pressing threats to modern agriculture and growing global food 
needs is the issue of water scarcity. Expanding the water conservation aspects of 
CA is critical for sustainability. One of the most important ways to reduce the stress 
on surface and ground water resources used for irrigation is to improve the water 
productivity of rainfed and dryland cropping systems. A key step is developing a 
paradigm of assessing crop water productivity then comparing with potential water-
limited yields as a valuable diagnostic tool leading to improved management and 
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water use. Integrating a water productivity assessment philosophy with the global 
reach of CA may be one of the most effective approaches to achieve this.
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Abstract  Specific practices of conservation agriculture (CA) in sub-Saharan Africa 
are diverse and vary according to local farming conditions. However, despite more 
than two decades of investment in its development and dissemination, adoption 
of CA is low. Crop responses to CA are highly variable, and not always positive, 
which is an important hindrance for adoption, especially for resource-poor farmers 
who need immediate returns with their investments in CA in order to be able to 
feed their families. In contrast with commercial farms such as in Brazil, reduced 
costs with CA on smallholder farms in sub-Saharan Africa are not always observed. 
Another major challenge with the practice of CA is the use of crop residues for 
mulching since crop residues are a major source of feed for livestock, especially in 
semiarid regions, where biomass production is limited and livestock plays a crucial 
role in farming systems. Studies indicate that the three principles of CA, including 
mulching, are needed to increase crop yields compared with conventional tillage 
(CT)-based practices. Among the three principles of CA, mulching is certainly the 
one that is least observed in past and current cropping practices in Africa. CA has 
a potential to improve the soil water balance and increase soil fertility, and it is 
undoubtedly a cropping practice that can result in substantial benefits for certain 
farmers in Africa. The question is when and how it is the best approach for small-
holder farmers in sub-Saharan Africa. In general, CA is more likely to be attrac-
tive for farmers with a strategy of intensification than for farmers who struggle 
to produce food for their family. The latter too often face multiple constraints that 
limit the possibilities to engage in technological innovations. Some farmers may 
not be interested in new technologies because they earn their income from off-farm 
activities. Good markets of input supply and sale of extra produce are a prerequisite 
condition for adoption of CA as they are for any other new agricultural technology 
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that aims at intensification. In sub-Saharan Africa, there is certainly a need to better 
target CA to potential end users and adapt the CA practices to their local circum-
stances and specific farming contexts.

Keywords  Adoption · Conservation agriculture · Crop residues · No-tillage · 
Smallholder farmers · Sub-Saharan Africa

18.1 � Introduction

Over the past two decades, conservation agriculture (CA) has arguably become a 
hegemonic paradigm in scientific and policy thinking about sustainable agricultural 
development in Africa. CA involves minimal soil disturbance, retention of crop res-
idues as mulch on the soil surface, and the use of crop rotations and/or associations 
(FAO 2014). Various research and development projects and numerous policy docu-
ments have been dedicated to CA, and specialized teams researching and develop-
ing CA technologies have emerged in leading international and national research 
institutes, such as the Consultative Group on International Agricultural Research 
(CGIAR) and the Centre de Coopération Internationale en Recherche Agronomique 
pour le Développement (CIRAD). CA has been resolutely advocated by the Food 
and Agriculture Organization (FAO) and by numerous nongovernmental organiza-
tions as a means to overcome continuous poor profitability and soil degradation on 
smallholder farms in sub-Saharan Africa. However, in more recent years, its pro-
motion for African smallholder farmers has received critical scrutiny and analysis 
(Giller et al. 2009), resulting in a heated debate around the potential benefits and 
challenges with the dissemination of CA in Africa.

CA is a wider concept than no-tillage or other likewise terminologies, such as 
zero tillage, direct seeding, reduced tillage, and conservation tillage, putting the 
emphasis on the cropping system as a whole, and not uniquely on the tillage compo-
nent. The original interest in CA was related to its potential to conserve soil and wa-
ter and to enhance soil fertility by reducing soil erosion, soil organic matter decline, 
and soil structural breakdown. However, recently, and primarily as a response to the 
wider socioeconomic and institutional context of smallholder farming, CA has been 
reframed for the African context as a crop production-enhancing technology that 
should ensure smallholder food security and reduce rural poverty (Andersson and 
D’Souza 2014). Worldwide, CA has also increasingly been endorsed as a practice to 
mitigate negative effects of climate change on crop production, and is thus seen as 
a way of farming to adapt to climate change (Kassam et al. 2009).

CA is undoubtedly an option that can result in substantial benefits for certain 
farmers in some locations in Africa. The question is when and how it is the best 
approach for smallholder farmers in sub-Saharan Africa. In this chapter, we first 
discuss the adoption of CA by commercial farmers in (sub)tropical Brazil and il-
lustrate the limits of using this success story as a justification for promoting CA to 
smallholders in sub-Saharan Africa. We highlight the diversity and heterogeneity 
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of farms in sub-Saharan Africa, because understanding these features of African 
farming is important to comprehend the adoptability and performance of CA. We 
then demonstrate the low adoption of CA in sub-Saharan Africa and try to under-
stand this against the historical background of the development of CA in Africa; 
the diversity of technologies and its effects on crop yields, soil quality, weeds, and 
diseases; and farm income. Lastly, the challenges with dissemination of CA in Af-
rica are discussed and the need to tailor CA technologies to the farming context of 
smallholders is highlighted.

Most of the reported research on CA in sub-Saharan Africa is on cereal-based 
cropping systems (Brouder and Gomez-Macpherson 2014). The most important ce-
real production systems are in West, East, and southern Africa and are the maize 
mixed, cereal–root crop mixed, and agropastoral millet/sorghum farming systems, 
and to some extent the highland temperate mixed farming systems (Dixon et  al. 
2001). The development and promotional efforts with CA technologies relate main-
ly to these farming systems. Maize mixed, cereal–root crop mixed, and agropastoral 
millet/sorghum farming systems account for 756 million ha (31 %) of the land area 
in sub-Saharan Africa, 85 million ha (49 %) of the cultivated area, and cover an 
agricultural population of more than 160 million. Climate in the region where these 
three farming systems occur varies from semiarid, to dry subhumid, to moist subhu-
mid. The most typical regions have unimodal rainfall, but some regions experience 
bimodal rainfall. Population density is moderately high (subhumid areas) to modest 
(semiarid areas). The main staple crops are maize, sorghum, and pearl millet, and 
the cereal–root crop mixed farming systems also have yams and cassavas. The main 
cash sources are migrant remittances; cattle and small ruminants; tobacco, coffee, 
and cotton; and the sale of food crops such as maize and pulses. Cattle are reared 
for plowing, breeding, milk, manure, savings, and insurance in times of need. The 
highland temperate mixed farming systems occupy 44 million ha (2 %) of the land 
area and account for 6 million ha (4 %) of the cultivated area, but support an ag-
ricultural population of more than 30 million. Most of the systems are located at 
altitudes between 1800 and 3000 m in the highlands of Ethiopia. Small grains such 
as wheat, barley, and teff are the main staple crops, complemented by peas, lentils, 
broad beans, rape, and Irish potatoes. Cattle density is high in these regions.

18.2 � The Brazilian Experience with CA: An Example 
for Africa?

The first subtropical experiences with no-tillage practices were initiated in the 
1960s/1970s in southern Brazil by commercial farmers on their mechanized farms 
of about 300–500 ha, as a response to the widespread soil degradation in that region. 
The subsequent transfer of no-tillage in the early 1980s to the tropical Cerrado re-
gion in central Brazil involved an adaptation to the different agroecological condi-
tions (hotter and more humid) of that part of Brazil, as well as to the often larger 
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farm sizes (> 500 ha; Bolliger et al. 2006). The rapid expansion of no-tillage in Bra-
zil was driven by the commercial release of the herbicides atrazine, paraquat, and 
glyphosate and by the energy savings that resulted from eliminating several tillage 
operations. Direct seeding operations without tillage into a mulch of crop residues 
were made possible because of the local development and production of no-till 
planters. Agrochemicals, including fertilizers and herbicides, are readily available, 
and they are widely used, resulting in high crop yields and biomass production 
providing sufficient cover of crop residues. All crop residues remain on the fields 
and are not used for livestock since crop and livestock productions are segregated 
on these types of farms.

It was only in the second half of the 1980s, that research efforts on no-tillage 
technologies in Brazil started focusing on small farms (< 100 ha). These develop-
ments also began in southern Brazil. Here too, a key role was played by the agricul-
tural machinery industry that developed specific equipment (including special man-
ual and animal-drawn planters, sprayers, and equipment for residue management) 
that fitted the requirements and abilities of smallholder farmers who rely on animal 
traction and/or manual labor. However, success with adoption of CA on small farms 
in Brazil was much less than with the large-scale commercial farmers (e.g., Bolliger 
et al. 2006; Scopel et al. 2013). Smallholder farmers often fall back on a range of in-
termediate or partial CA systems, rather than implementing a complete CA package.

Despite these observations and concerns with CA for smallholders, the Brazilian 
experience has often been seen as a justification for promoting CA in Africa. The 
rationale for developing CA systems, i.e., reducing soil degradation and produc-
tion costs, and its guiding principles and practices were considered valid for Africa 
and consequently sparked large interest among research organizations and funding 
agencies (Benites et al. 1998; Ekboir 2002). On many occasions, and often through 
research and development projects, specialized no-tillage implements (including 
manual jab planters and direct seeders for animal traction) have been imported from 
Brazil.

Smallholder farming conditions in sub-Saharan Africa differ substantially from 
farming situations in Brazil, even from those of smallholder farmers in Brazil. First 
of all, farms in sub-Saharan Africa are much smaller than those of smallholders in 
Brazil (on average 2 ha vs. 50 ha). This has strong implications on farmers’ invest-
ment capacity in new technologies and their attitude to risk with trying something 
new. Second, crop yields in sub-Saharan Africa are generally much lower than in 
Brazil because of the nutrient-depleted soils and limited use of agrochemicals (e.g., 
Tittonell and Giller 2013; Affholder et al. 2013), with little crop residues produced 
as a consequence. Third, many smallholder farming systems in sub-Saharan Africa 
are mixed crop–livestock production systems with strong demands on available 
crop residues for livestock feed that compete with their use as soil cover (Corbeels 
et  al. 2014). Fourth, in contrast to Brazil crop rotations, such as cereal–legume 
rotation, may be difficult to realize on most farms in sub-Saharan Africa, mainly 
because of the lack of market opportunities for grain legumes (Giller et al. 2009). 
Consequently, the technologies required to put the principles of CA into practice are 
very different between Brazil and Africa.
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18.3 � Diversity and Heterogeneity of Farms in Sub-
Saharan Africa: Implications for Adoption of CA

A foremost reality in sub-Saharan Africa is the small and declining farm sizes with 
about 80 % of farms below 2 ha (Nagayets 2005). Most of the farms can be con-
sidered “resource-poor” smallholders. For example, results drawn from nationally 
representative farm surveys undertaken between 1995 and 1997 revealed that the 
proportion of surveyed smallholder farms falling below the poverty line was 55 % 
in Kenya, 75 % in Ethiopia, and 97 % in Mozambique (Jayne et al. 2003). Although 
these data are rather general and do not show the diversity of farms (see below), 
they do raise questions about the potential impact of technological interventions on 
farm income and agricultural development in sub-Saharan Africa (Harris and Orr 
2014). Furthermore, small farm sizes make farmers more risk averse and less will-
ing to experiment. Putting a part of the field(s) aside for new technology testing may 
represent a significant risk in terms of short- to medium-term household food secu-
rity (Pannell et al. 2014). Moreover, small farms often face difficulties integrating 
in markets due to their low competitiveness and their severe budgetary and capacity 
limitations (Barrett 2008).

Despite smallholder farms in sub-Saharan Africa generally being categorized as 
resource poor, high variations do exist in income. For example, the average annual 
per capita household incomes varied from US$ 337 in Kenya to US$ 43 in Mo-
zambique (data from 1996/1997); these mean figures hide large variations across 
surveyed farms: average per capita incomes of the top quartile are typically 15–25 
times higher than those of the bottom income quartile (Jayne et al. 2003). This large 
variation in capital income among households reflects the diversity in resource en-
dowments (land, labor, capital) of farms in sub-Saharan Africa. Capital income and 
resource endowment can often be linked to the agroecological production potential 
of a region. In general, farmers living in high-potential areas have better income as 
a result of the higher returns to production factors with less risk than those farming 
in areas with low agroecological potential (Ruben and Pender 2004). Access to mar-
kets is another factor that explains diversity of farms and is often linked to resource 
endowment, since farms with more resources and wealth are usually better posi-
tioned for acquiring market access. Yet farms with similar resource endowments 
and opportunities for market exchange do not always engage in the same activities 
(Ruben and Pender 2004). Differences in production strategies are influenced by a 
broad range of other factors, including management skills, education, social hier-
archy, and tradition (Tittonell et al. 2010). Recognizing these factors that shape the 
diversity of farms is the first step for targeting new technologies, such as CA, and 
understanding their performance and adoptability.

Farms have been categorized considering resource endowment and factors repre-
senting orientation of production activities and/or main constraints to agricultural pro-
duction. For example, for East Africa, Tittonell et al. (2010) identified five farm types:  
(1) farms that rely mainly on permanent off-farm employment; (2) relatively large, 
wealthy farms growing cash crops; (3) medium wealthy, food self-sufficient farms; 
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(4) medium to low wealthy farms relying partly on nonfarm activities; and (5) poor 
farms with family members employed locally as agricultural workers by wealthier 
farmers. The poorest farms typically cultivate only small areas, due to lack of land 
or labor, and own little or no livestock. Such households are rarely self-sufficient in 
food, and are often delayed in land preparation, planting, and weeding due to their 
need to earn their food by working for wealthier farmers. Market orientation gen-
erally increases from low or medium to wealthy farms. The farm types described 
above can be associated to the three generic livelihood strategies that were iden-
tified by Dorward (2009) as (1) “hanging in,” which takes place in situations of 
poor agroecological potential and market opportunities, and where poor households 
engage in activities to maintain their current livelihood (subsistence farming); (2) 
“stepping up,” in situations of high agroecological potential and market opportu-
nities where investments in assets are made to expand current production activi-
ties (semicommercial farming); and (3) “stepping out,” when activities are used to 
accumulate assets that may allow moving into different activities, not necessarily 
farming (i.e., migration to cities and/or local engagement in nonfarm activities). It 
is evident that farmers with a strategy of “stepping up” are more likely to experi-
ment with and eventually adopt proposed technologies of CA than farmers who are 
“hanging in.” The latter too often face multiple constraints that limit the possibili-
ties to engage in technological innovations, while those farmers who are “stepping 
out” are probably not interested in new technologies for agricultural intensification.

Another aspect of African farms that needs attention when proposing new tech-
nologies to farmers is the spatial heterogeneity in soil fertility. Next to the inherent 
variability of soil types in the landscape, management decisions on the allocation 
of available resources generate gradients of soil fertility within individual farms 
(Carter and Murwira 1995). This feature is commonly observed in East and south-
ern Africa, in medium to high densely populated regions with relatively intense land 
use and where livestock is present and farmers use manure or mineral fertilizers. 
In these contexts, farmers preferentially allocate manure, mineral fertilizers, and 
labor to fields close to their homesteads, resulting in strong gradients of soil fertility 
decline with increasing distance from the homestead as this provides the highest re-
turns (Tittonell et al. 2005; Zingore et al. 2007). In West Africa, a similar soil fertil-
ity gradient in concentric rings around the household compound has been described 
as the ring management system (Prudencio 1993). This heterogeneity in soil fertility 
should be considered when promoting CA technologies, since it has strong effects 
on resource-use efficiency, i.e., returns to nutrient inputs, land, and labor (Vanlauwe 
et al. 2006; Tittonell et al. 2008) and therefore on the performance and adoption of 
newly introduced technologies.

18.4 � History of CA in Sub-Saharan Africa

Traditionally in sub-Saharan Africa, planting in mulch of plant residues with 
minimum tillage (slash-and-mulch systems) was only practiced under very specific 
social (cultural ban on fire) and climatic (humid equatorial climate without dry 
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season) conditions, or very occasionally in coexistence with the widespread prac-
tice of slash-and-burn (Serpantie 2009). On the other hand, cropping practices 
corresponding to one single principle of CA were more widespread in Africa. For 
example, minimum tillage has been around for many decades. Farmers tradition-
ally planted directly into the ashes of burned native bush or fallows and used only 
a hoe to loosen the soil surface and cover the seeds (Page and Page 1991). In fact, 
throughout most of sub-Saharan Africa (Ethiopia being an exception), the use of 
animal power for plowing the land is not traditional, and it was introduced and 
promoted with colonial agricultural departments and, in the postindependence 
time, with agricultural development projects (Starkey 2000) in order to increase 
the cropped area and total crop production on farms. Mulching was also practiced 
in traditional African cropping systems, other than the slash-and-mulch systems 
cited above, although in specific circumstances such as with tuber crops to reduce 
heat stress, or on very small patches of land in, e.g., the Sudano-Sahelian region to 
restore physically degraded soils (Serpantie 2009). Crop rotations and/or associa-
tions were also a common feature of traditional farming in Africa during precolonial 
times (Page and Page 1991). A common practice, for example, in southern Africa 
was to broadcast sorghum, maize, cowpeas, and pumpkin seeds directly into the ash 
of burned bush and to fill later the gaps with transplanted finger millet.

Even today, in many regions of sub-Saharan Africa, farmers are implementing 
practices that can be considered consistent with at least one of the principles of CA, 
although often these are done from a rather opportunistic attitude, or even out of 
necessity because of economic constraints. As such, they are not part of a complete 
CA package. For instance, in the many regions of Africa, farmers who have no ac-
cess to animal traction commonly practice minimum tillage using a simple planting 
stick, because of the lack of proper tillage equipment, but without mulching. Mixed 
cropping of cereals (e.g., maize with millet) or of cereals with beans or peas is also 
widespread in many regions of Africa, and presumably reflects both the increasing 
pressure on land and the need to diversify crops for managing production risks. 
Among the three principles of CA, mulching is certainly the one that is least ob-
served in current cropping practices in Africa.

In southern Africa, CA has its roots in Zimbabwe. Minimum tillage was first in-
troduced on large-scale commercial farms in Rhodesia (now Zimbabwe) in the late 
1960s (Andersson and D’Souza 2014). Research on CA for smallholder farmers by 
governmental research institutes in Zimbabwe began later, in the 1980s (Twomlow 
et al. 2008). The first promotional project with smallholders started in the 1990s 
and was run by the River of Life Church (Oldreive 1993). The project focused on 
the promotion of either permanent planting basins or shallow planting furrows in 
conjunction with a package of inputs (seed and fertilizer) for cereal–legume rota-
tions. In Zambia, initial interest in CA started in the early 1980s, when several 
commercial farmers from the Zambian National Farmers Union (ZNFU) traveled to 
the USA and Australia to learn about it (Baudron et al. 2007). Like for other com-
mercial farmers, reduced fuel consumption was the principal motivation to adopt 
no-tillage. In 1995, ZNFU set up the Conservation Farming Unit (CFU) to promote 
CA to smallholder farmers. CFU promotes a package, called conservation farming, 
which was based on the experience of the River of Life Church in Zimbabwe with 
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the permanent planting basins (Haggblade and Tembo 2003; Aagaard 2013). The 
earliest experiences with CA in East Africa were in the highlands of Kenya in the 
mid-1970s: large commercial farmers began with no-tillage in an effort to conserve 
moisture and to reduce production costs (Apina et al. 2007). In the 1990s, several 
development projects on soil and water conservation started testing CA technolo-
gies for smallholder farmers in Kenya and Tanzania (Kaumbutho and Kienzle 2007; 
Shetto and Owenya 2007). The very first research trials on no-tillage in West Af-
rica took place in the late 1960s in Ghana (Ofori 1973). During the 1970s, several 
research activities on CA were initiated in Nigeria at the International Institute of 
Tropical Agriculture (IITA; Lal 1974; Greenland 1975). Sasakawa Global 2000 in-
troduced CA to smallholders in Ghana in 1993 in collaboration with the national 
Crop Research Institute and the Monsanto Company (Ekboir et al. 2002; Ito et al. 
2007). The project received strong political support from the government (Findlay 
and Hutchinson 1999) and worked with input suppliers (of herbicides) and credit 
agencies to address input problems that were seen as a precondition for successfully 
implementing CA.

It was at the end of the 1990s that major funding agencies began to show in-
creased interest in CA in sub-Saharan Africa, especially the German Development 
Corporation (GTZ), the Agence Français du Développement (AFD), the Regional 
Land Management Unit of the Swedish International Development Agency (REL-
MA), FAO, and the World Bank. This gave rise to several flagship projects such 
as Conservation Agriculture and Sustainable Agriculture and Rural Development 
(CASARD) in Kenya and Tanzania, funded by the German trust fund with technical 
support by FAO and the governments of Kenya and Tanzania and the project Dével-
oppement Paysannal et Gestion de Terroir in Cameroon implemented by CIRAD, 
local research and development partners, and the private cotton companies. The 
African Conservation Tillage Network (ACT)—originally financed by GTZ—was 
also founded during that period. Centro Internacional de Mejoramiento de Maíz 
y Trigo (CIMMYT) began a large effort in 2004 to adapt the CA principles to the 
circumstances of smallholders in southern Africa (Malawi, Zambia, Tanzania, and 
Zimbabwe), and from 2006 onwards in Mozambique and other countries of East 
Africa (Wall et al. 2014). Since 2004, the International Crops Research Institute for 
the Semi-Arid Tropics (ICRISAT), together with nongovernmental organizations, 
has been developing and promoting planting basins and rip-line seeded systems, 
through various donor-funded relief and recovery programs with the aim of improv-
ing crop production among vulnerable smallholder farmers in the semiarid regions 
of southern Africa.

Today, 11 African countries have identified a focal point for CA (Angola, Bo-
tswana, Lesotho, Malawi, Mozambique, Namibia, South Africa, Swaziland, Tan-
zania, Zambia, and Zimbabwe). Most of these countries have established National 
Conservation Agriculture Task Forces, with Zimbabwe taking the lead in the cre-
ation of a CA network as a community of practitioners. These task forces comprise 
a wide range of stakeholders, including government departments, academic and 
research institutions, the private sector, and nongovernmental and faith-based orga-
nizations. Coordination activities at the regional level in southern Africa are being 
undertaken by the Regional Conservation Agriculture Working Group.
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18.5 � Adoption of CA in Sub-Saharan Africa

Overall, the adoption of CA systems in sub-Saharan Africa is low. There is 
~ 1,000,000 ha under CA (Table 18.1); 40 % of this area is in South Africa, where it 
is mainly practiced on large-scale mechanized farms (Friedrich et al. 2012). Adop-
tion by smallholder farmers is generally small; only 0.3 % of the farmed land area 
under CA worldwide is on smallholder farms (Derpsch et al. 2010). A number of 
constraints are explanatory, which are discussed in the following sections. Most of 
the smallholder farmers in southern Africa currently use planting basins, e.g., in 
Zambia and Zimbabwe. At present, data on the status of CA in West Africa (apart 
from Ghana) are lacking. In 2009, the area under CA in northern Cameroon was 
estimated to be 2500 ha (Horus Entreprise 2009).

However, care must be taken when interpreting these adoption figures. National 
agricultural statistics generally do not report areas under CA or no-tillage separately, 
and often areas under no-tillage are seen as CA adoption, which can lead to distorted 
figures. The published data are rough estimates from a network of informants in dif-
ferent countries of Africa coordinated by FAO, taking the extent of adoption as areas 
with minimum soil disturbance as less than 25 % of the cropped area and with more 
than 30 % soil cover (Derpsch et al. 2010). Rotation is apparently not seen as a re-
quirement in this assessment. The figures also neglect the time dimension of adoption, 
and some areas that are considered as surfaces where CA has been adopted may in 
fact be areas where (large) promotional projects on CA are operating (Grabowski and 
Kerr 2014). In general, uptake of CA in sub-Saharan Africa has been mainly driven by 
nongovernmental organizations and funding agencies (Andersson and D’Souza 2014). 
These adoption claims have limited value, as the projects often incentivize the uptake 
of CA technologies by providing input support (fertilizers, seeds, and/or herbicides) to 
farmers. As a consequence, we conclude that it is currently difficult to give a reliable 
assessment of the real extent of adoption of CA in sub-Saharan Africa. In reality, farm-
ers in Africa often face problems with adopting all the principles of CA for various rea-
sons. These are discussed in the following sections and include limited access to inputs 
(including no-till equipment), labor constraints, competing uses for crop residues, and 
the need for knowledge and capacity building with CA technologies.

Country Area (ha)
Ghana 30,000
Kenya 33,000
Sudan 10,000
Tanzania 25,000
Malawi 16,000
Mozambique 152,000
Zambia 200,000
Zimbabwe 139,300
South Africa 368,000
Lesotho 2000
Namibia 340
Total 975,640

Table 18.1   Estimated 
areas under conservation 
agriculture in sub-Saharan 
Africa. (Source: Friedrich 
et al. 2012)
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18.6 � Diversity of CA Technologies

The three principles of CA are common to CA technologies, but the specific practic-
es or components of them (planting techniques, surface crop residue management, 
crops in the rotation, fertilization, weeding) are diverse and vary according to local 
farming conditions (Erenstein et al. 2012).

In practical terms, there are three main operational forms of no-tillage or mini-
mum tillage: manual, animal draft power, and motorized systems (Johansen et al. 
2012). Manual systems range from very simple systems such as planting with a 
pointed stick (Fig. 18.1), also called a dibble stick, or with a hoe to more sophisti-
cated systems using mechanical jab planters ( matraca, Fig. 18.2). With a pointed 
stick, farmers make two holes and place seed and fertilizer. The jab planter supplies 
seed and fertilizer in planting holes created by the implement. With animal trac-
tion, rippers (Fig. 18.3) and direct seeders (Fig. 18.4) are the most common. With 
rip-line seeding, the land is ripped in between the crop rows of the previous season 
with ripper tines that can be attached to the beam of the moldboard plow (e.g., the 
Magoye ripper in southern Africa). The implement creates a furrow approximately 
10–15 cm wide and 10 cm deep. For sandy soils, opening wings are used on the 
ripper attachment. The rippers are the cheaper option for farmers with draft power; 
specialized direct planting seeders are aimed at the commercially oriented farmers 
with draft power. The implement, originally designed in Brazil, creates a rip-line, 
supplies seed and fertilizer, and covers the line in one operation. Motorized systems 
(tractors with specialized direct seeders) are almost exclusively used by commercial 
farmers in Africa.

In Zambia and Zimbabwe, a particular type of CA, locally called “conservation 
farming,” has been developed and promoted; it is based on planting in small, manu-
ally dug basins or shallow planting furrows using a hand hoe (Haggblade and Tem-
bo 2003; Twomlow et al. 2008). Digging the basins or furrows is usually carried 
out in the dry season in anticipation of the rains, which encourages early planting 
when the first rains arrive. The permanent basins are most suitable for dry regions 
(< 800 mm annual rainfall) and are a modification of the traditional pit systems once 
common in southern Africa. It is a variation on the Zaï system from West Africa, 
even though mulching is commonly not applied with Zaï. The Zaï technique origi-
nated in Mali in the Dogon area and was adopted and improved in northern Burkina 
Faso by farmers after the drought of the 1980s. Farmers apply the Zaï technique 
to recover crusted land called “Zippelle.” Before planting, the pits are filled with 
organic matter which allows moisture to be trapped and stored more easily (Roose 
et al. 1993).

A relatively new CA-based technology, based on indigenous practices for dry 
regions (< 500 mm annual rainfall), integrates native evergreen woody shrubs (e.g., 
P. reticulatum and G. senegalensis) in a relay intercropping system. The shrub ac-
cumulates soil fertility, provides material for mulching, and facilitates water sup-
ply to the associated annual crop. Implementing such a management system may, 
however, be time and labor consuming, and should be seen as a first phase in land 
restoration (Lahmar et al. 2012).
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Fig. 18.2   Mechanical jab 
planters for manual direct 
seeding and fertilizer 
application

 

Fig. 18.1   Planting with a 
pointed stick in mulch of 
crop residues
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Recently, the World Agroforestry Centre (ICRAF) developed—under the name 
of “Evergreen Agriculture”—systems for intercropping ‘fertilizer trees’ in cereal 
cropping systems under CA, mostly planting basins. The options include intercrop-
ping maize, millet or sorghum with Faidherbia albida, Gliricidia sepium or Teph-
rosia candida (Garrity et al. 2010). These systems have been promoted to farmers 
in Malawi, Zambia, Burkina Faso, and Niger.

In recent years, renewed attention has been given to intercropping as a compo-
nent of CA systems. For example, intercropping maize and pigeon pea has been 
highly profitable in central Mozambique, but with increased labor requirements for 
weeding (Rusinamhodzi et al. 2012). Mucheru-Muna et al. (2009) and Ngwira et al. 
(2012) also reported higher rates of return with intercropping compared to maize 
cropping alone in Kenya and Malawi, respectively. The development of a market 
for pigeon pea (with export to India) is a major driver for intercropping in these 
regions.

Fig. 18.4   Seeding through a 
mulch of crop residues with 
a direct seeder and fertilizer 
distributor

 

Fig. 18.3   Use of the Magoye 
ripper for direct seeding
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18.7 � Effects on Crop Yields

Through a meta-analysis of cereal crop yield data from 61 experiments in sub-
Saharan Africa, Sakyi et al. (2014) showed large variability in grain yield responses 
(from positive to negative) to CA compared with CT-based practices (Fig. 18.5). On 
average, no- or minimum tillage with mulching showed the maximum positive mean 
difference in grain yields (378 kg ha−1), followed by no- or minimum tillage with 
mulching and rotations (142 kg ha−1), while no-tillage without mulching showed 
negative yield responses compared to the conventional practice (− 24 kg ha−1). The 
results from this meta-analysis suggest that for farmers to expect yield benefits from 
CA, they should be able to keep their crop residues as mulch on the soil surface. In 
addition, recent studies in southern Africa (Thierfelder et al. 2013b; Nyamangara 
et al. 2013; Ngwira et al. 2014) have shown that appropriate fertilization is criti-
cal for positive crop responses with CA. In general, increased use of fertilizer is 
necessary in sub-Saharan Africa—where the average fertilizer application rate by 
smallholder farmers is less than 10 kg ha−1—for increasing crop productivity and 
the availability of crop residues for mulching (Vanlauwe et al. 2014).

Other recent reviews of CA experiments in sub-Saharan Africa (Nyamangara 
et al. 2014b; Wall et al. 2014; Thierfelder et al. 2014) have also shown the variable 
character of the effects of CA on grain yield, largely dependent on agroecologi-
cal conditions Under conditions where water stress occurs (e.g., dry spells), posi-
tive yield effects are common since mulching increases soil water availability (e.g., 

Fig. 18.5   Weighted mean difference in cereal crop grain yield between conservation agriculture 
and conventional tillage-based practices. The results are from a meta-analysis of 61 experiments 
in sub-Saharan Africa. The middle lines represent median values with upper and lower 25th per-
centiles. NT no-tillage or minimum tillage, NTM no-tillage with mulching, and NTR no-tillage with 
mulching and rotation. (Source: Sakyi et al. 2014)
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Thierfelder and Wall 2009; Mkoga et al. 2010; Mupangwa et al. 2012). Negative 
responses may occur under high rainfall, as mulching may exacerbate waterlogging 
(Thierfelder and Wall 2012). Increased weed competition and problems with seed-
ing can also cause crop yields to be lower under CA than under CT practices during 
the initial years of implementation (Mashingaidze et al. 2012). Knowledge on how 
to use the no-tillage planting technique is critical for good crop establishment. Guto 
et al. (2012) demonstrated that the effects of minimum tillage and crop residue re-
tention on maize yield varied strongly across soil fertility classes.

While short-term yield effects of CA practices are variable, yield benefits are 
expected to accumulate over time because CA gradually improves biological, 
chemical, and physical properties of the soil (e.g., Thierfelder et  al. 2013c). Re-
sults from a meta-analysis of existing crop yield data from long-term experiments 
in sub-Saharan Africa do not confirm this hypothesis, and show large variation in 
the data (Fig. 18.6). Rusinamhodzi et al. (2011) showed through meta-analysis of 
results from long-term experiments in subhumid and semiarid regions of the world 
that the highest yield increases in time with CA are encountered when rotations 
with legumes are practiced. This is corroborated by results from studies in southern 
Africa: in some cases, maize yields following legumes were almost double that of 
continuous maize under no-tillage (Thierfelder et al. 2012). Other studies in south-
ern Africa found that in the high rainfall environment of Malawi, substantial maize 
yield benefits were obtained with the practice of no-tillage with mulching after five 
seasons (Ngwira et al. 2012), while in on-farm trials in southern Zambia, incremen-
tal benefits of CA systems over the conventional practice became significant from 
the third cropping season onwards (Thierfelder et al. 2013c).

Fig. 18.6   Weighted mean difference in crop grain yield over time between conservation agricul-
ture and conventional tillage-based practices. The results are from a meta-analysis of long-term 
experiments in sub-Saharan Africa: Vogel (1993), Lal (1997), Nehanda (2000), Moyo (2003), and 
Thierfelder et al. (2013c). The bars show the 95 % confidence intervals of the means
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18.8 � Effects on Soil Quality

Various studies have reported beneficial effects of CA on the fertility of (sub)tropi-
cal soils in sub-Saharan Africa and elsewhere, including chemical, physical, and 
biological soil properties (e.g., Lal (1998b) and De Vleeschauwer et al. (1980) in 
Nigeria; Thierfelder and Wall (2012) and Mupangwa et al. (2013) in Zimbabwe).

18.8.1 � Soil Carbon

When no or minimum tillage is applied in combination with crop residue mulch-
ing or crop rotations and when this practice is compared to that of CT with re-
moval (burning or grazing) of crop residues, soil carbon increased in some case 
studies after 3–8 years of practice, but not in other cases (Table 18.1). In general, 
increased soil carbon under CA can be mainly attributed to increased retention of 
crop residues compared to conventional practices, as shown in a modeling analysis 
by Corbeels et al. (2006) for a case study in the Cerrado region of Brazil. Similar 
conclusions were drawn from a meta-analysis of global data on the effects of CA 
on soil carbon contents (Luo et al. 2010). No-tillage did not increase the overall soil  
organic carbon stocks in most cases, except for those with increased biomass pro-
duction and crop residue retention via double cropping (two crops per year). This 
also means that soil carbon storage will be limited in drier areas of Africa (< 600 mm 
of rainfall) where biomass production and amounts of crop residues are low. Be-
sides, conversion from CT to no-tillage significantly alters the vertical distribution 
of soil carbon in the soil profile, resulting in increased soil carbon in the 0–10 cm 
soil and decreased soil carbon in the 10–40 cm soil layers. It is also important to 
note that positive effects on soil carbon are more likely to occur in finer-textured 
soils than in sandy soils, because of the lack of physical and structural protection of 
soil organic matter in sandy soils (Chivenge et al. 2007). This may in part explain 
the lack of significant soil carbon responses to CA at some of the sites with coarse-
textured soils in Table 18.2.

18.8.2 � Soil Fauna

It is generally believed that the lack of soil disturbance with the supply of organic 
matter favors the abundance and biodiversity of soil fauna. Few studies exist on 
the effect of CA on biological activity in soils of sub-Saharan Africa. One detailed 
study (Brévault et al. 2007) in northern Cameroon found that under 3-year-old no-
tillage cotton-based systems, populations of detritivores (especially earthworms, 
and to a lesser extent also termites and ants) and predators (spiders, carabids, 
staphylinids, centipedes) were larger and more diverse with crop residue mulch-
ing than under conventional systems with tillage and without mulching. A study 
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in Zimbabwe (Mutema et al. 2013) found a significant correlation between maize 
residue amounts and macrofauna abundances. This and other studies in southern 
Africa (Nhamo 2007; Ngwira et al. 2013) reported that termites are particularly at-
tracted by cereal crop residues on the soil surface, mostly on coarse-textured soils. 
The effect of their biological activity on soil fertility and crop growth is compound 
and probably depends largely on the type of termite species. They accelerate de-
composition of crop residues, thereby releasing nutrients and open up galleries that 
enhance rainfall infiltration; on the other hand, they can leave the soil bare at an 
early stage of the cropping season. In some situations, crops (especially cereals) 
are damaged by termite species, especially toward harvest when residue cover has 
completely disappeared. Thierfelder and Wall (2010) in Zambia and Ngwira et al. 
(2013) in Malawi reported significant increases in earthworm populations under 
no-tillage systems with residue retention. For an Alfisol in southwestern Nigeria, 
Lal and Akinremi (1983) observed that the rate of earthworm cast production was 
higher in no-till than in plowed and in mulched than in unmulched treatments. 
These results confirm the findings from studies in other (sub)tropical parts of the 
world (e.g., Brown et al. 2002 and Blanchart et al. 2007 for subtropical and tropical 
Brazil, respectively). Earthworms play an important role in incorporating organic 
matter, enhancing nutrient cycling, and increasing soil porosity and channels for 
root development. The above cited studies show clear evidence of enhanced bio-
logical activity under CA. However, more research is needed to better understand 
the functional properties of the diverse soil fauna with respect to nutrient cycling, 
pest incidences (see below), and plant growth processes under CA systems under 
(sub)tropical cropping conditions.

18.8.3 � Soil Water and Erosion

The original interest in CA stems from the beneficial effect of crop residue mulch-
ing on soil water runoff and erosion. Surface residues protect the soil from the im-
pact of raindrops and reduce soil sealing and crust formation. Several studies have 
demonstrated lower soil water runoff and erosion under no-tillage with mulching in 
sub-Saharan Africa (e.g., Kamara (1986) in Sierra Leone; Lal (1998a) in Nigeria; 
Thierfelder and Wall (2009) in Zimbabwe; Araya et al. (2012) in Ethiopia). In a 
recent review of studies in East and southern Africa, Wall et al. (2014) found that 
average reduction in runoff with the practices of CA was 51 % with a range from 
14 to 95 %. A relationship—based on a set of data from the literature—between 
reduced water runoff as a result of CA compared to tillage-based systems and the 
amount of mulching is presented in Fig. 18.7. It shows that the upper boundary line 
of the surface runoff response to mulching starts to exponentially decline from resi-
due loads of about 3000 kg ha−1. Thirty percent of soil cover has been proposed as 
a threshold value for effectively controlling soil water runoff and erosion (Allmaras 
and Dowdy 1985). However, in many African smallholder situations, cover of crop 
residues falls below 30 % mainly due to other uses for the crop residues combined 
with low crop biomass production. In cases with low soil cover, untilled soils prone 
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to soil crusting may cause higher surface water runoff and erosion than tilled soils 
(Okwach and Simiyu 1999; Baudron et al. 2012). Under such circumstances, tillage 
breaks down the soil crust, resulting in higher rainfall infiltration (Aina et al. 1991). 
On the other hand, from results of trials in semiarid regions of Ethiopia, Kenya, 
Tanzania, and Zambia, Rockstrom et al. (2009) suggested that ripping is an efficient 
strategy to capture and conserve rainfall water compared to tillage, especially if 
combined with fertilizer application.

Crop residue mulching decreases soil evaporation losses (Scopel et al. 2004). Al-
though no studies from sub-Saharan Africa have been reported on direct measure-
ments of soil evaporation rates under CA systems compared with cropping systems 
with tillage, several studies have indirectly demonstrated this effect through soil 
moisture measurements showing increased soil water contents under mulching (e.g., 
Mkoga et al. 2010; Mupangwa et al. 2012; Thierfelder and Wall 2012). This is an im-
portant feature, especially in regions with low and erratic rainfall, resulting in short-
term positive crop responses to CA. For example, from the results of a three-year 
experiment on sandy soils in the semiarid region of Zimbabwe, Vogel (1993) reported 
that the practice of ripping with mulch gave the highest yields in dry years if there 
were enough crop residues left on the soil surface. Where this was not the case, mold-
board plowing and ripping yielded equal. The same author argued that tied ridging 
may be the best tillage technique for the subhumid north of Zimbabwe, due mainly to 
the prevention of waterlogging and increased root depth. Problems with waterlogging 
may occur under no-tillage with mulching during wet seasons on granitic sandy soils 
in Zimbabwe (Thierfelder and Wall 2012). On the other hand, Enfors et al. (2011) 
found in northeastern Tanzania that, although no-tillage with mulching can increase 
grain yield during good rainy seasons, during poor rainfall seasons, grain harvests 
may be lower under mulching. This was due to increased vegetative growth early in 
the season at the expense of grain filling later in the season.

The potential benefit from the practice of CA on the soil water balance has been 
the grounds for advocating CA as a technology to cope with a changing climate 

Fig. 18.7   Relationship 
between surface water runoff 
under conservation agricul-
ture ( CA) compared with 
conventional tillage ( CT) 
and mulch amounts. Data 
from Khatibu et al. (1984), 
Lal (1998a), Vogel et al. 
(1994), Woyessa and Bennie 
(2007), Munodawafa and 
Zhou (2008), Thierfelder and 
Wall (2009), and Baudron 
et al. (2012). The broken line 
shows the boundary line of 
minimum reduction in water 
runoff under CA for mulch 
amounts > 3000 kg ha−1: 
y = 5.17*e−0.00056*x

 



18  Conservation Agriculture in Sub-Saharan Africa 461

of more erratic rainfall (Kassam et al. 2009). This potential has been theoretically 
shown in a crop growth modeling analysis for a case study in Zimbabwe (Corbeels 
et al. 2014). Model predictions suggest 30 % yield reductions in maize production 
under CT as a result of changing climate (15 % less and more erratic rainfall and 
higher temperatures of + 1.1 °C on average) in subhumid southern Africa could be 
compensated by adopting no-tillage with mulching.

18.9 � Pest, Disease, and Weed Dynamics Under CA

Published information on the effects of the practice of CA on pests and diseases 
in sub-Saharan Africa is limited. Some reports from southern Africa mention the 
increased incidence of white grubs (larvae of Phyllophaga spp. and Heteronychus 
spp.) with the practice of no-tillage with mulching under continuous maize crop-
ping, but this seems to disappear when maize is rotated with legumes (Thierfelder 
et  al. 2014). Residue retention and the associated increased humidity at the soil 
surface favor the survival of pathogens until the following crop is planted. For ex-
ample, surface crop residues infected with the fungal pathogen Cercospora-maydis 
that is responsible for gray leaf spot disease can represent an early-stage inoculum 
for the next maize crop, which will give rise to more life cycles of the fungus, result-
ing in an acute gray leaf spot infection of the crop (Thierfelder et al. 2014). On the 
other hand, there is evidence that pests and diseases that are carried over through 
crop residues can be controlled with appropriate rotations, since they break the life 
cycles of the pests and diseases (Thierfelder et al. 2013a).

The incidence of the parasitic weed striga ( Striga asiatica (L.) Kuntze) seems 
to diminish under CA, as observed by Rusinamhodzi et al. (2012) and Thierfelder 
et al. (2014) on fields in central Mozambique and Malawi, respectively. This ob-
servation is probably related to soil fertility effects since striga is often associated 
with poor soil fertility. In general, it is believed that residue cover helps to control 
weeds, but experimental results suggest that the amount of residue required for 
effective weed control would be excessively high (Wall et al. 2014; Ngwira et al. 
2014). Under farming conditions with limited soil cover, CA without the use of 
herbicides leads to higher weed pressure than CT-based systems, as, for example, 
shown by Nyamangara et al. (2014a) for planting basins in Zimbabwe. A primary 
reason for tillage is the ability to bury small annual weeds with soil. Mashingaidze 
et al. (2012) reported that to achieve similar levels of weed control for planting 
basins and CT, the number of man-hours needs to increase by 50–100 % with the 
planting basins as compared to the tillage systems. Some reports (e.g., Vogel 1995) 
mention a change in spectrum of weeds under CA, with mulch initially suppressing 
annual weeds, but perennial rhizomes persevere, leading to increased late-season 
weed infestation. Nevertheless, when appropriate weed control strategies are ap-
plied, which may involve herbicides for chemical weed control, this constraint can 
be overcome, and successful examples from Malawi show that indeed the avail-
ability and use of herbicides can be a major trigger in the uptake of CA (Thierfelder 
et al. 2013b).
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18.10 � Effects on Farm Income

First, a recent review (Pannell et al. 2014) on the economics of CA revealed that 
the number of published studies in sub-Saharan Africa is small, making it difficult 
to gain a comprehensive understanding of the factors that make the practice of CA 
profitable or not for farmers. Second, most of the studies appear to have taken very 
simple approaches with little information about the assumptions used. Most studies 
perform simple cost–benefit analyses at field scale, which take into account income 
through crop yields (and crop residues) and costs related to (no) tillage, seeding and 
harvest operations, fertilization, and weed control. Most reported analyses consider 
only the variable costs without considering investment costs such as those for a 
direct seeder, ripper, or knapsack sprayer. A summary of some results of this type of 
analysis is given in Table 18.3.

The results from the analysis conducted by Haggblade and Plerhoples (2010) 
compared the practice of planting basins against conventional hand-hoe tillage in 
Zambia. The study distinguishes three farmer types: poor farmers without access to 
inputs; farmers with enough cash to purchase a modest package of inputs (US$ 60 
season−1); and farmers purchasing a high level of inputs of fertilizer, hybrid seeds, 
and herbicides (US$ 150 season−1). All three types benefited substantially from CA 
compared to CT, increasing income by 85, 100, and 200 %, respectively. Although 
planting basins required more labor compared to the hand-hoe system, the major ad-
vantage of using basins was the disaggregation of peak labor times. For the poorest 
farmers, about two thirds of the income gain stemmed from increased yield, while 
the remaining one third came from area expansion made possible due to labor sav-
ings during peak labor times with planting basins that are dug before the start of the 

Table 18.3   Cost–benefit analyses comparing conventional-based tillage ( CT) with conservation 
agriculture ( CA) practices. (Data from Mazvimavi and Twomlow 2009; Haggblade and Plerhoples 
2010; Ngwira et al. 2012, 2013)

Several districts, 
Malawia

Several districts, 
Zimbabweb

800–1000 mm rainfall 
zone of Zambiac

CT CA + LIC CT–F CT + F CA CT CA CA + H
Revenue (USD ha−1) 755 1054 1044 163 177 660 166 244 227
Input costs 218 324 315 31 61 54 0 0 31
Labor (days ha−1) 63 40 48 69 77 116 103 144 120
Total variable costs 
(USD ha−1)

373 429 441 92 129 156

Net return (USD ha−1) 382 625 603 71 48 504
Returns to labor 
(USD day−1)

8.58 18.2 15.0 1.91 1.51 5.22 1.6 1.69 1.63

+LIC: CA system with legume intercropping, –F: without the use of fertilizer, +F: with the use of 
fertilizer, –H: without the use of herbicides, +H: with the use of herbicides
CT conventional tillage, CA conservation agriculture, LIC legume intercropping
a CT: ridge and furrow systems; CA: no-tillage and use of a dibble stick
b CT: moldboard plowing; CA: planting basins
c CT: hand-hoe tillage; CA: planting basins
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growing season. For the wealthiest group, use of herbicides reduced labor inputs for 
weed control, allowing the farmer to manage as much as 2.7 ha of cropland, com-
pared with only 1.1 ha under conventional hand-hoe tillage. This study highlights 
the importance of capital for obtaining maximum benefits from CA. Mazvimavi and 
Twomlow (2009) conducted a cost–benefit analysis on the use of planting basins for 
a sample of 1400 farmers in Zimbabwe. The study indicated that farmers increased 
their income by 39 % with planting basins compared with conventional cropping. 
However, the labor requirements were higher with planting basins as they were 
compared with animal traction moldboard plowing. Moreover, the use of planting 
basins is often perceived by farmers to be more labor intensive (Umar et al. 2012). 
Digging basins during the dry season involves considerable labor (28–34 person 
days ha−1) in the first year, but since they are exactly dug in the same place, the dif-
ficulty and time for digging are reduced in following years. This, however, applies 
less to sandy soils, since on these soils, basins tend to collapse throughout the win-
ter period. In summary, labor constraints with planting basins are one of the major 
constraints to their widespread adoption: farmers in Zimbabwe tend to have only 
0.5 ha or less of their farms under planting basins. Ngwira et al. (2012) in a study in 
Malawi found that maize with pigeon pea intercropping plus minimum tillage was 
more profitable than continuous maize with minimum tillage, which was more prof-
itable than the practice of CT with continuous maize. Manual CA systems practiced 
in Malawi involve direct seeding using a dibble stick, which requires significantly 
less labor than preparing the traditional ridges and furrows manually. These labor 
savings are partially offset by increased input costs, but because of increased crop 
yields, net returns per hectare increased.

In contrast with commercial farming, reduced costs with CA on smallholder 
farms in sub-Saharan Africa are not always observed. Reducing tillage can lead to 
increased costs for weed control, be it through increased labor or the use of herbi-
cides. It is commonly observed that where herbicides are not available or not used, 
labor savings from land preparation may be offset by labor requirements for manual 
weeding (Ekboir et al. 2002; Ito et al. 2007; Erenstein et al. 2012; Grabowski and 
Kerr 2014). On the other hand, labor savings with CA are evident in cases where 
herbicides are used (e.g., Ekboir et  al. (2002) in Ghana; Ngwira et  al. (2012) in 
Malawi). However, herbicide use is not always an option for farmers in sub-Saha-
ran Africa due to limited local availability, cash flow problems, or lack of farmer 
knowledge and training on the use of herbicides.

In multilocation on-farm trials with maize in central Kenya, Guto et al. (2012) 
found that minimum tillage with residue retention was a profitable practice on soils 
of medium fertility, and less profitable than CT practice on the poorer and richer 
soils. These results were to a large extent explained by the crop yield response to 
tillage or crop residue management. While yields were not influenced by tillage or 
residue management in the good fields, yields in the medium fields were higher with 
no-tillage and crop residue retention; in the poor fields, minimum tillage resulted in 
yield reductions while crop residue addition did not affect yields.

The economics of mulching with crop residues are highly context-specific, 
depending on factors such as human population, livestock density, cropping intensity, 
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access to alternative feed sources, land, and markets (Valbuena et al. 2012). Although 
crop residues are in many regions of sub-Saharan Africa nonprivate products, particu-
larly when the practice of free grazing is the (cultural) rule, their (economic) value 
can be assumed to be reflected in the costs of fencing the fields and additional labor 
requirements for collection, transport, and management of the residues (Mazvimavi 
and Twomlow 2009). In regions where farmers have enclosed fields, their most valu-
able use may not be for mulching. Farmers may benefit more by using crop residues 
for animal feed (Akpalu and Ekbom 2010; Jaleta et al. 2012). For example, in a case 
study in northeastern Zimbabwe, Rusinamhodzi et  al. (2014) found little scope for 
crop residue retention in the field for farmers with cattle as it leads to reduced animal 
productivity. It was estimated that retention of all crop residues on the fields can re-
duce total farm income by almost US$ 1000 year−1.

Corbeels et al. (2014) reported a farm-scale analysis comparing the economics 
of farmers who have adopted or experimented with CA and farmers who had not. 
Results for a number of case studies are presented in Table 18.4. Typically, farmers 
who practice CA do this on less than about 30–40 % of their land, presumably since 
they are still cautious about it and may have land (soils) and crops less suitable for 
the practice of CA. Earnings from cropping were higher for farmers with CA in the 
Kenyan and Malawian/Zimbabwean case studies, but lower in the Tanzanian case 
studies compared with the farmers who did not practice CA on their farms. Fields 
under CA in all case studies gave higher incomes per hectare than fields that were 
cultivated with CT. Farmers practicing CA also had higher income per hectare from 

Table 18.4   Farm economic data comparing farms with ( CA) and without ( non-CA) the practice 
of conservation agriculture from agro-economic surveys held in three study areas in 2010–2012 
(values in Euro). (Source: Corbeels et al. 2014)
Country Kenya Tanzania Malawi/Zimbabwe
Region Bungoma Karatu (Various)
Exchange rate (1 €) 105 KES 2000 TSH 215 MWK/1.31 US$
Year 2011 2011 2012
Farm category CA Non-CA CA Non-CA CA Non-CA
Sample size (no.) 25 25 25 25 25 13
Average farm size (ha) 1.03 0.93 1.82 1.30 2.13 1.83
Of which CA (%) 31 0 29 0 26 0
Family size (no.) 7 6.8 6.5 5.8 – –
Average no. of cattle (no.) 3.4 2.9 3.6 2.9 3.04 2.4
Ann. crop income (€/year) 813 615 478 563 423 323
Ann. livest. income (€/year) 165 207 275 237 N/A N/A
Crop and livest. income (€/year) 978 822 753 800 N/A N/A
Off-farm income (€/year) 496 514 187 360 353 526
Total farm income (€/year) 1473 1336 940 1160 776 849
Family expenses (€/year) 1149 1013 1099 956 1526 960
Value crop prod (€/ha) 1456 1017 523 551 199 176
CA crop prod (€/ha) 1526 – 598 – 185 –
Non-CA crop prod (€/ha) 1256 1017 419 551 203 176

CA conservation agriculture, CT conventional tillage, EUR euro, KES Kenyan shilling, TZS Tan-
zanian shilling, MWK Malawian kwacha
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their fields under CA than from their other fields, with exception of the Malawi/
Zimbabwe case study. In general, the practice of CA resulted in higher crop yields, 
but these higher yields were often obtained because of higher inputs in terms of 
fertilizer, herbicides, and labor. For example, in Malawi/Zimbabwe, mean maize 
yield was 2097 kg ha−1 on fields under CA compared with 1038 kg ha−1 on the other 
fields, but farmers applied on average 10 % more fertilizer and spent 45 % more la-
bor time on fields under CA. Overall, the results show that farmers who practice CA 
do not seem to have systematically higher levels of net income than farmers who do 
not. This is to a great extent a consequence of the various trade-offs that exist with 
the use of available resources (land, labor, and cash). We may conclude that in the 
sub-Sahara African context, the economic benefits from the practice of CA are still 
difficult to quantify unambiguously, and are confounded by seasonal variability and 
location and farm specificities.

18.11 � Challenges with Adoption of CA

The low adoption figures in sub-Saharan Africa (Table 18.1) are most likely an in-
dication of the challenges with disseminating CA on smallholder farms. They have 
been summed up and discussed in recent papers on CA in Africa (Wall 2007; Giller 
et al. 2009; Erenstein et al. 2012; Corbeels et al. 2014; Wall et al. 2014; Thierfelder 
et al. 2014). The constraints with widespread adoption of CA in Africa were also 
identified in a more formal way using an expert assessment tool by Ndah et  al. 
(2012, 2014).

A major constraint is that crop production and income benefits from the practice 
of CA are often not experienced from the first year, but only occur in the longer 
term (Rusinamhodzi et al. 2011), while associated costs and the farmer’s needs to 
feed his/her family are immediate. Smallholder farmers often attribute a substan-
tially higher value to immediate costs and benefits than those incurred or realized 
in the future (Pannell et al. 2014). This is particularly true for resource-poor farm-
ers (Grabowski and Kerr 2014). More generally, a literature survey by Harris and 
Orr (2014) demonstrated the limited impact of improved crop production technolo-
gies on income of smallholder farmers in sub-Saharan Africa, i.e., too small to lift 
them above the poverty line, due to the small farm sizes and the low value of crop 
products with a lack of commercialization. Direct benefits are in many situations 
restricted to improved household food security.

The practice of CA incurs strong trade-offs with other activities at the farm level 
and above. Probably, the strongest trade-offs occur with the use of crop residues. 
The retention of crop residues on the soil surface as mulch competes with their use 
as fodder for livestock. Crop residues are also used for bedding in kraals, construc-
tion (fencing and thatching), and as a source of fuel. In many situations, especially 
in the subhumid and semiarid regions, animal feed is often in critically short sup-
ply and takes precedence, since livestock plays a crucial role in the livelihoods of 
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smallholder farmers, i.e., as a source of draft power, cash income, and risk buffer 
(Herrero et al. 2013). Grazing systems that rely on communal use and traditional 
grazing patterns especially are a threat to mulching. In these systems, individual 
farmers cannot restrict grazing even on their own land without challenging the tra-
ditional rights of others in the community: protecting the crop residues from free 
grazing through, e.g., fencing of the plots, requires renegotiation of the traditional 
rules or local bylaws. The promotion of mulching in CA systems has therefore to be 
done concurrently with the promotion of fodder production. New ways of additional 
fodder production through intercropping and relay cropping are alternatives that 
should be explored. Another trade-off with the practice of CA relates to the use of 
available labor and/or cash on the farm. The increased amount of labor required for 
weeding with CA may outweigh the labor savings gained by not plowing the soil 
unless herbicides are used to control weeds, but this requires cash. The reallocation 
of labor, especially to weeding, often is implying more work for women (Giller 
et al. 2009).

In many regions in sub-Saharan Africa, the poor functioning and access to mar-
kets, exacerbated by the lack of suitable credit opportunities, impede farmers from 
investing in herbicides, seeds, fertilizers, and no-till equipment. In general, mar-
ket support for smallholders is needed in order to create economic incentives to 
invest in new agricultural technologies (Ehui and Pender 2005). These economic 
constraints to the adoption of CA are likely to vary between countries and regions, 
as well as market environments as they are determined by the distance to markets, 
infrastructure, and an overall enabling environment.

Finally, the knowledge-intensive nature of CA technologies presents another 
major challenge. The number of practices that need to be altered at the same time 
necessitates a major transformation in crop and soil management (Erenstein 2002). 
Often, there is a lack of appropriate technical information or support for farmers, 
but also for extension workers. This, combined with the low education and literacy 
standards of farmers, constrains the learning and experimenting process with CA 
technologies. Therefore, adoption is unlikely to be immediate, but will be incremen-
tal, with farmers experimenting on small areas and only adopting on a larger scale 
when they fully get to grips with the new practices.

18.12 � The Need for Targeting CA Practices

Given the diversity of farming systems and farmers in sub-Saharan Africa, a major 
challenge with the development and dissemination of CA is the identification of 
situations where CA can offer major benefits (Knowler and Bradshaw 2007; Giller 
et al. 2009; Corbeels et al. 2014). It involves targeting CA technologies to regions 
and categories of farmers who are likely to adopt practices of CA. This will help 
development agents to better direct their investments with CA.

Adoption studies may provide ex post insight into the adoptability of particular 
CA technologies for particular categories of farmers in specific agroecological, 
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socioeconomic, and institutional contexts (Andersson and D’Souza 2014). How-
ever, these studies are often biased because of project interferences in the form of 
input support (fertilizers, seeds, CA implements). Ex ante analyses are required for 
effective targeting and dissemination of CA. They involve a multiscale analysis of 
factors that influence the performance and adoption of CA (Corbeels et al. 2014), 
which can be done based on results from on-station and on-farm agronomic ex-
periments, simulation modeling, farm-level economic studies, and (market) institu-
tional analyses. The socioecological niche approach (Ojiem et al. 2006) provides a 
practical framework for “ideotyping” the contexts within which CA has most to of-
fer. A series of biophysical, socioeconomical, and institutional factors and their in-
teractions delineate the socioecological niche for a type of CA technology. For each 
factor, several criteria boundaries must be established and then used to set limits for 
the niche. Following Sumberg (2005), adoption constraints should be distinguished 
from prerequisite higher-scale conditions; the former referring to the “goodness-of-
fit” between the CA technology and the farmer (type), while the latter focuses on 
contextual factors, that cannot be influenced by the CA development and dissemi-
nation process (Andersson and d’Souza 2014; Corbeels et al. 2014). As illustrated 
above, CA comprises different practices, each with their specific requirements for 
labor, equipment, chemical inputs, etc. that are suitable to different types of farmers 
(and farming environments). For example, direct seeders have a high equipment 
cost and are only accessible by a small proportion of smallholder farmers in sub-
Saharan Africa, although there are cheaper alternatives such as rippers. In general, 
CA will be most rapidly adopted by smallholder farmers with adequate resources of 
land, cash, and labor, and not by the most resource-constrained groups. Functional 
farm typologies based on farmers’ production objectives and resource endowments 
(including the importance of farm size) will help in better targeting CA technolo-
gies. To start with, a clear differentiation has to be made between mechanized and 
manual CA systems; they will clearly match different categories of farmers (Ander-
sson and Corbeels 2014). Figure 18.8 shows a first typology of situations where CA 
is likely to be adopted by farmers.

Targeting CA to a group of farmers also involves adaptation of a given tech-
nology to their local circumstances and specific contexts. Aspects that need to be 
considered include farmers’ production objectives and constraints, expected costs 

Likelihood of adoption of conservation agriculture  

Many livestock Few livestock 
Free grazing Enclosed fields 
Resource-poor farmers Resource-rich farmers 
Subsistence-oriented farmers (Semi)commercial-oriented farmers
Poor market access Good market access 
Low production potential High production potential 
Low soil fertility High soil fertility
Land abundance Land scarcity 
Insecure land tenure Secure land tenure 
No erosion Erosion prone areas 
Inadequate extension support Good extension support 

Fig. 18.8   Typology of 
situations where conservation 
agriculture is likely to be 
adopted by smallholder 
farmers in sub-Saharan 
Africa. Several of these 
conditions are interlinked and 
may interact. (Adapted from 
Giller et al. 2011)
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(requirements in terms of inputs, equipment, labor), benefits (especially in the short 
term), production and financial risk, input supply and marketing, farmers’ percep-
tions, and technical advice (Erenstein 2003; Giller et  al. 2009; Mazvimavi and 
Twomlow 2009). This can be achieved through an innovation systems approach 
that fosters dynamic interactions among researchers, extension agents, equipment 
manufacturers, input suppliers, farmers, traders, and processors (e.g., Ekboir 2003). 
Critically, this depends on learning processes, feedback loops, and iterative interac-
tions that are decidedly nonlinear (Spielman et al. 2008). Only then is a targeted 
adaptation process likely to create viable CA-based options. The participation of 
farmers in iterative technology development through action research with a solid 
involvement of researchers (co-innovation) has fostered the adoption of soil im-
proving technologies (e.g., Misiko and Tittonell 2009).

18.13 � Policy Support

Several African countries have incorporated CA in their strategic plans for the 
development of the agricultural sector. CA is now government policy in Tanzania, 
Kenya, Malawi, Mozambique, Zimbabwe, Zambia, and Lesotho. West African coun-
tries are lagging behind in this respect. In southern and eastern Africa, actions on CA 
are supported by focal points from national task forces, regional organizations—
ACT, the New Partnership for Africa’s Development (NEPAD), Southern African 
Development Community (SADC)—and international research centers (e.g., CIM-
MYT, ICRISAT, and ICRAF). Under the Common Market for Eastern and Southern 
Africa’s (COMESA) climate change program, CA has been endorsed as an appropri-
ate adaptation and mitigation action for African agriculture. However, the question 
remains how effective are the policies and programs that are put in place in promot-
ing CA. Besides, the context for private sector support is often uncertain. Strategies 
for developing and disseminating CA should also take into account market mecha-
nisms, and market support policies should be designed that favor the emergence of 
CA. The recent food crisis put market regulations and production incentives back 
on the world agenda, with particular focus on Africa where yield gaps and hence 
the perspectives of production increases are the largest (Tittonell and Giller 2013; 
Affholder et al. 2013). Many CA technologies that are inappropriate for subsistence-
oriented farms might become opportunities for market-oriented farms, as suggested 
by studies in emerging countries (e.g., in Brazil and India).

18.14 � Conclusions

Several studies compared the performance of CA practices with that of CT-based 
practices in sub-Saharan Africa. Most of the reported studies come from southern 
Africa, some from East Africa, and few from West Africa. The studies mostly relate 
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to maize-based cropping systems. Overall, the studies indicate that the three prin-
ciples of CA are needed to increase crop yields compared with conventional prac-
tices. Immediate crop yield benefits from CA are, however, highly variable. They 
are most likely to be positive when crops are drought stressed, because of the soil 
moisture conservation effect of mulching. Benefits through increased soil fertility 
(soil carbon) are expected to increase over time. The published results from long-
term experiments point in this way, although, again, experimental results are vari-
able, both in terms of soil carbon and crop yields.

Much less information is available in the literature on the economics of CA. The 
published studies indicate that the economic attractiveness of CA is highly site-spe-
cific and depends on the type of CA technology and the overall farming context. In 
contrast with commercial farming, reduced costs with CA on smallholder farms in 
sub-Saharan Africa are not always observed. Moreover, the fact that crop responses 
to CA are variable, and not always positive, is an important hindrance for adoption 
by resource-poor farmers, since they need immediate returns with their investments 
in CA. Farmers with a strategy of intensification are more likely to adopt proposed 
technologies of CA than farmers who struggle to produce food for their family. The 
latter too often face multiple constraints that limit the possibilities to engage in tech-
nological innovations. Some farmers may not be interested in new technologies for 
agricultural intensification because they earn their income from off-farm activities.

Adoption figures for CA in sub-Saharan Africa are low despite more than two 
decades of research and development investments with CA technologies. The small 
farm sizes in sub-Saharan Africa raise questions about the potential impact of tech-
nological interventions on farm income and agricultural development. Small farm 
sizes make farmers more risk averse: putting a part of the field(s) aside for new 
technology testing may represent a significant risk in terms of short- to medium-
term household food security. Another challenge with the practice of CA is the use 
of crop residues for mulching since crop residues are a major source of feed for 
livestock, especially in semiarid regions, where biomass production is limited and 
livestock plays a crucial role in farming systems.

There is an urgent need to better target investment efforts with dissemination 
of CA in sub-Saharan Africa. The development and promotion of CA requires the 
ex ante identification of farmer categories that are potential end users of the tech-
nologies and effective adaptation of technologies to the agricultural context and the 
needs of these types of smallholder farmers. Good markets of input supply and sale 
of extra produce are a prerequisite condition for the widespread adoption of CA as 
they are for any other new agricultural technology that aims at intensification. A 
broad range of stakeholders, including farmers, extension agents, researchers, input 
suppliers, equipment manufacturers, service providers, traders, and policymakers, 
need to be involved in the development and diffusion process of CA. An important 
role for research today is to find out how to effectively foster dynamic interactions 
and synergies for joint learning and experimenting with CA and how to improve 
in general the policy and institutional context for agricultural innovation in sub-
Saharan Africa.
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Abstract  Changes to agricultural practices in response to climate change and wide-
spread soil degradation are being investigated to improve food security, enhance 
environmental conservation, and achieve sustainability. Since soil organic carbon 
(SOC) concentration is a strong determinant of soil physicochemical and biological 
activities, carbon (C) sequestration in agricultural soils requires changes to man-
agement practices. Conservation agriculture (CA)—based on minimum soil dis-
turbance, adequate surface cover, and complex crop rotations—has been proposed 
as an alternative system to conventional agriculture. This chapter reviews potential 
impacts of CA mainly on C sequestration, collates information on the influence of 
tillage, integrated nutrient management (INM), fertilizers, residue management and 
cover crops on SOC stocks, and deliberates on the mitigation of greenhouse gas 
(GHG) emissions, economics, etc. by CA from existing case studies. Whether con-
version to a CA system can increase C sequestration is not yet clear. More research 
is needed, particularly long-term research, to delineate ecological conditions suit-
able for adaptation in a CA system. Harshness of arid and semiarid climate exac-
erbates the risk of soil degradation by depleting SOC stock and increasing risks of 
erosion and salinization. Widespread adoption of CA can reduce the cost of farm 
operations including fuel consumption, while conserving soil water, improving soil 
functions, controlling erosion, and sustaining productivity.

Keywords  Conservation tillage · Carbon management · Carbon credit · Organic 
matter · System productivity · Zero tillage · Sustainability · India
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Abbreviations

AICRPDA	 All India Coordinated Research Project for Dryland Agriculture
BGA	 Blue–Green Algae
BMPs	 Best management practices
C	 Carbon
CA	 Conservation agriculture
CDM	 Clean development mechanisms
CER	 Certified emission reduction
CIMMYT	 International Maize and Wheat Improvement Center
CR	 Crop residue
CT	 Conventional tillage
FYM	 Farm yard manure
GHGs	 Greenhouse gases
GWP	 Global warming potential
IGP	 Indo-Gangetic Plains
INM	 Integrated nutrient management
IPNS	 Integrated plant nutrient system
K	 Potassium
N	 Nitrogen
NT	 No-till
P	 Phosphorus
PDFSR	 Project Directorate of Farming Systems Research
RDF	 Recommended dose of fertilizer
RDN	 Recommended dose of nitrogen
RMPs	 Recommended management practices
S	 Sulfur
SOC	 Soil organic carbon
SOM	 Soil organic matter
SSNM	 Site-specific nutrient management
UNFCC	 United Nations Framework Convention on climate change
VAM	 Vesicular Arbuscular Mycorrhyza
Zn	 Zinc

19.1 � Introduction

Global warming has already increased temperatures and by the end of twenty-first 
century is likely to exceed 1.5 °C due to anthropogenic emissions of greenhouse 
gases (GHGs), such as carbon dioxide (CO2), methane (CH4), and nitrous oxide 
(N2O) (IPCC 2013). Global anthropogenic emissions by fossil fuel combustion and 
cement production are estimated at ~ 10 Pg C year−1 (Le Quere et al. 2013). The pro-
jected climate change may alter terrestrial carbon (C) storage because of changes 
in temperature, precipitation, and CO2 concentrations that could affect net primary 
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production (NPP), C inputs to soil, and soil C decomposition rates. It may also 
accelerate land use change, thus further altering terrestrial C fluxes (Falloon et al. 
2007). Despite 50 years of the green revolution, agriculture is faced with numerous 
challenges to increase food production for the growing human population (Hobbs 
2007). The world population has increased by 3.7 billion people, rising from 7.2 bil-
lion from mid-2013 to 10.9 billion by the end of this century (United Nations 2013). 
World agricultural production has grown, on average, between 2 and 4 % per year 
over the last 50 years, while the cultivated area has increased by only 1 % annu-
ally. However, global per capita arable land has declined from ~ 0.44 ha to < 0.25 ha 
(Foresight 2009), which indicates successful agricultural intensification. More than 
40 % of the increased food production has come from irrigated areas, which have 
doubled in size since the 1960s. Geographically uneven distributed land could not 
be brought under production because much of it has been characterized for suitabil-
ity and agronomic constraints. Moreover, suitable land for cropping is skewed in 
countries that have the most need to increase production (FAO 2013b).

Traditionally, some form of plowing has been done since the beginning of agri-
culture for land preparation and planting. Continuous monoculture, ecological con-
straints, lack of good quality seed and crop rotations, and use of extensive farming 
have led to degradation of soil and other natural resources. Degradation of natural 
resources threatens food security and livelihood opportunities of farmers, espe-
cially those who are poor and underprivileged (Souvenir 2009). On a global scale, 
the annual loss of 75 billion t of soil translates into US$ 400 billion per year and 
about US$ 70 per person per year due to land degradation (Pimentel et al. 1997, 
Eswaran et al. 2001). Soil erosion, nutrient mining, and C loss are among the major 
causes of soil degradation. Agricultural soils are comparatively more susceptible to 
erosion because of the removal of vegetation before planting the following crop, 
coupled with frequent cultivation of the soils. From the compilation of global data, 
Lal (1994) showed that the yield of rainfed agriculture may decrease by 29 % over 
25 years (1995–2020) because of accelerated soil erosion. It is estimated that 30 % 
of the world’s arable land is severely degraded (Kendall and Pimentel 1994) and 
each year ten million cropland are lost due to accelerated soil erosion (Pimentel and 
Burgess 2013). Nutrient mining is especially severe in Africa (Smaling 1993, Stoor-
vogel and Smaling 1990a, b). In 2000, global soil nutrient depletion was estimated 
at an average rate of 19, 5, and 39 kg ha−1 year−1 of N, P, and K, respectively.

The loss of C due to soil degradation in the past 1000 years represents 16–20 % 
of the present-day global soil C stock of 1200–1500 Pg (1 Pg = 1015 g) to 1 m depth 
(Haider 1999). In addition, mechanization of agriculture has depleted the soil C 
pool by 78 ± 12 Tg (1 Tg = 1012 g) of C since 1750 (Lal 2004) and conversion of for-
est to agricultural land has depleted soil C stock by ~ 22 % C. Decomposition of bio-
mass and soil C stock has been a principal source of atmospheric CO2 over the past 
century (Lal 1997).The loss of SOC by mineralization may range from about 20 % 
in 20 years in temperate climates to about 50 % in 10 years in the tropics (Woomer 
et al. 1994). Thus, strategies toward sustainable management of natural resources 
to reduce the widespread problem of land/soil degradation with adverse impacts on 
food security and environmental quality need to be identified.
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Sequestration of C is the removal of CO2 from the atmosphere into various long-
lived chemically bound forms, either on land or in the ocean (Franzluebbers 2008). 
Soil is an important sink to capture and store atmospheric CO2 in the form of or-
ganic (through photosynthesis by plants and humification of the biomass) and in-
organic C (through formation of pedogenic carbonates (Bhattacharyya et al. 2008). 
Thus, C sequestration can partly offset emissions of fossil fuel combustion and 
other anthropogenic activities, while also enhancing soil quality and agronomic 
productivity. However, lack of an accurate estimation of soil C sequestration and 
inherent variability of soil properties hinder identification of best management prac-
tices (BMPs) Srinivasarao et al. 2009b). Naitam and Bhattacharyya (2004) reported 
that the quality and quantity of inorganic colloid is the main substrate to sequester 
C in soils. A constraint of C sequestration in tropical soils because of continuously 
high temperatures can be alleviated through adoption of BMPs such as appropriate 
cropping systems in subhumid and humid regions (Srinivasarao et al. 2009b, 2011b, 
2012b) through stabilization of soil C stocks. Restoring and maintaining soil fertil-
ity in a sustainable manner is also essential to increasing productivity, and SOC is a 
key determinant of soil quality, through its strong influence on physical, chemical, 
and biological properties and processes. Therefore, it is necessary to restore soil C 
stock by using judicious land use and adopting BMPs because agriculture is integral 
to any solution to adapt and mitigate climate change (Lal et al. 1997; Lal 2008).

Conservation agriculture (CA) is gaining acceptance in many parts of the world 
as an alternative to conventional agriculture. It improves soils and crop environ-
ments and can mitigate and adapt to climate change (Govaerts et al. 2009a; Hobbs 
2007; Kassam and Friedrich 2012). Conversion to CA improves water infiltration 
and reduces erosion, moderates soil temperature, suppresses weeds, improves soil 
aggregation, reduces soil compaction, increases surface soil organic matter (SOM) 
content, reduces emissions of GHGs, decreases costs of production, saves time, 
and maintains some fallow through direct seeding (Giller et al. 2009; Verhulst et al. 
2010). In 2009, CA was practiced worldwide on ~ 120 million hectares which corre-
sponded to a 6-million-ha global growth rate per annum (Derpsch et al. 2010; Kas-
sam and Friedrich 2012). It is a complete package of agricultural practices which 
not only protects natural resources but also sustains yields. Potential rates of C se-
questration in soils through adoption of CA systems can be high, especially through 
restoration of degraded soils (Lal 1997; Socolow and Pacala 2006). Conversion to 
no-till (NT) sequesters C in the soil (Kern and Johnson 1993; West and Marland 
2002; Sa and Lal 2009), and long-term use of NT is an effective technology for 
maintaining high crop productivity and sequestering more atmospheric CO2 in soil 
(Dick and Durkalski 1997). Conversion to CA enhances soil C sequestration by 
maximizing C inputs and minimizing C outputs (Franzluebbers 2008). Examples 
of the rates of C sequestration through conversion to NT have been reported by Lal 
et al. (1997) are 0.12–0.29, 0.09–0.29, 0.12–0.29, and 0.14–0.56 Mg C ha−1 year−1 
in the continent of Asia, Africa, America, and the USA, respectively. Comparison 
of data from 67 long-term experiments indicated an average rate of C sequestration 
under NT at 57 ± 14 g C m−2 year−1 (excluding NT in wheat fallow systems) with 
peak sequestration rates attained within 5–10 years after conversion (West and Post 
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2002). Some studies indicated that the increase in SOC concentration primarily 
occurred in the surface layer (Lal 1997), while others indicated either no effect or 
negative effects when the entire soil profile was considered (Blanco-Canqui and Lal 
2008; Baker et al. 2007). Jat et al. (2012) reported that adoption of NT increased 
SOC concentration in soils up to 40 cm deep. However, a careful reexamination 
of the data is needed to assess the impact of the NT system on depth distribution 
of soil C (Blanco-Canqui and Lal 2008). The magnitude of C sequestration may 
depend on the amount of biomass-C input rather than on the absence of tillage per 
se (Franzluebbers 2010a), as well as due to differences in soil composition (texture 
and native SOM content), soil conditions (temperature and moisture), and sampling 
depth. All too often, experimental protocols are not rigorous enough to show real 
differences among tillage systems (Christopher et al. 2009).

In this chapter, sustainable use of soil and other natural resources in relation to 
agronomic productivity and environment quality is discussed. Soil C pool and its 
dynamics are the principal determinants of soil quality, productivity, and socio-
economic status of farmers. This chapter addresses soil C sequestration potential 
through CA, and its management in diverse soils and agro-ecosystems with regard 
to reducing GHG emission, enhancing system productivity, increasing benefits, and 
alleviating constraints to adoption of CA.

19.2 � Carbon and Nitrogen Cycling

The degradation of plant and animal material in soil is a fundamental biological 
process (Stevenson and Cole 1999). Soil C comprises soil inorganic C (SIC) and 
SOC. Biomass C enters the soil through photosynthesis and dead plant materials; 
agricultural practices affect soil C reserve by influencing the rate of biomass de-
composition/mineralization and releasing CO2 into the atmosphere, and exposing 
SOC at the soil surface to climatic elements, thereby increasing its mineralization 
(Lal and Kimble 1997). Several exogenous and endogenous factors including mi-
cro- and meso-climate, management practices, and inherent soil properties affect 
this process. Extractive agricultural systems, with none or little external input, 
may accentuate C efflux. Total N pools in soil comprise organic (urea, amines, 
proteins, and amides), inorganic (NO3

− and NH4 
+), and gaseous (e.g., NO2, NH3 

+) 
components. Soil C and N cycles are strongly linked and influenced by the work 
of microorganisms and quality of SOM. In CA, addition of large amount of crop 
residue (CR) with high C:N ratio lead immobilization of nutrient, particularly N. 
Decomposition organic matter organisms use C as energy source and consequently 
affect C and N cycles. N release by mineralization is an important source for plants; 
generally, NT is recognized for lower N availability because of more immobiliza-
tion by residues left on surface (Bradford and Peterson 2000). Combined effect of 
reduced tillage and residue retention has greater SOC and total N (Kushwaha et al. 
2000). Qun et al. (2004) reported that root density is more on the surface soil under 
NT compared to that under CT. CA helps to improve soil aggregation and physical 
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protection of SOM. The adoption of NT improves the soil biological N cycling and 
N retention; however, microbial biomass carbon (MBC) and particulate organic 
matter nitrogen (POM-N), along with the ratios of N mineralization/MBC and N 
mineralization/CO2–C may be sensitive indicators of management-induced changes 
in total soil C and N (Purakayastha et al. 2009). The activities regarding nutrient 
cycling and functions of soil properties under CA are limited up to surface layers; 
therefore, long-term dataset could draw better information, particularly for soil C 
and N.

19.3 � Soil Organic Matter

Soil organic matter (SOM) and its quality are among the key indicators of soil qual-
ity, and are a strong determinant of biological activity. The amount, diversity, and 
activity of soil fauna and microorganisms are directly related to SOM. The SOM 
content, and the biological activity that it generates, has a major influence on the 
physical and chemical properties of soils (Robert 1996b). Aggregation and stabil-
ity of soil structure increase with increasing SOM content. These, in turn, increase 
water infiltration rate and available water capacity of the soil, as well as resistance 
against erosion by water and wind. SOM also improves the dynamics and bioavail-
ability of principal plant nutrient elements (FAO 2014a). CA practices such as NT, 
use of cover crops, and CRs on the soil surface increase the accumulation of SOM 
in surface soil (FAO 2014b). SOM comprises organic constituents derived from 
the remains of plants and animals which are at different stages of decomposition 
by soil microorganisms. It is a storehouse of many plant nutrients, and improves 
the physical, chemical, and biological environments of the soil (Sharma 2011). The 
term SOC refers to the C contained in SOM (Milne and Heimsath 2008); Fig. 19.1 
shows the impact of SOM on soil and the environment quality. Improved manage-
ment practices which keep the soil surface cool and wet will stabilize the SOC pool 
(Follett 1993; Kern and Johnson 1993). Important among these are mulches and 
CA systems which also change the soil microclimate. The principal processes of 
C sequestration in soil include humification, aggregation, and sedimentation while 
the processes that decrease SOC include erosion, decomposition, volatilization, and 
leaching (Batjes 1999).

19.3.1 � Soil Organic Matter and System Productivity

SOM plays a significant role in improving the physical, chemical, and biological 
quality of the soil in terms of nutrient cycling, reducing bulk density (BD), buff-
ering pH, improving water retention, and overall increasing system productivity. 
Adoption of recommended management practices (RMPs) which could increase 
SOC stock by 1 Mg  ha−1  year−1 can increase food grain production by 32 mil-
lion  Mg  year−1 in developing countries (Lal 2006). Long-term experiments  
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conducted in tropical regions of India show that for every Mg  ha−1 increase in 
SOC stock in the root zone, grain yield (kg ha−1) increased by 13 for groundnut 
( Arachis hypogaea), 18 for lentil ( Lens culinaris), 90 for sorghum ( Sorghum bi-
color), 101 for finger millet ( Eleucine coracana), 145 for soybean ( Glycine max), 
160 for rice ( Oryza sativa), and 170 for pearl millet ( Pennisetum glaucum; Srini-
vasarao et  al. 2013a). An increase in SOC stock by 1 Mg  ha−1 increased grain 
yield by 27  kg  ha−1 in wheat ( Triticum aestivum) in North Dakota, USA (Lal 
2006), 40 kg ha−1 in wheat in the semiarid pampas of Argentina (Diaz-Zorita et al. 
2002), 6 kg ha−1 in wheat and 3 kg ha−1 in maize ( Zea mays) in alluvial soils of 
northern India (Kanchikerimath and Singh 2001), 17 kg ha−1 in maize in Thailand 
(Petchawee and Chaitep 1995), and 10  kg  ha−1 in maize and 1  kg  ha−1 in cow-
pea ( Vigna unguiculata) in western Nigeria (Lal 1981). Tree-based systems can 
sequester substantial quantities of C in biomass even over a short period. In east-
ern Indo-Gangetic Plains (IGP), conversion to NT increased productivity of the 
rice–maize system by15–20 % compared with that of CT (Gupta et al. 2009). Stud-
ies involving on-station trials across the IGP generally reported increased wheat 
yields with NT in the range of 1–12 %, with an average gain of 6.4 % (Erenstein 
and Laxmi 2008). Gupta et al. (2010) reported wheat grain yields of 5393, 5056, 
and 4537 kg ha−1 under NT with residue retention, NT without residue, and CT 
with rotavator and broadcast, respectively. Experiments conducted on irrigated 
maize-based smallholder CA systems in the Eastern Cape regions of South Africa 
suggest that grazing vetch ( Vicia dasycarpa) and oat ( Avena sativa) winter cover  

Fig. 19.1   The impact of soil organic matter on soil and environment
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crops can produce in excess of 6 Mg  ha−1 dry matter annually, providing good 
cover, weed control, moisture conservation, and maize yield benefits (Murungu 
et al. 2010a; Musunda 2010).

19.3.2 � SOM and Nutrient Cycling

The principal processes involved in nutrient cycles are dissolution–precipitation, 
sorption–desorption, mineralization–demineralization, and oxidation–reduction 
(Sanyal and Majumadar 2009). The SOM in topsoil significantly contributes to-
ward nutrient cycling in soil water and the plant system, and it is related to the 
mineralization–demineralization process (Duxbury et  al. 1989). The quality and 
quantity of organic material (i.e., C:N ratio), climate, and soil minerals impact de-
composition of SOM (Jastrow and Miller 1997). As CA systems leave maximum 
organic matter on surface of the soils, consequently changing the soil environment 
(physicochemical and biological) that influence the nature of fixation and exchange 
of nutrients transformation in soils. During the SOM decomposition when high C/N 
ratio inorganic N is utilized, this process is called mineralization. Kumar and Ghosh 
(2002) reported that total N significantly correlated with C/N ratio of residues. Ad-
ditional N is required but it cannot be added at a time; therefore, in NT systems, 
crop yields will often suffer due to inadequate amounts of available N. This, in turn, 
limits the biomass entering into soil, leading to low amount of SOM accumulation, 
reducing N mineralization, and, thus, reducing available N. Therefore, increased 
rate of fertilizer application is often required (Triplett and Dick 2008). This is true 
but over time the accumulation of SOM increased through higher input rates and 
offset reduction in fertilizer and nutrient losses through erosion and leaching under 
zero tillage (ZT) (Friedrich and Kassam 2012) and acting as an N source, thereby 
effectively managing N limitations encouraged by residues (Sa 2004). Tillage dis-
rupts soil aggregation and exposes SOM making it easily accessible for microor-
ganism which further increases mineralization of N from physically protected N 
pools, whereas residue retention with ZT resulted in more stable macroaggregates 
and protect C and N (Chaudhury et al. 2014). Several long-term CA experiments 
reported that N availability or content in soil was higher in NT than under CT. A 
3-year nutrient transformation study in Indian Himalayan subtemperate region by 
different tillage methods revealed that N, P, and K content, dehydrogenase, alkaline 
phosphatase and protease activity were higher in the ZT over CT system in sandy 
clay loam soil (Mina et al. 2008). Guertal et al. (1991) reported more P on surface 
soil in NT than tilled soil because of lower retention characteristics.

19.3.3 � GHG Mitigation

Agriculture contributes about 30 % of the total emissions of CO2, N2O, and CH4, 
while also being directly affected by the consequences of a changing climate 
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(IPCC 2007). Conversion to NT enables adequate retention of CRs and regu-
lates terminal temperature up to 2°C in wheat (Jat et  al. 2010). Burning of CRs 
contributes a significant quantity of GHGs. Burning 1 Mg of straw releases 3 kg 
of particulate matter, 60 kg CO, 1460 kg CO2, 199 kg ash and 2 kg SO2 (Gupta 
et al. 2006). Gupta et al. (2004) used Intergovernmental Panel on Climate Change 
(IPCC) methodology to estimate emissions from open burning of CR (assuming 
that one fourth of available CR is burnt in the field) and reported that the emis-
sions of CH4, CO, N2O, and NOx in 2000 were 110, 2306, 2.3, and 84 Gg, re-
spectively, and had increased by 7.84, 7.85, 4.54, and 7.69 %, respectively, since 
1994, from field burning of rice and wheat straw in India. It has been reported 
that an NT system can effectively reduce GHG emissions by half and ground-
water pumping by 3–28 % (Grace et  al. 2003). Field experiments conducted by 
the International Maize and Wheat Improvement Center (CIMMYT) in the rain-
fed Mexican highlands, to assess CA as a sustainable alternative for convention-
al maize production practices (conventional tillage, CT), indicated that CT dete-
riorated soil fertility and reduced agronomic yields. In contrast, CA restored soil 
fertility and increased yields. Further, SOM increased in CA compared to that 
in CT, but increases in GHG emissions in CA may offset any gains toward miti-
gating global warming. Thus, cumulative GHGs emitted were similar in CA and 
CT, but SOC concentration in the 0–60-cm layer was higher in CA than in the 
CT system. The net global warming potential (GWP) of CA (considering soil C 
sequestration, GHG emissions, fuel use, fertilizer, and seed production) was 
− 7729  kg CO2  ha−1  year−1 compared with 1327  kg CO2  ha−1  year−1 in CT. The 
contribution of CA to GWP was small compared to that of CT (Dendooven et al. 
2012).

19.4 � Management Approaches for Positive 
Carbon Balance

Management approaches for a positive C balance are termed “best practice” agri-
cultural techniques, and include the use of legume cover crops in rotation cycles, 
judicious use of chemical fertilizers and organic amendments, improvements in 
soil-water management for irrigation and drainage, and improved varieties with 
high biomass production (Rosenzweig and Tubiello 2007). Many literatures on CA 
recognized that there is no clear scientific evidence confirming whether or to what 
extent NT stimulates C sequestration in agricultural soils globally (Gattinger et al. 
2011). Second, complete CA system could not be adopted because variability of 
resources in region to region limits the practice. But some management practices, 
as Lal (2004a) reported RMPs for C sequestration in comparison with traditional 
methods (Table 19.1) in agriculture, not only contribute toward soil conservation 
and water quality goals but also enhance the amount of SOC and mitigate CO2 
emissions (Follett et al. 2009) as well as maintain a steady state of SOC (Govaerts 
et al. 2009b).
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19.4.1 � Maximizing Carbon Input

The amount and type of C input every year affects SOC concentration. Thus, strate-
gies need to be developed to increase the C input in the soil, and decrease its loss.

19.4.1.1 � Influence of Crops/Cropping Systems

The main sources of C input into soil through plants are roots–shoots, root exu-
dates, and root-borne organic substances released into the rhizosphere during plant 
growth as well as root hairs and fine roots sloughed by root elongation (Kuzyakov 
and Domanski 2000). Changes in soil conditions alter the rate of plant biomass de-
composition and SOM mineralization; therefore, appropriate soil and crop manage-
ment is important to C sink in soils. Grant and Lafond (1994) reported that a 4-year 
rotation of three different crops enhances total C and N surface layer under reduce 
tillage system. Mina et al. (2008) reported that lentil ( Lens esculenta, variety VL-4; 
October–April) and finger millet ( Eleusine coracana, variety VL-149; June–Sep-
tember), in rotation per year, increased C, N, and enhanced enzymatic activity under 
zero–zero tillage systems.

In general, the relative contribution of plant roots to SOC stock is larger than that 
of plant shoots (Johnson et al. 2006; Molina et al. 2001), and this can be achieved 
by selecting plants/cultivars with deeper, thicker roots through appropriate breeding 
strategies (Kell 2011). Sisti et al. (2004) found increased roots under ZT compared 
to plowed soils. Further, they postulate that hairy vetch planted as a winter cover 
crop in rotations with common oat and wheat in winter and maize or soybean in 
summer increased soil C stocks by ~ 10 t ha−1 at 1-m soil depth after 13 years of ZT. 
Katterer and colleagues revisited the long-term experiment which started in 1956 
and reported that the humification coefficient for root-derived carbon was about 2.3 
times higher than that for aboveground plant residues in spring cereal crop rotation; 

Table 19.1   Recommended management practices for carbon sequestration
Principle Practices
Creating positive eco-
system carbon budget

Mulch farming
Conservation agriculture
Cover cropping
Agroforestry

Reducing losses Erosion control
Moderating mineralization by managing soil temperature, plant spe-
cies, and root:shoot ratio
Increasing humification by improving C:N, C:P, and C:S ration
Improving soil aggregation

Deep transfer of carbon Plants with deep root system
Bioturbation (e.g., earthworm and termite activity)

Protecting soil carbon Increasing aggregation
Decreasing soil disturbance
Enhancing recalcitrance of biomass C



48919  Conservation Agriculture and Soil Carbon Sequestration

this suggests that root-derived C contributes more stable soil C stock than plant 
residues (Katterer et al. 2011).

19.4.1.2 � Tillage

Tillage plays an important role in the management of nutrient storage and release 
from SOM with CT inducing rapid C and N mineralization from the soil (Chivenge 
et al. 2007). In general, C emission is more in CT than NT due to a higher use of 
diesel (Lal 2004b; Bowers 1989). The data in Table 19.2 show average C emis-
sion with different tillage operation (Lal 2004b). Mandiringana et  al. (2005) re-
ported that SOM depleted below 1 % (<  10  g  kg−1) in the range of 0–20  cm in 
CT, mono-cropping of maize and CR removal in less input smallholder systems 
in Eastern Cape, South Africa. Tillage led to the loss of particulate organic carbon 
(POC) which accounted for 80 % of the total C loss (Chan et al. 2002). A high level 
of SOM in the surface layer is essential for erosion control, water infiltration, and 
conservation of nutrients (Franzluebbers 2002). Adoption of NT or reduced till-
age systems with little disturbance enhances stabilization of SOC (Six et al. 2000). 
Under dryland conditions, on the sandy soils of West Africa, use of CENTURY 
and RothC models suggest that conversion to NT can increase SOC stock from 0.1 
to 0.2 Mg ha−1 year−1 (Farage et al. 2007). Varvel and Wilhelm (2011) conducted 
a long-term experiment under rainfed conditions with six primary tillage systems 
(chisel, disk, plow, NT, ridge-till and sub till) and three cropping systems (continu-
ous corn, continuous soybean, and soybean–corn). They reported that soil N and 
SOC were sequestered deeper in the profile and were protected against mineraliza-
tion or erosion.

19.4.1.3 � Improved Plant Nutrient Supply System

Maintenance of SOC is essential to long-term sustainable agriculture (Bhattacha-
ryya et al. 2007). Fertilization can stimulate C assimilation by plants and increase C 
allocation to underground biomass (Liu et al. 2006). N fertilizer inputs are essential 

Table 19.2   Types of tillage and carbon emissions. (Adapted from Lal 2004b)
Tillage type Tillage tools Emission (kg Ce ha−1) Relative emission

Range Average
Primary Moldboard plow

Chisel plow
Sub-soiler

13.4–20.1
4.5–11.1
8.5–14.1

12.0 3.0

Secondary Disking: heavy
Disking: standary

4.6–11.2
4.0–7.1

  6.7 1.7

Tertiary Cultivation
Hoeing

3.0–8.6
1.2–2.9

  3.9 1

Primary: Secondary: Tertiary, 3:1.7:1
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at the start of CA to maximize cover-crop biomass yields (Murungu et al. 2010a); 
in contrast that lack of fertilization may reduce the SOM content in surface layer 
of CA system (Dube et al. 2012). Kundu et al. (2013) assessed the CA effect with 
balanced fertilization of a maize–horse gram crop sequence and reported that SOC 
varied from 3.1 to 4.5 g kg−1 which was slightly higher than that under a conven-
tional system (2.9–4.2 g kg−1). Further, the grain yield of maize increased with the 
use of balanced fertilizers and the adoption of CA in season with below-average 
rainfall. The efficiency of N, P, K, S, and Zn use increased by 11, 16, 14, 13, and 
21 %, respectively, under CA system. Kukal et al. (2009) reported that balanced use 
of fertilizers had more soil C sink capacity probably because of greater C input in 
rice–wheat system. Long-term adoption of NT with enough N fertilizer use proved 
to be effective tools to improve SOC stock by 3.4 and 4.5 Mg C ha−1 over unfer-
tilized plots (Soler 2012). It is  need to exercise with new NPK ratio for fertilizer 
application in CA systems (Jat et al. 2011), because in NT systems due to lower N 
mineralization rates and ammonia volatilization increase nutrient stratification and 
may increase nutrient loss from the soil surface (Dinkins 2008).

19.4.1.4 � Integrated Management

Integrated nutrient management (INM) plays a significant role in C sequestration 
and building up/restoring soil health and productivity in semiarid subtropical soils 
which are low in SOM and nutrients (Lakaria et al. 2012, Das et al. 2014). In IGP 
at Haryana, practicing INM in NT could maintain grain yields of wheat with im-
proved quality of grains in NT treatments as higher in protein (1–3 %), grain hard-
ness (3–10 %), and chapatti score from all four (rice–wheat, cotton–wheat, pearl 
millet–wheat, cluster bean–wheat) crop rotations (Coventry et al. 2011). Applying 
~ 30 Mg ha−1 y−1 of composted cattle manure to maize production systems increased 
the water-stable macroaggregate within 4 years, and aggregation was related to the 
soil C concentration, suggesting that soils with more water-stable aggregate indi-
cates higher soil C concentration under NT system (Jiao et al. 2006). Aulakh et al. 
(2013) reported that in a 4-year field experiment conducted at Punjab Agricultur-
al University, Ludhiana, India, with different combinations of fertilizer N, P, and 
FYM, wheat residues were applied for summer-grown soybean and soybean residue 
applied to winter-grown wheat crop continuously in both CT and CA; significantly 
increased water-stable aggregates and mean weight diameter as well as the forma-
tion of macroaggregates were the highest in both surface (85 %) and subsurface 
(81 %) soil layers with application of 20 kg N + 60 kg P2O5 + 10 Mg FYM + 6 Mg 
wheat residue ha−1 applied to soybean and 120 kg N + 60 kg P2O5 + 3 Mg soybean 
residue ha−1 applied to wheat crop in CA, respectively were 83 and 77 % in CT 
treatments after 2 years. BMP was 100 % in NP + FYM + CR where macroaggre-
gates were > 50 % of total soil mass and also enhanced total organic carbon (TOC) 
5.8 g kg−1 in surface layer and from 2.7 to 3.6 g kg−1 in subsurface layer after 2 years  
over control (3.8 g kg−1) in CA. They further mentioned that the changes in TOC 
stocks after 4 years were 52 and 59 %. Likewise, the labile C and N fractions such as 
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water-soluble C, particulate and light-fraction organic matter, potentially mineraliz-
able N, and microbial biomass were also highest under CA with integrated chemical 
fertilizer and organic treatment. Some the examples are given below from Indian 
conditions where integrated use of chemical fertilizers and organic manures applied 
for aiming to increase SOC stock as complete CA system cannot be implemented 
universally. Swarup (1998) reported that INM enhanced SOC concentration of soils 
under rice cultivation from <  5 g kg−1 in 1973 to about 8 g kg−1 in 1994. Lakaria 
et  al. (2012) reported that combined use of organic and inorganic sources for 5 
consecutive years significantly increased SOC concentration in a soybean–wheat 
cropping sequence in a vertisol in central India. Long-term (20 years) INM experi-
ments increased the SOC concentration in the 0–10-cm layer by 0.2 % in a sandy 
soil at Ludhiana, 0.6 % in clayey soils in Jabalpur, and 0.5 % in an alluvial soil in 
Bhubaneswar (Nambiar 1994, 1995). Nayak et al. (2012) reported that application 
of the RDF to a rice–wheat system in IGP (through either chemical fertilizers or 
INM strategy) increased the concentrations of SOC, POC, and MBC along with 
total SOC stocks and the rate of C sequestration. The data in Table 19.3 show that 
some INM treatments (using manure/CR of soybean, sorghum/green leaf manures, 
Leucaena, etc.) increased the rate of SOC sequestration in semiarid regions of In-
dia. The SOC sequestration rate (Mg C ha−1 year−1) under best management treat-
ments were: (1) 0.57 for 50 % recommended dose of fertilizer (RDF) +  4 Mg ha−1 
groundnut shell, (2) 0.82 for 10 Mg ha−1 farm yard manure (FYM)  +  100 % NPK, 
(3) 1.64 for 10 Mg ha−1 FYM  + 100 % NPK, (4) 0.89 for 25 kg N ha−1 (sorghum 
residue) + 25 kg N ( Leucaena clippings), (5) 0.42 for 50 % recommended dose of ni-
trogen (RDN) (fertilizer) +  50 % RDN (FYM), (6) 1.26 for 6 Mg ha−1 FYM +  20 kg 
N  +  13 kg P, and (6) 0.32 for 100 % organic (FYM; Srinivasarao et al. 2012a, b, c, 
d, e, f).

19.4.2 � Minimizing Carbon Loss

Reduction in tillage frequency, optimal utilization of available soil water, and main-
taining a permanent residue cover on the soil are among the important strategies to 
minimize C loss and maximize C sequestration.

19.4.2.1 � Reducing Soil Disturbance

The adverse impact of soil disturbance by intensive (conventional) tillage on soil-
structure aggregation (Borie et al. 2006), roots (Brunel et al. 2013), concentration of 
SOC and MBC, and faunal activities (Sainju et al. 2009; Curaqueo et al. 2011) have 
been documented and can be exacerbated through accelerated erosion by water and 
wind. However, the magnitude of changes in soil properties can differ among manage-
ment systems (Elder and Lal 2008). Tillage disturbs soil aggregates and accelerates  
the decomposition of aggregate-associated SOM (Paustian et  al. 2000). There-
fore, restoring soil quality is an essential prerequisite to increasing and sustaining 
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agronomic productivity. Adoption of NT increases aggregate stability and promotes 
the formation of recalcitrant SOM fractions within stabilized micro and macroag-
gregates. Presence of residue cover in NT system reduces rainfall impact, and mini-
mizes soil and plant nutrient loss in comparison with those under CT (Castro et al. 
1991). Chaudhury et al. (2014) studied the influence of different combinations of 
tillage and residue management on C stabilization in different-sized soil aggregates 
and also on crop yield after 5 years in a continuous rice–wheat cropping system 
on a sandy loam-reclaimed sodic soil in northern India. Chaudhury and colleagues 
observed increases in SOC concentration by 33.6 %, wheat yield by 8.3 %, water-
stable macroaggregates by 53.8 %, and macroaggregate-associated C by 20.8 % 
when compared to those under CT.

19.4.2.2 � Utilizing Available Soil Water

The soil and water-related information is less recognized, a healthy soil can store 
water and nutrients, and regulate the flow of water. Soil disturbances, compaction, 
and degradation can reduce its ability to perform ecosystem functioning. Increased 
soil erosion, decreased SOM content, and biological activity result in poor infiltra-
tion and water-holding capacity. Furthermore, inefficient use of water may reduce 
agronomic yields. Poor utilization of water is not only due to relief, slope, and rain-
fall intensity but also to burning of CRs and extensive tillage. Burning of CR reduc-
es SOM, destroys structure, and reduces soil fauna activity. To minimize the impact 
of drought, soils need to store rainwater for future use. Surface infiltration depends 
on aggregation and its stability, pore space and its stability, the existence of cracks, 
and the soil surface condition. Increased SOM contributes indirectly to soil porosi-
ty. SOM influences the physical condition of the soil. CR covers the soil surface and 
protects it against sealing and crusting by raindrop impact, thereby enhancing rain-
water infiltration and reducing runoff. The positive impact of CR retention in the CA 
system for improving soil stability and water balance has been widely documented. 
The adoption of a CA system—combining permanent raised beds with 30 % of stand-
ing CRs and NT seeding—reduced losses of water runoff and erosion, and increased 
crop growth and yield after 5 years in the highlands of Mexico (Govaerts et  al. 
2009a). Similarly, long-term adoption of CA in dryland farming in the Great Plains 
region of the USA enhanced precipitation storage and use efficiency, increased crop-
ping intensity and higher productivity of diverse crop rotations, and improved soil 
properties. Ward et al. (2012) concluded that the inclusion of cover crops in Medi-
terranean-type farming systems is unlikely to have a major impact on water balance, 
but may increase overall sustainability of the farming system. Because NT does 
not loosen the soil, the first irrigation flows faster over the land than land prepared 
by plowing. Thus, irrigating 1 ha may take 10–12 hours in plowed land compared 
with 2.5–5 hours in an NT field. Therefore, NT saves water and minimizes leach-
ing of nutrients. Water is channeled through the furrows in a bed-planting system  
which saves about 30 % water and fertilizer; higher efficiency is achieved by placing 
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the top-dress fertilizer in the soil rather than broadcasting on the surface as in the 
traditional system (Hobbs 2007).

19.4.2.3 � Maintaining Surface Residue Cover

Surface residue cover is a physical barrier, and alters the mass and energy exchange. 
Consequently, solar radiation does not reach the soil surface, strikes the residue, 
decreases the direct radiation flux on the soil surface and reduces soil evaporation 
(Carr et al. 2003). Aggarwal (1997) reported that incorporation of the residue of 
cluster bean ( Cyamopsis tetragonoloba L.) and mung bean, and manure along with 
fertilizer N, increased SOC concentration and also agronomic yields. Yadav et al. 
(2000) reported more than 50 % decline in soil loss and increased SOC concentra-
tion by applying CRs as mulch. Blanco-Canqui and Lal (2007) assessed the long-
term (10 years) impacts of three levels of wheat straw (0, 8, and 16 Mg ha−1 on a 
dry-matter basis) applied annually on SOC under NT system on an Aeric Epiaqualf 
in central Ohio. Overall, SOC stock from 0 to 50 cm depth was 82.5 Mg ha−1 in 
the unmulched soil, 94.1 Mg ha−1 with 8 Mg ha−1 mulch, and 104.9 Mg ha−1 with 
16 Mg ha−1 mulch.

19.5 � Managing Soil C: Conventional Versus CA

A CA system comprises three key principles (FAO 2013a):

1.	Minimal disturbance of soil through NT systems—along with sufficient residue 
biomass—enhances soil and water conservation, controls soil erosion, improves 
soil aggregation, increases soil biological activity, improves soil biodiversity, 
enhances water quality, and increases soil C sequestration. In addition, an NT 
system also enhances water infiltration, improves soil–water-use efficiency and 
increases resilience against drought stress.

2.	 Permanent soil covers, maintained during crop growth phases and fallow peri-
ods, prevent the physical impact on soil from wind and rain, and moderate soil 
temperature. The residue cover can be improved by including a cover crop in the 
rotation cycle.

3.	Crop rotations and associations reduce the need for pesticides and herbicides, 
control weeds, minimize off-site pollution and enhance biodiversity. The objec-
tive is to complement natural soil biodiversity and create a healthy soil which is 
naturally aerated, retains and supplies plant-available water, enhances nutrient 
cycling, and denatures and filters pollutants. Crop rotations and associations can 
be implemented as cropping sequences—relay cropping or mixed cropping.

The adoption of CA could be a better option for enhancing ecosystem services 
(Fig. 19.2).
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19.5.1 � Microbial Carbon Decomposition and Immobilization

Concentration of MBC in soil is the function of C input and output. The rate of 
organic C input from plant biomass is generally considered the dominant factor 
controlling the amount of microbial biomass in soil (Campbell et al. 1997). Manag-
ing C inputs thereby control microorganism’s metabolism that moderate the rate of 
C mineralization and may have helped to store C into the soil. It has been reported 
that SOM increase under NT system on soil surface as a result microbial biomass 
also increases than CT (Feng et al. 2003; Sapkota et al. 2012). Studies on microbial 
biomass in NT shows stratification pattern (Alvarez et al. 1995) and plays an im-
portant role in physical stabilization of aggregates (Franzluebbers et al. 1999) and 
protected C from mineralization than CT (Nyamadzawo et al. 2009). More biomass 
on soil surface under NT consequently increases soil respiration and finally more 
CO2–C. Lavelle et al. (1993) reported the factors affecting MBC decomposition as 
(1) climatic (soil temperature and water), (2) soils physical properties, (3) chemical 

Fig. 19.2   Benefits of CA for food security and sustainability in the ecosystem. CA conservation 
agriculture
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constraints relating to soil biotic resources, and (4) interactions between macro and 
microorganisms. Content of MBC under NT was 60, 140, and 75 % greater than 
under CT treatments in February, May, and October, respectively; this suggests that 
the changes in microbial community are primarily due to soil conditions (C input, 
temperature, moisture) and not by modified tillage (NT/CT) practices (Feng et al. 
2003). Decomposition is, therefore, an essential biological process because it regu-
lates the nutrient’s cycling and soil properties. Deficiency of nutrient at the time of 
decomposition may limit microbial activity and reduce nutrient release (Lavelle 
et al. 1993). In general, N is most often the lacking nutrient. The remaining SOM 
after mineralization constitutes the “passive” SOM pool or biochemically-protected 
fraction (Parton et al. 1987).

19.5.2 � Stratification of Soil Organic Carbon with Depth

Franzluebbers (2010b) reported that stratification of soil organic carbon (SOC) 
should be viewed as an improvement in soil quality because several key soil func-
tions are enhanced, including soil structure, water infiltration, soil conservation, nu-
trient cycling, and C sequestration from the atmosphere. In addition, the SOM under 
conservation management (pastureland and forestland) is typically more stratified 
with depth than SOM under conventional cropping. Franzluebbers (2002) reported 
that stratification ratios of most soil properties are greater under NT than CT, with 
the greatest difference between tillage systems occurring in hot, wet regions with 
a low SOM environment, and the least difference in cold, dry regions with a high 
SOM environment. The stratification ratio of SOM pools increases in the soil sur-
face because this vital interface: (1) receives much of the fertilizers and pesticides 
applied to cropland, (2) receives the intense impact of rainfall, and (3) partitions the 
flux of gases into and out of soil. Most of the mechanisms that affect productivity 
and environmental quality begin at the soil surface.

19.5.3 � Sampling Issues for SOC Determination

Sampling issues are debated in the literature when SOC sequestration is assessed 
in agriculture. The quality of SOC data depends on soil sampling methods, season 
of collection, types of landscape and vegetation (Velayutham et  al. 2000), depth 
distribution (Blanco-Canqui and Lal 2008), and soil analysis methods in the labora-
tory (Velayutham et al. 2000). Walkey and Black (1934) reported that a correction 
factor is needed when calculating SOC in soil as it is known to vary across soil 
type. For quantifying SOC stocks, the BD and depth of soils are important; since 
BD values convert SOC data by weight into volume. However, this volume-based 
calculation does not account for differences in soil mass induced by different BD 
among tillage treatments. Wendt and Hauser (2013) developed a new equivalent 
mass procedure for calculating SOC stocks in multiple soil layers and showed that 
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it can be implemented without sampling for BD. BD may change with change in 
land management practice—mechanization with heavy machinery results in soil 
compaction, which increases BD and decreases porosity. Furthermore, BD can also 
vary over and between years as a result of differences in soil type (swell–shrink 
soils), moisture reserve and field operations. BD influences soil C stock over the 
entire profile, it is particularly crucial at the soil surface where large SOC is stored 
and huge SOC flux occurs (Yang et al. 2013). Small errors in BD can translate into 
large absolute errors in SOC stocks, an overestimation of BD by only 0.1 Mg m−3 
translates into a 2- Mg C ha−1 (or ~ 10 % of the total) error in SOC (Jonathan et al. 
2010). Studies have implemented the soil mass equivalent technique to assess soil 
C stocks (Mishra et al. 2010). Gifford and Roderick (2003) reported that without 
careful consideration of differences in soil BD and soil C concentrations, as they 
vary within the soil profile, calculations of soil C stocks can over or underestimate 
C reserves. Indeed, a wide range of BD can be obtained in NT soils in comparison 
with conservation or CT. In some cases, soils under NT can have higher, similar, or 
lower BDs than that under CT or CA system.

19.5.4 � Soil Aggregation: Boundaries for Decomposition

The degree, stability, and size distribution of aggregates strongly impact the rate 
of SOM decomposition. Aggregation depends on soil fauna, roots, inorganic bind-
ing agents, and environmental variables (Six et al. 2004). The release of polysac-
charides and organic acids during SOM decomposition plays a major role in the 
stabilization of macroaggregates (Cheshire 1979). The residues and soil particulates 
are bound into macroaggregates in higher proportions in the surface soil than in sub-
surface soil (Benbi and Senapati 2010). The formation process of microaggregates 
within macroaggregates starts when POC of macroaggregate-binding (temporary) 
agents coated with microorganisms is decomposed and later encrusted with clays 
(Oades 1984). Isotope tracer studies (Angers et  al. 1997; Gale et  al. 2000) have 
indicated that microaggregates form within macroaggregates. This process finally 
releases stable microaggregates which become macroaggregates (Tisdall and Oades 
1982). Aggregation stabilization depends largely on the availability of mineral N 
and the degradability of C substrates entering the soil (Guillou et al. 2012). The 
increase in aggregation is generally proportional to the SOC conserved and pro-
tected in the soil which allows SOM to function as a reservoir of plant nutrients and 
energy for soil microflora (Mrabet et al. 1999). Residue incorporation or retention 
causes a significant increment in total water-stable aggregates in surface soil and to 
a lesser extent in the subsoil (Chaudhury 2014). Chan et al. (2002) also observed 
that stubble burning significantly reduced the water stability of aggregate infrac-
tions >  2 mm and <  50 µm. In Morocco, Mrabet (2002) reported that CA has the 
potential to increase SOM concentration and enhance soil aggregation. Creation 
of an aggregated, fertile surface layer is important for reducing soil erosion and 
achieving sustainable agriculture.
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19.5.5 � The Influence on SOC Stocks

Numerous studies have reported the effects of tillage and cropping system on SOC 
stock. The results presented indicate a wide range of diversity in the data obtained 
and conclusions drawn. For example, West and Post (2002) concluded from a global 
database of 67 long-term experiments that SOC levels under NT differed signifi-
cantly from those under CT and reduced tillage, while those under CT and reduced 
tillage did not significantly differ from one another. On the contrary, Alvarez (2005) 
reported no difference in SOC concentration between reduced (chisel, disc, and 
sweep tillage) and NT systems, whereas CT (moldboard plow, disc plow) was as-
sociated with less SOC at 161 sites involved in the study (at least whole tillage 
depth sampled). The change in frequency and intensity of tillage practices can al-
ter BD and SOM concentration in the soil profile. Mann (1986) reported that the 
reduction in SOC concentration (by volume) in soils, with an initial level between 
20 and 50 g kg−1, was 20 % less after cultivation, and was most pronounced during 
the first 20 years of cultivation. West and Post (2002) concluded that a move from 
a CT system to NT system (both with residue retention) can sequester on average 
48 ± 13 g C m−2 year−1.

19.6 � Carbon Sequestration Opportunities with CA: 
Experiences from Long-Term Experiments

There are numerous reports on the benefits of NT on soil quality and productivity 
and the potential long-term sustainability in terms of carbon storage. West and Post 
(2002) concluded that peak sequestration rates C attained within 5–10 years after 
conversion and reaching a new equilibrium in 15–20 years, and enhancing rotation 
complexity can sequester an average 20 ± 12 g C m−2 year−1. Govaerts et al. (2009b) 
reviewed 78 studies on C (reduced tillage and crop rotation); in seven cases, soil 
C stock was lower in NT compared with CT, in 40 cases it was higher, and in 31 
cases there was no significant difference. Kumar et  al. (2012), in long-term NT 
experiments at northeast Ohio (47 years) and at northwest Ohio (49 years), reported 
highly sustainable and higher SOC (20.7 Mg ha−1), water-stable aggregation, lower 
bulk density, and increased available water capacity than minimum tillage or plow 
tillage. A long-term 23-year field experiment conducted in Southwest England on 
NT, chisel, and mold-board plowing confirmed that NT and chisel plowing main-
tained carbon in the surface soil horizons, but mold-board plowing distributed car-
bon more uniformly throughout the soil profile, particularly when straw was incor-
porated (Hazarika et al. 2009). In India, information on long-term CA practices and 
C sequestration is rare; the most available information is based on reducing tillage 
and system productivity. The experiments have not fully implemented all three prin-
ciples of CA; for examples, in northeast India, conservation tillage in terrace up-
land, valley upland and lowland ensured double cropping, and improved livelihood; 
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a long-term experiment (2006–2009) on conservation tillage and residue manage-
ment showed that double NT rice based restored SOC to 70.75 %, increased biologi-
cal activity to 46.7 %, saved water and produced 49 % higher yields than CT (Ghosh 
et. al. 2010). A study conducted on permanent beds with residue retention increased 
crop yield in maize by 11–17 % and in wheat by 12–15 % over conventional prac-
tices in western Uttar Pradesh (Naresh et al. 2012). The benefits of a NT system in 
the IGP include water and fuel savings (Gupta et al. 2002), and these soils have a 
low SOC concentration (Pal et al. 2009). A 20-year meta-analysis of an NT system 
in IGP showed that the associated GHGs emitted in NT systems were 3 % less than 
those under CT rice–wheat systems; and conversion to NT C sequestration potential 
is estimated to be 44.1 Tg C. Further, implementation of NT in maize–wheat and 
cotton–wheat systems would sequester an additional 6.6 Tg C. (Grace et al. 2012).

19.6.1 � Biomass Input into Soils and Competing Uses of CRs

Sorghum, finger millet, pearl millet, maize, upland rice, groundnut, soybean, cot-
ton ( Gossypium spp.), food legumes, etc. are predominant crop production sys-
tems in rainfed regions of India. There is little, if any, recycling of CRs in most 
of these crops. Several studies have revealed that C input through various crop 
components (viz., leaf fall, stubbles, roots, rhizodeposition, etc.) returned back to 
soil can enhance C sequestration (Srinivasarao et al. 2013b). Data from the long-
term manurial experiments on major rainfed production systems in India showed 
the highest C input through CR in a soybean–safflower ( Carthamus tinctorius) 
system (3.4 Mg ha−1 year−1) in Vertisols followed by an upland rice–lentil system 
(1.7 Mg ha−1 year−1) in Inceptisols, a groundnut-based system (1.2 Mg ha−1 year−1) 
in Alfisols, a finger millet and winter-sorghum-based system (0.8 Mg ha−1 year−1) 
with the lowest in a pearl-millet-based system (0.3 Mg ha−1  year−1) in Aridisols 
(Fig. 19.3). Assessment of a component-wise C input (leaf, stubble, root, nodules 
and rhizodeposition) into soil under different treatments was undertaken for differ-
ent long-term manurial experiments conducted under the aegis of All India Coor-
dinated Research Project on Dryland Agriculture (AICRPDA). Across all nutrient 
management treatments, the highest C input through leaf fall was estimated in clus-
ter bean (0.62 Mg ha−1 year−1) followed by castor (0.51 Mg ha−1 year−1), soybean 
(0.38 Mg ha−1 year−1), and lentil (0.08 Mg ha−1 year−1; Fig. 19.4a). The highest C 
input through roots was also in cluster bean (1.4 Mg ha−1 year−1) followed by cas-
tor (1.04 Mg ha−1 year−1) and lentil (0.04 Mg ha−1 year−1; Fig. 19.4b). In legumi-
nous crops, the highest C input through nodules was in lentil (0.22 Mg ha−1 year−1; 
Fig. 19.4c). The highest C input through stubble and rhizodeposition was in pearl 
millet (0.14  Mg  ha−1  year−1) and safflower (0.76  Mg  ha−1  year−1), respectively 
(Fig. 19.4d, e).

CR can be converted into high-value manure of better quality than FYM, and its 
use, along with chemical fertilizers, can help sustain or even increase agronomic 
yield. Use of chemical fertilizers has played a significant role in the intensification 
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of cropping systems, along with increased crop production. However, increased 
use of inorganic fertilizers alone, often in an unbalanced manner, leads to reduced 
soil quality and multiple nutrient deficiencies even in regions of high agronomic 
potential. Efficient management of CR can also play a vital role in refurbishing soil 
productivity as well as increasing the use efficiency of inorganic fertilizers. Thus, 
CR management is receiving attention because of its diverse and positive effects 
on physical, chemical, and biological properties of soil. Indeed, CR is a precious 
resource, and must not be labeled as waste.

Although benefits of CR incorporation are widely documented, the major prob-
lem is their availability in sufficient amounts for effective conservation of soil and 
water and for increasing SOC stocks. Most CRs (except root biomass) are taken 
away in regions of rainfed farming. Above all, other farming practices (e.g., exces-
sive tillage, harvesting of residues as animal feed, burning to facilitate preparation 
of a clean seed bed, open grazing) exacerbate the process of soil degradation and 
deplete SOC stocks and plant nutrients.

Most CRs are widely used in India as animal feed, and this practice must be tak-
en into account when assessing availability and profitability of livestock production 
systems. In addition to feed, CRs are used as litter and bedding material (providing 
FYM or compost), and chopped straw is used as poultry litter. Among industrial 
uses, rice straw is a raw material for paper production and as packing material. 
Rice husk is widely used in semi-artisan brick manufacture; chopped straw mixed 
with mud is used for plastering, both internally and (in hot, dry climates) externally. 
Relatively strong stems of maize, sorghum, and bulrush or pearl millet are used in 
traditional buildings, screens, and in constructing traditional grain storage bins. Fur-
thermore, long straw is used as thatch, and residues are widely used as fuel in rural 
communities, and are often mixed into dung cakes for generating household energy.

Fig. 19.3   Annual crop residue C input (Mg/ha) in different rainfed crop production systems. 
(Adapted and redrawn from Srinivasarao et al., 2013b)
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Despite their multiple and competing uses, CRs are an integral component of 
sustainable rainfed agriculture. Options available to farmers for the management 
of CR (including burning) are baling and removal, incorporation in soil with till-
age, and retention on the surface as mulch. Burning, while exacerbating the loss of 
SOM, volatilization of nutrients, and adverse effects on soil biota, also causes air 
pollution and the associated adverse effects on human and animal health. In India, 
baling is not practiced by small landholders. Nonetheless, removal of CR by any 
means is a loss of organic resources essential to maintaining soil quality. However, 
it is also necessary to feed livestock and sustain mixed farming by integrating crops 
and livestock. While soil incorporation of CR is beneficial in recycling nutrients, 
plowing requires energy and time, and leads to temporary immobilization of nutri-
ents (e.g., N). The C:N ratio must be decreased or corrected by applying N at the 
time of residue incorporation.

19.6.2 � Profile SOC Stock and Carbon Sequestration

Sequestration of SOC in agricultural and restored ecosystems depends on soil tex-
ture, profile characteristics, and climate (Lal 2004). Adoption of CA is not a one-
component technology but the cumulative effect of all three components (FAO 
2013a). Based on the historical movement from CA toward NT, researchers in the 
USA and Canada take it for granted that NT or reduced tillage is always practiced 
in conjunction with sufficient retention of CRs. However, in arid regions and devel-
oping countries, competition for residues is extremely high and farmers struggle to 
keep sufficient residues on the soil surface. In fact, reducing tillage without apply-
ing sufficient residue cover exacerbates the reduced crop yields in rainfed semiarid 
areas (Govaerts et al. 2005, 2006a, b, 2007; Lichter et al. 2008) as well as in arid ir-
rigated conditions (Limon-Ortega et al. 2006). Thus, crop intensification can result 
in an added effect on C storage in NT systems. West and Post (2002) reported that 
although relative increases in SOM concentrations may be small, increases due to 
adoption of NT are greater, and occur much faster in continuously cropped than in 
fallow-based rotations. Halvorson et al. (2002) observed that NT had little impact 
on SOC storage in dry climates if the cropping system had a year of bare, summer 
fallow, presumably due to enhanced decomposition during fallow that negated any 
benefit of reduced soil disturbance. Sisti et al. (2004) observed that under a continu-
ous sequence of wheat (winter) and soybean (summer), SOC stock to 1 m depth un-
der NT was not significantly different from that under CT. However, in the rotations 
with vetch planted as a winter green-manure crop, soil C stocks were approximately 
17 Mg ha−1 higher under NT than under the CT system. It appears that the contribu-
tion of N2 fixation by the leguminous green manure (vetch) in the cropping system 
is the principal factor responsible for the observed C accumulation in the soil under 
NT, and that most accumulated C is derived from crop roots. To accumulate SOM, 
there must not only be a C input from CRs but also a net external input of N, e.g., 
including an N-fixing green manure in the crop rotation (Sisti et al. 2004). A CT 
system can diminish the effect of an N-fixing green manure because the N input can 
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be reduced by soil–mineral N release or the N can be lost by leaching (NO3
−) or in 

gaseous forms (via NH3 volatilization or denitrification) due to SOM mineralization 
stimulated by disk plowing that immediately precedes this crop (Alves et al. 2002). 
Hence, intensification of cropping practices, by eliminating fallow, and moving to-
ward continuous cropping is the first step toward increased C sequestration. Reduc-
ing tillage intensity, by the adoption of NT, enhances the cropping intensity effect. 
The mechanisms that govern the balance between increased, similar, or lower SOC 
after conversion to NT are not clear. Although more research is needed, especially 
in tropical areas where good quantitative information is lacking, some factors that 
play a role can be identified (e.g., inadequate residue input, low activity and species 
diversity of soil fauna, high C:N ratio).

19.7 � Carbon-Enhancing Management Options

SOM is the storehouse of many plant nutrients, and it strongly influences the bio-
logical activity and productive capacity of soils. Over the years, efforts have been 
made to improve SOM status in continuously cropped soils by fertilization, manur-
ing, and residue management practices. However, maintaining and increasing SOC 
concentration is a major challenge in dryland soils due to high temperatures and 
moisture stress compared to that under temperate climate. A study undertaken at 21 
locations across rainfed regions of India covering eight production systems revealed 
that most soils have low SOC concentrations, low available N, and low-to-high 
available P, K, and S. Many soils are deficient in available Mg, Zn, and B (Sriniva-
sarao et al. 2006). Therefore, crop and soil management practices must be tailored 
to ensure long-term cropping systems. Application of plant nutrients (Paustian et al. 
1997) and organic amendments and the inclusion/cultivation of legumes favor im-
proved soil fertility and sustainability. Such a trend is directly related to maintaining 
the quantity of SOM, which is a critical component of soil productivity. However, 
resource-poor farmers in dryland regions apply meager quantities of nutrients, and 
thus crops suffer from multi-nutrient deficiencies (Srinivasarao et al. 2003). The 
best option to improve SOM, increase productivity, and advance sustainability of 
dryland agriculture seems to be the integration of farm-generated organic manure 
with inorganic fertilizers. Crop rotation, residue management, and fertilization can 
maintain the desired level of SOM (Campbell et al. 1992). Ali et al. (2002) stated 
that by improving physical, chemical, and biological properties of soils, food le-
gume cultivation could arrest the declining trend in productivity of cereal–cereal 
systems. The availability of CR is a major problem in India and elsewhere in South 
Asia due to competing alternative uses but in some crop by-products, like ground-
nut shells, are available for soil application, as they do not have major alternate 
uses. Although chemical fertilization has positive effect on yields, poor farmers in 
rainfed regions mostly rely on FYM and other organic manures because of the high 
cost of chemical fertilizers. Thus, nutrient management and residue incorporation 
make a substantial contribution to SOC sequestration.
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19.7.1 � Cover Cropping

Besides reducing soil erosion, cover crops also aid in nutrient cycling, reduce soil 
temperature fluctuations, provide habitat for beneficial insects, and suppress weed 
populations. Cover crops have significant effects on SOC level in the surface layer, 
and winter cover crops increase SOC concentration more than soils under fallow 
(Calegari and Alexander 1998).

In most semiarid regions in India, a single crop is grown during the rainy or post-
rainy season, and the land remains fallow for the remainder of the year. The rainy 
season crops depend on southwestern monsoon rains (June to September). About 
20–30 % of annual rainfall, which occurs during the post-rainy season (October to 
December), is largely unutilized. Cover crops improve soil by increasing infiltration 
of the excess surface water, alleviating compaction and improving structure of tilled 
soil, and adding SOM that encourages beneficial soil microbial life and enhances 
nutrient cycling. Short-duration drought-hardy legumes like horse gram ( Macroty-
loma uniflorum L.) can be grown with off-season rainfall for fodder/green manuring 
to improve SOC concentration and partially meet the nutrient requirements of the 
following rainy season crops.

Horse gram is sown late in the rainy season by resource-poor farmers in margin-
al, drought-prone regions in India. As sowing and early crop growth coincides with 
declining rainfall, crop establishment is often poor and yields are low. A reasonable 
yield of horse gram can be achieved after an early pearl millet crop, giving an extra 
profit of ` 1000–2000 ha−1 compared with sole pearl millet grown in a medium-
deep Alfisol (red soil) (Reddy and Willey 1985). Although grain production in horse 
gram is not assured in winter, in a deficit rainfall year, biomass production is as-
sured. It is also possible to use off-season rainfall for on-farm generation of horse 
gram biomass. Data from a 10-year experiment produced 3.0–4.3 Mg ha−1 year−1 of 
fresh biomass, and incorporating of this in soil for a long period can improve SOC 
and MBC reserves (Venkateswarlu et al. 2007).

19.7.2 � CR Harvest

Perpetual removal of CR can adversely impact soil quality (Blanco-Canqui and Lal 
2008). Karlen et al. (1994) assessed the impact of corn stover harvest for 5 years in 
central Iowa, USA, and found strong adverse impacts on soil properties. Table 19.4 
shows factors impacting effects of residue removal on SOC. CRs contain about 
45 % of C on a weight basis. In addition, residue removal can increase SOM decom-
position by about 16 % or 0.54–0.8 Mg C ha−1. In India, 500–550 Tg CR is produced 
annually (NASS 2012; IARI 2012). CR production is the highest in Uttar Pradesh 
(60 Tg) followed by Punjab (51 Tg) and Maharashtra (46 Tg) (Table 19.5). Among 
different crops, the residue produced (Tg) is 352 by cereals, 66 by fiber crops, 29 
by oilseeds, 13 by pulses, and 12 by sugarcane (NASS 2012). The availability and 
competitive uses of CR have been discussed in Sect. 19.6.1. Chaudhury et al. (2014) 
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Table 19.4   Factors impacting effects of residue removal on soil organic carbon
Parameters Attributes
Climate Precipitation amount, distribution

Soil and air temperatures
Growing season duration
Frost-free days

Soil Solum depth and horizonation
Texture, and pH
Clay mineralogy
Soil biodiversity
Parent material

Terrain Slope gradient
Slope shape and aspect
Landscape position
Drainage characteristics

Land use Arable, pastoral, silvicultural, mixed
Species composition and spatial arrangements
Internal and off-farm inputs
Mechanization type and intensity

Residue harvesting Amount
Height of harvest
Physical condition of residues (size, placement)
Distribution

State Crop residue 
generation

Crop residue 
surplus

Crop residues 
burnt

Crop residues 
burnt

(MNRE 2009) (MNRE 2009) (based on IPCC 
coefficients)

Pathak et al. 2010

Andhra Pradesh 43.89 6.96 6.46 2.73
Arunachal Pradesh 0.40 0.07 0.06 0.04
Assam 11.43 2.34 1.42 0.73
Bihar 25.29 5.08 3.77 3.19
Chhattisgarh 11.25 2.12 1.84 0.83
Goa 0.57 0.14 0.08 0.04
Gujarat 28.73 8.9 9.64 3.81
Haryana 27.83 11.22 6.06 9.06
Himachal Pradesh 2.85 1.03 0.20 0.41
Jammu and Kashmir 1.59 0.28 0.35 0.89
Jharkhand 3.61 0.89 1.11 1.10
Karnataka 33.94 8.98 3.05 5.66
Kerala 9.74 5.07 0.40 0.22
Madhya Pradesh 33.18 10.22 3.74 1.91
Maharashtra 46.45 14.67 7.82 7.41
Manipur 0.90 0.11 0.14 0.07
Meghalaya 0.51 0.09 0.10 0.05
Mizoram 0.06 0.01 0.02 0.01
Nagaland 0.49 0.09 0.11 0.08
Odisha 20.07 3.68 2.61 1.34
Punjab 50.75 24.83 9.84 19.62

Table 19.5   State-wise remaining surplus and generation of CR in India (IARI 2012)
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Fig. 19.5   CA and CT system in maize–horse gram sequence practice in semiarid Alfisol of Hyder-
abad, India. CA conservation agriculture, CT conventional tillage

 

State Crop residue 
generation

Crop residue 
surplus

Crop residues 
burnt

Crop residues 
burnt

(MNRE 2009) (MNRE 2009) (based on IPCC 
coefficients)

Pathak et al. 2010

Rajasthan 29.32 8.52 3.84 1.78
Sikkim 0.15 0.02 0.01 0.01
Tamilnadu 19.93 7.05 3.62 4.08
Tripura 0.04 0.02 0.22 0.11
Uttarakhand 2.86 0.63 0.58 0.78
Uttar Pradesh 59.97 13.53 13.34 21.92
West Bengal 35.93 4.29 10.82 4.96
Total 501.76 140.84 91.25 92.81

MNRE Ministry of new and renewable energy resources, IPCC intergovernmental panel on cli-
mate change

Table 19.5  (continued)

reported that direct-seeded rice and wheat in NT coupled with residue retention 
is a suitable management practice for enhancing soil C sequestration and sustain-
able yield increment even in reclaimed sodic soil in the hot semiarid zone of the 
Indian subcontinent. CR has the potential to increase total SOC content by 33.6 %, 
equivalent wheat yield by 8.3 %, water-stable macroaggregates by 53.8 % and mac-
roaggregate-associated C by 20.8 % over CT with transplanted rice after 5 years 
of continuous rice–wheat cropping (Chaudhury et al. 2014). A maize–horse gram 
sequence under CT and a CA system with retaining above 30-cm maize CR was 
practiced on Alfisols at Hyderabad (Fig. 19.5).

19.7.3 � Fertilizer Application and Manuring

Nutrient management is an important aspect of sustainable crop production in dry-
land farming and for maintaining of soil quality. The strategy of integrated plant 
nutrient supply (IPNS) adapts plant nutrition to specific farming systems and the 
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desired “yield target” and considers improving the resource base, diversifying avail-
able plant nutrient sources, and addressing socioeconomic factors. Since plant nu-
trients are transferred in cyclical processes, IPNS strategy also involves monitor-
ing all pathways of flow of plant nutrients in agricultural production systems to 
maximize profit, sustain the farming profession, and ensure food production. Thus, 
IPNS encompasses a holistic approach to nutrient management for crop production,  
and involves the judicious combination of fertilizers, biofertilizers, organic ma-
nures (FYM, compost, vermicompost, biogas sludge), green manures, CRs, etc., 
and growing legumes in the cropping system (Prasad 2008).The IPNS also encom-
passes balanced fertilization and site-specific nutrient management (SSNM). Con-
siderable research on IPNS has been done in India (Katyal and Rattan 2003; Gupta 
et al. 2006). Moreover, long-term fertilizer experiments have shown that addition 
of organic manures as well as NPK (add-on series) results in high yields over long 
periods as opposed to reduced yields over time when only chemical fertilizer’s ap-
plication (Swarup 2002). Sarkar and Singh (2002) reported that for soybean–wheat 
cropping system (over 28 years), in the acidic soils of Ranchi, India (pH < 5.4), soy-
bean yield averaged 0.33 Mg ha−1 and wheat yield averaged 0.43 Mg ha−1 for plots 
receiving N alone compared with 1.59 Mg ha−1 for soybean and wheat 2.65 Mg ha−1 
for plots receiving NPK. Application of FYM with NPK increased soybean yield to 
1.86 Mg ha−1 and wheat to 3.19 Mg ha−1. Further, the effects of NPK + FYM were 
similar to those of NPK + lime, implying that continuous application of FYM can 
also partially offset acidity in acid soils.

Data from “replacement series” trials under the Project Directorate of Farm-
ing Systems Research (PDFSR) revealed that in most cropping systems (e.g., rice–
wheat and rice–rice), application of 50 % N through green manure, FYM or CRs, 
and 50 % through RDF for summer rice, and 100 % RDF for winter crops (rice/
wheat) produced the same yield as those obtained with 100 % RDF to both crops, 
saving 25 % of NPK fertilizers by this strategy. However, conclusions derived from 
such studies are mostly based on agronomic yields and the results are reported with-
out accounting for NPK added through organic manures and without due consider-
ation of the interaction effects.

Green manure crops have the potential to recycle considerable quantities of or-
ganic materials and nutrients. In India, Mandal et  al. (2003) reported that green 
manuring with Sesbania adds/recycles large quantities of NPK when compared to 
other green manures on an equivalent weight basis of FYM. Addition of wheat straw 
adds the least amount of NPK. Further, use of Sesbania or cowpea and mung bean 
residues produced the same grain yield of rice + wheat, without any N application to 
rice, as that obtained with 120 kg N ha−1 applied to rice in the control plot (Mandal 
et al. 2003). Further, productivity of rice–wheat cropping increased by 1.2 Mg ha−1 
with 80 kg N ha−1 applied to rice compared with that from 120 kg N ha−1 applied 
to control plots (no green manure, residue, or FYM). Use of FYM and Leucaena 
loppings produced lower yields than that obtained with application of Sesbania or 
cowpea green manure, or by incorporating mung bean residue. Although incorpo-
ration of wheat straw is the least effective, it produced more grain yield than the 
control (Prasad 2009).
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Legumes are the most important component of IPNS. They may be grown as a 
green manure, grain crop, or as a dual-purpose crop (grain as well as green manure) 
within site-specific cropping systems. Soil-restoring capacity of legumes has been 
known in India since prehistoric times (Ali et al. 2002) even when their capacity 
to fix N was not known. Legumes fix 50–500 kg N ha−1 depending upon the crop 
and its growth period (Srinivasarao et al. 2003), and leave residual N varying from 
30–70 kg N ha−1 for the succeeding crop (Srinivasarao et al. 2003)—a saving of 
5.6–39.1 kg N ha−1 in wheat following mung bean or black gram. The N saving in 
wheat decreases as the level of N application increases. In India, legumes fix about 
2.4 Tg of N annually (Singh et al. 2006).

Green manures contribute 60–120 kg N ha−1 to the succeeding crop (Sriniva-
sarao et al. 2003). In a study on a sodic soil, green manure crops complemented 
with 75 kg N + 30 kg P2O5 + 25 kg K2O ha−1 produced the same grain yield as those 
receiving 180 kg N + 90 kg P2O5 + 75 kg K2O + 5 kg Zn ha

−1, showing that benefits 
of green manuring are not limited to N only (Swarup 1998). Despite such encourag-
ing results, the area under green manure crops has been declining, mainly because 
of the nonremunerative nature of these crops. A better alternative is growing a dual-
purpose legume such as cowpea or mung bean. When mung bean is grown as a sum-
mer cash crop and its residue is incorporated into the soil after the first pod picking 
(producing about 0.5 Mg ha−1 grain), the equivalent of 60–90 kg N ha−1 is added 
to the cropping system (Prasad 2009). Organic manures also supply small amounts 
of N but, when applied regularly over a long time, can overcome micronutrient 
deficiencies. Application of organic manures also improves physical, chemical, and 
biological properties of soil.

Biofertilizer ( Rhizobium, Azotobacter, Azosprillum, blue–green algae (BGA), 
azolla, phosphate-solubilizing organisms, vesicular arbuscular mycorrhyza; VAM) 
can be an important component of IPNS, especially in dryland agriculture, where 
only low levels of fertilizers are applied. Organisms accelerating the decomposition 
of CRs are also important for enhancing soil fertility (Rao and Patra 2009).

19.8 � Farmers Managing Soil Carbon

19.8.1 � The Economic Potential of CA for Carbon 
Sequestration

The economic potential of C sequestration is important with improved management 
practices that store C or reduce C loss within soil profile over time. We know that 
the C and N cycle strongly connect; however, the cost of N for C storage is often 
overlooked when assessing the benefits of C credit (Lam et al. 2013). It has been 
reported that for 1 Mg C sequestered in humus, 833 kg N, 200 kg P, and 143 kg S 
are required (Himes 1997). A modeling study suggested that increased irrigation 
and fertilizer application would increase the C efficiency ratio even as net emissions 
rise in the rice–wheat system of India (Bhatia et al. 2010). But increasing fertilizer 
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use increased both yields and CH4 emissions. Practices such as mid-season drainage 
are viable in some situations to reduce CH4 emissions (Babu et al. 2006). Gener-
ally, in India, the economic potential of CA has been assessed in terms of saving 
irrigation and fuel and increased crop productivity. Recently, Grace et al. (2012) 
reported 20 years of economic potential of C sequestration under NT-adopted IGP 
states. A total of 3 Tg C at US$ 25 Mg−1 C and 7.3 Tg C at US$ 50 Mg−1 C could be 
sequestered over 20 years through the implementation of NT cropping practices in 
soils under rice–wheat systems. The states of Uttar Pradesh, Bihar, and Punjab all 
offer similar returns in C credits of between US$ 25 Mg−1 C and US$ 100 Mg−1 C. 
Maximum levels of sequestration (100 % NT) could be attained in Bihar and Punjab 
with C prices approaching US$ 200 Mg−1 C and at this price 34.7 Tg C could be 
sequestered over 20 years in rice–wheat systems. Of which, Uttar Pradesh contrib-
uted 13.9 Tg C. In maize–wheat systems under NT, a C price of US$ 50 Mg−1 C 
would realize 252,000 Mg C—approximately 14 % of the sequestration potential, 
increasing to 811,000 Mg C (or 35 % of potential) at a C price of US$ 100 Mg−1 C. 
For cotton–wheat, US$ 50 Mg−1 C would return 173,000 Mg C over 20 years—6 % 
of the simulated C sequestration potential, increasing to 18 % at US$ 100 Mg−1 C. 
The clean development mechanism (CDM) of the Kyoto Protocol (IPCC 2007) has 
offered to reduce the C emission. Carbon markets offer additional income as certi-
fied emission reduction (CER) and may provide added incentive for the adoption 
of C sequestration technology to farmers. In Himachal Pradesh, India, the farmers 
in 177 gram panchayats of ten districts will receive ` 2000–2500 ha−1 annually. If 
the growth of biomass is good, the state can avail itself of the benefit of another 
100,000 tCERs in the second phase (2017–2026) for which another agreement will 
be signed, an official said (The Hindu 2011). India is trying to build a case to in-
clude agriculture in an estimated global market of US$  200  billion for C credit 
from the CDM (The Hindu 2011). The effective development of C markets requires 
functional techniques to assess baselines and changes in the soil C pool at a field 
and landscape level over a short period. Trading of C credits may be facilitated by 
effective community organization to minimize transaction costs.

19.8.2 � Farmers Managing Soil C: Beyond Direct Incentives

Competitive demands on resources at the farm level, such as CRs, can constitute 
serious bottlenecks to CA implementation, particularly in semiarid rainfed agri-
culture, as opposed to cropping systems in wetter conditions or under irrigation 
(Erenstein 2002). Although exposure to market forces can be advantageous in the 
sense that farmers can reap the benefits of cost savings, access to fodder markets 
can create disincentives for the retention on-farm of CRs. This is often the case in 
densely populated regions with heavy demand on biomass and strong demand for 
livestock products, such as in India. Such market opportunities for straw and stover 
accentuate the value of CRs with competing uses for livestock fodder, household 
energy, and construction purposes (alternatives to leaving on the field to protect the 
soil surface). Moreover, most smallholders practice mixed crop–livestock systems 
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and traditionally use CRs for maintaining their livestock. In these cases, farmers are 
reluctant to leave residues on the surface despite demonstrable yield advantages. 
More research is needed to establish minimum residue retention levels (thresholds) 
with positive impacts on SOC storage (Govaerts 2009b).

19.8.3 � Constraints and Pathways for Adoption

There are numerous constraints to adoption of CA by small landholders in India 
and elsewhere in developing countries. Lal (1997) suggested establishing long-term 
NT studies in different soils and climates to assess C sequestration and soil quality. 
The success of CA in rainfed areas depends on two critical elements, viz. residue 
retention on the soil surface and weed control. Since residues are generally used 
as fodder in drylands, there is a need to determine the minimum amount of residue 
that can be retained without affecting the crop–livestock system and vice versa. Ini-
tially, emphasis may be given to crops whose residues are not used as fodder. More 
research is also needed on weed management under NT within a cropping system 
perspective. Identification of alternative sources of fodder for livestock is essential 
to spare CRs for adoption of CA systems. Identification of critical thresholds of 
tillage is needed for diverse rainfall, soil, and cropping systems, such that the main 
objectives of rainwater conservation are not compromised. Knowledge about these 
unknown factors will balance the need for conserving soil and capturing rainwater 
in the soil solum. Farm implements are needed for seed and fertilizer placement 
simultaneously to ensure optimum plant stand and early seedling vigor in rainfed 
crops under minimum tillage. Control of termites is required in order to enhance the 
value of residue left on the surface during long intervals between two crops (Ven-
kateswarlu et al. 2010). Sometimes, CR is difficult to handle during sowing and 
other farm operations. Increased herbicides are needed to control weeds which may 
involve additional expenditure. There are also challenges to update farm machinery 
to cater to CA practices (Patle 2013).

19.8.4 � The Consequences of Rotating Tillage Practices  
for Carbon Sequestration

Tillage costs money in the form of fuel for tractors, wear and tear on equipment, and 
the time of the operator. If animals are used as the power source, the costs of feeding 
and caring for the animals over a full year are also high. Emissions of GHGs from 
the burning of diesel fuel add to global warming. Further, SOM is oxidized when 
exposed to the air by tillage with antecedent decline in its amount, unless biomass-
C is returned to the soil as residues, compost or other means. Tillage disrupts the 
bio-pores created by roots and biotic activity. Lesser known is the effect this has 
on belowground soil biology. The bare surface exposed after tillage is prone to 
breakdown of soil aggregates as the energy from raindrops dissipates. This results in 
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clogging of soil pores, reduced infiltration of water and runoff, and acceleration of 
soil erosion. When the soil surface dries, it crusts and inhibits seedling emergence, 
and the bare surface after tillage is prone to wind erosion. The tractor wheels and 
vehicular traffic compact the subsoil. Schematic in Fig. 19.6 is a representation of 
the negative effects stemming from inappropriate tillage practices.

19.9 � Future Outlook

Some research and development frontiers to promote adoption of CA in the semi-
arid tropics of India and elsewhere in developing countries include the following:

1.	� Lack of knowledge and information are the main constraints to NT adoption in 
most countries. Information has to be relevant, factual, locally appropriate, cred-
ible, and useful in order to generate impact among farmers. The first step before 
converting to an NT system should be that farmers, researchers, technicians, and 
extension specialists improve their knowledge about all aspects of the system, 
and establish channels of communication among one another.

2.	� The superiority of the NT system over CT has generally been proven under 
diverse conditions worldwide. It is necessary now to develop and adapt the sys-
tem locally and make sure that the technology works under the special environ-
mental and socioeconomic conditions of each specific site. It is also important to 
learn which soils are not suited to or have some specific constraints to applying 
the system and how to alleviate these constraints.

Fig. 19.6   The impacts of tillage practices on soil environment
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  3.	 It is also pertinent to identify other constraints to adoption of NT under local 
conditions (i.e., machines, herbicides, adequate crop rotations, adequate green 
manure cover crops, knowledge) and also be aware of socioeconomic factors 
and human dimensions affecting its adoption. The mindset “it does not work” is 
not helpful to promote adoption of NT. Knowing that NT is the only truly sus-
tainable production system in improving productivity of soils in the tropics and 
subtropics, technological options need to be identified to address the problems 
and alleviate constraints.

  4.	 Rather than agronomic yield, it is also important to assess profitability. Ero-
sion control; improvement of chemical, physical, and biological soil condi-
tions; lower machinery costs; reduced labor and tractor hours; timelines; higher 
economic returns; and other benefits of the system are important to study the 
growth of an NT system.

  5.	 It is important that CA and NT systems are recognized within any renegoti-
ated CDM undertaken by the United Nations framework convention on climate 
change (UNFCC) or any other mechanism at regional and global levels.

  6.	 A closer interaction is needed between government agencies, farmers, private 
sector, technology generators and disseminators, and nongovernment organiza-
tions in policy reform, as well as for the design and application of stewardship 
incentives toward a broad acceptance of NT farming and CA.

  7.	 Strong ties are needed with the private sector to recognize the importance of eco-
system services provided by CA, particularly for its role in soil C sequestration, 
to adopt and mitigate climate change.

  8.	 A science-based synthesis must be developed on how C sequestration might 
provide ecosystem services through adoption of CA. Such a synthesis should 
include standardized measurement methodologies to determine the potential of 
soil C sequestration for site-specific crop management systems and eco-regions.

  9.	 Standardized protocols are needed to apply science-based information to 
CA projects that provide ecological goods and services using internationally 
accepted guidance, such as ISO 14064 for GHG emission reductions.

10.	 Government endorsement must be sought for adoption of CA in the develop-
ment of national and international policies for provision of numerous ecosystem 
services.

11.	 Adoption of CA technologies can be appropriately promoted through pay-
ments for ecosystem services (e.g., soil–carbon sequestration and water-quality 
benefits).

19.10 � Conclusions

Arable lands are prone to severe soil degradation. Thus, crops require ever-increas-
ing input to maintain yields, even in high-yielding areas where soils are moder-
ately degraded. Therefore, agriculture should not only be high yielding but also 
sustainable. CA has the capacity for short-term maximization of crop production 
as well as the potential for long-term sustainability (i.e., C storage) at microsite 
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(i.e., soil aggregation studies) and farm level (i.e., yields analysis, profitability). 
Concerning the potential of CA as a strategy for C sequestration, there are several 
knowledge gaps. For example, research information is lacking on the influence of 
tillage and crop rotations on soil C sink capacity. Available data have been obtained 
at the plot level, and more holistic research is needed at the farm level, including 
agro-ecosystem constraints along with soil and ecosystem C budgets at national and 
regional levels. Most available research data are from regions where CA has been 
implemented for a long time. Thus, there is a strong need to develop an international 
network of benchmark pilot studies on CA in diverse agro-ecological regions and 
farming systems. Long-term operations of such a network are needed to understand 
the mechanisms of C sink capacity by CA.

While C sequestration may be questionable in some eco-regions and cropping 
systems, CA is an important technology to restore soil processes, control soil ero-
sion, and reduce tillage-related production costs. These are sufficient reasons to 
promote the systematic conversion of the traditional system to CA. While detailed 
knowledge of functional relationships is needed to determine the real potential of 
CA as a carbon offset technology, it is pertinent to adopt agricultural practices that 
preserve and restore soil functions such as food security, climate change adoption 
and mitigation, and water resources improvement.

Soil C sink capacity depends on several factors including climate, soil type, crops 
and vegetation cover, and management practices. Harshness of arid and semiarid 
climate exacerbates the risk of soil degradation by depleting SOC, increasing the 
risk of erosion, and salinization. Recycling organic resources containing polyphe-
nols and lignin may affect the long-term decomposition dynamics and contribute 
to the buildup of SOC. Hence, it is important to explore a wide range of adaptation 
strategies which could reduce the vulnerability of agriculture to climate change. A 
wide adoption of CA will reduce the cost of labor, fuel, and machinery, while con-
serving water, reducing erosion, and sequestering C.
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Abstract  An intricate relationship exists not only between plants and soil micro-
organisms but also between soil microbial populations within a microbial commu-
nity. According to their root exudate composition, different plant species attract 
different soil microbial communities to their rhizosphere. In turn, root exudates are 
controlled by the plant, depending on its physiology, genetics, and environmen-
tal factors. Microbial communities that can utilize specific carbon sources most 
effectively and efficiently will be most prevalent in a particular rhizosphere. Soil 
microbes play crucial roles in the cycling of nutrients in an ecosystem. Through this 
process, they alter their surrounding environment, but, as a result, the surround-
ing soil environment also alters soil microbial community function and diversity. 
Soil is not only a matrix to support crop production, nor an unlimited resource that 
we can exploit to our short-term benefit without replenishing what we have taken. 
Since soil organic matter is responsible for the energy supply in an ecosystem, con-
servation agriculture is winning the race in an effort to enrich the soil by retaining 
crop residue, crop diversification, and minimum soil disturbance. Consequently, 
soil microbial activity and diversity increase, thereby restoring balance to the eco-
system, leading to increased and sustainable crop production.

Keywords  Plant–microbe interactions · Rhizosphere · Conservation agriculture · 
Soil microbial diversity · Soil microbial activity · Soil health indicators
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Bt	 Bacillus thuringiensis
CA	 Conservation agriculture
CEC	 Cation exchange capacity
CF	 Chloroform fumigation
CFE	 Chloroform fumigation extraction
CFI	 Chloroform fumigation incubation
CLPP	 Community-level physiological profiling
C:N ratios	 Carbon to nitrogen ratio
C:N:P ratios	 Carbon to nitrogen to phosphorous ratio
CO2	 Carbon dioxide
Cp values	 Colonizer–persister values
DAPG	 2, 4-diacetylphloroglucinol
DNA	 Deoxyribonucleic acid
EI	 Enrichment index
H′	 Shannon–Wiener index
IAA	 Indole-acetic acid
ISR	 Induced systemic resistance
MDS	 Minimum data set
MI	 Maturity index
N	 Nitrogen
N-fertilizers	 Nitrogen fertilizers
N2	 Atmospheric nitrogen
NCR	 Nematode channel ratio
PCA	 Principal component analysis
PCR	 Polymerase chain reaction
PGPB	 Plant growth-promoting bacteria
PGPR	 Plant growth-promoting rhizobacteria
PPI	 Plant parasitic index
PLFA	 Phospholipid fatty acids
RNA	 Ribonucleic acid
rDNA	 Ribosomal DNA
rRNA	 Ribosomal RNA
SI	 Structure index
SIP	 Substrate-induced respiration
SOM	 Soil organic matter
SQI	 Soil quality index

20.1 � Introduction

Microbiology is the basis of sustainable agriculture. (Tikhonovich and Provorov 2011)

Microorganisms are too small to be observed with the naked eye. With diameters rang-
ing from 1 to 100 µm (i.e., 1 µm = one thousandth of a millimeter), microorganisms  
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can occupy the smallest of spaces inside and between soil particles and other envi-
ronments. Although microbial activities, such as fast metabolism and growth rate, 
exponential population growth, and genetic flexibility, might occur at a microscopic 
level, their impact reaches macroscopic levels (Konopka 2009). In-depth investiga-
tions into the intricate relationship between microorganisms (e.g., biological ni-
trogen fixation (BNF), mycorrhiza, rhizobacterial suppression of diseases), plants, 
and animals of agricultural importance form the basis of agricultural microbiology. 
Knowledge obtained from microbial ecology and general microbiology could be 
transferred through agricultural microbiology to agricultural biotechnologies (Tik-
honovich and Provorov 2011).

Konopka (2009) described the field of microbial ecology in ten overarch-
ing principles: (1) the primary role of microbes in the biosphere is as catalysts of 
biogeochemical cycles; (2) although generally unseen to the naked eye, microbes 
comprise nearly half of all biomass on earth; (3) the effects of microbial catalysis 
depend upon the population size of microbes and their physiological activity (as 
determined by extant physical and chemical conditions); (4) the results of microbial 
catalysis can have profound effects on the physical and chemical characteristics of 
the macroenvironment; (5) the microbial world exhibits much greater metabolic 
versatility than is found among macroorganisms; (6) the types and numbers of dif-
ferent microbes present in a habitat are a function of the diversity and number of 
nutrient resources available; (7) microbial populations and communities often ex-
hibit much larger dynamics in biomass, composition, and activity than do plant and 
animal populations; (8) the amount of one essential limiting resource is most likely 
to determine the amount of microbial biomass in an ecosystem; (9) growth of mi-
crobes on the limiting nutrient will depress its concentration to a value that limits 
microbial growth rate; and (10) competition among microbes for low concentra-
tions of limiting substrate and temporal variability in nutrient availability is a strong 
selective force in natural habitats.

20.1.1 � Soil Environment

Soil is a sensitive, living and irreplaceable natural resource linked to everything 
around us. With increasing demand to grow more food on a resource that only pro-
duces 10 cm of fertile soil in 2000 years, it is clear that the responsibility lies with us 
to look after our soils. Historically, soil was mainly considered as a medium to sup-
port crop growth, but it is now realized that they also play vital roles in ecosystem 
functioning, water and nutrient cycling, and food production (Wagenet and Hutson 
1997; Wander et al. 2002). Microorganisms are found in extremely high numbers in 
soil habitats with bacteria reaching numbers of 106–109 per gram of soil. Other soil 
microorganisms include viruses, fungi, nematodes, algae, and protozoa. Indigenous 
soil microbiotas depend strongly on microhabitats, microenvironments, and abiotic 
factors found in soil, with unique soils favoring bacterial communities with specific 
types of metabolisms and adaptive features for optimal survival and nutrient cycling 
in that specific ecosystem.
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Topsoil depth is probably one of the most important soil physical attributes in 
soil management, biomass production, and control of degradation. It provides a 
measure of nutrient and water availability, as well as root development for crop 
production. Soil texture and compaction are characterized by soil porosity and pore 
size, which determine plant root penetration and the distribution and storage of 
nutrients, water, and gases, thus affecting site productivity. Soil aggregation mea-
surement serves as an indicator of soil structure, crop emergence, resistance to soil 
destruction, and infiltration. It measures, therefore, the soil’s inclination to erosion, 
i.e., water runoff and leaching. The soil’s potential to retain water, termed water-
holding capacity, determines the potential for water transport through the soil. Bulk 
density (the weight of soil per volume unit) provides a measure of soil structure and 
penetration resistance (soil strength), which determines the environment for plant 
root growth and the level of biological activity.

Biological activity of soil microorganisms responsible for decomposition of 
soil organic matter (SOM) is “any material produced originally by living organ-
isms (plant or animal) that is turned to the soil and goes through the decomposi-
tion process” (Bot and Benites 2005). Decomposition is also greatly affected by 
chemical factors such as cation exchange capacity (CEC), the presence and amount 
of contaminants, and the level of acidity or alkalinity of the soil. SOM and pH 
have been recognized as vital attributes in characterizing the quality of soil. Soil 
pH influences the strength of bond that different soil textures form with nutrients 
and water, determining its availability for plant growth and biological activity. Soil 
functions such as nutrient cycling, water retention, aggregation, and soil structural 
stability are greatly influenced by organic matter (OM) content. Living organisms, 
readily decomposable materials, and stable humus make up the three components 
of SOM. Living organisms are responsible for the decomposition of SOM into nu-
trients available to be taken up by the plant. Remaining residues are further broken 
down until complex products, resistant to decomposition, remain. These products 
are known as humus and play an important role in aggregate stability, which, in 
turn, influences CEC, and the soil’s nutrient and water-holding capacity. Although 
the effective decomposition of SOM strongly relates to soil biological activity, it is 
limited by restricted access to water, gases, and nutrients. Balesdent et al. (2000) 
have shown the SOM concentration to be highest in the surface layer of untilled 
soils, with surface OM additions increasing SOM-level inconsistency in soil pro-
files. Since falling leaves contribute significantly to SOM inputs, seasonal changes 
have less noticeable effects on decomposition in soils subjected to conventional till-
age (CT) compared to no-till (Balesdent et al. 2000). Nutrient availability, serving 
as an indication of nutrient limitation, impacts not only the soil’s capacity to support 
plant growth but also soil microbial activity and diversity.

20.1.2 � Biological Component

Although the status of soils has always been measured in terms of soil physical and 
chemical properties over the past decades, researchers are continuously realizing 
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the increasing significance of extending the definition of healthy soil, to include 
soil microbial populations. The composition and activity of soil microbial popula-
tions is responsible for all the major processes in the soil, such as breakdown of 
contaminants and nutrient recycling, which contributes to soil fertility and quality 
(Anderson 2003). Specific microbial functions such as respiration, degradation, or 
mineralization of organic carbon, nitrogen, phosphorous, and sulfur have been stud-
ied as biological indicators of healthy soils (Bastida et al. 2008; Dick 2000). Since 
elements are required to be in different chemical forms to fulfill various functions in 
the soil ecosystem, all elements need to be continuously cycled through the ecosys-
tem by means of numerous natural biological cycling processes. Microorganisms 
are crucial in the cycling of nutrients through chemical or biochemical reactions in 
order to unlock essential elements that are taken up by other organisms and locked 
in an unusable form by others (Heritage et al. 1999).

In an agricultural production system where mineral fertilizers can provide most 
nutrient inputs, the effects of decomposition and mineralization almost seem ir-
relevant, but knowledge about the dynamics between soil microbial communities 
and the ecosystem might become more significant as conservation agriculture (CA) 
develops into a system that is less dependent on mineral fertilizers, biocides, and 
fossil fuels (Philippot et al. 2013).

20.1.3 � Carbon Cycle

Plants and certain microorganisms are primary producers that convert carbon diox-
ide (CO2), water, and solar energy into organic compounds through photosynthesis. 
These organic compounds are available as nutrients to different organisms with the 
ability to break down through various metabolic processes. While certain microbes, 
chemoorganotrophs, can convert organic carbon compounds to release CO2, others, 
chemolithotrophs, convert inorganic carbon into OM in the dark. Under anaerobic 
conditions with limited or no oxygen, certain bacteria can convert organic com-
pounds to methane and CO2 through fermentation (Heritage et al. 1999).

20.1.4 � Nitrogen Cycle

Nitrogen is found mainly in nucleic acids (deoxyribonucleic acid (DNA) and ri-
bonucleic acid (RNA)), proteins, amines (functional groups of amino acids), and 
amino acids (the building blocks of proteins). DNA is the basis of genetic inheri-
tance and RNA is responsible for protein synthesis from DNA, whereas amines and 
amino acids are released from proteins during decomposition by fungi in low pH 
environments, and bacteria in neutral and higher pH environments. In agriculture 
and natural ecosystems, BNF through nitrogen-fixing bacteria, which includes sym-
biotic rhizobia and free-living diazotrophic bacteria, plays a crucial role in fixing 
nitrogen into a readily available form, such as ammonia, for crop plants. Inorganic 
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nitrogen, such as nitrates, are converted to nitrites by certain bacteria, and then 
again to ammonia by nitrate-reducing bacteria. Ammonia is predominantly fixed 
as amino acids into OM, and must be released for continued cycling of nitrogen. 
Nitrifying bacteria can produce nitrite ions from ammonia oxidation, and to further 
convert nitrites to nitrates. Compost heaps and soils rich in organic material gener-
ally contain bacteria that can reduce available nitrates to nitrogen gas which is re-
turned to the atmosphere and then fixed mainly by rhizobia which form a symbiotic 
association with roots of leguminous plants (Heritage et al. 1999). High amounts of 
phosphorous, sulfur, molybdenum, and boron are required by legumes to facilitate 
the formation of root nodules in order to fix nitrogen; insufficient amounts will lead 
to the suppression of nitrogen fixation. Fixed nitrogen is released to the soil envi-
ronment through decomposition of aboveground parts, roots, and legume nodules 
(West and Mallarino 1996).

20.1.5 � Phosphorous Cycle

Phosphorous is found in SOM, minerals, and rocks, and is also required by legumes 
for effective nitrogen fixation. Phosphorous is taken up by plants as inorganic phos-
phates at all times, and transformed into more complex forms through biochemical 
processes as components of nucleic acids (i.e., DNA and RNA), lipids (i.e., phos-
pholipids—playing a crucial role in cell membranes), energy storage compounds, 
and organic phosphates. Since inorganic phosphates are normally present as insol-
uble salts, phosphates regularly represent a limiting element in natural ecosystems 
and crop production, but could be converted into soluble phosphates through soil 
microbial activity. Since phosphorous is a component of decomposing material, the 
highest concentration is obtained in surface soils. Acidic soils usually contain high 
concentrations of iron and aluminum that tends to form tight bonds with phospho-
rous, but the application of lime could solve this dilemma.

20.1.6 � Sulfur Cycle

Sulfur is predominantly found in natural igneous rocks, as well as a component 
of SOM. As with nitrogen, it forms an important but lesser component of certain 
amino acids, proteins, and vitamins. Elemental sulfur is oxidized to sulfates by 
a variety of soil microorganisms. Sulfates are then integrated into organic com-
pounds by reduction to hydrogen sulfide. Nicklin et al. (1999) differentiated two 
types of sulfate reduction: assimilatory reduction with sulfate reduction for amino 
acid and protein synthesis and dissimilatory reduction for the conversion to sul-
fides.

Where fertile soils are depleted and rendered useless through inadequate agricul-
tural practices, urbanization, and other negative anthropogenic activities in only a 
few years, soil microorganisms replace whatever they take from the soil.
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20.2 � Microbe–Plant Interaction

20.2.1 � Rhizosphere

The rhizosphere is described as the very thin zone of soil surrounding living roots, 
characterized by the most microbially diverse and active region, stimulated by leak-
age of organic substances from plant roots (Grayston et al. 1997). It includes the 
region of soil bound by plant roots which extends a few millimeters from the root 
surface (Bhattacharyya and Jha 2012). Compared to bulk soil, the rhizosphere zone 
is rich in nutrients due to the accumulation of several plant root exudates, such 
as amino acids and sugars, and a rich source of energy and nutrients for bacteria 
(Beneduzi et al. 2012). As a result, the number of soil microorganisms, especially 
bacteria, around plant roots in the rhizosphere is generally 10–100 times that of bulk 
soil (Weller and Thomashow 1994). Rhizosphere organisms could have extreme 
consequences on nutrition, health, and growth of plants (Berendsen et al. 2012). 
Increased microbial diversity and activity compel microorganisms to compete, col-
laborate, or parasitize for food. Changes in activity and diversity greatly depend on 
the vegetation type and species present (Tate 2000). Recent studies have shown that 
plants, either individually or as a community, can manipulate the composition of 
belowground microbial communities (Schweitzer et al. 2008) through rhizodepos-
its, i.e., exudates, nutrients, mucilage, etc. released by the plant root into the rhizo-
sphere. Root exudate compounds may encourage beneficial symbiosis, inhibition of 
competing plant species, and adjust soil microbial community activity and diversity. 
Root exudate composition is greatly influenced by planted crops, as well as the ma-
turity stage of seedlings, based on different nutritional requirements through differ-
ent growth stages. This leads to successional changes in soil microbial communities 
as the plant matures (Atlas and Bartha 1993). Successional changes coincide with 
alteration of root exudate composition during plant development. The difference in 
root exudate composition between crops, and even cultivars, thus attracts microbial 
populations that are especially well adapted to utilize the specific compounds (Jo-
hansson et al. 2004). This implies that microorganisms are not distributed evenly 
through the rhizosphere due to root type differences and root growth. It is therefore 
understandable that direct and indirect interactions between plants and their associ-
ated soil microbial communities are inevitable.

20.2.2 � Symbiotic Interactions

Mycorrhiza (Greek: mycos  =  “fungi,” rhiza  = “root”) are probably one of the most 
well-known mutualistic interrelationships in ecosystems that exists between the 
roots of more than 80 % of higher plants and ferns, in association with soilborne 
fungi. This association involves the formation of integrated morphological units, 
maintaining a healthy physiological interaction through the integration of fungal 
mycelia and plant roots (Atlas and Bartha 1993). Two basic mycorrhizal associations  
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exist: endomycorrhizae, invading living root cells with mycelial clusters, and ec-
tomycorrhizae, where fungal hyphae invade intercellular spaces in the root, but do 
not invade living cells (Hartley 1965). Due to this association, plant root surface is 
enhanced, leading to increased uptake of water and nutrients (especially phospho-
rous and nitrogen) from nutrient-deficient soil, resistance to plant pathogens, and 
increased tolerance to toxins and environmental parameters. In return, mycorrhizal 
fungi evade competition with other soil microorganisms for food, by receiving or-
ganic compounds from the host plant. Another example of a mutualistic microbe–
plant interaction is BNF (see Nitrogen Cycle and Biological Nitrogen Fixation).

However, not all plant–microbe interactions are mutualistic. Some interactions 
can be negative, causing plant diseases that are of economic or ecological impor-
tance. Plant diseases can be caused by nematodes, fungi, bacteria, or viruses that 
are responsible for growth impairment or plant death, diminishing the plant’s abil-
ity to survive and occupy its ecological place and function. Plant diseases usually 
follow a four-phase development pattern: (1) initial contact by pathogen with plant; 
(2) finding an entry point and entering plant through wounds (e.g., those made by 
nematodes) or natural openings in roots, leaves, or stems; (3) growth of pathogen 
inside plant; and (4) development of disease symptoms (Atlas and Bartha 1993).

Multispecies interactions in the rhizosphere could be beneficial to the plant by 
suppressing soilborne pathogens, thus giving rise to disease-suppressive soils (Haas 
and Defago 2005). Pathogens in these soils are suppressed by groups of soil and 
rhizosphere microorganisms through competition, parasitism, and the production of 
chemical compounds with antimicrobial properties. This association between dif-
ferent species, where one is negatively influenced while the other is not affected, is 
called amensalism. Soil microbial populations can also influence plant community 
diversity by reducing the competitiveness of dominant plant species and/or enhanc-
ing the competitiveness of subordinate plant species (Wardle et  al. 2004). Other 
microbial populations can induce systemic resistance response, rendering the plant 
effective against pathogens and insect pests.

Since soil microbial species rarely exist in isolation, interactions between spe-
cies within soil microbial populations could be either positive or negative. Positive 
interactions, such as cooperation, occur mainly at low population densities in order 
to maximize growth rate and species diversification when utilizing insoluble sub-
strates. In these cases, specific enzymes are produced by specific species within 
the population to make these substrates available to the rest of the population. Co-
operation within a population could also increase the protection of the population 
in a hostile environment, as well as the exchange of genetic material to increase 
resistance to toxic substances threatening the population. Alternatively, negative 
interactions, such as competition for the same substrates and ecological niches, oc-
cur at high soil microbial population densities as a control measure. Other species 
within the population might produce toxic compounds or proteins to inhibit growth 
of other species (Atlas and Bartha 1993).

Interpopulation interactions could be recognized as a lack of interaction between 
two microbial populations (neutralism), positive (mutualism, synergism, and com-
mensalism), negative (amensalism and competition), or positive for one population 
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but detrimental to another (predation and parasitism). One or more of these interac-
tions might be observed in complex soil microbial communities (Table 20.1). Posi-
tive interactions might occur to enhance the survival abilities of some communities, 
while negative interactions might occur as a means to limit population densities.

Detailed studies of these natural interactions have led to wide agricultural appli-
cations, especially with regard to biocontrol. Bacillus thuringiensis (Bt) is probably 
the best-known example of a bacterium used as an “insecticide” or biopesticide. 
Bt, a spore-forming bacterium that naturally occurs in soil, produces crystal pro-
teins with insecticidal properties during its sporulation phase. These proteins are 
only effective once ingested by leaf-chewing insects feeding on crops that have 
been sprayed with, or genetically modified to contain, the Bt protein (Lei et  al. 
2011). Bacteria are not the only organisms to be used in this manner. The hyphae 
of pathogenic fungi are used as biopesticides to penetrate the cuticle of insects, 
eventually causing death by growing vegetatively inside the insect’s body (de Faria 
and Wraight 2007).

Total annihilation of crop pests and plant pathogens through pesticides or re-
sistance-induced mechanisms not only enforces selection pressure in resistance in 
pathogen populations but the plant is also left defenseless in the case of pesticide 
resistance (Newton et al. 2010). Studying and understanding the intrinsic ecological 
balances that exists in a system—even between pathogens and beneficial microor-
ganisms—will lead to novel approaches in agriculture to improve sustainability and 
increase crop production (Andrews et al. 2012). In this way, increased crop produc-
tion and sustainable agriculture have also benefitted from comprehensive studies of 
positive microbe–plant interactions.

20.2.3 � Plant Growth-Promoting Rhizobacteria (PGPR)

The application of chemical inputs, which includes fertilizers, pesticides, and herbi-
cides, has long been practiced worldwide in modern intensive agriculture. However, 
due to concerns for human health and environmental protection, viable and cost-
effective alternatives to these chemicals have been sought in recent years (Franks 

Table 20.1   Categories of interactions between soil microbial populations. (Atlas and Bartha 1993)
Interaction category Result of interaction

Population 1 Population 2
Neutralism ne ne
Commensalism ne +
Synergism . +
Mutualism + +
Amensalism ne/+ −
Predation + −
Parasitism + −
Competition − −

ne no effect
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et al. 2006). For instance, it has been recognized and studied that several naturally 
occurring rhizosphere bacteria and fungi are antagonistic towards a variety of crop 
pathogens and may be used as effective substitutes for chemical control agents 
(Morrissey et al. 2004). Similarly, there are several beneficial microorganisms re-
siding in the rhizosphere that can directly facilitate plant growth and increase crop 
yield (Masciarelli et al. 2013).

In the mid-1970s, prior to the introduction of the term rhizobacteria by Kloep-
per and Schroth (1978) based on their experiment on radishes, the late Döberiener 
and her collaborators rediscovered the genus Azospirillum and described it as plant 
growth-promoting bacteria (PGPB; Döbereiner and Day 1976). Two main char-
acteristics which defined the genus Azospirillum as a PGPB were the fixing of at-
mospheric nitrogen and the production of phytohormones (Bashan and de-Bashan 
2010). Three years after the term rhizobacteria was introduced, the same scientists 
coined the term  PGPR (Kloepper and Schroth 1981) to describe soil bacteria that 
colonize the rhizosphere of plants and stimulate plant growth using various mecha-
nisms (Perez-Montano et  al. 2014). Currently, the term PGPR refers to bacterial 
strains capable of fulfilling at least two of the three criteria, viz. aggressive root 
colonization, plant growth stimulation, and biocontrol (Weller et al. 2002; Vessey 
2003).

Mode of Action of PGPR  PGPR was originally used to describe unique rhizosphere 
bacteria with biocontrol activities, which may not encompass all of the beneficial 
bacteria in the rhizosphere. Hence, based on their role in the rhizosphere, PGPR 
generally fall into two major groups: biocontrol PGPR and plantgrowth-promoting 
PGPR (Bashan and Holguin 1998). The group that promotes plant growth includes 
both free-living bacteria (e.g., Azospirillum, Pseudomonas, Bacillus spp.) and those 
that form specific symbiotic associations with leguminous plants (e.g., Rhizobia; 
Glick 2012). The remaining biocontrol–PGPR group constitute all rhizosphere 
bacteria that colonize plant roots and suppress or decrease plant diseases and are 
commonly antagonistic to soilborne phytopathogens (Jetiyanun and Kloepper 2002; 
Bashan and de-Bashan 2002). The most widely studied biocontrol PGPR with 
proven antagonistic activity against phytopathogens include members of the bacte-
rial genera, including Bacillus, Pseudomonas, Serratia, and Streptomyces (Perez-
Montano et al. 2014).

Most of the free-living plant growth-promoting PGPR have direct mechanisms 
by which they improve plant growth and crop yield, including fixing atmospheric 
nitrogen and supplying it to plants, synthesizing siderophores which sequester iron 
from the soil and providing it to plants, synthesizing phytohormones such as in-
dole-acetic acid (IAA) which enhances or regulates various stages of plant growth, 
and solubilizing essential minerals such as phosphorous and making it more read-
ily available to plants (Glick et al. 2007; Bhattacharyya and Jha 2012; Bashan and 
de-Bashan 2010). Although not as effective as the symbiotic BNF by rhizobia, 
many nonlegume plants benefit from nonsymbiotic nitrogen fixation by being as-
sociated with free-living diazotrophic nitrogen-fixing bacteria. PGPR commonly 
known for asymbiotic nitrogen fixation include Azospirillum, Herbasprillum, and 
Beijerinkia.



53520  Application of Microbiology in Conservation Agriculture

The ability to produce IAA is a key property of many PGPR that stimulate plants 
directly. Azospirillum spp. are well-recognized producers of IAA, which alters the 
metabolism and morphology of plants, resulting in better absorption of water and 
minerals, and consequently larger and healthier plants (Bashan and de-Bashan 
2010). Some strains of Pseudomonas putida and several species of Bacillus which 
produce IAA have been identified and studied for their role in the development of 
plant roots (Patten and Glick 2002; Goswami et al. 2014). In general, bacterial IAA 
increases root surface area and length, providing the plant with greater access to soil 
nutrients (Glick 2012). Bacterial strains belonging to the genera Azospirillum, Ba-
cillus, Pseudomonas, Burkholderia, and Serratia have efficient phosphate solubili-
zation abilities (Perez-Montano et al. 2014). PGPR solubilize phosphate and make 
it available to plants by reducing the pH of their surroundings due to the release of 
organic acids or protons (Gyanshewar et al. 2002).

Biocontrol PGPR on the other hand has a variety of indirect modes of action to 
suppress plant diseases and enhance growth (Fig. 20.1). The most common indirect 
mechanisms include the production of antibiotics such as 2, 4-diacetylphloroglu-
cinol (DAPG), phenazine, and pyoluterin; secretion of lytic enzymes like chitin-
ases and protease; competition for nutrients; siderophore secretion; and induction 
of systemic resistance in host plants (Pliego et al. 2010; Beneduzi et al. 2012). A 
major PGPR trait which prevents the proliferation of phytopathogenic fungi is the 
production of a wide range of different antibiotics, many of which have been stud-
ied in detail (Whipps 2001; Raajmakers et al. 2002; Compant et al. 2005). The most 
widely studied antifungal metabolites (AFM) include the antibiotics DAPG and 
pyoluterin, both of which are secreted by strains of Pseudomonas fluorescens (Ki-
darsa et al. 2011). A typical example for biocontrol by PGPR is the suppression of 
fusarium wilt by P. fluorescens strain WCS374 that resulted in a 40 % yield increase 
in radish (Bakker et al. 2007).

Siderophores, low molecular weight proteins secreted by several strains of bio-
control PGPR, have a high affinity to iron and can prevent some phytopathogens 
from proliferating. The bacterial siderophores allow control of several phytopatho-
gens through deprivation of iron nutrition (Perez-Montano et al. 2014). Among the 
many studied siderophores, those produced by P. fluorescens have a high affinity 
to ferric ion, rendering it unavailable to other organisms and suppressing soilborne 
fungal pathogens (Beneduzi et  al. 2012). Production of antibiotics and secretion 
of siderophores are not the only mechanisms of action for disease suppression by 
biocontrol PGPR. Rhizobacteria-mediating induced systemic resistance (ISR) has 
been detected against several fungal pathogens. Pseudomonas and Bacillus spp. 
are the most widely studied PGPR that trigger ISR in plants (Kloepper et al. 2004).

20.2.4 � Biological Nitrogen Fixation

Nitrogen (N) is often one of the most limiting nutrients for plant growth, resulting in 
N-fertilizers ranking first among external inputs to maximize output in agriculture. 
Chemical nitrogen fertilizers, however, are not only unaffordable or unavailable 
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in many countries but also have other drawbacks. They have the lowest input ef-
ficiency among plant nutrients, and the continuous use of N-fertilizers leads to a 
decline in crop yield (Bohlool et al. 1992). Additional drawbacks of N-fertilizers 
include environmental pollution and speeding up the depletion of nonrenewable 
energy resources. BNF, on the other hand, converts atmospheric nitrogen (N2) into 
a plant-usable form through nitrogenase activity in the rhizosphere and root nodule 
bacteria, i.e., rhizobia.

Fig. 20.1   Interaction between plant roots and biocontrol PGPR in the rhizosphere. The plant roots 
secrete root exudates which are used by the rhizobacteria for metabolic processes. The root-col-
onizing rhizobacteria, in return, produce antibiotics and elicitors of induced systemic resistance 
( ISR), thereby suppressing infection by plant pathogens. PGPR plant growth-promoting rhizobac-
teria. (Picture adapted from Haas and Defago 2005)
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Rhizobia are the most widely studied PGPR. The term rhizobia is derived from 
the Greek words riza  = roots, bios  =  life. More importantly, the sustainability of 
many food crops, forage, and green manure legumes mainly depends on their abil-
ity to establish a symbiotic association with nitrogen-fixing rhizobia (Menna et al. 
2006). A peculiar characteristic that distinguishes rhizobia from other nitrogen-fix-
ing bacteria is their unique ability to elicit the development of a specialized nodule 
to form a symbiotic association with their legume host (Lindstrom et  al. 2006). 
The process of BNF is initiated when rhizobia, growing in the rhizosphere of the 
legume host, recognize compounds such as flavonoids secreted by the roots. These 
flavonoids then activate the expression of rhizobial nod genes which produce the 
nodulation (Nod) factors (certain lipochitin oligosaccharides). Nod factors are per-
ceived by a receptor in the legume host and initiate a sequence of events. Root 
hairs start curling around the invading rhizobia, the rhizobia enter into the plant 
through infection threads, which leads to the induction of cell division in the root 
cortex, marking the formation of the actual nodule (Eckardt 2006). This association 
converts N2 to a renewable source of N for agriculture with estimated values falling 
in the range of 200–300 kg of N ha−1 year−1 (Zahran 1999). In contrast to inputs of 
inorganic N-fertilizers, N input through the process of BNF not only maintains the 
soil’s N reserve but can also serve as the best substitute for N-fertilizer to increase 
crop yields more efficiently (Peoples and Craswell 1992).

20.2.5 � Terrestrial Nematodes

Most nematodes (Phylum: Nematoda) are wormlike or vermiform, microscopic in 
size, inhabiting almost every niche available from polar regions to deserts and deep 
ocean sediments to hot sulfuric volcanic springs. They use a wide range of resourc-
es, and according to Mulder et al. (2005), nematodes are the most important second-
ary consumers of the mesofauna (i.e., intermediate-sized soil animals between 0.1 
and 2.0 mm long) in the soil food web. Table 20.2 shows a breakdown of known 
nematode species by lifestyle (Hugot et al. 2001).

For the agriculturalist, terrestrial (soil-inhabiting) nematodes are of particular in-
terest. They are small, generally between 0.3 and 5.0 mm long and can be abundant 
(in millions), but also diverse (commonly more than 30 groups of related nema-
todes) in all soils (Yeates 1979). As nematodes feed on a wide variety of soil organ-
isms and depend on the continuity of soil water films for movement, their activities 

Table 20.2   A breakdown of nematode species (worldwide) by lifestyle reveals the following dis-
tribution of species. (Hugot et al. 2001)
Lifestyle Number of species
Free-living (marine, freshwater, terrestrial) 10,681
Plant parasites (herbivores) 4,105
Invertebrate parasites 3,501
Vertebrate parasites 8,359
Total 26,646
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are largely controlled by the biological and physical conditions of the soil. Although 
the body form of soil nematodes is basically the same in all stages, their greatest 
apparent morphological diversity can be seen in the head and mouth structures, 
which are closely related to their feeding habits (Fig. 20.2a, b). Most nematodes 
(herbivores, plant parasitic nematodes, or plant nematodes) use the energy fixed 
by plants through photosynthesis to feed directly on the primary producers (e.g., 
higher plants) and on unicellular algae. Other nematodes feed on microorganisms 
associated with decomposing cadavers, feces, and plant matter, such as bacterivores 

Fig. 20.2    a Dolichodorus spp. is a plant parasitic nematode. Note stomatostylet projecting from 
mouth opening for penetration of plant roots. (Photo: Tiedt L, Laboratory for Microscopy, North-
West University, South Africa) b Photo of en face view of Diploscaper spp., a typical bacterivore 
in soil, showing the stomatal opening and lips transformed to probolae and hooks. (Photo: Tiedt 
L, Laboratory for Microscopy, North-West University, South Africa) c Light micrograph of the 
anterior end of a mononchoid nematode, showing the huge tooth in the stoma (NemaPix 2002). 
(Photo: Eisenback JD) d Light micrograph of a mononchid nematode feeding on another nematode 
(NemaPix 2000). (Photo: Eisenback JD)
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(feeding on microbes) and fungivores (feeding on fungal hyphae). Higher trophic 
levels feed as predators (Fig. 20.2c, d) on other nematodes and microinvertebrates, 
or as parasites of invertebrate and vertebrate animals that depend on plants them-
selves. Nematodes feeding on more than one trophic level are called omnivores. 
There is also growing awareness of nematodes found in anoxic environments that 
use the energy bound in chemicals as their resource, either directly or through sym-
biotic bacteria (Polz et al. 2000). Recently, Borgonie et al. (2011) discovered the 
0.5-mm-long Halicephalobus mephisto 1.3 km below the surface at 37 ° C in tunnel 
walls of the Beatrix Gold Mine, approximately 240 km southwest of Johannesburg, 
South Africa. The authors also recovered DNA from a second unknown monhys-
terid species in the TauTona Mine, 3.6 km below the surface, where temperatures 
remain around 48 ° C.

The response of nematodes to stimuli is essential for their success in locating 
food resources, hosts, and mates. Thermotaxis, phototaxis, and geotropism (move-
ment in response to temperature, light, and gravity) are important for host location 
of many taxa. Chemotaxis (movement in response to chemical stimulus) is also 
commonly involved in food selection and food finding by nematodes. Responses to 
different kinds of chemicals and/or bacterial food tend to be highly species specific 
and contribute to the small-scale patchiness of nematode populations (Moens et al. 
1999). For example, CO2 attracts many plant parasitic species, and ethylene (a gas-
eous plant hormone) attracts the very important plant parasitic Heterodera juveniles 
(McCallum and Dusenbery 1992; Wubben et al. 2001).

Given this range of feeding types, soil nematode fauna interacts with many other 
groups of soil organisms. According to Yeates et al. (2009), C:N:P ratios between 
nematodes and their food inevitably lead to their excreting minerals. In soil food 
webs, nematodes are involved in the transformation of OM into mineral and organic 
nutrients, which can be taken up by plants, as well as influencing plant growth 
and crop productivity (Ingham et al. 1985; Ferris et al. 2004). As such, nematode 
feeding activity contributes to soil food web stability. Entomophagous nematodes 
(consuming insects as food) may also influence pest damage to plants by regulating 
insect abundance (Viglierchio 1991). In natural ecosystems, terrestrial nematodes 
contribute to spatial and temporal diversity in plant communities and, therefore, to 
the diversity of any plant-associated communities both above- and belowground. 
Since nematodes are so abundant and omnipresent in ecosystems, they serve as ele-
gant indicators of environmental disturbance (Bongers 1990; Heininger et al. 2007).

According to Yeates et al. (2009), nematodes feeding on their food sources, be-
sides providing the required energy and nutrient resources, have the potential to 
regulate or even suppress the magnitude of those resources and consequently im-
pact on ecosystem structure and function in the following ways:

1.	 Plant-feeding nematodes (herbivores) may affect the plant community in natural 
systems by reducing or even eliminating susceptible and less fit plants from the 
community. In agricultural systems, aggressive strains of plant-feeding nema-
todes have often been introduced with their susceptible hosts. A seeding rate 
designed for maximum production in the absence of nematodes will therefore 
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provide a less vigorous stand of the desired crop in the presence of these nema-
todes. This opens up the canopy and reduces competitiveness with weeds which 
then may outcompete the crop so that the resultant yield loss can be enormously 
magnified (Schroeder et al. 2005).

2.	 Suppression of mycelial growth by fungivorous nematodes: Nematodes grazing 
on fungal mycelia play a role in complex interactions in soil. In laboratory stud-
ies, the fungus-feeding nematodes, Aphelenchoides spp., constrained the effi-
cacy of the biocontrol agent Trichoderma harzianum (Bae and Knudsen 2001). 
Other studies have suggested that nematodes feeding on mycorrhizal fungi could 
reduce exploration of the soil body by their mycelia. Current work suggests that 
the relative abundance of fungivorous and bacterivorous nematodes is sensitive 
to management changes and may be a good indicator of underlying changes 
in the composition of the nematode fauna. For instance, the ratio of fungi to 
bacteria rises at lower pH, owing to the greater tolerance of fungi to acidity. A 
fungal-dominated decomposition pathway and fungal-feeding nematodes as pre-
dominant secondary decomposers are therefore expected in the more acidic for-
est systems where cellulose- and lignin-rich litter material is the main source of 
nutrient input to the soil food web (Hohberg 2003). In recent studies in tropical 
north Queensland (Australia), soil biological activity was manipulated to reduce 
the impact of economically important plant parasitic nematodes (Stirling et al. 
2005; Stirling and Eden 2008), but in both studies, this was achieved by using 
amendments and tillage practices that favored dominance of fungivorous nema-
todes over their bacterivorous counterparts.

3.	 Roll of predacious and omnivorous nematodes: The nematode faunal structure 
of undisturbed soils often has an abundance of specialist nematode predators, 
as well as generalist predators (Yeates et al. 2009). Such observations support 
the hypothesis that these predators have a regulatory, or even suppressive, effect 
on the abundance and stability of nematodes occupying the lower trophic levels 
of the food web, including herbivores, fungivores, and bacterivores. Predacious 
nematodes are, however, sensitive to soil disturbances and chemical amend-
ments. Moreover, they are slow colonizers with long life cycles and lower pro-
ductivity compared to other nematodes. Colonization and regulatory balance in 
the soil food web of agricultural systems by these nematodes may require con-
siderable time (Korthals et al. 1996). According to Cobon et al. (2008), nematode 
community analyses showed that a low-till mulch system had a greater structure 
index (SI), a measure of the number of trophic levels in the soil food web. This 
gives the soil more potential for regulation by predators than the soil food web 
of conventional soil.

4.	Microbial-feeding nematodes (bacterivores) in an agricultural context: Burial 
of plant material during cultivation provides resources for microbial-feeding 
nematodes whose populations may exceed 3000 g−1 dry matter (Sohlenius and 
Boström 1984). Initially, the populations tend to be dominated by bacterivorous 
genera of the Rhabditidae, Cephalobidae, and Panagrolaimida with fungivorous 
Aphelenchidae contributing during later stages of decomposition. Studies of 
the rhizosphere of peas, barley, turnips, and grass showed that the biomass of 
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microbial-feeding nematodes exceeded that of protozoa (Griffiths 1990) and led 
to the conclusion that nematodes are more important than protozoa in terms of 
nutrient cycling. Hendrix (1999) showed that no-tillage management favored 
food webs dominated by fungi and fungivores and high numbers of earthworms. 
In contrast, food webs in plowed soils show greater importance of bacteria and 
bacterivores, which colonize buried residues. As a consequence of these altered 
biotic communities, residue decomposition, OM mineralization, and nutrient 
release rates tend to be higher in plowed than in no-till soils. According to Yeates 
et al. (2009), the following study of the transition from conventional to organic 
farming was conducted in a Mediterranean climate. It involved crops planted 
in the spring, without fertilizer application but with a winter legume cover 
crop incorporated into the soil. Initially, the summer crop showed symptoms of 
nitrogen deficiency. Microbial biomass was at high levels following cover crop 
incorporation, but population levels of bacterial-feeding nematodes were very 
low. About 6 weeks after planting the summer crop, bacterial and fungal-feed-
ing nematodes had increased on the newly available resources and with them 
nitrogen deficiency symptoms disappeared, with crop yield and mineral nitrogen 
concentrations strongly correlating. Likewise, Ferris et al. (1998) showed that 
when bacteria were grazed upon by bacterial-feeding nematodes in microcosm 
experiments, soil mineral nitrogen levels increased by 20 % or more. Chen and 
Ferris (1999) indicated that fungal-feeding nematodes may also contribute to 
nitrogen mineralization. The opportunity to increase the abundance of bacte-
rial- and fungal-feeding nematodes and other organisms in field soil is during 
the warm summer soil temperature, since winter soil temperatures are generally 
too cold for nematode reproduction and biological activity. Venette and Ferris 
(1998) demonstrated that not all bacteria are suitable food for bacterial-feeding 
nematodes and linked this, among other things, to the cell size of different bac-
terial species. Moens et al. (1999) also showed that four coexisting species of 
Monhysteridae, all responded differently to the presence of different bacteria. 
Such response differences relate not only to the bacterial strains offered but also 
to density, age, growth conditions, and activity of the bacteria. Of great interest is 
the work by Mikola and Setälä (1998) who demonstrated that bacterial-feeding 
nematodes perform species-specific functions rather than guild-specific func-
tions in the soil food web. These studies have far-reaching implications, e.g., the 
effectiveness of soil enrichment by adding bacteria and fungi. Nematodes nor-
mally face two options to maximize energy gains: by moving to a better feeding 
location or by foraging within a given patch. The choice between these options 
depends on the nematode’s functional response to a given type of food, and on 
the presence, suitability, and detectability of alternative food sources.

The abundance of each species in a nematode community can be transformed into 
ecological indices and parameters to measure changes in diversity and trophic struc-
ture in the community and to further assess soil disturbance levels and decomposi-
tion pathways (Gomes et al. 2003). Ecological indices based on the proportional 
contribution of each nominal taxon, such as the Shannon–Wiener index of diver-
sity ( H′) and the Simpson index, are used to assess diversity (Baniyamuddin et al. 
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2007). Species richness is assessed by the Margalef’s index (Baniyamuddin et al. 
2007). The maturity index (MI) and plant parasitic index (PPI) provide focused 
tools for assessing the response of nematode populations to disturbance (Bongers 
1990). MI values for soil subjected to various levels of disturbance range from > 2.0 
in nutrient-enriched disturbed systems to ± 4.0 in pristine environments (Bongers 
and Ferris 1999). The colonizer–persister values (cp values; Bongers 1990) of spe-
cies reflect the perceived positions on an r–k spectrum based on their reproductive 
rate and correlated characteristics. The ratio between the abundance of two func-
tional groups, such as bacterivores and fungivores, gives an index of the relative 
contribution of the two main decomposition channels (Baniyamuddin et al. 2007). 
It is expressed as the nematode channel ratio (NCR). Various functional feeding 
groups of nematodes have been described to compute the enrichment index (EI) 
and SI (Ferris et al. 2001). The EI is based on the expected responsiveness of the 
opportunistic guilds to the food source enrichment. Thus, EI describes whether a 
soil ecosystem is nutrient enriched (high EI) or depleted (low EI). The SI represents 
an aggregation of functional guilds with cp values ranging from 3 to 5. SI describes 
whether a soil ecosystem is structured/matured (high SI) or disturbed/degraded (low 
SI). While some authors recommend analysis at trophic group level, others empha-
size the importance of identifying nematodes to species level.

Traditionally, nematode identification relied on taxonomic skill and a high-
powered light microscope, which became problematic due to worldwide declining 
taxonomic skill and the time-consuming effort of identification. Many authors have 
thus proposed molecular methods as an alternative to morphological identification 
of nematodes. Neilsen et al. (2009) foresee routine analysis of nematode assem-
blages at an unprecedented scale (both numbers of specimens and sample numbers), 
whereby a wide range of changes in highly diverse and complex nematode assem-
blages would be better understood.

20.3 � Influence of Three Key CA Principles 
on Soil Microbes

With global issues such as food security in a world with an exploding human popu-
lation, arable land lost to urbanization forever available for agriculture, exhaustion 
of fossil fuels and natural resources, and climate change, we might be surprised to 
realize that the solution lies in something we walk on, and overlook, every day: our 
soils. There cannot be life without soil and agriculture. But traditional agriculture 
has left us with unhealthy soils depleted of nutrients, unable to naturally sustain 
crops, unless chemical fertilizers are applied—almost like a drug addict who cannot 
get through the day without a “chemical fix.” Our soils are alive, but cannot func-
tion without their “chemical fix for the day.” Just as a drug addict cannot be reha-
bilitated overnight, even more so, we cannot expect our soils to be rehabilitated in 
a matter of a few years after decades of chemical fertilizer abuse. Conventional in-
tensive agriculture that resulted in declining crop yields, increased use of chemical  
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fertilizers, increased crop disease due to monoculture, and soil erosion due to wind 
and rain have led farmers on the quest for alternative practices that would not leave 
arable land bare and unprotected after harvest, causing a loss of 24 billion tons of 
soil to erosion in 2011 alone (Global Soil Forum 2013).

These increased environmental concerns led farmers to the realization that fer-
tile, healthy soils are urgently needed to increase yield dramatically on all available 
arable land (Johansson et  al. 2004). This resulted in farming practices aimed at 
increased and sustainable SOM, crop rotation, integrated pest management, and 
other ecological-oriented farming practices (Karlen et al. 1992). The application of 
currently expanding knowledge led to CA by integrating three main principles, i.e., 
crop rotation (crop diversification) in combination with minimum soil disturbance 
(no-tillage) and permanent soil cover (mulching). Amendments applied to soil in 
terms of crop rotation, tillage, and residue management practices significantly im-
pact soil biology, especially soil microbial diversity and activity (Govaerts et  al. 
2007).

In addition to all the benefits of CA discussed in other chapters of this book, 
this section aims to cast more light on the impact CA has on the soil’s biological 
component.

20.3.1 � Influence of Different Crops

Crop diversification encourages high soil microbial activity (Table 20.3) and diver-
sity, initiating synergistic associations with other organisms such as rhizobia and 
mycorrhiza. Different crops have different root structures, placing OM in different 
soil strata, thus fertilizing the soil. Due to the interaction between plant roots and 
microorganisms in the rhizosphere through the release of root exudates, soil quality, 
crop health, and yield are affected by initiating improved nutrient cycling, disease 
resistance, and plant growth stimulation (Sturz and Christie 2003). Crop rotation 
and changes in planting dates might also contribute to disease control. Crop rotation 
with leguminous crops reduces the need for expensive nitrogen fertilizer. BNF can 
be enhanced by inoculating legume seeds with the appropriate Rhizobium strain for 
a specific legume (see Biological Nitrogen Fixation).

Table 20.3   Influence of cropping systems (MS, ML) and tillage practices (RT, CT) on microbial 
activity (β-glucosidase activity) over a period of three consecutive years (Habig 2014)
β-glucosidase activity ( p-nitrophenol µg g−1 h−1)
Treatment 2009 2010 2011
MS_RT 591.86 1184.62 2309.70
ML_RT n/a* 1085.87 2432.72
MS_CT 603.66 762.00 1274.54
ML_CT n/a* 1012.59 1413.65

MS maize–soybean rotation, ML maize–legume intercropping, RT reduced tillage, CT conven-
tional tillage
* not applicable
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20.3.2 � Soil Disturbance

Tillage alters not only a soil’s chemical and physical characteristics but also the 
spatial integrity of the soil as a support matrix for soil microbial community func-
tion (Fig. 20.3). Although tillage was supposed to substitute “biological plowing” 
by earthworms, tillage kills earthworms—no wonder earthworms constitute a vital 
part of the health status assessment of soils converted to CA after withdrawal of 
intensive plowing. SOM in a no-tillage system is mainly decomposed by fungi. 
As mentioned in the section on Terrestrial Nematodes, CT drastically alters SOM 
decomposition by breaking up crop residues into smaller pieces and redistributing it 
throughout the plowed layer, establishing bacteria as primary decomposers of SOM. 
Not only does the redistribution of broken-up crop residues increase microbial colo-
nization but also it enhances aeration. SOM is consequently oxidized when exposed 
to air by tillage. Combined with the removal of produced OM during harvesting, 
tillage results in less OM content, unless additional OM is returned to the soil as 
residues or compost (Atlas and Bartha 1993; Hobbs 2007). Contrary to reduced (or 

Fig. 20.3   Cluster analysis illustrating the influence of tillage practices (RT, CT) and cropping 
systems (MM, MS, ML) on soil microbial functioning. Cropping systems that included legumes 
under reduced tillage, clustered to the left, whereas maize monoculture under conventional tillage 
clustered to the right, thus indicating a difference in soil microbial functioning. RT reduced tillage, 
CT conventional tillage, MM maize monoculture, MS maize–soybean rotation, ML maize–legume 
intercropping. (Habig 2014)
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no-) tillage (RT), CT accelerates nutrient cycling, consequently increasing nitrogen 
mineralization and soil carbon loss. Correct agricultural management practices can 
therefore be practiced to ensure effective nitrogen mineralization through minimum 
tillage, which minimizes soil erosion and compaction. Soil benefits are greater with 
continuous no-till compared to rotational tillage, i.e., 1 year no-till, tillage the next 
year.

Pores left by microbial activity and plant roots are also disrupted by tillage. 
Although the detrimental consequences of bare fallow soil after tillage are well 
known, the effect of tillage on soilborne diseases is still unclear. It is known, how-
ever, that a healthy soil with high microbial diversity does have a positive impact on 
disease suppression. Zero tillage has exhibited great potential to facilitate integrated 
pest management and biological control (Govearts et al. 2006).

20.3.3 � Residue Retention (Mulching)

Forests and plants protect the soil. Every year, 13 million ha of forest is cut down. 
When these virgin (undisturbed) lands are converted for agricultural (disturbed) 
use, SOM content decreases annually until stabilizing at a much-reduced concen-
tration, influencing soil microbial functioning. Buildup of SOM through residue 
retention retains nutrients and increases microbial diversity and activity in soil. The 
quality and quantity of SOM entering the soil greatly influences soil microbial pro-
cesses as already mentioned. Care should be taken when high-carbon plant material 
is applied as a residue; it should be composted or mixed with manure prior to soil 
application since high-carbon compounds (high C:N ratio) take longer to decom-
pose by soil microbial communities than compounds with a lower carbon content 
(higher nitrogen content).

Several long-term studies have shown that residue retention in combination with 
minimum soil disturbance created favorable conditions to promote ecological sta-
bility and develop antagonists and predators, contrary to the absence of residue 
retention which led to poor soil health (Govaerts et al. 2006). It is also important 
to note that while surface mulch moderates soil moisture and temperature, favor-
able conditions are also created for microbial activity and biological diversity with 
increased amounts of beneficial insects under ground cover to assist in insect pest 
management (Kendall et  al. 1995). Several studies have found more soil fauna 
(microorganisms, earthworms, nematodes) under no-till and residue-preservation 
management practices compared to treatments subjected to CT. Unfortunately, CA 
is also associated with an increase in weed incidence, and residue retention could 
stimulate plant parasitic nematodes and fungal diseases “preserved” in the stubble, 
or pests and other diseases stimulated by the increased moisture. Increased pests 
and diseases inevitably lead to increased use of pesticides and herbicides. Fortu-
nately, weeds could frequently contribute to nutrient dynamics by supplying extra 
organic material.

It is generally argued that a high diversity of soil microbial communities in an 
ecosystem will increase the ecosystem’s potential to function more efficiently under  
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a variety of environmental conditions, implying an increased level of resilience 
(Kibblewhite et al. 2008).

20.4 � Indicators of Ecosystem Status

The most relevant indicators of ecosystem status, irrespective of the extent of com-
plexity, are relevant across sites or over time, easily measured, inexpensive, adapt-
able for specific ecosystems, able to demonstrate both positive and negative change, 
and are sensitive to changes induced by agricultural management practices (Arshad 
and Martin 2002; Schoenholtz et al. 2000). Due to the essential role microbial diver-
sity and activity play in the condition of the soil’s ecology, it can provide valuable 
information for determining the sustainability of an agricultural system (Pankhurst 
et al. 1995).

One of soil microbiology’s biggest challenges is the application of appropriate 
techniques to study the small size and incredible diversity of microorganisms. Sev-
eral techniques have therefore been developed to study soil microbial communities 
(Insam 2001), but, individually, each provides only limited information with regard 
to microbial community diversity and activity. Information is usually obtained re-
garding the microbial communities present, rather than providing insight into their 
activities. There are, however, techniques available to provide valuable information 
regarding the potential and actual activities of soil microbial communities, but then 
again, these techniques do not disclose which microbes are responsible. Due to this 
dilemma, it is clear that no single indicator will embrace all aspects of ecosystem 
status, and requires an integrative approach. Thus, a minimum data set (MDS) of in-
dicators for ecosystem status should exhibit sensitivity towards various agricultural 
management practices such as fertilizer and pesticide application, soil disturbance, 
residue retention, and vegetation type (Ponge et al. 2013). Ponge et al. (2013) sug-
gested a composite soil health index based mainly on a limited selection of easily 
identifiable soil organisms or bulk biological variables to detect soil community 
transformations after discarding the influence of factors not directly affected by 
anthropogenic activities. As a measure of evaluating the status of soil ecosystems, 
Kibblewhite et al. (2008) suggested the incorporation of abiotic assays as an indica-
tion of the state of the habitat (e.g., aggregate stability, pH, etc.) and the levels of 
key nutrient and energy reservoirs (e.g., ratios of SOM fractions), and biotic assays 
which explain soil microbial community diversity and function, as described below.

It should be kept in mind that these assays should be not only scientifically valid 
but also relevant to agricultural practices.

20.4.1 � Conventional Techniques

Historically, microbiological techniques to obtain quantitative data relied on cell 
enumeration methods of specific bacterial and fungal groups. This was achieved by 
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extracting microorganisms from soil and growing/cultivating them on a petri dish 
under specific conditions in a laboratory. Depending on the specific bacterial spe-
cies, incubation time would vary from only 24–48 h for fast-growing bacteria to 10 
days for slow-growing bacteria; after which, counting and describing microbial pop-
ulations through direct microscopic counting and dilution plate counts commenced. 
Microorganisms isolated from soil were cultured on selective semisolid growth me-
dia that included all the necessary nutrients to sustain a specific microbial group. 
Eventually, researchers came to realize that these methods only detected culturable 
microorganisms, since a significant proportion of microorganisms remain uncultur-
able—it was estimated that 90–99.9 % of the existing microbial diversity could not 
be cultured. It was difficult not only to assess soil microbial diversity but also to 
determine the contribution of the unculturable portion of the microbial diversity to 
the interactions in the soil ecosystem. Therefore, several useful community-level 
characterization techniques were developed that do not rely solely on culture-based 
assays. These quantitative, more representative and differentative, assays overcame 
the limitations of conventional microbiological techniques and contributed substan-
tially to the characterization of soil microbial communities in their natural habitat.

20.4.2 � Biochemical Assays

To improve their understanding regarding the actions of microbes in natural en-
vironments, microbial ecologists have developed several techniques to measure 
microbial community biomass, structure, metabolic status, and activity under “nat-
ural” conditions, thus attempting to reveal more closely the functional role of mi-
crobial communities (Vestal and White 1989). Several commonly used approaches 
to measure the diversity of decomposition functions performed by heterotrophic 
microorganisms have been developed.

Community-level physiological profiling (CLPP), first proposed by Garland and 
Mills (1991), tested the ability of whole microbial communities to degrade a set of 
95 different carbon sources in a single assay on commercially available Biolog® 
microtiter plates. Biolog® EcoPlates (especially adapted for environmental applica-
tions) were designed with a reduced set of 31 discriminating carbon sources, but 
with three replicates on a single plate. The ability of microbial communities to use 
a specific substrate as an energy source was based on the reduction of tetrazolium 
violet dye as an indicator. Generally, whole soil samples are diluted, inoculated 
into Biolog® microtiter plates, and then incubated at 28 ° C. The amount of carbon 
sources used, as well as the speed of utilization by microbial communities, reduces 
the tetrazolium dye, causing a color change that can be measured over a period of 
days at 590 nm (Fig. 20.4).

This consequently leads to a qualitative “metabolic fingerprint” that can be 
statistically analyzed. This technique has been successfully applied for better 
understanding of soil functions under the influence of plants, soilborne diseases 
(Fig.  20.5; Habig 2003), and in the development of sustainable agroecosystems 
(Das and Chakrabarti 2013).
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Similar to the Biolog® method, the substrate-induced respiration (SIR) method, 
developed by Anderson and Domsch (1978), evaluates only the metabolically ac-
tive portion of the microbial biomass by measuring the initial variation in soil respi-
ration rates following the addition of an easily utilizable substrate, such as glucose.

The chloroform fumigation (CF) method is considered to measure both dead and 
alive microbial biomass, and consists of two indirect methods: the chloroform fumi-
gation incubation (CFI) and the chloroform fumigation extraction (CFE) methods 
(Carter et al. 1999). These two methods are based on the killing and dissolving of 
microbial cells in a soil sample by chloroform vapors. CFI consequently estimates 
the size of the eradicated soil microorganisms by quantifying the respired CO2 over 
a specified time period or by direct extraction of the soil directly after fumigation, 
consequently quantifying the extractable carbon (CFE). The respired CO2 after fu-
migation indicates the utilization of the carbon source provided by the eradicated 
microbial cells, by germinating microbial spores.

It is clear that these techniques provide valuable information regarding  
the functioning of soil microbial communities, but no information is provided 
concerning the structural composition of the community. As a result, soil micro-
biologists concentrated more on phospholipid fatty acids (PLFA), structural com-
ponents found in membranes of all living cells, to study and quantify specific  

Fig. 20.4   Biolog® EcoPlates 
demonstrating differences in 
CLPP from three different 
agricultural sites. The purple 
represents carbon sources 
used by soil microbial com-
munities. CLPP community-
level physiological profiling. 
(Photo: Habig J, ARC-PPRI, 
South Africa)

 

Fig. 20.5   Ordination plot 
generated by discriminant 
analyses of community-
level physiological profile 
data obtained for functional 
diversity of soil microbial 
communities present in soils 
conducive (), suppressive 
(), and neutral () to take-
all disease of wheat. (Habig 
2003)

 



54920  Application of Microbiology in Conservation Agriculture

microbial groups without cultivating them. Since bacteria and fungi differ in cell 
membrane composition, this technique can be used to provide a “structural finger-
print” of a soil microbial community. PLFA profiles in soils have been used sig-
nificantly to estimate microbial biomass and to examine soil microbial community 
structure (Haack et al. 1994).

Since the mentioned techniques are not only laborious but are limited due to 
the culturing of microbial communities in the laboratory, measurements in nutrient 
fluctuation and quantification of enzyme activities have been proposed as alterna-
tives.

Soil Enzymes  Soil enzymes originate either intra- or extracellularly from bacteria, 
fungi, and plants. Since extracellular enzymes are responsible for the breakdown of 
organic macromolecules (e.g., lignin), and intracellular enzymes for the breakdown 
of the smaller molecules (e.g., carbohydrates, amino acids), these activities closely 
resemble microbial activity and abundance. Due to the important biochemical func-
tions that enzymes fulfill in the general process of SOM decomposition, several 
enzymes have been studied on their suitability as indicators of soil quality. The abil-
ity of soil microbial communities to obtain carbon, phosphorus, nitrogen, and sulfur 
has been measured by determining the dehydrogenase, β-glucosidase, alkaline and 
acid phosphatase, urease, and arylsulfatase activities in the soil. The activities of 
these particular soil enzymes have been used as “biological fingerprints” of histori-
cal agricultural management practices (Dick 2000). Any disruption to the soil, i.e., 
soil disturbance, chemical additives, and removal or replacement of vegetation, has 
a significant impact on soil microbial diversity and activity.

Dehydrogenase is probably one of the most studied enzymes, as it is regarded as 
an accurate measure of viable microorganisms. Dehydrogenase assays have been 
applied to determine soil microbial activity, microbial biomass, and other ecological 
investigations (Smith and Pugh 1979).

β-Glucosidase has been found in bacteria, fungi, plants, and animals, and plays 
an important role in the cycling of SOM (Turner et al. 2002). Bandick and Dick 
(1999) have proposed β-glucosidase as a good indicator of soil quality due to its 
sensitivity to soil management practices.

Phosphatase plays an important role in the phosphorous cycle through soil or-
ganic phosphorous conversion. Due to the sensitivity of phosphatase activity to 
soil pH, it can be classified as alkaline phosphatase or acid phosphatase. Alkaline 
phosphatase (produced by microorganisms) and acid phosphatase (mainly detected 
in plant roots) activities are greatly influenced by agricultural practices, thus affect-
ing their contribution to plant nutrition (Aon and Colaneri 2001).

Urease plays an important role in the nitrogen cycle. Although the urease enzyme 
is found in bacterial, fungal, plant, and animal cells, bacteria are known to convert 
urea to CO2, water, and ammonia by means of urease activity (Heritage et al. 1999). 
It has been widely applied to evaluate soil quality due to its wide distribution in the 
soil environment (Turner et al. 2002).

Although the role of arylsulfatase in the cycling of sulfur in the soil surface is 
unclear, it is thought to play a crucial role in the breakdown of ester sulfates (found 
only in fungi) which contain 40–70 % of the total soil sulfur (Tabatabai 1994).
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Despite the sensitivity of these enzymes to a wide variety of soil and environmen-
tal factors, these assays might provide valuable information regarding the function-
ing of soil microbial communities if monitored as trends over the long term (Aon 
and Colaneri 2001). If these indicators were included as part of an effective MDS or 
soil quality index (SQI), it should unravel the combination of measured soil charac-
teristics to indicate whether productivity, health, and environmental protection are 
indeed positively affected by the various management practices (Granatstein and 
Bezdicek 1992). As a minimum requirement, an SQI should serve as an early warn-
ing system for soil degradation and differentiate between soil characteristics that 
would serve as indicators for rehabilitation of degraded soils (Sharma et al. 2005).

20.4.3 � Molecular Techniques

Many of the soil and rhizosphere microorganisms are difficult to cultivate or enumer-
ate using conventional culture-dependent techniques. To circumvent this problem, 
new frontiers in soil microbiology have been explored through molecular techniques 
over the last 20–25 years. Through the analysis of ribosomal DNA (rDNA) or ribo-
somal RNA (rRNA) extracted and purified from soil, an unimaginably diverse soil 
microbial composition was revealed (Franks et al. 2006). In principle, rDNA con-
tains both conserved and variable regions—the conserved regions only differ among 
taxonomically distant groups, whereas the variable regions differ among strains of 
single species. The extracted DNA is then purified, amplified (multiplied), and ana-
lyzed by gel electrophoresis. The amplified products then separate from each other 
depending on their stability (guanine–cytosine (GC) content), thus yielding a distinct 
pattern of bands that differs between microbial communities (Fig. 20.6a). Apart from 
detecting the presence of a given strain of PGPR in a sample, the comparison of 
rRNA sequences is a very sensitive and powerful tool for deducing the phylogenetic 
and evolutionary relationship among bacteria (Weisburg et al. 1991; Fig. 20.6b).

20.5 � Conclusion and Future Research Thrusts

The relationship between the soil’s physical, chemical, and biological properties is 
exceptionally complicated, and, depending on existing soil conditions, these rela-
tionships can be either positive or negative. Ecosystem functioning is greatly influ-
enced by SOM availability, activity, and diversity of soil microbial communities, 
and the flow of nutrients (Elliott and Coleman 1988). Plants respond to and alter 
their environment through root exudates. Exudates are also used as a means of com-
munication between neighboring plants and rhizosphere microbial communities. 
Irrespective of the environments in which plants find themselves, they all rely on 
soil microbial communities for many crucial processes. Improved knowledge of the 
composition of different root exudates with regard to quality and quantity, accord-
ing to plant species, environmental parameters, cropping systems, etc. is urgently  
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needed to promote beneficial interactions in the rhizosphere. The beneficial impact 
of soil microorganisms, especially that of symbiotic rhizobia in soil health mainte-
nance and crop yield increase, has been widely studied and recognized for long. On 
the other hand, the use of PGPR as biocontrol agents and biofertilizers to enhance 
plant growth has gained momentum in recent years. As a result of current advances 
in the development of commercial PGPR inoculants for sustainable agriculture, 
several PGPR, such as P. fluorescens, P. putida, Bacillus subtilis, and other Bacil-
lus species with a wide scope for commercialization, have been identified (Nak-
keeran et al. 2005). With this taken into consideration, it can only be advantageous 
to crops to “optimize” their microbial allies in the rhizosphere. This knowledge can 
be applied by several means to enhance the sustainability of agricultural systems 
by favoring beneficial soil microbial communities to increase plant health, while 
enhancing defenses against pathogens (Badri and Vivanco 2009).

Although numerous techniques have been developed to provide valuable in-
formation regarding current soil activities and specific processes, few have been 
integrated to enhance our holistic understanding of ecosystem functions. Com-
bining basic research/knowledge (i.e., ecology, molecular biology) with current 
knowledge of healthy ecosystems could lay the foundation for the development of  

Fig. 20.6   Molecular indicators for PGPR. Samples of DNA obtained from unknown bacterial 
samples are amplified by the PCR and viewed on gel electrophoresis a The amplified ribosomal 
RNA could be sequenced and used to construct a phylogenetic tree that indicates either the evo-
lutionary relationship of the samples or their identity to species and genus level b PGPR plant 
growth-promoting rhizobacteria, DNA deoxyribonucleic acid, PCR polymerase chain reaction, 
RNA ribonucleic acid (Hassen et al. 2013)
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microbe-based sustainable agriculture. By applying the correct agricultural prac-
tices as prescribed for CA, the soil ecosystem is granted the opportunity to nurture 
natural biological control measures during the buildup of soil cover and subsequent 
outbreaks of pests and diseases. This improved understanding will therefore be fun-
damental in the protection of our natural resources through the promotion of a bal-
anced ecosystem that would inevitably lead to sustainable management of crop pro-
duction and soil fertility through cropping systems that are resilient and sustainable.
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Abstract  Conservation tillage includes a range of tillage practices, mostly non-
inversion, which aim to reduce soil erosion by leaving the soil surface covered 
by crop residues. Despite conservation tillage having been promoted in organic 
farming (OF) to improve inherent soil quality, several factors hinder its develop-
ment such as weed control and soil compaction. Consequently, to enhance the 
adoption of conservation tillage in OF, long-term experiments were established 
several years ago in Europe. Different tillage techniques have been assessed 
from mouldboard ploughing to direct drilling under cover crops. In all cases, the 
effects of conservation vs. conventional tillage on soil fertility and weed and crop 
development were compared. Preliminary results show that the effects of conserva-
tion tillage are closely related to soil and climatic conditions, practices conducted 
in the field, and initial experimental conditions (level of weeds, previous crop, soil 
structure, etc.). Direct seeding under a cover crop or mulch remains a major chal-
lenge in OF, since weeds are not mechanically controlled, which thus affect crop 
performance. However, with other reduced tillage techniques, such as using a layer 
cultivator, weed development has had minimal effects with no impact on yields. In 
addition, to improved soil fertility, reduced tillage can increase crop yields. Most 
of the results of conservation tillage effects were obtained from experiments con-
ducted for less than 10 years under OF management. Assessment over longer peri-
ods is needed and then shared with organic farmers to design new cropping systems. 
Introduction of new equipment and knowledge exchanges between conventional 
farmers practising conservation tillage and organic farmers could improve the adop-
tion of conservation tillage in OF.

Keywords  Organic farming · Conservation tillage · Soil fertility · Weed control
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21.1 � Introduction

In organic farming (OF), the plough is traditionally used to prepare soil before 
seeding, for weed control, to bury intermediate crops, and to incorporate organic 
fertilizers and amendments. However, due to soil fertility problems such as poor 
soil structure (compaction, soil crust) and the negative impact of tillage on soil 
biological organisms, organic farmers have shown interest in adapting conservation 
agriculture (CA) techniques to avoid using the plough (Lefèvre et  al. 2012). 
According to the FAO (http://www.fao.org/ag/ca/), CA relies on three main prin-
ciples: (1) minimal soil disturbance or no tillage, (2) permanent soil cover, and (3) 
diversified crop rotation. However, no reports are available for CA applied as this 
three-principle package in OF. In this chapter, CA is described and analysed in re-
gard to conservation tillage techniques.

21.2 � Main Issues in Conservation Tillage

CA and conservation tillage, in particular, have been extensively studied in con-
ventional farming (Soane et al. 2012). Conservation tillage includes many practices 
such as tillage with tined tools at depth down to 15–20 cm, or direct seeding without 
prior cultivation (Fig. 21.1). The differences in soil depth worked and degree of 
fragmentation due to different tools (teeth, disks) impact the soil differently. For 
instance, the distribution of organic matter (OM) repartition will be more or less 
homogeneous in the cultivated soil layer, and weed management resulting from 
seed burial will be more or less substantial, depending on the tools used. Whatever 

Fig. 21.1   Diagram of the different categories of conservation tillage techniques

 

http://www.fao.org/ag/ca/
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the techniques, the first reason to stop ploughing is to protect the soil surface from 
crusting and erosion by leaving crop residues and OM at the soil surface. Con-
sequently, more water-stable aggregates are measured in the uppermost soil layer 
under conservation tillage compared to ploughing (Holland 2004; Blanco-Canqui 
and Lal 2007). In addition, several studies have shown that conservation tillage 
increases carbon stock (C) as well as the quantity, activity, and diversity of micro-
organisms in the upper soil layers (Kladivko 2001). Conservation tillage also tends 
to increase earthworm biomass and diversity (Holland 2004; Pelosi et  al. 2013). 
Conservation tillage preserves their habitat (burrows), especially anecic burrows, 
which favour water and root penetration (Holland 2004; Soane et al. 2012). Bohlen 
et al. (1995) reported that conservation tillage tends to increase earthworm densi-
ties, which then promotes macroporosity of biological origins in deeper soil layers 
(Kay and VandenBygaart 2002). Conservation tillage is also used to decrease labour 
time, energy consumption, and machinery cost (Soane et al. 2012).

Questions remain unsolved about the effect of conservation tillage on soil fertil-
ity and crop performance. For instance, Wu (1990) questioned the usefulness of 
increased OM concentration in the top 5 cm of soil for overall biological functioning 
in the soil. Indeed, OM tends to increase in the first 10 cm of the soil, but strongly 
decreases in deeper soil layers (Gál et al. 2007), which puts into question the impact 
of conservation tillage systems on soil carbon sequestration (Baker et  al. 2007). 
Conservation tillage also tends to reduce total porosity in soil layers, which are 
not mechanically fragmented, especially in soils with low shrinking–swelling activ-
ity (sandy, silty soils; Rasmussen 1999; Soane et al. 2012). Conversely, in poorly 
drained soils such as clayey soils, conservation tillage tends to increase problems 
related to drainage (Soane et al. 2012). One of the challenges of conservation till-
age techniques is to replace mechanical porosity with biological porosity, attributed 
to the burrowing activity of earthworms. But soil compaction and reduced OM in 
deeper soil layers may limit activity of soil organisms in conservation tillage sys-
tems, especially that of soil microorganisms (Vian et al. 2009). Two questions to 
consider over the long term are: (1) Is the burrowing activity of earthworms suf-
ficient to maintain or improve total macroporosity in soil under conservation tillage 
compared to ploughed soil? And (2) what are the consequences of reduced microbial 
activity in deeper soil layers for sustainable nutrient management? In a European re-
view, Soane et al. (2012) also raised several questions about the effect of conserva-
tion tillage on crop yields in Northern and Western Europe. They found that winter 
crops performed equally under conservation tillage and ploughed soils, but the yield 
performance of spring crops decreased. In conservation tillage, yields are strongly 
affected by the inherent soil fertility and use of herbicides for weed control.

21.3 � Challenges in OF

All the questions raised in conventional agriculture also concern organic farmers. 
Moreover, these issues are particularly important in OF as crop growth depends 
primarily on soil biological processes for nutrient uptake (Watson et  al. 2002). 
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The prohibition of herbicides and frequent organic amendments in OF influence 
particular soil features, especially the biological soil component (Shepherd et al. 
2000). Several studies have shown that soil fertility under OF tends to be higher 
than under conventional farming, which is attributed to more OM and soil micro- 
and macrofauna (Flieβbach and Mäder 2000; Hole et  al. 2005; Birkhofer et  al. 
2008) and earthworm activity and diversity (Gerhardt 1997; Scullion et al. 2002). 
Thus, conservation tillage techniques which modify soil fertility could strongly im-
pact nutrient, water, and weed dynamics, and thus the whole cropping system in OF 
(yield stability, weed competition, etc.). The combination of conservation tillage ad-
vantages and OF specificities should improve soil fertility in OF. The effects, how-
ever, of conservation tillage systems as previously mentioned on soil OM, soil or-
ganisms, and soil compaction need to be studied further in OF (Peigné et al. 2007).

Weed control is an issue for conservation tillage in OF. Indeed, ploughing is 
considered an effective weed control practice. The abandonment of ploughing as 
weed control could present an obstacle to the use of conservation tillage in OF 
(Peigné et al. 2007; Mäder and Berner 2012). Without herbicides, conservation till-
age tends to increase weed pressure to a critical level, where crop production could 
be compromised. Weed control must be well adapted to conservation tillage in OF, 
especially considering that crop residues left on the soil surface limit the practice of 
mechanical weeding. The main challenges for adopting conservation tillage in OF 
are therefore: (1) to preserve the soil fertility and main soil functions such as OM 
mineralization and (2) to control weeds and maintain crop yields.

21.4 � Experiences in Europe

21.4.1 � Long-Term Experiments

To enhance adoption of conservation tillage in OF, various long-term experiments 
have been recently established in Europe (Mäder and Berner 2012). In France, three 
experimental trials (Table 21.1) compared ploughing and conservation tillage tech-
niques in OF; four tillage systems were tested: (1) traditional ploughing at 30 cm 
depth, (2) shallow ploughing at 18 cm depth, (3) reduced tillage with chisel between 
12 and 15 cm depth, and (4) much reduced tillage at 5 cm depth. This last system 
was essentially direct seeding under a cover crop. This technique corresponds to no 
tillage or zero tillage (Fig. 21.1). Direct seeding was performed in a rolled cover 
crop. The main objective of this technique is to control weeds using a cover crop. 
The cover crop was rolled with a roller-crimper before sowing without soil dis-
turbance (Fig. 21.2). The rolled cover crop became mulch and the cash crop was 
directly sown into the mulch with a direct seeder (Fig. 21.3). Direct seeding was 
tested three times at the different sites (in 2005 and 2008 for site A and in 2003 for 
site C) but, due to weed problems, the soil was superficially tilled again.

In Römmershein (southwestern Germany), the ‘Stiftung Ökologie und Landbau’ 
(SOEL) began a long-term experiment in 1994 on a clay loam soil (Vakali et al. 2011) to 
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compare the effects of three tillage practices on crop performance and soil properties: 
(1) ploughing (inversion to 30 cm depth), (2) two-layer plough (soil inversion to 
15 cm and loosening to 30 cm), and (3) layer cultivator (soil loosening to 30 cm). 
Three long-term field experiments were set up in 1998 (experiment 1) and in 2000 
(experiments 2 and 3) by the University of Hohenheim (near Stuttgart) to identify 
the effects of different tillage operations on weeds (Gruber and Claupein 2009). The 
University of Kassel established another trial in 2002 at the experimental organic 
farm of Frankenhausen (central Germany) on a silty loess soil to evaluate wheth-
er reducing the depth of ploughing would affect earthworm communities. Three 
treatments were compared: deep ploughing (30 cm), shallow ploughing (10 cm), 
and a ridge culture system (Metzke et al. 2007).

In Switzerland, an experiment was established in 2002 by the Research In-
stitute of Organic Farming (FiBL) in Frick (northern Switzerland) on a clayey 
soil to evaluate the effects of tillage (reduced vs. conventional), fertilization 

Fig. 21.3   Direct sowing 
of maize on a rolled alfalfa 
cover crop at site A (France). 
(Source J. Peigné—ISARA 
Lyon)

 

Fig. 21.2   Home-made 
roller-crimper used at site 
A (France): steel bars were 
welded to a roll. The aim of 
the roller-crimper is to roll 
over and damage the cover 
crop before sowing the cash 
crop. (Source J. Peigné—
ISARA Lyon)
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(slurry vs. manure compost), and biodynamic preparations (with vs. without) on 
crop performance, weed and soil properties (Berner et al. 2008; Krauss et al. 2010; 
Sans et al. 2011).

Finally, in Rugballegard, Denmark, a field trial was established in 1997 by the 
Danish Institute of Agricultural Science on a sandy loam soil to evaluate the short-
term effects of converting a ploughed soil to a non-inversion tillage system (soil 
loosening to 35 cm) on soil physical properties (Munkholm et al. 2001).

Due to the different effects on soil, weeds, and yields, conservation tillage is split 
into three categories: (1) deep tillage (soil loosening to 30 cm without soil inversion), 
(2) reduced tillage, which corresponds to all the techniques without soil inversion 
that still constitute soil tillage (i.e. chisel, layer cultivator), and (3) no tillage, which 
corresponds to all the techniques without soil disturbance (direct seeding). In all of 
the long-term experiments outlined above, the objectives were to assess the effects of 
ploughing versus conservation tillage systems (deep, reduced, or no tillage) on soil 
fertility, as well as on weed and crop development. A large range of measurements 
were implemented to answer to the main issues raised by no till in OF. Soil fertility 
was assessed through the analysis of organic carbon content (OC), biological activ-
ity (microbial biomass and activity, earthworm biomass and activity), and physical 
components (soil compaction and soil aggregate stability). Assessments of vegetation, 
density, crop yields and biomass, or diversity of weeds were also conducted.

21.4.2 � Soil Organic Matter and Biological Activities

In French experiments (sites A and C), OC, microbial carbon content (Cmic), and the 
potential activity of OC and nitrogen mineralization (Cmin and Nmin) were measured 
on soils sampled in compacted and non-compacted zones in three soil layers (0–5, 
5–15, 15–30 cm) in four treatments (Vian et al. 2009). After 1 year, the distribution 
of OC, Cmic, Cmin, and Nmin soil contents (in g kg−

1 of soil) differed throughout the 
soil profile depending on the tillage system (Fig. 21.4) and is due to the burial depth 
of crop residues and the presence of compacted areas (Vian et al. 2009). In ploughed 
soil profiles, OC, Cmic, Cmin, and Nmin were homogeneously distributed throughout 
the tillage depth (5–30 cm for traditional ploughing; 0–20 cm for shallow plough-
ing). In reduced tillage and no tillage techniques, there was vertical stratification 
with a higher concentration of OC, Cmic, Cmin, and Nmin in the topsoil horizons 
(Fig. 21.4). These results confirm previous work showing that microbial biomass 
preferentially grows in the horizons where crop residues are buried (Andrade et al. 
2003). Moreover, this distribution is modified by the level of compaction gener-
ated by the different cultivation techniques. Thus, microbial biomass decreased in 
compacted areas, especially in the cultivated soil layer, where crop residues were 
buried (Fig. 21.4). Vian et al. (2009) showed that no-till techniques contain more 
Cmic, Cmin, and Nmin stocks (in t ha−

1) than tillage techniques to 0–30 cm soil depth.
Berner et al. (2008) and Gadermaier et al. (2012), working with the Frick ex-

periment (Switzerland), confirmed the French observations. The authors showed 
that soil OC increased in the 0–10 cm soil layer with reduced tillage during the 
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first 6 years of experimentation, whereas OC content remained stable in the 
ploughed treatment. Similarly, Cmic and dehydrogenase activity (DHA) increased 
by 37 and 57 %, respectively, with reduced tillage than with conventional tillage 
in the 0–10 cm soil layer. In the 10–20 cm soil layer, significant differences oc-
curred between tillage systems for Cmic and microbial activities but not for OC 
content.

In Römmershein (southwestern Germany), globally soil respiration did not differ 
under reduced tillage or ploughing during 2 years of experiment (2000 and 2001) 
and two crops (Vakali et al. 2011). Higher soil respiration for reduced tillage was 
temporarily measured under barley ( Hordeum vulgare L) in 2000 and 2001. These 
results were confirmed by Emmerling (2007), who observed that, after 10 years, 
reduced tillage had beneficial effects on microbial biomass and activity due to the 
increased quantity and quality of soil OM.

These results showed that conservation tillage tends to increase OC, microbial 
biomass, and its activities in the first 10–15 cm of the soil, which confirms previous 
results in conventional farming. These experiments also showed that microbial bio-
mass and the potential activities of C and N mineralization are higher throughout the 
topsoil. These findings highlight that increased microbial biomass and their activities 
in the upper soil layers compensate for their decrease in deeper soil layers, due to the 
absence of fresh OM and more soil compaction. However, these results did not de-
termine N nutrient availability for crops, only its potential availability. Soil microcli-
mate at the soil surface (temperature and humidity) plays a crucial role in real N and 
C mineralization, and with conservation tillage, these soil conditions could decrease 
the mineralization rate (Peigné et al. 2007). For instance, in Frick (Switzerland), Ber-
ner et al. (2008) and Sans et al. (2011) observed a lack of available N in early spring 
in the reduced tillage treatment while N demand by cereals was high. Reduced tillage 
may retard N mineralization in early spring by reducing soil aeration.

In Frick (Switzerland), earthworm density or biomass did not differ between tillage 
treatments (Berner et al. 2008), confirmed the results found by Metzke et al. (2007) 
in Frankenhausen (middle Germany), who also observed less earthworms in ridge 
culture systems than in conventional tillage. This study concluded that reduced till-
age depth alone is not sufficient to support earthworm communities.

Fig. 21.4   Influence of crop residue distribution and soil structure on the distribution of the poten-
tial C mineralization rate (Cmin) in the soil profile (0–30 cm) of the four tillage systems tested at 
site A (France). Compacted zones are outlined in white. (after Vian et al. 2009)
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In French experiments (sites A, B, and C), earthworm density and biomass were 
higher with no tillage (direct seeding under a cover crop; Peigné et al. 2009a), which 
is consistent with findings over the longer term under conventional agriculture 
(Jordan et al. 2004; Pfiffner and Luka 2007), and those of Johnson-Maynard et al. 
(2007) after 3 years’ experimentation.

The development of earthworm populations in conservation systems over the 
years appears more correlated to the mixed effect of rotation, cover, and no tillage 
than solely no or reduced tillage. At site A in France—after 3 years of no tillage due 
to the presence of an alfalfa crop—ploughing and reduced tillage reduced earthworm 
biomass. Only direct seeding of maize (strict no tillage) in 2005 increased earthworm 
biomass, which is probably attributed to the live cover crop, a considerable food 
resource for earthworms. After destruction of this cover, much reduced tillage also 
resulted in a decline in earthworm biomass (Peigné et al. 2009a).

Conversely at site B, reduced tillage tended to increase earthworm biomass com-
pared to the initial state of the earthworm population (before treatment differentia-
tion). The field at site B was routinely ploughed before the start of the trial and 
was without a cover crop (Peigné et al. 2009a). Riley et al. (2008) observed similar 
results, highlighting the importance of rotation with a perennial legume to increase 
the earthworm population.

21.4.3 � Soil Compaction and Soil Aggregate Stability

Studies by Munkholm et al. (2001) indicate that soil loosening at depth improved 
soil structure by reducing the plough pan during the first 2 years of conservation 
tillage. However, in the early stage of reduced tillage adoption, measurements of 
soil strength and friability indices in the topsoil indicated that the ploughed soil was 
more friable than conservation tillage soil (Munkholm et al. 2001). Indeed, conserva-
tion tillage equipment is less effective on soil loosening than the plough. In France, 
soil structure was measured by soil profile description (Roger-Estrade et al. 2004), 
bulk density and penetration resistance, and which increased compacted areas in 
the short term (2 years) and mid-term (5–6 years) of conservation tillage techniques 
(Vian et al. 2009; Peigné et al. 2009a, 2013). In both cases (Denmark and France), 
soils exhibited a low shrinking–swelling effect (silty and sandy soils). In these soils, 
and in the first years of adoption of conservation tillage, this technique tended to 
increase soil compaction in deeper soil layers compared to ploughing. Figure 21.5 
shows increased compacted zones in the soil profile in the first 2 years of conversion 
from ploughing to reduced or much reduced tillage. However, it seems that after 5–6 
years, earthworm activity and soil cracking helped roots pass though these compact 
zones (Peigné et  al. 2013). More research is needed to draw conclusions on soil 
compaction with conservation tillage. For instance, in Frick, soil structure tended to 
improve with conservation tillage compared to ploughing in the first few centimetres 
of soil with a more favourable soil type (clayey soil; Berner et al. 2008).
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After 5–8 years of treatment differentiation, Vakali et al. (2011) found that soil 
stability was higher with loosening cultivation (deep tillage) than with ploughing. 
Indeed, by turning the soil with a plough, more unstable aggregates are brought to 
the soil surface. The authors also drew connections with other soil properties: They 
suggested that the higher the soil aggregate stability, the higher the potential infiltra-
tion of water, gas exchange, and capacity of load-carrying. In addition, Krauss et al. 
(2010) reported that in dry conditions, topsoil offers better water retention under 
reduced tillage than under ploughing.

21.4.4 � Weed Control

The main difficulty for conservation tillage in OF, as mentioned in many studies, is 
weed management (Peigné et al. 2007). Results are highly variable depending on 
conservation tillage techniques used, crop rotation, and climate.

Sans et al. (2011) observed that after 3 years of experiments in Frick (Switzer-
land), weed cover was two to three times higher in reduced tillage treatments than 
in ploughed treatments. Crop yields under reduced tillage were 14 and 8 % lower 
than under ploughed management for bread wheat ( Triticum aestivum L.) and spelt 
( Triticum spelta L.), respectively. Also in Frick, Krauss et al. (2010) observed weed 
infestation two to three times higher with reduced tillage than with conventional 
tillage, but it was considered acceptable because no yield impact was observed. In a 
barley in Römmershein (southwestern Germany), shoot mass of the crop and weeds 
was lower and higher, respectively, with reduced tillage (Vakali et al. 2011). How-
ever, under rye ( Secale cereale), there was no difference between tillage treatments. 

Fig. 21.5   Evolution of compacted zones in the soil profile during the first 2 years of tillage treat-
ments at site A. (France; after Vian 2009)
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In France, there was also a tendency for more weeds with reduced tillage compared 
to ploughing (Peigné et  al. 2008, 2013). Consequently, weeds are controlled by 
intensive mechanical weeding (harrowing and hoeing), which can impact the soil 
structure. The practice can also offset positive effects of conservation tillage, when 
energy consumption requirements are considered.

Results were clearer in site A (France) with higher weed infestation under di-
rect seeding of maize into a cover crop of alfalfa ( Medicago sativa) compared to 
ploughing. In 2005 under direct seeding, weed biomass (dry matter) at harvest was 
about 4 t (Fig. 21.6). The cover crop under maize was heterogeneous. After using 
the roller, large parts of the plot under no tillage produced more dandelions ( Ta-
raxacum sp.) and white clover than the initial alfalfa (see Fig. 21.7). Such high in-
festations were not observed in 2008, which saw about 1.5 t/ha of weeds with direct 
seeding of soybean ( Glycine max) into a rye cover crop. However, direct seeding 
still resulted in three times more weeds than ploughing (Fig. 21.6).

Research efforts for weed management under reduced tillage were initiated in 
Germany (Stuttgart; Gruber and Claupein 2009) with a study on different tillage 
intensities focusing on weed infestation in arable cropping systems. Results under 
reduced tillage, compared with ploughing, generally showed that with less soil dis-
turbance came increased weed infestation. Further, this study pointed out that soil 
seed banks tend to be higher in conservation tillage. Gruber and Claupein (2009) also 
observed substantial increases in Canada thistle ( Cirsium arvense) density, when the 
depth of primary tillage work was reduced (non-inversion tillage or shallow plough-
ing) and additional stubble tillage was omitted. After several years of reduced tillage, 
perennial weeds increased due to seed accumulation in the upper soil horizons and 
the lack of roots or rhizome disturbance. The authors proposed that weed manage-
ment in OF must be generally integrated at a cropping system scale. Thus, crop rota-

Fig. 21.6   Weed biomass (t DM ha−1) in maize (2005) and soybean (2008) harvests with ploughing 
( grey bar) or no tillage ( white bar) at site A (France; after Peigné et al. 2009b and unpublished 
data). ***ANOVA p value < 0.001 and *ANOVA p value < 0.05
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tion, alternating sowing seasons, perennial crops, and variety competitiveness must 
be considered in combination with conservation tillage practices in OF.

21.4.5 � Crop Yields

In Frick (Switzerland), sunflower yield under reduced tillage was, on average, 5 % 
higher than under ploughing, even if there was double weed density in reduced 
tillage (Berner et al. 2008; Sans et al. 2011). These results may be explained by 
sunflower’s late season need for N. Indeed, as reduced tillage retarded N min-
eralization in late spring, sunflower did not suffer from a lack of N. Regarding 
forage production, Krauss et al. (2010) reported that reduced tillage positively in-
fluenced grass clover and silage maize ( Zea mays) yields. These results, obtained 
midway into the experiment (after 4–6 years), linked grass clover to better soil 
structure, increased soil moisture retention, and decreased water stress for the ley. 
For silage maize, higher yields were explained by better N supply with reduced 
tillage. Indeed, to remove the ley without inversion tillage, researchers began to 
clear grass clover in early autumn and sow a winter pea catch crop. This occurred 
only in this treatment and not in the ploughing treatment. This catch crop could 
partly explain the better N supply for silage maize under reduced tillage, as it was 
an excellent preceding crop. Results obtained in France (sites A, B, and C) for 
reduced tillage are less encouraging. Due to soil compaction and weed infestation, 
reduced tillage tended to lower crop performance (Peigné et al 2008, 2013). At all 
the sites, no yield reduction was observed for the first year of experiments. But 
over the long term, weeds and soil compaction impacted reduced tillage yields. 
This can be explained by wet spring seasons (difficulty controlling weeds) as 
well as an intensive crop rotation. The main differences between Switzerland and 
France were: (1) the soil type, with more clay and a better soil structure in Swit-

Fig. 21.7   Direct seeding into a cover crop at site A (France). a Maize sown in alfalfa without 
dandelions—good emergence of maize but had crop growth problems compared to neighbour-
ing ploughed plot, and b few maize plants emerged in the cover crop, which was infested with 
dandelions and clover
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zerland; and (2) the crop rotations, which were more intensive in French trials, 
with less frequency of leys.

For no tillage, yields tended to strongly decrease. At French site A in 2005, 
yields were 75 % lower with direct seeding of maize into a cover crop compared 
to ploughing (Fig. 21.8), but this difference was not observed in 2008. The yield 
decrease was due to: (1) no maize emergence in the area infested by dandelions 
and clover, and (2) a delay in maize emergence and growth in areas with less 
weeds (Fig.  21.7). Direct seeding of soybean into a rye cover crop resulted in 
25 % lower yields than ploughing (Fig. 21.8). Direct seeding into a cover crop in 
OF has been widely studied in North America. In a review, Carr et al. (2012a) ad-
dressed the main issues for adopting ‘no till’ or ‘zero tillage’ with a cover crop. As 
in the French experiment, the main problem is weed control, perennial weeds in 
particular. To control cover crops and weeds before seeding, the timing of killing 
the cover crop by a mechanical method (roller-crimper) is fundamental. The cover 
crop must be destroyed at a late growth stage to obtain the thickest mulch possible 
and to prevent long-term damage. Altieri et al. (2008) had more conclusive results 
between direct sowing soybean into cover crops and ploughing. The yield reduc-
tion ranged from 5 to 10 % with direct sowing. In their trial in South America, the 
cover crop was rolled at the flowering stage, and was therefore more damaged 
than the cover crops in the experiments in Europe; the mulch at the soil surface 
was thick and the weeds were well controlled. In a study performed in Canada, 
Lefebvre et al. (2011) compared several treatments of direct sowing soybean in 
OF: without weed control, sown in a rolled rye cover crop (with a roller-crimper), 
and mechanical weed control. For a certain cultivars, they found that direct sow-
ing of soybean in a rye cover gave better results than mechanical or no control of 
weeds, i.e. 2.67 t ha−1 (14 % water content) versus 2.29 and 1.76 t ha−1 (14 % water 
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Fig. 21.8   Grain (at 15 % water content) yields (t ha−1) of maize (2005) and soybean (2008) with 
ploughing ( grey bar) or no tillage ( white bar) at site A (France; after Peigné et al 2009b and Per-
sonnal data). ***ANOVA p value <↔0.001
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content), respectively. This yield was close to that of direct sown soybean at site A 
in France (2.6 t ha−1 at 15 % water content).

21.5 � Opportunities

21.5.1 � New Equipment

Development of new equipment for the adoption of conservation tillage in OF is 
needed. As mentioned previously, weed control and soil preservation are key points 
for adopting these techniques in OF, and equipment should be adapted.

The roller-crimper associated with the direct seeder is promising for no tillage 
or zero tillage in OF. The roller-crimper has undergone continuous improvement 
in South and North America for the past 20 years, to improve not only the ma-
chines but also their potential in association with an efficient cash cover crop (Carr 
et al. 2012b; Mirsky et al. 2012; Reberg-Horton et al. 2012). In Europe, the use of 
the roller-crimper is not well developed and, of the few available reports, yields 
with this technique have not been satisfying (Peigné et al. 2009b). More research 
is needed for its adoption by organic farmers (Peigné et al. 2007). A new option 
for practising no tillage is strip till or zone till (Fig. 21.9), particularly for spring 
crops such as maize or soybean. Strip till consists of a tine, which works the soil 
at 15–20 cm depth, just below the seed line (Fig. 21.9). The soil is worked in a 
small part of the field, thus minimizing soil disturbance. The row can be mechani-

Fig. 21.9   Use of strip tillage 
where only seed line areas are 
tilled to a depth of 15–20 cm. 
In other parts of the field, the 
soil remains untilled with a 
permanent cover crop. (Photo 
courtesy of Arvalis Institut du 
Vegetal, France)
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cally weed controlled to preserve favourable crop emergence. The inter-rows can 
be sown with a permanent cover crop to control weed development. Nowadays, 
however, no reference to such a system exists in OF, despite its promise. According 
to Luna et al. (2012), who refer to strip till as a ‘hybrid system’, strip tillage could 
solve weed problems in OF by integrating conventional and conservation tillage 
aspects. Indeed, strip tilling enables soil loosening for crop root development while 
maintaining soil fertility by reducing soil disturbance throughout the whole field.

Organic farmers also build new equipment on their own. In Germany, Alfred 
Wentz and his son, both organic farmers, stopped ploughing 30 years ago. Year by 
year, they built and adapted a machine called Eco-Dyn (http://www.eco-dyn.com/). 
The machine consists of a direct seeder associated with working utensils (tines, 
discs, and rollers). The main goal of the machine is to perform reduced tillage and 
sow at the same time. More organic farmers are modifying their own machines to 
adopt conservation tillage techniques in order to (1) minimize soil disturbance with 
reduced tillage systems and (2) control weeds. For instance, Eco-Dyn is fitted with 
duck-foot tines to scalp weeds or pasture roots at 10 cm depth.

Conservation tillage is based on no soil inversion. However, a new way of plough-
ing may interest organic farmers, who are not willing to completely stop plough-
ing. Traditionally, organic farmers plough their soil to 25–30 cm depth. New ploughs 
have been built to reduce the working depth, a practice known as shallow ploughing 
(Fig. 21.10). The main goal of shallow ploughing is to reduce the depth worked to 12–
18 cm, depending on the machine. As the depth of soil worked decreases, the depth of 
fresh OM incorporation decreases, which limits soil OM diffusion throughout the soil 
profile. With this technique, the soil OM content at the soil surface tends to increase, 
thus limiting crusting and soil erosion. Shallow ploughs are often used for stubble till-
age. The main benefit of shallow ploughing is weed control, and the same results as 
deep ploughing have been found in OF (Peigné et al. 2008). However, the soil is more 
disturbed than with reduced tillage, especially soil biological components.

Fig. 21.10   Shallow plough 
tested in at site A (France)—
the plough is adapted to work 
at 18 cm depth, on-land and 
without skim coulters
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21.5.2 � Diffusion and Adoption of Conservation Tillage  
in Organic Farming

As mentioned in the introduction, CA has been widely studied under 
conventional conditions and has been increasingly adopted by farmers in Europe 
(Soane et al. 2012). This has not been the case for organic farmers. Long-time pro-
moters of CA have expressed their differences with respect to OF. On one hand, 
organic farmers were suspicious and reluctant to adopt CA because of its herbicide 
use. On the other hand, ‘conservation farmers’ believed they preserved soil fertil-
ity better than organic farmers due to the intensive plough use by organic farmers 
(Goulet 2010). In some countries, there were clashes between farmers practising 
either CA or organic agriculture. Since the late 2000s, some promoters of conserva-
tion tillage have emphasized that organic agriculture and CA are actually comple-
mentary and convergent models. Simultaneously, some organic farmers are increas-
ingly interested in CA techniques.

A survey based on semi-structured interviews with French organic and conserva-
tion farmers helped to understand the knowledge diffusion process and conserva-
tion tillage practices in OF (Fleury et al. 2014). Firstly, organic agriculture and CA 
remain distinct models with different values. For organic farmers, organic agricul-
ture remains an alternative form of agriculture based on the prohibition of pesti-
cides, and is ethically different from conventional farming. Consequently, OF is a 
community of practices with intensive internal exchanges of knowledge (Wenger 
2005) both at local and regional levels. But, it has been observed that the exchanges 
concerning tillage practices are not yet delimited to an internal sphere. For about 
the past 10 years, a process of hybridization of crop management practices has been 
growing between OF and CA. These technical borrowings are related to different 
challenges: maintaining biological soil fertility and reducing tillage in organic ag-
riculture versus reducing pesticide use in CA. Farmers facing these challenges are 
experimenting with new techniques on their farm and sharing experiences in their 
community, namely organic and conservation organizations. Organic and conserva-
tion farmers have been meeting more frequently and sharing common readings. 
For organic farmers, these exchanges with conservation farmers are a means to 
learn more about conservation tillage, the key point of discussion being the diffi-
culties of weed control without tillage. The practical experience and know-how of 
conservation farmers helps organic farmers to gain confidence, some even testing 
new techniques such as reduced tillage on their farms. This process of conservation 
tillage diffusion in OF is equally, if not more so, a process involving collaboration 
between organic and conservation farmers (and agricultural advisors in some cases) 
than it is the result of institutional incentives and dissemination initiatives driven 
by research results.



57521  Conservation Agriculture in Organic Farming

21.6 � Conclusions and Future Directions

The first results from studies on conservation tillage in OF are promising. The soil 
biological component, such as macroorganisms and microorganisms, improves 
with conservation tillage, and especially no tillage, when associated with cover 
crops. Nutrient availability and carbon stocks increase in the upper soil layers, but 
needs confirmation over the long term particularly in regard to the whole soil profile 
(down to 1.5 m). A negative aspect of conservation tillage in OF is soil compaction. 
Indeed, intensive machinery travel on soil sensitive to compaction induces soil 
compaction well below the upper soil layers. More long-term research is needed 
regarding the effect of soil macroorganisms such as earthworms on soil compaction.

In terms of weed and crop performance (crop yields), deep soil non-inversion 
tillage, such as subsoiling, presents similar results to ploughing. However, the ef-
fects of reduced tillage depend on soil, climate, crop rotation, and farmer practices. 
Research on weed control in no-tillage systems such as direct seeding is needed, 
particularly in regard to the design and adaptation of adequate equipment for or-
ganic farmers.

Much of the research has been done at experimental stations; however, farmer 
involvement is essential to develop conservation tillage in OF. Building upon this 
recognition, more research now uses participatory approaches to involve farmers 
from the beginning of the research process. As previously mentioned, organic and 
conservation farmers increasingly exchange knowledge and it is this hybridization 
of knowledge that should be incorporated into research. Efforts to design new crop-
ping systems that take into account both farmer and researcher knowledge are in 
progress (Lefèvre et  al. 2014). This work will help transfer innovative cropping 
systems, such as conservation tillage in OF, to real farms.
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Abstract  This chapter review aims at developing a clear understanding of the 
impacts and benefits of conservation agriculture (CA) with respect to climate 
change, and examining if there are any misleading findings at present in the scien-
tific literature. Most of the world’s agricultural soils have been depleted of organic 
matter and soil health over the years under tillage-based agriculture (TA), compared 
with their state under natural vegetation. This degradation process can be reversed 
and this chapter identifies the conditions that can lead to increase in soil organic 
matter content and improvement in soil health under CA practices which involve 
minimum soil disturbance, maintenance of soil cover, and crop diversity. The chap-
ter also discusses the need to refer to specific carbon pools when addressing carbon 
sequestration, as each carbon category has a different turnover rate. With respect to 
greenhouse gas emissions, sustainable agricultural systems based on CA principles 
are described which result in lower emissions from farm operations as well as from 
machinery manufacturing processes, and that also help to reduce fertilizer use. This 
chapter describes that terrestrial carbon sequestration efficiently be achieved by 
changing the management of agricultural lands from high soil disturbance, as TA 
practices to low disturbance, as CA practices, and by adopting effective nitrogen 
management practices to provide a positive nitrogen balance for carbon sequestra-
tion. However, full advantages of CA in terms of carbon sequestration can usually 
be observed only in the medium to longer term when CA practices and associated 
carbon sequestration processes in the soil are well established.
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22.1 � Introduction

Agronomy management in agricultural landscapes should deploy production prac-
tices in harmony with soil-mediated ecosystem functions in order to deliver a 
broad range of ecosystem services (Kassam et al. 2013). Conventional agriculture 
is tillage-based in industrialized as well as developing countries and relies, as a 
key operation for seedbed preparation, on mechanical soil tillage with no organic 
mulch cover. It is generally considered to speed up the loss of soil organic matter 
(SOM) by increasing its mineralization and through soil loss by erosion. In addi-
tion, tillage is a high energy-consuming operation that uses large amounts of fossil 
fuel per hectare in mechanized systems. In contrast, conservation agriculture (CA) 
is an agroecological approach to resource-conserving agricultural production that 
complies with three practical principles, namely (1) minimum mechanical soil dis-
turbance (with no-till and direct seeding), (2) maintenance of permanent organic 
soil cover (with crops, cover crops, and/or crop residues), and (3) species diversi-
fication through crop rotation and association (involving annual and/or perennial 
crops including tree and pasture crops) FAO (2012). CA facilitates good agronomy 
such as timely operations, improves overall land husbandry for rainfed and irrigated 
production, and is complemented by other good practices such as the use of quality 
seeds and integrated pest management (Pisante et al. 2012).

Anthropogenic climate change (i.e., that resulting from human activities) is 
probably the most serious environmental challenge facing us today. Human activi-
ties contribute significantly to increased concentrations of atmospheric greenhouse 
gases (GHGs), which in turn alter the way in which thermal radiation is absorbed by 
the planet and reradiated, changing global temperatures, and climatic patterns. As a 
consequence, we are faced with two parallel imperatives in order to deal with what 
could be a very damaging situation:

•	 Climate change adaptation: we must make changes to the way we do things to 
ensure that the ecosystem services upon which we rely on are sustained as condi-
tions change.

•	 Climate change mitigation: the emission of GHGs must be reduced and the se-
questration of atmospheric carbon increased (removal from the atmosphere to 
soil and vegetative stores).

The combined environmental benefits of CA at the farm and landscape level can 
contribute to global environmental conservation and provide a low-cost option 
to help offset emissions of the main GHGs. This chapter tackles CA and climate 
change as well as what solutions are being implemented in different parts of the 
world for an efficiently sustainable farming and landscape management.
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22.2 � CA and Climate Change

22.2.1 � Impacts of Climate Change

The conclusions of the recent Working Group I contribution to the AR5-IPCC 
(IPCC 2013) confirmed that human activity has played a primary role in the ob-
served global warming since the mid-nineteenth century, and indicated that future 
increases in GHG concentration may further increase global mean surface temper-
ature and amplify changes in precipitation patterns and amounts. Proof of these 
changes has been widely observed through several instrumental data on both local 
and global scales. According to the latest IPCC report (IPCC 2013), the globally av-
eraged combined land and ocean surface temperature data, as calculated by a linear 
trend, show a warming of 0.85 °C from 1880 to 2012. This increase was observed 
mostly since 1950.

Moreover, on a global scale, several changes in the frequency and intensity of 
daily temperature extremes have been observed since the mid-twentieth century. 
In particular, averaged maximum and minimum temperatures over land have both 
increased by in excess of 0.1 °C per decade. Significant multi-decadal variability 
was highlighted, including a recent period (1997–2004) of no change. In addition, 
a significant increase in daily minimum temperature rather than maximum has been 
observed (Alexander et al. 2006; IPCC 2013).

Global mean precipitation has increased annually by about 2 % from 1900 to 
1998 (Dai et  al. 1997; Hulme et  al. 1998) which corresponds to approximately 
1.1 mm per decade (IPCC 2007). The precipitation trend varied worldwide, with 
higher increases in specific areas (from + 7 to + 12 %, between 30 and 85°N) and 
less in others (+ 2 % between 0 and 55°S; IPCC 2007). In addition, a considerable 
decrease in snowfall events has occurred. In particular in situ observations showed 
significant reductions in the extent of snow cover over the past 90 years particularly 
in June, when the average extent of snow cover decreased by 53 % (40–66 %) from 
1967 to 2012 (IPCC 2013).

Recent years have been also characterized by a large number of extreme epi-
sodes as heat waves, cold spells, and floods. Globally, while cold spells decreased, 
heat waves significantly increased (Alexander et al. 2006). In particular, a signifi-
cant reduction in cold spells was observed over central and northern Russia, parts 
of China and northern Canada, while warm spells increased over central and eastern 
USA, Canada, and parts of Europe and Russia (Alexander et al. 2006).

Looking at climate projections, simulations developed for IPCC’s Fifth Assess-
ment Report (AR5) projected increases in mean surface temperature for the end 
of the twenty-first century is likely to exceed 1.5 °C relative to 1850–1900. More 
specifically, this projected increase is likely to range from 0.3 to 4.8 °C depending 
on the new Representative Concentration Pathways (RCPs) scenarios. However, 
warming above 4 °C by 2081–2100 is unlikely in almost all RCPs scenarios. It is 
also virtually certain that many areas will be characterized by an increase in hot 
temperature extremes and a decrease in cold temperature extremes as global mean 
temperatures increase.
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The AR5 also confirmed an increase in global mean precipitation with increas-
ing global mean surface temperature. According to the four RCPs scenarios, this 
increase is likely to range from 0.5 to 4 % °C−1 at the end of the twenty-first century. 
Generally, the pattern of change indicates that high latitudes and moist midlatitude 
regions are likely to experience more precipitation. Conversely, many midlatitude 
and subtropical arid and semiarid regions are likely to experience less precipitation 
by the end of this century. The latest IPCC report (IPCC 2013) also indicated an 
increase in extreme precipitation events in terms of intensity and frequency, espe-
cially over most midlatitudes and wet tropical regions.

These changes in climate regimes may have severe consequences especially in 
sectors like agriculture, where the lifecycle of crops is mainly determined by cli-
mate conditions. Therefore, changes in temperature and precipitation trends can 
bring shifts in phenology, yield changes, modification of crop physiology, and re-
silience (Parmesan 2006; IPCC 2007; Cleland et al. 2007; Zhao and Running 2010, 
Olesen et al. 2011).

Expected increases in temperature can lead to positive or negative impacts on 
crop growth and yield depending on several factors (i.e., region, crop type, etc.). 
Generally, at high and middle latitudes, global warming is expected to increase the 
length of the growing season especially with the advance of spring sowing. The 
lengthening of the growing season is expected to increase crop growth and produc-
tivity, thus resulting in higher crop yields (Easterling and Apps 2005). In particular, 
for countries at latitudes > 60°N, advances in sowing time are estimated to proceed 
very rapidly (Peltonen-Sainio et al. 2009; Rötter et al. 2011). Similarly, Olesen et al. 
(2012) indicated an advance of spring cereal sowing from 1 to 3 weeks by 2040. 
Moreover, warmer climate conditions are expected to increase potential cultivated 
areas of commonly grown major and/or minor crops, especially above their current 
northern limits for cultivation (Peltonen-Sainio et al. 2009). In particular, crops with 
higher thermal need (e.g., soybean and sunflower) are expected to move towards 
northern areas (Harrison et al. 1995; Bindi et al. 1996; Moriondo et al. 2010; Bindi 
and Olesen 2011). These crops, however, may encounter some limitations when 
adapting their photoperiod to different summer light conditions. Conversely, warm-
er conditions may be detrimental for crop growth and productivity over southern 
regions. In these areas, the temperature increase may result in faster physiological 
development, thus shortening the growing season and consequently the time for 
biomass accumulation (e.g. Lobell and Field 2007; Battisti and Naylor 2009; Gi-
annakopoulos et al. 2009; Supit et al. 2010; Confalonieri et al. 2012).

The negative effect of higher temperatures on crop growth and productivity may 
be counterbalanced by the higher atmospheric CO2 concentration, which is expect-
ed to increase crop productivity through a higher photosynthetic rate (Kimball et al. 
2002; Ainsworth and Long 2005; Qaderi and Reid 2005; Franzaring et al. 2008). 
The benefit of higher CO2 concentration is mainly expected for C3 species (i.e., 
almost all cereals and legumes, etc.), compared with C4 species (e.g., maize, sor-
ghum, sugarcane, etc.; Kimball et al. 2002; Ainsworth and Long 2005; Southworth 
et al. 2000; Yano et al. 2007). Elevated atmospheric CO2 concentrations are expect-
ed to reduce the vulnerability of pasture and forage production to climate variability 
and increase crop roots yields (Farrar 1996; Soussana and Lüschert 2007).
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Nevertheless, increases in CO2 may be insufficient to completely recover yield 
losses due to higher temperatures. Tubiello et al. (2007) suggested that in the most 
vulnerable areas such as the Mediterranean basin the benefit offered by higher CO2 
concentration might be nullified if temperatures increase by about 2 °C.

Besides temperature and the CO2 concentration, crop growth and productivity 
are also determined by water availability; therefore, changes in precipitation trends 
(total amount, frequency, and intensity) are expected to have devastating effects on 
agricultural systems in many regions. For instance, in the Mediterranean basin, the 
expected decrease in precipitation by up to 20 % (Del Río et al. 2011) coupled with 
increased rainfall frequency and intensity may lead to prolonged water deficit. This 
condition may be extremely harmful during the most sensitive growth phases (i.e., 
flowering, pollination, and grain filling), especially if coupled with the expected 
increase in evaporation rate, which can lead to negative consequences such as the 
complete failure of potential yield. Furthermore, crop systems may suffer higher 
competition with other plants (i.e., weeds, trees, etc.) for freshwater availability, 
while the expected increase in evaporation rate will also contribute to increased soil 
salinization risk, preventing cultivation of highly sensitive crops (e.g., vegetables, 
fodder, root, and tuber crops).

Finally, further increases in extreme events (i.e., drought and heat stress) are 
expected to be detrimental for cropping systems. Drought affects yields by reducing 
grain number and the amount of dry matter produced during flowering, or decreas-
ing grain number and size through the reduction and limitation of ovule function 
and nutrient supply during the reproductive stage (Wheeler et al. 1996; Prasad and 
Staggenborg 2008). Conversely, heat stress influences seed-filling duration, result-
ing in smaller seeds and lower yields (Prasad and Staggenborg 2008). Although 
these events can occur independently, their combined impact are the most detrimen-
tal for crop systems affecting almost all plant physiological processes (i.e., growth, 
productivity, area expansion, number and final size of leaves, photosynthesis, etc.; 
Jagtap et al. 1998; Jiang and Huang 2001; Alves and Setter 2004; Rizhsky et al. 
2004; Prasad et al. 2006a, b). These observed and predicted changes in climate and, 
in turn, crop systems have raised further concern about how to reduce, or at least 
limit, further impacts over the next decades (IPCC 2007). In order to deal with the 
evolution of these changes, adaptation and mitigation strategies may be applied.

Adaptation strategies are aimed at minimizing the consequences of climate change 
and variability on crop systems. These strategies tackle the effects of climate change 
through policies, planning, and measures that are efficient in the short term by main-
taining suitable yields. Adaptation options need both global and local coordination; 
however, they can be independently developed and applied by individual farmers.

Conversely, mitigation strategies aim to reduce or stabilize GHG emissions from 
anthropogenic activities. They constitute an economic benefit by reducing the im-
pacts of climate change and its consequent costs. These strategies deal with the 
causes of climate change through a long-term activity, which should be coordinated 
at a global scale and involve several countries and institutions. Among the agricul-
tural adaptation and mitigation strategies that can be combined to reduce climate 
change impacts, CA may represent a good option to obtain sustainable crop produc-
tion and cope with climate change.
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22.2.2 � Adaptation

CA systems tend to offer more climate change adaptation benefits than conven-
tional farming systems. Most of these benefits are related to increasing both soil 
fertility and water conservation. The application of CA principles should produce 
changes in soil properties and physical, chemical, and biological processes, thus 
enhancing water supply and soil quality (Palm et al. 2013). These improvements are 
fundamental for minimizing yield variability and maintaining suitable productivity, 
especially under climate change conditions.

According to several studies (Stockfisch et al. 1999; Tebrügge and Düring 1999; 
Horáček et al. 2001), both reduced tillage (RT) and no-tillage (NT)—by modifying 
biological activity, topsoil physical properties, and soil erosion (Dennis et al. 1994; 
Balabane et al. 2005; Riley et al. 2005)—allow considerable accumulation of SOM 
on topsoil as well as carbon vertical stratification (Hernanz et  al. 2002; Moreno 
et al. 2006), thus resulting in improved soil fertility and, in turn, higher productiv-
ity. Moreover, RT and NT can also contribute to reduce soil erosion that is widely 
accepted as detrimental for crop productivity. According to Tebrügge and Düring 
(1999) and Hernanz et al. (2002), these practices can improve the stability of soil 
aggregates and avoid soil surface sealing. This change in soil structure improves 
soil fertility and, as a consequence, the crop’s productivity efficiency.

Permanent soil organic cover is another main principle of CA. While RT and NT 
can limit water infiltration in soil due to surface crust formation, the presence of 
residues on the soil surface can increase water storage (Lampurlanés and Cantero-
Martínez 2006). Moreover, cover crops can also avoid runoff by reducing the over-
land flow velocity, thus improving soil structure (Sudhishri et al. 2008; Dass et al. 
2010). The improved soil structure and increased water availability is mainly due to 
the increased bio-pores, which should maximize the effect of rainfall and recharge 
groundwater, and therefore reducing the impacts of drought (Wuest 2001; Herrero 
et al. 2001; Akbolat et al. 2009; Ben Moussa-Machraoui et al. 2010). Therefore, 
permanent soil organic cover is a fundamental strategy for limiting expected yield 
losses under climate change, especially in dry areas.

Despite the role of cover crops being considered fundamental for erosion mitiga-
tion, many studies (Friebe and Henke 1991; Puget et al. 1995; Frielinghaus 2002; 
Balabane et al. 2005) concur that there are even further benefits when soil cover is 
coupled with RT or NT. This combination may increase aggregate stability and soil 
water infiltration rate, which are closely linked to SOM, soil organic carbon (SOC), 
and earthworm activity. Therefore, the coupling between soil cover and RT or NT is 
expected to be fundamental, especially over those regions where climate change re-
sults to be very detrimental for crop growth. In particular, for Mediterranean areas, 
several studies on annual and perennial crops suggested that the combined effect of 
minimum soil disturbance and soil cover seems to reduce both water and wind ero-
sion but also increase precipitation storage (De Alba et al. 2001; López et al. 2001; 
Gómez et al. 2005; López and Arrúe 2005; De la Rosa et al. 2005; Cantero-Martinez 
et al. 2007).
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Even diversification of crop species and rotations may be functional as adapta-
tion strategies to cope with climate change. In particular, the role of legumes is 
expected to gain more importance due to the biological nitrogen fixation process, 
an efficient way to supply large amounts of nitrogen to the soil and to build SOM.

22.2.3 � Mitigation

According to several studies (i.e., Lal et al. 2007; FAO 2011; Kassam et al. 2009), 
the application of CA over wide areas may have the potential to slow/reverse the 
rate of emissions and enhance the sinks of CO2 and other GHG by agriculture. This 
was confirmed by Smith and Olesen (2010) who found that the proper application 
of the main CA pillars can contribute to reduce GHG emissions particularly through 
improved nitrogen use efficiencies and enhanced soil carbon storage. In particular, 
a study carried out by Baker et al. (2007) estimated that the global conversion of all 
croplands to conservation tillage could sequester 25 Gt C over the next 50 years.

In regard to minimum soil disturbances (i.e., RT and NT), both practices can 
contribute to reducing GHG emissions by reducing SOM oxidation into CO2, which 
increases under conventional tillage (FAO 2011). However, the C sink response 
varies under both RT and NT depending on the area considered (Eagle et al. 2011). 
RT and NT can increase soil C sequestration by improving whole soil structure. In 
particular, increasing the number and quality of soil aggregates coupled with less 
soil compaction reduces CO2 losses from soil, thus enhancing the passive C pools 
in soil. Moreover, as an indirect consequence especially of NT, a strong reduction 
in CO2 emissions can result from lower fuel energy inputs due to less machinery 
use (FAO 2008).

In addition, permanent soil organic cover is useful for increasing long-term 
carbon sequestration processes (West and Post 2002). Improved soil structure will 
contribute to reduced CO2 fluxes from soil. For instance, soil organic cover can re-
duce the risk of erosion episodes and limit C losses for soil respiration through the 
reduction of the impact of rain drops with high energy during intense rainfall events. 
Soil C storage can increase due to the presence of abundant root biomass. This was 
confirmed by Kassam et al. (2009)  who identified roots as the main source of CO2 
sequestration due to their capacity to partially stock C above- and belowground as 
a resistant SOM pool.

Permanent soil organic cover can also limit GHG emissions indirectly. First, 
it can decrease CO2 emissions through increased inter-species competition. This 
reduces the presence of invasive species and, in turn, CO2 emissions due to less 
use of machinery for weed treatments. Second, permanent soil organic cover helps 
maintain high nitrogen levels close to roots, thus lower fertilization requirements 
and, in turn, N emissions.

Finally, the diversification of crop species and rotation should enhance SOC con-
centration in soil (Gregorich et al. 2001), especially when the soil nitrogen balance 
is positive (Bayer et al. 2000a, b). In this context, the ability of legumes to provide 
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sufficient N supply can increase C stock in soil, thus increasing atmospheric C se-
questration. The role of mineral N as fertilizer in SOC improvement was confirmed 
in several studies (Mrabet et al. 2001; Baker et al. 2007; Mrabet 2008; López-Fando 
et al. 2007; Akbolat et al. 2009; López-Bellido et al. 2010). In addition, legumes 
increase soil N content, thus reducing the need to apply energy inputs such as fertil-
izer.

22.3 � CA for Carbon Storage in Cropland

22.3.1 � SOC Accumulation

SOC constitutes on average about 58 % SOM. Several SOM pools can be distin-
guished in the soil on the basis of size, state of decomposition, and chemical and 
physical properties. A labile pool, also known as the active pool, is the least decom-
posed organic matter smaller than 2 mm but larger than 0.25 mm. It consists mainly 
of young SOM (such as plant debris), is partially protected in macroaggregates, 
characterized by a rapid turnover or transformation, sensitive to land and soil man-
agement and environmental conditions. It consequently plays an important role in 
short-term carbon and nitrogen cycling in terrestrial ecosystems and can be used as 
a sensitive indicator of short- and medium-term changes in soil carbon in response 
to management practices (Chan 1997; Whitbread et al. 1998).

The pool of SOM, smaller than 0.25 mm and larger than 0.053 mm (250–253 μm), 
is a labile, insoluble intermediate in the SOM continuum from fresh organic materi-
als to humified SOC, ranging from recently added plant and animal debris to par-
tially decomposed organic material. The stable pool, the recalcitrant SOM, contains 
particles less than 0.053 mm ( < 53 μm). The organic matter has reached the highest 
level of transformation and is incorporated into aggregates, where its further de-
composition is protected. It holds moisture, retains cations for plant use, and acts 
as a recalcitrant binding agent preventing nutrients and soil components from being 
lost through leaching.

Several factors which determine the soil carbon budget are influenced by land 
management practices; in this context, the reasons for the positive influence of CA 
in SOC accumulation is related to the permanent and total protection of the soil 
through species diversity, a similar pattern to that of the most stable natural ecosys-
tems. These conditions are inherent in CA principles, i.e., minimum mechanical soil 
disturbance, permanent soil organic cover, and species diversification. The perma-
nent presence of abundant, undisturbed (above- and belowground) biomass fosters 
the buildup of new SOC (Stagnari et al. 2009) and carbon losses from decomposi-
tion are reduced by SOC inclusion within soil aggregates, as enhanced by the low 
soil disturbance (Table 22.1; de Moraes Sà et al. 2001).

With respect to the first principle of CA, SOC accumulation is a reversible pro-
cess and any short-term disturbance, in a system which aims to improve carbon 
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status as a long-term management tool, will not achieve significant improvement in 
SOC accrual (Jarecki and Lal 2003; Al-Kaisi 2008). The formation of stable micro-
aggregates within macroaggregates is inhibited under tillage-based agriculture (TA; 
Six et al. 1998). Even with a single tillage event, sequestered soil carbon and years 
of soil restoration may be lost, and the damage to soil life is considerable (Grandy 
et al. 2006). In general, the mixing of litter in tilled soils favors bacteria (hence quick 
degradation processes), while the higher presence of fungi in undisturbed systems 
like CA (Beare et al. 1992, 1993; Frey et al. 1999; Guggenberger et al. 1999; Drijber 
et al. 2000) is responsible for a buildup of soil carbon in the form of polymers of 

Location Experiment duration Results Author
USA, north 22 years The carbon stock under CA to a depth 

of 122 cm is 10.6 t ha−1 greater than that 
under TA

Doran et al. 
1998

Brazil, south 13 years Where complex rotations are adopted, 
soil carbon stocks under CA are approxi-
mately 17 t ha−1 higher than under TA, 
and that 46–68 % of carbon gains occurs 
at 30–85 cm depth

Sisti et al. 2004

Brazil, south 17 years Samplings to 107.5 cm depth in an Acri-
sol demonstrate the significant potential 
of legume crops and nitrogen fertiliza-
tion under CA to improve SOC stocks: 
the average carbon sequestration rate of 
legume-based cropping systems (with 
N-fertilizer) in the whole 0–107.5 cm 
layer was 1.42 t ha−1 y−1 when consider-
ing the soil profile down to 100 cm depth

Diekow et al. 
2005

Brazil, south 15–26 years The experiments on free-draining 
Ferralsols under rotations containing 
intercropped or cover-crop legumes 
show annual SOC accumulation rates of 
between 0.04 and 0.88 t ha−1 to 30 cm 
and from 0.48 to 1.53 t ha−1 y−1 when 
considering the soil profile down to 
100 cm depth

Boddey et al. 
2009

Brazil, south 13 years When green-manure cover crops are part 
of the rotation soil carbon stocks were 
approximately 17 t ha−1 higher under CA 
than under TA

Sisti et al. 2004

USA, Indiana 28 years 10 t ha−1 greater SOC content under 
CA than in moldboard plowed trials 
at 0–100 cm depth in a dark-colored 
Chalmers silty clay loam in Indiana

Gál et al. 2007

Australia Higher SOC cncentrations at 230 cm 
depth in Vertisols when compared with 
other soil types in Australia

Knowles and 
Singh 2003

CA conservation agriculture, TA tillage-based agriculture, SOC soil organic carbon

Table 22.1   SOC accumulation in deeper soil layers under the CA management system 
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melanin and chitin, which are relatively stable and resist degradation (Stahl et al. 
1999; Bailey et al. 2002). Beyond its effect on the oxidative breakdown of SOM 
through mineralization, tillage has a direct effect on CO2 exchange between the soil 
and atmosphere. The amount of CO2 lost is directly correlated to the disturbed soil 
volume; consequently plowing, by disturbing the greatest soil volume, produces the 
maximum CO2 flux, while NT causes the least CO2 loss (Reicosky and Lindstrom 
1993, Reicosky et al. 1995; Reicosky 1997, 1998; Table 22.2). In addition, plowing 
is an energy-intensive process: On average, tillage agriculture uses up to 80 % more 
energy (fuels) than CA (Table 22.3). Studies have also identified tillage-induced 
soil erosion as the major cause of severe soil carbon loss and soil translocation on 
convex upper slope positions of cultivated, upland landscapes (Lobb et al. 1995; 
Lobb and Lindstrom 1999; Reicosky et al. 2005).

The amount of SOC is limited by the availability of sufficient plant residue. In 
conventional agricultural systems, aboveground production is removed (harvested 
or used as livestock feed) or burned, leaving only root biomass for incorporation into 
SOM. Sometimes above- and belowground inputs are mechanically mixed (e.g., by 
disking or chiseling) into the soil with the residues rapidly decaying (Magdoff and 
Weil 2004). Such decay of SOM depends on the composition of the material: Read-
ily decomposable carbon (e.g., low C/N ratio residues or liquid manure) generally 
induces a priming effect and increases CO2 emissions. The composition of residues 
not mixed into the soil does not affect the decay of accumulated SOM (Chadwick 
et al. 1998; Flessa and Beese 2000; Kuzyakov et al. 2000; Chantigny et al. 2001; Bol 
et al. 2003; Fontaine et al. 2004; Sisti et al. 2004; Fontaine 2007). In no-tilled soils 
over long periods, SOM decomposition on the soil surface is reduced and increas-
ing active fractions of SOM are observed (Franzluebbers et al. 1995a, b; Stockfisch 

Table 22.2   Percentage of carbon in the crop residues released from the soil after different treat-
ments (Reicosky 1997)
Tillage practice Percentage of carbon in the crop residues 

released as CO2
Moldboard plow 134
Moldboard plow and disc harrow 70
Disc harrow 58
Chisel plow
Sod seeding

54
27

Table 22.3   Carbon costs of the variables that intervene in the CA and the TA systems. (Smith et al. 
1998; Tebrügge 2000; FAO 2001, 2008, 2009)
Variables Cost of the variable under CA as compared to 

TA
Fuel consumption per unit area output 35–80 % less
Number of passes 50–54 % less
Size of machinery 50 % lower power requirement
Depreciation rate of machinery Two to three times lower (i.e., two to three 

times longer lifetime)
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et al. 1999; Tebrügge and During 1999; Horáček et al. 2001). The accumulation of 
SOM in surface layers influences carbon vertical stratification (Hernanz et al. 2002; 
Moreno et al. 2006), water infiltration, erosion resistance, and nutrient availability.

There is also clear evidence that species diversification, the third pillar of CA, 
positively influences SOC storage. Indeed, some authors found negative SOC ac-
cumulation rates under repeated monocropping in conventional systems (Angers 
et al. 1997; Wanniarachchi et al. 1999, VandenBygaart et al. 2003). Changing from 
monocropping to a multicrop rotation positively influences SOC concentration. 
Several studies comparing SOC concentration under multicropping with monocrop-
ping systems support this theory (Havlin et al. 1990; Entry et al. 1996; Mitchell 
et  al. 1996; Robertson et  al. 1994; Robinson et  al. 1996; Buyanovsky and Wag-
ner 1998; Gregorich et al. 2001; Lopez-Fando and Pardo 2001). In addition, soil 
type and climatic conditions are important variables which can strongly modify 
the effects of cropping pattern on SOC (VandenBygaart et al. 2003). Each type of 
rotation has a different potential to induce carbon sequestration. Generally, carbon 
accumulates when the nitrogen balance of the crop rotation is positive (Sidiras and 
Pavan 1985; Bayer and Mielniczuck 1997; Boddey et al. 1997; Alves et al. 2002, 
2003, 2006; Sisti et al. 2004; Bayer and Bertol 1999; de Maria et al. 1999; Amado 
et al. 1999, 2001; Bayer et al. 2000a, b). Negative SOC accumulation rates under 
CA are associated with specific rotations, i.e., with fallow-, barley- and soybean-
based rotations. In any case, fallow-based rotations should not be associated with 
the concept of CA (Black and Tanaka 1997; VandenBygaart et al. 2003; Hernanz 
et al. 2009; López-Bellido et al. 2010). A barley–wheat–soybean rotation does not 
seem to allow SOC accumulation (Angers et al. 1997). Barley, as a versatile spe-
cies, is often cultivated, where growing conditions (e.g., climate and soil fertility) 
are most difficult for cereal crops as well as for SOC accumulation. Further nega-
tive SOC accumulation rates under CA were observed in a maize–wheat–soybean 
rotation (Yang and Kay 2001; VandenBygaart et al. 2002). Including soybean in the 
rotation does not appear sufficient to enhance SOC accumulation: Most of the fixed 
nitrogen was exported with the grain (Sisti et al. 2004) and, while its residues may 
improve nitrogen availability, they decomposed very quickly, returning insufficient 
biomass to the soil.

Agricultural systems such as CA that rely on permanent organic soil cover and 
NT to maintain crop residues on the surface layer lead to superficial SOC accumula-
tion, and offer potential benefits in controlling some negative environmental effects 
traditionally associated with agroecosystems.

22.3.2 � Soil Biodiversity

The positive impact of CA is not restricted to SOC accumulation, but more gener-
ally it induces enhancements in terms of soil quality, i.e., the capacity of the soil to 
function within ecosystem boundaries to sustain biological productivity, to maintain 
environmental quality, and to promote plant and animal health (Doran and Parkin 
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1994). One fundamental aspect of soil quality is “biodiversity,” which had not been 
appropriately considered until some years ago. Soil biodiversity is normally de-
scribed as the variability of living forms—soil fauna, flora, vertebrates, birds, and 
mammals—within a habitat or management system of a territory involved in agri-
cultural activity.

It has been largely demonstrated that in undisturbed soil or soil managed follow-
ing CA techniques, biomass diversity and biological activity are higher compared to 
those under deep cultivation (Lupwayi et al. 2001; Spedding et al. 2004). Bacteria, 
actinomycetes, fungi, earthworms, and nematodes are higher in mulched fields than 
in those where residues are incorporated. The rate of organic C input from plant bio-
mass is generally considered the dominant factor controlling the amount of micro-
bial biomass in soils (Campbell et al. 1997); as the total organic C pool expands or 
contracts, the microbial pool also expands or contracts (Franzluebbers et al. 1999).

Microfauna, such as protozoa (Cochran et al. 1994), are favored by those man-
agement practices that are expected to also favor bacteria, since bacteria are their 
main food source. In addition, the abundance of mesofauna, in particular potworm, 
is greater where CA is practiced than in compacted soil (Röhrig et al. 1998). The 
negative effects on microarthropod populations are caused in part by the physical 
disturbance of the soil by tillage. Some individuals may be killed initially by abra-
sion during tillage operation or being trapped in soil clods after tillage inversion 
(Wardle 1995).

Soil mesofauna are mainly represented by springtails (Collembola) and mites 
(Acari; Kladivko 2001). Springtails are usually inhibited by tillage disturbances 
(Miyazawa et al. 2002; Wardle 1995). Mites exhibit more extreme responses to till-
age than microbial groups: moderate to extreme increases or decreases have been 
observed (Wardle 1995). Interestingly, the mite population seems more affected by 
cover crop than tillage practice (Reeleder et  al. 2006). Another important meso-
fauna group is the enchytraeids, thanks to their burrow which increases aeration, 
water infiltration, and root growth (Cochran et al. 1994). They may be inhibited or 
apparently stimulated by tillage in contrast with most other groups, probably due to 
their ability to recover from disturbances (Wardle 1995).

Large organisms (macrofauna) appear to be especially sensitive to agroecosys-
tem management (Chan 2001; Folgarait 1998; Black and Okwakol 1997; Kladivko 
et al. 1997; Robertson et al. 1994; Holt et al. 1993; Barnes and Ellis 1979) with 
less negative impacts on species with high mobility and higher population growth 
potential (Decaëns and Jiménez 2002). Earthworms play a crucial role in mixing 
plant residues and other materials into the soil, particularly important in no-till sys-
tems due to the lack of mechanical mixing (House and Parmelee 1985). Earthworm 
species differ in their ecological behavior thus having different effects on soils. 
Large earthworms produce large-sized and compact aggregates, whereas small eu-
drilid earthworms produce small, fragile castings; both groups appear essential for 
maintaining soil structure (Blanchart et al. 2004). Their abundance, diversity, and 
activity increase under CA when compared to conventional agriculture (Kladivko 
2001; Chan 2001; Kladivko et al. 1997; Barnes and Ellis 1979; Gerard and Hay 
1979; Table 22.4). The few exceptions (Nuutinen 1992; Wyss and Glasstetter 1992) 
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are probably related to type and timing of tillage as well as original species assem-
blage (Chan 2001). Tillage is the main factor perturbing earthworm populations, but 
mulched crop residues are fundamental, since earthworms are unable to maintain a 
constant water content (Edwards and Bohlen 1996).

Although ants are as important as earthworms in soil transformation, there is a 
lack of literature on ants in agroecosystems (Gotwald 1986). In general, ants in-
crease infiltration by improving soil aggregation and porosity (Nkem et al. 2000) 
even in situations of low organic matter and clay contents (Mando and Miedema 
1997). Management options favoring ant populations, such as residue mulch and 
reduced or zero tillage, have been identified as key factors in improving topsoil in 
agroecosystems, even in the degraded conditions of the Sahel (Mando and Miedema 
1997). Most arthropods concentrate their activities above or within the topsoil and 
take part, at least partially, in organic matter incorporation through burrowing and 
food relocation (Zunino 1991). Theoretically, arthropods (Coleoptera and Araneae) 
favor CA conditions given the litter presence on the soil surface, which constitutes a 
food source for many arthropods (Kladivko 2001), and the higher niche availability 
(Ferguson and McPherson 1985). Nevertheless, many studies conducted in North 
America and Europe report inconsistent results with increased (Andersen 1999; 
Holland and Reynolds 2003), decreased (Andersen 1999; Holland and Reynolds 
2003) or no effect (Holland and Reynolds 2003) on arthropod abundance. General-
ly, species diversity of all arthropod guilds is higher in CA compared to convention-
al agriculture (Stinner and House 1990). Interestingly, various authors (Holland and 

Table 22.4   Abundance of earthworms (number m−2) under no-tillage, conventional tillage, and 
permanent pasture
No-tillage Conventional 

tillage
Permanent 
pasture

Remarks Reference

270 90 – On a very poorly drained soil, culti-
vation by normal plowing

Boone et al. 
1976

137 67 – Cultivation by deep plowing Gerard and Hay 
1979

913 213 – Cultivation involved moldboard 
plowing, three disk plowing and two 
rotary tilling

House and Par-
melee 1985

342 130 – Lupin/wheat rotation, three culti-
vation to 7 cm with a duck food 
scarifier

Rovira et al. 
1987

275 117 – Cultivation involved scarifying 
(10 cm) two to three times and light 
harrowing (7 cm)

Haines and Uren 
1990

266 48 477 – Deibert et al. 
1991

467 52 1017 – Springett 1992
250 175 825 Lismore site, after 8 years of 

cropping
Francis and 
Knight 1993

– 52 168 – Mele and Carter 
1999
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Reynolds 2003; Marasas et al. 2001; Stinner and House 1990; House and Stinner 
1983) found an increased presence of predators (spiders as well as carabid and 
staphylinids beetles) compared to phytophagous species under zero tillage systems.

22.3.3 � Soil Moisture

Eighty percent of the world’s cultivated land depends on “green water” for its pro-
duction, which is defined as water located in the soil. Agriculture which depends 
only on green water is called “rainfed agriculture.” Green water resources will, in 
the foreseeable future, be the dominant source for human food production. How-
ever, only 15 % of actual rainfall is productively used for crop growth, while the 
pressure on “blue water resources” is increased. The ground water, or surface water 
bodies, is limited; consequently, it will be difficult to increase the size of areas under 
irrigation. More pragmatically, it would be necessary to increase the efficiency of 
green water resources.

Improves soil and water management is possible through CA; data indicate in-
creased crop yields of 10–100 % with water requirements for crop production re-
duced from 2500 to 1250 m3  ton−1. Conversely, conventional farming favors the 
loss of soil moisture by reducing the ability of the soil to capture, drain, and store 
rainwater. Unproductive losses take place through surface runoff, unproductive soil 
evaporation in bare soil surfaces, and unproductive evaporation due to soil aera-
tion during tillage operations. There is evidence that long-term use of conventional 
tillage leads to soil compaction, increased runoff, and poor infiltration (Hussain 
et al. 1999b; Ferreras et al. 2000), ultimately determining the risk of soil erosion. 
Indeed, the destruction of the original soil structure alters many soil physical pro-
prieties including the stability of aggregates > 2 mm (Chan et al. 2001), pore space 
and size distribution, water-holding capacity, and soil water content. CA, which 
favors improved soil structure and continuous soil pores, enables higher infiltra-
tion and ultimately increases available water for crop production (Roth et al. 1988; 
Thierfelder et al. 2005). Azooz and Arshad (1996) found that both saturated and 
unsaturated hydraulic conductivities were higher under zero tillage conditions than 
under conventional tillage on two luvisols (silty loam and sandy loam soils). Chan 
and Heenan (1993) found that, despite similar bulk densities, hydraulic conductivity 
under ponded infiltration of zero tillage with residue retention was one to four times 
that of conventional tillage with residues burnt. In the USA, CA reduced runoff by 
between 15 and 89 % and reduced dissolved pesticides, nutrients, and sediments 
within it (Clausen et  al. 1996). Besides lower runoff intensity, numerous studies 
have shown significant reductions in soil erosion rates with CA or NT (Govaerts 
et al. 2007; Li et al. 2007; Pinheiro et al. 2004; Chan et al. 2002; Filho et al. 2002).

The effects of CA on soil evaporation are significant. Tillage moves moist soil to 
the surface, increasing drying losses (Hatfield et al. 2001). It has been demonstrated 
that tillage disturbance of the soil surface increases soil water evaporation more 
than untilled areas (Blevins et al. 1977; Papendick et al. 1973). The amount of ener-
gy the soil surface receives is influenced by canopy and residue cover. Greb (1966) 
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found that residue and mulches reduce soil water evaporation by reducing soil tem-
perature, impeding vapor diffusion, absorbing water vapor into mulch tissue, and 
reducing the wind speed gradient at the soil–atmosphere interface; residue thickness 
(volume) is more important than mass per unit area for controlling evaporation 
(Unger and Parker 1976; Steiner 1989). It has been estimated that the presence of 
residues on the surface lowers evaporation by 34–50 % (Sauer et al. 1996). Besides 
residue thickness, the rate of drying is determined by the atmospheric evaporative 
potential (Tolk et al. 1999). In general, residue characteristics, which affect energy 
balance components, have a large impact on evaporation fluxes and are strongly 
influenced by the effect of the year and by the nonuniform distribution (Sauer et al. 
1997).

As a direct beneficial effect, soil moisture is conserved under CA systems and 
more water is available for crops. Azooz and Arshad (1996) found higher soil water 
contents under zero tillage compared with moldboard plow in British Columbia. 
In Zimbabwe, mulching helped conserve soil water in a season with long periods 
without rain at several experimental sites (Mupangwa et al. 2007). Gicheru (1994) 
showed that crop residue mulching resulted in more moisture down the profile (0–
120 cm) during two consecutive crop periods (the short rains and the long rains) 
than conventional tillage and tied ridges in a semiarid area of Kenya. Thus, tillage 
and residue management may significantly affect crop yields during years of poor 
rainfall distribution (Johnson and Hoyt 1999) making permanent soil cover essen-
tial for cropping systems aimed at long-term agricultural sustainability.

22.3.4 � Soil Nutrients

Maintenance of soil nutrient availability and soil fertility, in general, is the first con-
dition of any permanent system of agriculture. Under conventional agriculture, soil 
chemical fertility is steadily lost—as crops and crop residues are removed, SOM is 
plowed and uncovered land oxidizes into carbon dioxide (a GHG) and water.

In CA, cover crops contribute to accumulate organic matter in the surface soil 
horizon (Alvear et al. 2005; Diekow et al. 2005)—this effect is more significant 
when cover crops are combined with NT—which is important due to the regulatory 
role of organic matter in most biological, physical, and chemical processes, which 
collectively determine soil health. Besides favoring infiltration and water retention, 
helping to stabilize soil structure to mitigate the impact of wheel traffic and culti-
vators, and reducing the potential for wind and water erosion, organic matter is an 
important source of C and a major reservoir for plant nutrients.

Consequently, increased stratification and nutrient availability is generally ob-
served in CA soils (Duiker and Beegle 2006; Franzluebbers and Hons 1996) due to 
surface placement of crop residues (Unger 1991). Slower decomposition of surface-
placed residues (Balota et al. 2004) may prevent rapid leaching of nutrients through 
the soil profile; however, the possible development of more continuous pores under 
zero tillage leads to more rapid passage of soluble nutrients deeper into the soil 
profile (Kay 1990).
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N availability is strictly dependent on the rate of C mineralization. CA is nor-
mally associated with lower N availability due to greater immobilization of residues 
(Bradford and Peterson 2000); however, the net immobilization phase is transito-
ry while the higher, but temporary immobilization of N in CA systems over the 
long term reduces leaching and denitrification losses. Residues from legume cover 
crops—which are associated with belowground biological agents and provide food 
for microbial populations—generally provide more carbon and nitrogen under NT 
compared with plowing (Campbell et al. 1996a, b).

The composition of residues, indeed, will affect their decomposition and conse-
quent nutrient release; the C/N ratio, initial residue N, lignin, polyphenols, and sol-
uble C concentrations are among the most used criteria for residue quality (Moretto 
et al. 2001). N immobilization can occur as a consequence of cereal residue reten-
tion, particularly during the first years of implementation (Erenstein 2002). Several 
studies have shown that P extractable levels are higher in no-tilled soils principally 
due to the reduced mixing of P fertilizers with soils, leading to lower P fixation 
(Duiker and Beegle 2006; Du Preez et  al. 2001; Edwards et  al. 1992). Higher P 
tends to accumulate in the topsoil of no-tilled soils in the absence of surface resi-
dues. If mulch is present, the soil surface is likely to be moister than conventionally 
tilled soils.

CA conserves and increases the availability of nutrients such as K near the soil 
surface where roots are present (Franzluebbers and Hons 1996). However, most 
research has shown that tillage does not affect Ca and Mg levels especially in clay 
soils (Govaerts et al. 2007; Duiker and Beegle 2006; Du Preez et al. 2001). Other 
authors reported increased available Ca and Mg concentrations to 60 cm depth in 
both oxisol and alfisol under CA (Sidiras and Pavan 1985). Micronutrient cations 
(Zn, Fe, Cu, and Mn) are usually present in higher levels under CA systems com-
pared to conventional tillage due to surface placement of crop residues (Franzlueb-
bers and Hons 1996). The higher organic matter content at the soil surface, com-
monly observed under CA, can increase the cation exchange capacity (CEC) of the 
topsoil (Duiker and Beegle 2006; Govaerts et al. 2007).

In CA, reduced nutrient leaching is not only linked to NT or crop residues but 
also to the use of catch crops grown during the wetter periods. In general, CA prac-
tices tend to favor soil biota, which are important not only because they favor the 
fast recycling of nutrients (Van Kessel et al. 1994; Drinkwater et al. 1998; Lafond 
et al. 2008) but also because they help to immobilize most residual nitrogen (along 
with organic carbon) in the soil (Amado and Costa 2004).

22.4 � Climate Change and Gaseous Emission Dynamics

22.4.1 � Methane

Methane (CH4) is the third most important and abundant GHG after H2O and CO2 
and is 34 times more potent as a heat-trapping gas than CO2 over a 100-year time 
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scale (IPCC, 2013). Despite a short residence in the atmosphere (ca. 10 years), CH4 
is chemically reactive in the troposphere and stratosphere. Biogenic sources, which 
account for more than 70 % of the global total, are mainly northern and tropical 
wetlands, rice paddies, enteric fermentation, forests, oceans, and landfills. Non-
biogenic CH4 includes mainly industry related and geological sources, biomass, and 
waste treatments (IPCC 2007).

Methanogenesis is a form of anaerobic respiration, where CO2 or a simple organ-
ic carbon compound serves as the final electron acceptor; this activity is performed 
by Archaea, a domain of single-celled microorganisms. Conversely, the primary 
sinks of CH4 are the oxidation of the gas to CO2 in the troposphere (Wuebbles and 
Hayhoe 2002) and oxidation by methanotrophic bacteria in the aerobic zone of 
methanogenic soils and in upland soils, called methanotrophy (Hütsch 2001; Xu 
et al. 2003). Methanotropy activity, more effective in often-submerged or water-
saturated soils (Nesbit and Breitenbeck 1992), can contribute up to 15 % of the total 
CH4 removal (Born et al. 1994). When the soil is submerged, dissolved oxygen rap-
idly decreases causing development of facultative anaerobic, then microaerophilic, 
and finally strict anaerobic microorganisms. As a direct consequence, reducing con-
ditions are established and when Eh is around –200 mV, the reduction of CO2 into 
CH4 occurs. Soils can act as a net source or sink for CH4 depending on the oxidative 
state of the matrix, hence land use and management practices directly affect CH4 
release to the atmosphere (Yang and Chang 2001).

Conservation tillage techniques are a key strategy to reduce CH4 emissions, 
since they can act as a CH4 sink (Mojeremane et al. 2011). In fact, the disturbance of 
soil by tillage causes a significant reduction of CH4 oxidation capacity through the 
damage of soil structure that influences negatively gaseous diffusivity and perturbs 
the physicochemical and biological properties that promote growth of oxidizing 
agents (Lessard et al. 1994). In long-term NT, the potential oxidation of CH4 was 
considerably higher, from 2 to 11 times more than conventional tillage and mini-
mum tillage (MT; Hansen et al. 1993; Hütsch 1998; Ussiri et al. 2009; Le Mer and 
Roger 2001). Soil porosity is a main factor affecting CH4 emissions and is directly 
related to soil tillage practices. Lower values of bulk density, as seen in long-term 
NT when compared with conventional tillage andMT, improve gas diffusion. Fur-
thermore, oxidative activity is more pronounced in topsoil under NT, while beyond 
the layer characterized by soil tillage in conventional tillage, methanotrophic activ-
ity is higher and equivalent to NT soils. The conversion of cropping systems from 
conventional tillage to NT improves the potential for soil CH4 abatement, but it is a 
slow process, which can take some decades to quantitatively align methanotrophic 
activities (Regina and Alakukku 2010).

The fertilizer application and the management of crop residuals directly affect 
soil microbial activity and composition. Ammonium-based fertilizers or urea can 
reduce the soil potential for CH4 oxidation activity, while nitrate-based applications 
have no direct effects. Fertilizers containing ammonium (NH4

 +) lead to increased 
N2O emissions due to the change of methanotrophic bacteria activity, which be-
gins to oxidize NH4

 + with consequent increases in N2O and CH4 (Acton and Baggs 
2011). The surface spreading of fertilizers, compared with incorporation, increases 
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CH4 emissions due to direct inhibition of oxidase activity (Bronson et al. 1997). The 
effect of soil pH in methanogenesis indicates that emission tends to slightly increase 
at acid pH (Levy et al. 2012), with the optimum between 5.5 and 7.

The effect of soil incorporation of organic material, such as manure or green 
manure, in upland soils varies depending on the C/N ratio of the material. The state 
of degradation of the carbon supplied to the soil is relevant and, if anaerobic condi-
tions occur, the more degraded the carbon, the greater the potential CH4 production 
(Mudge and Adger 1995). The production of CH4 and emission to the atmosphere 
decreases, when the C content and C/N ratio of incorporated residues decrease. 
Green legume manure releases an abundance of NH4

 + that competes with mono-
oxygenases enzymes increases the release of CH4 (Nesbit and Breitenbeck, 1992). 
Conversely, the incorporation of manure, characterized by a higher C content and a 
relative low C/N ratio, has the potential to stimulate the work of methanogen com-
munities (Hütsch et al. 1993), without affecting CH4 oxidizers. A high C/N ratio, as 
in rice straw, corresponds to organic material abounding in labile C, which is readily 
usable by microflora.

Management of crop residues in the field, together with the addition of soil con-
ditioners, affects the activity of methanogenic communities, which can be ten times 
more than without these additions (Schütz et al. 1989; Cicerone et al. 1992; Nouchi 
et al. 2010). The dose of fertilizer applied, as well as the green material, straws, or 
residues of crop fermentation, has a proportional effect with increasing doses (De-
nier van der Gon and Neue 1995). In general, increasing SOM by roots exudates 
and soil residues, together with improved soil structure and microorganism activity, 
promotes the activity of methanotrophs (Seghers et al. 2003). Conversely, a large 
microbial activity, especially if related to an organic matter contribution to the soil, 
results in oxygen consumption, which creates suitable environmental conditions for 
methanogenic growth (Baggs et al. 2006). Gas emission from surfaces is therefore 
balanced by these two processes.

Rice paddies are the most studied methanogenic ecosystems; in this environ-
ment, methanogenesis and methanotrophy are noticeable. Methane emissions de-
rived from the passive transfer of gas produced in the soil, through aerenchyma 
and micropores on the leaf blade, vary depending on the variety of rice and are a 
function of the morphological differences in aerenchyma and roots (Butterbach-
Bahl et al. 1997). Organic fertilizers (rice straw, green manure, or farmyard ma-
nure)—preferred due to their richness in C—promote CH4 production more than 
synthetic fertilizers. Water management can significantly decrease emissions from 
60 to more than 90 % if one or more drainage periods are observed (Cai et al. 1997). 
Conversely, intermittent drainage may increase nitrification and losses of nitrogen 
by denitrification with the subsequent emission of N2O. Varietal selection in the 
case of rice can be a potential strategy to reduce CH4 emissions, since the composi-
tion of various exudates acts directly on methanotrophic communities (Wassmann 
et al. 1993). In general, soil tillage in paddy fields or transplantation can potentially 
release CH4 trapped in soil, while the use of direct seeding can reduce total emis-
sions (Neue 1997). Farmland releases of CH4, together with nitrous oxide (N2O), 
ammonia (NH3), and nitrates (NO3

−), are presented in Fig. 22.1.
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22.4.2 � Nitrous Oxide

Field crop agriculture is estimated to be the main source of anthropogenic N2O 
(IPCC 2001) which contributes more than 61 % of total global N2O emissions 
(Montzka et al. 2011). N2O is 21 times more potent as a heat-trapping gas than CH4 
over a 100-year time scale (IPCC 2007). Once released into the troposphere, N2O 
acts as a GHG and takes part in ozone (O3)-depleting reactions in the stratosphere 
(Phillips et al. 2007). N2O is produced from nitrification and denitrification bio-
logical processes together with non-biological chemodenitrification. Soil tillage, 
together with the addition of N compounds as ammonium or nitrate, stimulates 
microbial activities which produces this reactive gas. Mineral and organic N-fer-
tilizers, together with crop residues and green manures, are recognized as major 
drivers of N2O emissions (Bøckman and Olfs 1998). The presence of labile C forms 
also stimulates denitrification activity due to molecular oxygen consumption in the 
soil. Moreover, the relationships among soil temperature and pH, soil texture and 
structure, soil water content, landform and land use, and meteorological conditions 
are decisive in N2O emissions.

CA, through zero tillage and MT and practices, directly affects N2O soil pro-
duction with highly variable effects (Rochette et al. 2008). In humid climates, in 
the first 10 years of NT after the conversion from conservation tillage, N2O emis-
sions were higher and this tendency was counterbalanced by reduced emissions 
after another 10 years of continuous NT (Six et al. 2004). This variability is related 
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to soil physical, chemical, and biological modifications induced by CA, such as 
lower soil temperatures reducing N2O emissions (van Kessel et al. 2013) or progres-
sive increases in water-filled pore spaces (WFPS) that, initially, promote emissions 
(Smith et al. 2001) and, finally, decrease them once that the soil macroporosity is 
definitively formed. This effect is also related to soil depth, where nitrification and 
denitrification activities are greater in the topsoil layer (first 0–10 cm) under NT, 
whereas at greater depths, denitrification activity is less abundant in conventional 
tillage (Linn and Doran, 1984). Furthermore, changes in soil pH directly influence 
the microbial communities that exponentially produce more N2O from moderate to 
very strong soil acidity (Blevins et al. 1977; van den Heuvel et al. 2011). In humid 
climates, increasing soil moisture content detected after conversion from NT or MT 
practices can be insufficient to significantly increase N2O emissions by denitrifica-
tion; in dry climates, increased soil moisture and WFPS with respect to convention-
al tillage can enhance the denitrification process under humid conditions. Finally, 
NT practices lead to a general increase in N2O emissions in poorly aerated soils, 
while no increase in emissions is observed in well-aerated soils (Rochette 2008).

Crop residue incorporation is a significant source of N2O with an inverse propor-
tionality between C/N ratio and N2O emissions. In general, cereal straw incorpora-
tion results in higher losses of N2O with respect to residuals remaining on the soil 
as mulch (Gregorich et al. 2005). NT practices can increase both nitrification and 
denitrification processes compared to conventional tillage; straw incorporation in 
NT significantly increased both processes (Hu et al. 2013). Crop residuals can have 
a positive effect in reducing soil surface temperature; on the other hand, residuals 
reduce water evaporation creating in some cases temporarily anaerobic environ-
ments that could enhance denitrification and consequently N2O emissions. Denitri-
fication rates, in fact, are positively correlated with soil moisture (Chen et al. 2011). 
Although the effects may be controversial, under climate change scenarios where 
an increase of temperature, CO2 and a variation in the precipitation distribution are 
forecast, the role of crop residues as an increasing C source may stimulate deni-
trification (Butterbach-Bahl and Dannenmann 2011). In some types of grassland, 
even those with a high potential for C storage, the presence of legumes and their 
residuals create a higher potential of N2O emission related to N biological fixation 
(Rochette and Janzen 2005; Berntsen et al. 2006). The size of crop residues plays 
an important role, e.g., with pea residues cut into < 3 mm lengths, emissions were 
two times higher than uncut residues, while emissions were not affected by high 
C/N ratio crop residues such as barley (Ambus et al. 2001). The soil freeze–thaw 
cycle stimulates C and N mineralization that increases N2O emissions. The addition 
of crop residues leads to rapid immobilization of N and a consequent reduction in 
N2O emissions if the soil is not C limiting, otherwise addition of C stimulates N2O 
production (Pelster et al. 2013). However, cropping systems involving cover crops 
and characterized by high N-use efficiency had reduced N2O gaseous emissions 
(van Groenigen et al. 2011).

N-fertilization placement in CA is relevant; N2O emissions were significantly 
reduced, if fertilizers were located below the most biologically active zone (ca. 
5 cm depth) with general agronomic advantages (van Kessel et al. 2013). In NT 
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systems, surface spreading of fertilizers leads to greater N2O emissions than con-
ventional tillage (Ball et al. 1999), while band injection or band placement increases 
N2O emissions compared to homogeneous surface spreading, due to the toxic effect 
of NH3 release on nitrifying bacteria (Venterea et al. 2010). Finally, NT and MT 
practices should be practiced for prolonged periods, particularly in dry climates, to 
efficiently mitigate N2O emissions. Table 22.5 summarizes the effects of different 
agricultural management systems in CH4, N2O, CO2 and NH3 emission potentials.

22.4.3 � Ammonia

Ambient NH3 assumes an important role and growing interest among different at-
mospheric N reactive species, as a key for future negative impacts of N on terrestrial 
ecosystems (Sutton 2006). In particular, environmental issues due to NH3 include 
soil acidification, water eutrophication with subsequent loss of biodiversity, partic-
ulate matter formation, and long-range transport of sulfur (S) and N (Harper 2005). 
Dry or wet deposition of NH4

 + particles to the ground contributes to increased en-
vironmental loads, such as NO3

−  in groundwater and production of indirect GHG 
emissions as N2O and O3 (Galloway et al. 2008). Most NH3 emissions in the atmo-
sphere are due to agricultural activities that contribute to more than 50 % of global 

Table 22.5   Effects on GHG and ammonia (NH3) emissions on mitigation options at the crop pro-
duction stage. (modified from Novak and Fiorelli 2010)
Mitigation options for crop production CH4 N2O CO2 NH3
Crop rotation Increase diversity in crop 

rotation
– – ↘ –

Introduce perennial crops – ↘ ↘ –
Prolong lifespan of tempo-
rary leys

– ↗ after 
plowing

↘ ↗ after 
plowing

–

Cultivate catch crop – ↘ in short 
term; ↗? in 
long term

↘ in short 
term; ↗? in 
long term

–

Genetic 
selection

Breed crops to improve N 
use efficiency

– ↘? – ↘?

Fertilization Synchronize N inputs with 
crop uptake

– ↘ – -

Time effluent application 
with soil wetness

– ↘ – ↘ or ↗

Improve fertilization ↘ ↘ ↘? or ↗? ↘
Soil tillage Reduce tillage ↘ ↘? or ↗? ↘ ↗?

Avoid soil compaction ↘ ↘ ↘ ↘?
Incorporate crop residues ↗ ↗ ↘ ↘?

↘: mitigation option decreases emissions
↗: mitigation option increases emissions
↘ or ↗: both tendencies have been shown
–: no information given on this compound
?: result needs to be confirmed by more studies
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emissions (Bouwman et al. 1997). NH3 is mainly produced by conversion of N pres-
ent in urea and uric acid, excreted by livestock or supplied by mineral fertilizers, to 
NH4

 +. This transformation occurs rapidly (often within a few days) and requires a 
key enzyme, urease, which is present in faeces and soil. Furthermore, NH3 can be 
produced by conversion of complex organic N forms contained in soil or manures, 
but this process is slower and could take months.

The main factors influencing the total amount of NH3 lost from organic and 
inorganic fertilizers are: typology and concentration of fertilizer, physicochemical 
characteristics of soil and transfer of NH3 from surface to atmosphere, and function 
of the meteorological conditions, i.e., air temperature, wind speed, and solar radia-
tion (Webb et al. 2010). While increased air temperature has a direct impact on the 
increase in volatilization, rain has an inverse relationship, keeping NH3 in the aque-
ous phase in the soil and reducing overall emissions (Sommer and Hutchings 2001).

In dry soils, NH3 emissions are generally reduced due to ammoniacal solutions, 
which may be adsorbed and infiltrated through the pores, reducing its contact with 
air (van der Molen et al. 1989). In contrast, wet or very dry soils reduce infiltration 
facilitating NH3 emissions due to the longer fertilizer–air contact. Therefore, in-
creasing the WPFS by reduction tillage or NT can be a helpful agronomical practice 
to deepen NH3 solutions into the subsoil. Furthermore, lower temperatures—typi-
cal of CA tillage practices—can decrease surface water evaporation, discouraging 
emissions.

Soil placement and application timing may affect the agronomic efficiency of 
fertilizer and the relative losses in the atmosphere as NH3 (Carozzi et al. 2013a). 
Tillage operations, such as plowing or deep harrowing, after application of organic 
fertilizers or green manures, contribute to reducing NH3 emissions by burying the 
material into the soil. NH3 abatement efficiency can range up to 90 %, if soil in-
corporation occurs rapidly compared to surface spreading (Huijsmans et al. 2003, 
Carozzi et al. 2013b). Consequently, NH3 emissions are crucial in NT and MT sys-
tems, where fertilizers are placed on the soil surface or mixed in the topsoil layer.

NH3 volatilization from broadcasted urea has a slower dynamic than manure, 
since the hydrolysis process has to take place under favorable conditions of soil wa-
ter content and temperature (Terman 1979). NH3 losses may be greater when urea is 
applied to residue-covered soil because: (1) urease is active on the crop residual sur-
face, (2) the effect of mulch makes the soil moist and helps the hydrolysis process 
not in close contact with the soil, and (3) it is more difficult for the urea to reach the 
soil due to the physical barrier caused by residues. In addition, residues may have 
a different thermal inertia with respect to the soil by potentially increasing chemi-
cal reactions. Moreover, losses tend to be higher from coarse- than fine-textured 
soils, since fine-textured soils have a higher cation exchange capacity, which can 
sequestrate more NH4

 + from soil solution. Therefore, NT may enhance NH3 volatil-
ization losses from urea-based fertilizers due to the high urease activity associated 
with residue retention on the soil surface (Sommer et al. 2004). Since nitrate-based 
fertilizers are less subject to volatilization than ammonium-based ones and soil 
water retention is enhanced in NT and MT to limit leaching, nitrate-based fertil-
izers are preferred in CA practices. Moreover, under climate change conditions, it 
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is even more important to avoid keeping ammonium-based fertilizers (both organic 
or urea forms) on soil surface, especially in CA systems. In this regards, it is use-
ful to consider N-sulfate or nitrate forms, and to develop technologies for direct 
injection of ammonium-based fertilizer into the soil, or to avoid the contact be-
tween ammonium-based fertilizer and crop residues. Variations in meteorology and 
overall climate can significantly affect NH3 emissions. The main motivation is that 
the volatilization phenomenon is directly correlated with increasing temperatures 
(Skjøth and Geels 2013). This effect is reflected in atmospheric aerosol concentra-
tions, radiative forcing (Xu and Penner 2012), and atmospheric chemistry (Seinfeld 
and Pandis 2006).

22.5 � CA and Water Quality

22.5.1 � Runoff and Erosion, Nutrient Losses  
in Surface Water

Soil erosion represents a threat for agricultural sustainability worldwide (Laflen 
and Roose 1998). In Europe, soil erosion is one of the most important environ-
mental problems particularly in agricultural systems of the Mediterranean basin 
(Fig. 22.2). In East and Southeast Asia, available water resources are limiting fac-
tors; while there is water available for irrigation, agricultural land resources are 
becoming scarce (Pisante et al. 2010).

Despite the economic impact on a world-scale, soil erosion is difficult to esti-
mate; it is a function of erosivity and erodibility. Erosivity is related to the physical 
characteristics of rainfall at the soil surface and runoff velocity: It is therefore af-
fected by crop residues. Erodibility is related to the physical features of soil (Blevins 
et al. 1998). It is now well acknowledged that long-term use of conventional tillage 
in certain situations leads to soil compaction and therefore lower yields, increased 
runoff, and poor infiltration (Hussain et al. 1999a; Ferreras et al. 2000; Raper et al. 
2000), ultimately determining the risk of soil erosion. In erosion-prone environ-
ments (wet or dried warm zones), inversion of soil by tillage promotes unnecessary 
moisture loss; at the same time, crop residues that should protect soil from erosion 
by wind or water and slow soil moisture loss after rain are buried (Pisante 2002).

The higher aggregate stability in CA practices, when compared to convention-
ally tilled fields or NT fields without residue retention, results in lower soil erosion 
potential (Govaerts et  al. 2007; Li et  al. 2007; Pinheiro et  al. 2004; Chan et  al. 
2002; Filho et al. 2002; Hernanz et al. 2002). The positive effect of CA on reduced 
erodibility is further enhanced by the reduced runoff (Rao et al. 1998, Rhoton et al. 
2002). Soil sediments, as a consequence of soil erosion, represent the main con-
taminants of water flows (Tebrügge and Düring 1999); it is estimated that 27–86 % 
of eroding sediment leaves the field (Quine and Walling 1993). Associated with 
this movement of soil and water are nutrients, agrochemicals, pathogens, organic 
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matter, and heavy metals (Christensen et al. 1995), all of which frequently dam-
age the water ecosystem (Uri et. al. 1998). Sediments cause sublethal and lethal 
responses in fresh water fish, aquatic invertebrates, and periphyton (Newcombe and 
MacDonald 1991). A direct consequence of inorganic fertilizers, organic matter, 
and pesticides leaching into the water is eutrophication, a widespread phenomenon 
throughout the world (Harper 1992).

CA is a possible way to reduce the risk of these pollutants reaching surface and 
ground water. In a 15-year study, comparing different CA techniques, sediment loss 
was 532, 82, and 1152 kg ha−1 per year for chisel-plow and disk versus no-till, re-
spectively (Owens et al. 2002). Soil management affects the rate and proportion of 
water infiltration and therefore river flow rates and the need for irrigation (Evans 
1996). In areas of low rainfall, CA helps retain water in the upper soil layers (Ras-
mussen 1999). Direct drilling combined with stubble retention increased rain infiltra-
tion, leading to reduced runoff compared to cultivated soil (Carter and Steed 1992).

22.5.2 � Nitrate Leaching

Nitrate leaching from agricultural systems is one of the most important negative 
externalities of agricultural systems. Nitrate leaching depends on several interacting 
factors such as organic and mineral fertilization, cropping system, crop nitrogen 

Fig. 22.2   Soil erosion map in Europe. (Kirkby et al. 2004)
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uptake, amount of rain, temperature, and soil characteristics (Acutis et  al. 2000; 
Beaudoin et al. 2005; Perego et al. 2012; Zavattaro et al. 2012). All these factors 
are subject to the effects of climate change and conservation tillage systems; no-till 
has the possibility to reduce nitrate losses through leaching under climate change 
conditions (Soane et al. 2012). Tebrügge (2001) supposed lower nitrate leaching 
in no-tilled soils and Van Den Bossche et al. (2009) showed higher N efficiency 
in reduced and no-till systems compared to conventional systems as a result of 
slower organic matter decomposition and therefore slower mineralization and less 
leaching. Greater nitrogen use efficiency (NUE) in conservation systems has been 
observed in the USA; this increase in NUE allows for a reduction in leaching when 
comparison with conventional agriculture, without increasing N2O emissions (Rob-
ertson et al. 2012). These results were partially confirmed by Hansen et al. (2010) 
who identified situations where leaching was lower in no-tilled soils, while others 
had lower leaching under conventional tillage. Klein et al. (2013) used the CropSyst 
model to highlight increases in N-leaching by 30–45 % for two climate scenarios for 
2050 in a catchment on the Swiss Central Plateau, and to identify RT as an impor-
tant option for reducing leaching and erosion.

Another possible impact of climate change is increased cracking in dry periods 
and increased infiltration during more frequent, intense rainfall events (Stuart et al. 
2011), and surface sealing due to the impact of raindrops on the soil surface, causing 
soil aggregate breakdown and production of fine particles, which reduce macropo-
rosity. In both situations, conservation tillage offers more surface residues to protect 
soil from raindrops, conserves soil moisture by reducing the shrinking and swelling 
phenomena in clay soil, reduces the risk of high concentrations of P and N in runoff 
water, and often reduces leaching by reducing the macroporosity.

22.6 � Research and Knowledge Transfer

Scientific research is the main driver of innovation, creating new knowledge and 
technology that can be transferred and adapted to different situations. This view 
is usually described as the “linear” or “transfer of technology” model. The second 
view, while not denying the importance of research and technology transfer, recog-
nizes innovation as an interactive process. Innovation involves the interaction of 
individuals and organizations possessing different types of knowledge to include 
not only knowledge creation but also the whole system of technological diffusion, 
adoption processes and interaction adjustments. Future solutions will require inter-
active relationships among basic science, applied science, and technology develop-
ment (OECD 2009). The important role of agronomy research and effort technology 
transfer system for enhancing the effect of CA in relation to climate change, as in 
other areas, is strongly linked to the quantity and quality of available data. In the 
contemporary agricultural sector, competitiveness depends on collaboration for in-
novation. Increasingly, “innovation systems” are viewed as a network of knowledge 
flows with considerable two-way flows of information upstream and downstream 
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and knowledge spillover among participants that are connected in formal and in-
formal ways. This more systemic approach suggests that innovation policy goes 
far beyond research expenditure and involves a wide range of institutions that can 
affect incentives, knowledge sharing, and the processes used for commercialization. 
The estimated benefits of agricultural research generally far exceed its costs, with 
the literature reporting annual internal rates of return that range between 20 and 
80 % (Alston 2010).

A conceptual framework containing elements of an agricultural innovation sys-
tem for adaptation to climate change could be developed, as well as multiple indica-
tors that would help assess the performance of each aspect of an innovation system 
in agriculture across countries. Knowledge, information, and technology are in-
creasingly generated, diffused, and applied through the private sector. Exponential 
growth in information and communications technology (ICT), especially the Inter-
net, has transformed the ability to take advantage of knowledge developed in other 
places or for other purposes. The knowledge structure of the agricultural sector in 
many countries is changing markedly (OECD 2011). Evidence of linkages between 
research, productivity growth, and competitiveness also stress the need to adopt an 
approach with more innovation systems, like in agriculture.

The mitigation of adverse effects of climate change and exploration of new solu-
tions for agriculture in an increasingly globalized comparison could help to iden-
tify the most appropriate policy directions in support of research and development 
(Nisbet 2009). Future work should take a closer look at institutional arrangements 
in agricultural innovation and knowledge systems, and examine the respective roles 
of governments and the private sector in strengthening innovation systems and fa-
cilitating technological adoption. In this respect, some measures to take are (1) pres-
ence of research collaboration across sectors, (2) protection of intellectual property 
rights, and (3) knowledge flow. A comprehensive effort should be undertaken to 
measure the different stages of an innovation system, for example, by testing its 
technological adoption and diffusion at the farm level, and to investigate the impact 
of agricultural policies on technological change and technical efficiency. The nature 
of production systems, within contemporary climate change, has been the trans-
formation from high-disturbance production systems with a high environmental 
impact to low-disturbance agroecological systems, where production technologies 
and practices (i.e., CA) are more in harmony with the ecosystem process and where 
both productivity and environmental services can be harnessed. Multi-stakeholder 
innovation systems have an important role to play in generating relevant technolo-
gies that can be adopted and adapted by farmers, who must be an integral part of any 
effective innovation system. Training actions creating the possibility for “fast track” 
applications and evaluations under different specific conditions could be consid-
ered, though are more common for students and less common for farmers and more 
popular among research institutions and extension offices, where they exist. The 
spread of CA worldwide has been achieved where: (1) farmers have been informed 
of the system and convinced of its benefits by experience; (2) training and technical 
support to early adopters have been provided; and (3) adequate support policies ex-
ist (e.g., funding through carbon sequestration contracts with farmers).
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22.7 � Conclusions

This chapter reviews the main interactions of CA systems with climate change, 
especially on sectors like agriculture, where the lifecycle of crops is mainly deter-
mined by climate conditions. At national and state levels, the adoption of CA poli-
cies is often congruent and supportive of other policies related to the environment, 
natural resources, energy efficiencies, and more recently, climate change.

The adoption of CA can significantly affect the emission of GHG and NH3, espe-
cially if good agricultural practices, mainly related to the efficient use of fertilizers, 
are observed. Reduced or NT leads to direct drops in N2O emissions, CH4 and CO2 
sinks, while the incorporation of crop residues causes a general increase in N2O and 
CH4, and a potential reduction in NH3 and NO3

− . Improved NUE can greatly reduce 
the emission of N reactive forms, as N2O, NH3, and NO3

− , towards the atmosphere 
and groundwater. In relation to increasing temperatures, the emissions of N2O and 
NH3 are directly correlated, while CH4 is negatively correlated, to air and soil tem-
peratures. The changes in precipitation frequency and intensity in some areas may 
noticeably affect the release of these pollutants, because they are directly correlated 
to NO3

−  leaching and the emission of N2O and CH4, mainly due to conditions of 
soil aeration. In this regard, CA techniques which greatly improve soil porosity and 
reduce soil temperature are advantageous practices to mitigate these releases into 
the environment.

For productive and remunerative agriculture, which at the same time preserves 
and enhances the natural resource base and environment, and positively contributes 
to harnessing environmental services, CA represents a task for Sustainable Crop 
Production Intensification (SCPI) to not only reduce the impact of climate change 
on crop production but also mitigate the factors that cause climate change by reduc-
ing emissions and by contributing to carbon sequestration in soils. Hence, it adapts 
to and mitigates climate change and leads to a more efficient use of inputs to reduce 
production costs. Intensification should also enhance biodiversity—above- and be-
lowground level—in crop production systems to improve ecosystem services for 
better productivity and a healthier environment (Pisante et al. 2012). Investments 
in knowledge—especially in the form of science and technology—have featured 
prominently and consistently in most strategies to promote sustainable and equi-
table agricultural development at the national level.

In crux, CA as a basis for SCPI is essential and practicable, but depends on both 
how and what crops are grown, as well as on the engagement of all stakeholders 
who are aligned towards transforming the unsustainable tillage-based farming sys-
tems to CA systems regardless of soil, climate, and ecosystem services. This trans-
formational change is now occurring worldwide on all continents and ecologies 
and covers nearly 10 % of global arable land. In any case, there is the need to stan-
dardize research activities because often contradictory results are due to incomplete 
implementation of the basic principles of CA (Derpsch et al. 2014). In the authors’ 
opinion, well-managed experiments indicate greater resistance and resilience of CA 
systems to climate changes, and that the most critical point could be the control of 
gaseous emissions of N2O, and that this is a specific requirement.
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An example of ecosystem services operating in different parts of the world and 
including a carbon offset scheme for agricultural land use is in Alberta, Canada. 
The province of Alberta, which has a strong agriculture-based economy and also the 
highest GHG emissions in the country (due to oil and gas production), first adopted 
a climate change action plan in 2002. Since 2007 this has included the implementa-
tion of a CA system protocol on agricultural lands as an opportunity for direct and 
indirect reductions of GHG emissions through carbon offset trading with industry 
(Goddard et al. 2009). These important lessons learnt from around the world regard-
ing the high potential for carbon sequestration with CA systems and the associated 
opportunity for carbon trading and reduction in GHGs emissions should be taken 
into consideration in any climate change mitigation and sustainable crop production 
strategy for the future.
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Abstract  Conservation agriculture (CA) reduces soil productivity loss by intro-
ducing various practices that minimize changes to soil composition and structure. 
Adoption of CA remains a challenge despite reasonable economic evidence for its 
desirability from an on-farm perspective in most regions and, even more so, from a 
social perspective (with perhaps the exception of Africa). Although on-farm profit-
ability for CA varies, it is not likely to be the key barrier to adoption. Instead, it is 
argued here that other factors play a critical role in determining the successful dis-
semination of CA practices among farmers but that these will vary from site to site. 
This chapter explores the issues involved in the adoption of CA, first by reviewing 
existing research on economic profitability and other factors thought to influence 
adoption and, second, by considering what new directions this research is taking, 
or could take, in order to better understand on-farm adoption behaviour. It is argued 
that the addition of further empirical studies using advanced methods and new per-
spectives to assess sustainable farming methods could increase our understanding 
of the adoption and diffusion of new farming technologies such as CA. Using bet-
ter approaches to model individual decisions regarding CA adoption is one area to 
improve our understanding of adoption. Though social, institutional and network 
(social capital) factors are extremely important, they are not addressed in detail 
here as the methods are quite different. Although the issues and approaches related 
to the study of agricultural technology adoption discussed in this chapter are in the 
context of promoting CA, they have a much broader relevance for the study of other 
sustainable farming technologies.

Keywords  Economics · Tillage · Sustainable agriculture · Technology dispersal · 
Africa
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23.1 � Introduction

Conservation agriculture (CA) reduces soil productivity loss by introducing various 
practices that minimize changes to soil composition and structure (ECAF 2001). 
CA maintains permanent or semi-permanent organic soil cover with a growing crop 
or mulch that physically protects the soil from the elements and feeds soil biota. Ze-
ro-tillage with direct seeding is perhaps the best example of CA, since it avoids the 
disturbance caused by mechanical tillage. A varied crop rotation is also important to 
avoid disease and pest problems. Some examples of CA techniques include: (i) di-
rect sowing/direct drilling/no-tillage, where the soil remains undisturbed from har-
vest to planting except for nutrient injection; (ii) ridge-till, where the soil remains 
undisturbed but planting takes place in a seedbed prepared on ridges; (iii) mulch till/
reduced tillage/minimum tillage, where the soil is disturbed prior to planting; and 
(iv) cover crops, where appropriate species are sown between successive annual 
crops to prevent soil erosion and to control weeds.

This chapter explores the issues involved in the adoption of CA, first by review-
ing the literature which examines economic profitability and other factors thought 
to influence adoption and, second, by considering new directions that this research 
is taking, or could take, in order to better understand on-farm adoption behaviour. 
Using better approaches to model individual decisions regarding CA adoption is 
one area to improve our understanding of adoption. However, social, institutional 
and network (social capital) factors are increasingly important for adoption research 
but are not addressed in detail here as the methods are quite different. For an over-
view of some of these approaches within the broader context of natural resources 
management, see Moore and Cisse (2005). For an example of a method to measure 
social capital empirically that can be used in statistical modelling, see Wood et al. 
(2008).

The past several decades have seen rapid advances in the technologies associ-
ated with minimum or no-tillage agriculture and their adaptation for nearly all farm 
sizes, soil and crop types and climate zones. To date, CA has been implemented 
on approximately 125 million  ha worldwide (Kassam et  al. 2012), but adoption 
remains slow in some regions (e.g. Africa). As such, there is considerable interest in 
promoting further CA adoption around the world. To effectively do so, it must first 
be demonstrated that, for society as a whole, adoption of the new technology gener-
ates net benefits (however defined). While few studies have addressed this broader 
social welfare aspect of agricultural technologies such as CA, it is often assumed 
that the net benefits are positive. Table 23.1 shows the spatial incidence of benefits 
from adopting CA.

Table 23.1 suggests that there may be substantial benefit beyond the farm itself 
for which the farmer may not be compensated. That is, differences appear to exist 
between privately appropriable benefits and national or global economic benefits 
stemming from an expansion of the area under CA. In agriculture sectors around 
the world, government policy has long sought to address such divides in an effort to 
boost collective benefits. This situation would appear to similarly invite the promo-
tion of CA by government, international and non-government agencies; however,  
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questions exist around the effectiveness of particular policy approaches and wheth-
er CA is sufficiently attractive to farmers and to society in some regions to warrant 
aggressive government intervention (Giller et  al. 2009). These questions are not 
easily answered; technology adoption at the smallholder level is complex, as dem-
onstrated in Fig. 23.1.

In Fig. 23.1, smallholders make choices about technology and resource use un-
der the constraints imposed by their household and on-farm resources, as well as 
higher level factors at local to global scales. Information about new technologies 
and financial conditions is a precursor to changes in farm practices. All these factors 
affect net returns, risks and other pecuniary elements that drive the decision-making 
process which are then subject to a variety of feedbacks that further complicate the 
decision process.

Benefits and costs Incidence at various scales
Farm Regional/national Global

Benefits
Reduction in on-farm costs: savings in time, 
labour and mechanized machinery



Increase in soil fertility and moisture retention, 
resulting in long-term yield increase, decreasing 
yield variations and greater food security

  

Stabilization of soil and protection from erosion 
leading to reduced downstream sedimentation



Reduction in toxic contamination of surface 
water and groundwater



More regular river flows, reduced flooding and 
the re-emergence of dried wells



Recharge of aquifers as a result of better 
infiltration



Reduction in air pollution resulting from soil 
tillage machinery

 

Reduction of CO2 emissions to the atmosphere 
(carbon sequestration)



Conservation of terrestrial and soil-based 
biodiversity



Costs
Purchase of specialized planting equipment 
Short-term pest problems due to the change in 
crop management



Acquisition of new management skills 
Application of additional herbicides  
Formation and operation of farmers’ groups  
High perceived risk to farmers because of techno-
logical uncertainty

 

Development of appropriate technical packages 
and training programmes



Table 23.1   The distribution of benefits and costs associated with conservation agriculture across 
different spatial scales ( check mark indicates presence of benefit or cost). (Source: Knowler and 
Bradshaw 2007)
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In the following sections, financial and other factors that play upon the adoption 
of CA and similar technologies by smallholders are reviewed within the context of 
Fig. 23.1. Is farm profitability likely to improve when adopting CA? If not, what 
factors help explain when it is or is not profitable? While financial profitability 
may be necessary, it is not a sufficient condition for adoption, as many studies have 
shown. More recent research has employed increasingly sophisticated statistical 
tools to analyze the myriad influences on adoption. Some of this new research is  
discussed here (other new directions include social learning, network analysis and 
social capital, but these are not covered in detail). In particular, the traditional sta-
tistical approach to modelling adoption decisions at the farm level needs upgrading 
to account for a variety of influences not always properly considered in farm-level 
adoption studies. We can reasonably ask: What new approaches for modelling the 
adoption of sustainable agricultural technology, and specifically CA, at the farm 
level are most promising? The chapter concludes with an assessment of the current 
state of and some possible future directions for CA adoption research.

Fig. 23.1   A conceptual framework for studying the adoption of conservation agriculture. (Source: 
FAO 2001)
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23.2 � Farmer Adoption of Conservation Agriculture

In the following section, farmer adoption of CA is considered from two distinct 
perspectives. First, the role of financial profitability is analyzed in terms of whether 
CA technologies are likely to be viable and under what conditions. Second, other 
factors potentially influencing adoption are assessed.

23.2.1 � Financial Considerations in Adopting 
Conservation Agriculture

Crosson (1981) and numerous subsequent financial analyses of conservation tillage 
have shown that typically it produces higher farm-level net returns than conven-
tional tillage. Much of this advantage stems from reduced costs for machinery, fuel 
and labour, combined with unchanged or improved yields over time. Beyond con-
servation tillage, numerous soil-conserving practices typically produce net financial 
benefits for adopters, but certainly not all. An important question is whether CA is 
more likely to be profitable than other soil and water conservation technologies. To 
help answer this question, a meta-analysis was carried out of farm-level financial 
analyses from sub-Saharan Africa and Latin America/Caribbean undertaken during 
the 1990s. This was a period when soil and water conservation was promoted ag-
gressively by various multi-lateral banks and agencies. Table 23.2 presents data col-
lected from 12 different studies, each of which included up to two dozen individual 
technology analyses. These analyses examined the on-farm, financial profitability 
of a given technology and reported this as a discounted net present value (NPV), 
benefit–cost ratio (BCR) or internal rate of return (IRR). The number of technology 
analyses demonstrating positive profitability (e.g. NPV > 0) varied from study to 
study. To derive some insight as to the relative financial attractiveness of CA tech-
nologies versus other conservation technologies, a regression analysis was carried 
out on the data contained in the studies.

Each study used standard cost–benefit methodology and decision criteria to 
assess profitability (Hanley and Barbier 2009). Of the 130 individual technology 
analyses indicated in Table 23.2, 95 were suitable for the regression procedure in 
terms of providing complete information for all the variables of interest. For the 
dependent variable, technology analyses were partitioned according to the NPV cri-
teria (NPV > 0 or < 0) to give a binary variable coded as 0 or 1, enabling use of the 
binomial probit procedure. Each of the 95 technologies was then coded according 
to the World Overview of Conservation Approaches and Technologies (WOCAT) 
classification system for conservation technologies (WOCAT 2004) which recog-
nizes four classes of technology:

(i)	 Agronomic (cover crops, mulching, conservation tillage, etc.)
(ii)	 Vegetative (grass strips, Vetivera spp., etc.)
(iii)	Structural (drains, terraces, check dams, etc.)
(iv)	Management (not used)
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While not a perfect correspondence, the agronomic class essentially represents what 
is referred to as CA, as these technologies are associated with annual crops and 
are repeated each growing season or in a rotational sequence. In contrast, vegeta-
tive technologies are of longer duration and often lead to a changed slope profile 
through use of perennial grasses, shrubs or trees to construct grass strips, hedge bar-
riers or windbreaks. All technology variables were coded as dummy variables, so 
that each study analysis technology was coded ‘1’ for the relevant technology class 
and ‘0’ for other technology class variables. The management technology class was 
not used and the structural technology variable was left out of the estimated regres-
sion relationship to avoid the dummy variable trap.

In addition to the type of technology used as an independent variable, several 
other independent variables were included in the regression analysis; the discount 
rate was considered since benefit–cost analysis outcomes can depend on this param-
eter and the project life used in the technology analysis was considered for the same 
reason. Several additional steps were included to test for possible biases. First, we 
added a dummy variable to indicate whether a study had been conducted ex ante 
or ex post, since conceivably this might affect the outcome of the analysis. Second, 
after preliminary model runs, studies from Africa showed a systematic influence not 
apparent in studies conducted elsewhere, so an additional dummy variable was used 
to indicate an African study site. Finally, as the data consisted of a larger set of tech-
nology analyses (95) spread across only 12 individual studies, it was important to 
test for a researcher or study bias influencing the individual technology outcomes. 
As a result, a random effects model was employed to test for such an effect. In the 
end, the estimated binary probit model took the following form:

� (23.1)0 1 1 2 2 3 3 4 4 5 5 6 6X X X X X X ,Y β β β β β β β= + + + + + + + ε

Table 23.2   Description of 130 conservation technology financial analyses contained in 12 eco-
nomic studies from which 95 technology analyses were used in the regression analysis
Study Location No. of technology 

analyses
Percentage with 
NPV > 0 (%)

Ex ante or Ex 
post

Barbier (1992) Africa 6 100.0 Ex post
Current and Scherr (1995) C. America/

Caribbean
34 79.4 Ex post

Ehui et al. (1990) Africa 3 100.0 Ex ante
Ellis-Jones et al. (1995) C. America/

Caribbean
11 27.3 Ex ante

FAO/IC (1991) Africa 11 27.3 Ex ante
Giger et al. (1999) Africa 27 51.9 Ex post
Kuyvenhoven et al. (1998 Africa 1 100.0 Ex ante
Lutz et al. (1994) C. America/

Caribbean
11 63.6 Ex ante

Mwanza and Place (1995) Africa 1 100.0 Ex ante
Williams (1997) Africa 2 100.0 Ex post
World Bank (1990) Africa 10 90.0 Ex ante
World Bank (1992) Africa 13 53.8 Ex ante

FAO Food and Agriculture Organization, IC investment center
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where

Y	 Index measure of technology profitability (binary-dependent variable)
X1	 Dummy for an agronomic technology
X2	 Dummy for a vegetative technology
X3	 Dummy for an African study location
X4	 Measures the discount rate used
X5	 Measures the project life used in the technology analysis
X6	 Dummy for an ex ante versus ex post analysis
ϵ	 The error term

Two models were estimated using LIMDEP 7.0 and the results are shown in 
Table 23.3. As part of the analysis, various statistical tests for bias were carried out. 
For example, random effects modelling did not reveal a systematic study-by-study 
influence related to authorship, nor was there any statistical significance associated 
with whether the studies were carried out ex ante or ex post. Project life did not 
significantly influence the results. Only the test for a regional or geographic bias 
turned up a significant influence, in the case of Africa. All other coefficients for the 
explanatory variables were significant at the 1 % level or, at worst, the 5 % level of 
significance (Table 23.3). Since the coefficients for project life and ex ante/ex post 
variables were not significant at the 5 % level, the ensuring discussion focuses on 
the results for Model 2, which excludes these two variables.

The analysis reveals that for the sub-Saharan African and Latin American/Ca-
ribbean regions, financial analyses of various farm-level conservation practices 
produce a positive NPV in most cases (Table 23.2). However, the regression analy-
sis showed that technology clearly makes a systematic difference with agronomic 

Table 23.3   Results of binary probit regression analysis where dependent variable is based on 
whether analysis demonstrates NPV > 0 ( Y = 1) or NPV < 0 ( Y = 0), n = 95
Variables Model 1 Model 2

Parameters Marginal effectsa Parameters Marginal effectsa

Constant (β0) 3.126b 1.111b 4.243c 1.510c

(2.18) (2.29) (4.15) (4.42)
Agronomic dummy (β1) 1.431c 0.392c 1.355c 0.378c

(3.20) (4.45) (3.22) (4.43)
Vegetative dummy (β2) 0.977b 0.318c 0.826b 0.274c

(2.48) (2.82) (2.39) (2.65)
Africa dummy (β3) − 1.084 − 0.360b − 1.486c − 0.476c

(− 1.91) (− 2.13) (− 3.49) (− 4.19)
Discount rate (β4) − 0.181c − 0.064c − 0.205c − 0.073c

(− 3.35) (− 3.40) (− 4.24) (− 4.35)
Project life (β5) 0.016 0.0058 – –

(1.02) (1.01)
Ex post dummy (β6) 0.222 0.079 – –

(0.67) (0.67)
Prediction accuracy (%) 75.8 76.8

a Marginal effect for dummy variable is P(1−P)0 (Greene 1993)
b  5 % level of significance
c 1 % level of significance
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technologies (CA) most likely to produce a positive NPV, followed by vegetative 
technologies, which in turn are preferred to structural technologies (Table  23.3). 
As a measure of this increased attractiveness associated with CA technologies, the 
marginal effects indicate that shifting from a structural to a vegetative technology 
increases the probability of a positive NPV by 0.274, and moving from a vegeta-
tive to an agronomic technology increases this probability a further 0.104–0.374. 
Geographic location matters too, since African studies are markedly less likely to 
be profitable when all else is equal. As a measure of this negative influence, shifting 
from a Latin American or Caribbean to an African site reduces the probability of 
viability by − 0.48. More recent research has raised concerns about the economic 
attractiveness of CA-specific smallholder conditions in Africa (Giller et al. 2009). 
The results reported here appear to reinforce that concern. However, the debate 
around this point continues to stir controversy and is yet to be resolved.

23.2.2 � Other Considerations in Adopting 
Conservation Agriculture

Can we draw final conclusions about technology from economic studies alone? 
Probably not, since other factors are sure to be important. If true, then even if the 
practices associated with CA are profitable, their diffusion among farmers need not 
occur automatically. In other words, there is a need to identify factors beyond just 
farm-level profitability that explain adoption of CA. For example, if many farmers 
in a locale face similar conditions of profitability, why do some adopt new tech-
nologies and others not? There is a long and rich tradition of research that seeks to 
explain farmers’ adoption of particular agricultural innovations (Feder et al. 1985). 
Researchers typically select a number of potential independent variables for inclu-
sion in their analysis based on prior theorizing and test, usually via logistic (logit) 
or probit regression, which variables correlate with adoption. Variables typically 
used in such analyses and their explanatory power were reviewed by Knowler and 
Bradshaw (2007) and a summary of their findings is presented below.

Farmer awareness or perception of soil problems frequently is correlated posi-
tively with the adoption of soil conservation practices like no-till. More generally, 
assessments of the presence of conservation attitudes among farmers adopting CA 
have revealed both positive and insignificant correlations. For example, the educa-
tion level of a farm operator commonly correlates positively with the adoption of 
CA practices; however, some analyses have found education to be an insignificant 
factor, or even negatively correlated with adoption. The farmer’s age has been as-
sessed often but it is difficult to link to the adoption of CA, as with assessments of 
‘experience’ that reveal both positive and insignificant correlations.

Assessments of the adoption of conservation tillage and similar soil conserving 
practices have often included the biophysical characteristics of the farm itself. For 
example, owners of larger operations may be more willing to invest in new tech-
nologies such as direct seed drills. However, empirical studies demonstrate mixed 
results so that the overall impact of farm size on adoption is inconclusive, despite 
casual empirical evidence from individual countries such as the USA or, perhaps, 
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Brazil. With respect to rainfall, similar mixed results have been observed. Some 
studies have found that the presence of soil erosion and other soil problems on a 
farm correlate positively with conservation tillage adoption. Related to this finding, 
various studies have shown that farm operations located within regions of steep 
slopes and erodible soils have a greater tendency to adopt soil conservation prac-
tices, but not always. Indeed, farmer awareness of, and concern for, soil erosion is 
probably the more critical factor affecting adoption.

Land tenure, farm income/profitability and labour supply have garnered some 
attention in studies of CA adoption. With respect to tenure, conventional wisdom 
suggests that owned land is better maintained by farmers than leased land. While 
some empirical results have supported this hypothesis, other studies have not. With 
respect to wealth, it is regularly hypothesized that the adoption of CA, or indeed any 
new technology, requires sufficient financial well-being, especially if new equip-
ment is required. Many analyses that have investigated the role of income and farm 
profitability on adoption have revealed a positive influence. Complicating this pic-
ture is the presence of off-farm activities/income which can have a mixed effect on 
adoption.

Without knowledge of the practices associated with CA via some information 
or communication channel, adoption is improbable. Indeed, studies of innovation 
adoption and diffusion have long recognized information as a key variable, and 
its availability has been correlated with adoption. Information becomes especially 
important as the degree of complexity of the conservation technology increases 
(Nowak 1987). Government extension programmes can do much to provide such 
information on CA and thereby influence farmers’ decisions. However, social fac-
tors may be even more important in the dissemination of information about technol-
ogy (Pierce 1996).

For example, Lynne (1995) argued that farmer decision making reflects a com-
promise between private and social interests. Producers often identify this latter 
interest as ‘the right thing to do’, at least in those places where stewardship is part 
of the cultural norm. More generally, it has been recognized that individual actions 
related to the environment may reflect a society’s social capital (Pretty and Ward 
2001). In the broadest sense, social capital refers to the interconnectedness among 
individuals in society and considers relationships as a type of asset. Attributes such 
as ‘kinship’, ‘connectedness to others’, and related social capital characteristics 
have been argued to influence positively the adoption of conservation technology 
(Moore et  al. in press). Similarly, some analyses have identified membership in 
producer organizations and other social networks as a positive influence on adop-
tion. Investigations in the role of social capital and networks in conservation tech-
nology adoption are increasing but more needs to be done. More recent analyses of 
the adoption of broadly defined best management practices emphasizes the role of 
agency and local networks of farmers or watershed groups (Baumgart-Getz et al. 
2012).

Since the preceding and cursory review suggests a varied and fuzzy picture re-
garding non-financial influences on adoption behaviour, a more systematic analysis 
can reveal more useful insights. Knowler and Bradshaw (2007) reviewed 31 CA 
technology adoption analyses, culled from 23 larger studies, to see if a systematic 
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pattern existed among the explanatory variables used with respect to sign and sig-
nificance of estimated coefficients. Most studies used the standard adopt-/no adopt-
dependent variable approach involving a binary probit or logistic (logit) regression 
procedure. The researchers considered approximately 170 independent regression 
variables having significant estimated coefficients and grouped these variables as:

(i)	 farmer and farm household characteristics
(ii)	 farm biophysical characteristics
(iii)	farm financial and management characteristics
(iv)	external factors

The researchers found that few, if any, variables universally explained adoption 
behaviour. Knowler and Bradshaw conclude by stating: ‘it is … possible that we re-
searchers have reached a limit in terms of contributing to a refined understanding of 
the reasons for conservation agriculture adoption’ (p. 44). Such a finding suggests 
that other avenues need to be explored to reach a better understanding of why some 
farmers adopt CA and other do not. For example, should we focus on developing 
better site-specific models or have we simply omitted important social and collec-
tive action variables with strong explanatory power? A further concern is with the 
modelling techniques themselves: perhaps these are simply not up to the task. This 
question and some suggestions on how to address such a problem are discussed in 
the next section.

23.3 � Problems and New Approaches in Studying 
Adoption of Conservation Agriculture

Several key issues arise in reviewing the way in which adoption behaviour is stud-
ied, including whether empirical studies use the most appropriate statistical meth-
ods. For example, how do we incorporate the constraints that farmers face in man-
aging their operations? That is, should we be considering the objective function as 
farm net returns but recognize that these are maximized subject to a variety of con-
straints? Should we be interested in ex ante analysis, ex post analysis or both, when 
studying adoption? Most adoption studies are undertaken ex post after a sufficient 
time lapse to allow for the accumulation of behavioural data. But how useful is this 
for project planning? Analysis of the prospects for adoption will be more useful if 
available before a project is implemented to aid with design. A related but separate 
point is that many empirical analysts are unable to wait long enough for good qual-
ity data to accumulate (say, 10 years minimum), so that even many ex post studies 
may lack a degree of rigor.

Additionally, what about the time dimension? Most adoption studies are cross-
sectional and consider only a single point in time, whereas adoption is in reality a 
dynamic process. Clearly, the results of static cross-sectional analyses will depend 
critically on where the technology dispersal process is situated along the typical S-
curve, usually assumed to represent the dynamics of adoption (see Fig. 23.2), at the 
time the study is undertaken.
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Moreover, how do we explain the intensity of CA adopted on a given farm? 
While most studies only assess adoption versus non-adoption, there may be greater 
insights from knowing how much of the farmer’s limited land base has been de-
voted to CA. Obviously, this can be complex in itself, as farmers may adopt initially 
on a small area for experimental purposes and then expand the area if satisfied with 
performance; other farmers may vary the land area under CA over time, adding 
another dimension to the problem.

Finally, when the farmer faces a set of technology choices, how should we model 
the adoption of a given technology? In other words, rather than a simple binary 
decision between adopt or not adopt, the decision problem facing the farmer more 
realistically may involve selecting from several options or ‘packages’ among which 
not to adopt is just one of these multiple alternatives.

Recent adoption analyses address some of the problems cited above but not all of 
them and, certainly, not all together within a single study. However, in most cases, 
adequate statistical methods are available. In the examples discussed below, a va-
riety of these potential methods is introduced and, where possible, case studies are 
discussed in an attempt to demonstrate the usefulness of the methods.

Example 1: Trade-off Analysis 
Knowler (2005) examined methods to incorporate non-financial constraints in 
assessing prospects for the adoption of sustainable farming technologies (includ-
ing CA). He found that simple trade-off analyses can reveal important informa-
tion about technology characteristics that may influence adoption by allowing 
the analyst to eliminate dominated or inferior technology choices when finan-
cial profitability is compared to the sorts of constraints discussed above. In the 
remainder of this section, a summary of this work is presented, involving a case 
study that was carried out as project planning work in Ghana under the Food 
and Agricultural Organization (FAO)/World Bank Cooperative Programme. The 
purpose was to assess the viability of a range of soil and water conservation 
measures, including some CA techniques, at the farm level. See Knowler (2005) 
for details.

Fig. 23.2   Standard S-curve 
representing adoption of an 
agricultural innovation over 
time
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While farmers may perceive a soil degradation problem and know of profitable 
technologies that address the problem, numerous factors may conspire to inhibit 
their adoption. The benefits of some technologies may be perceived as more distant 
and riskier than the benefits of alternatives. Some technologies involve the timing 
of labour and capital inputs that are inconvenient or have high associated opportu-
nity costs because of seasonal cropping or off-farm income generation demands. 
Other conservation investments are lumpy and require substantial outlays that may 
be beyond most households, while still others may involve highly specialized and 
difficult to obtain inputs. As discussed above, such factors help to explain why the 
adoption of new technologies might be less than predicted by net returns analysis 
alone.

The above considerations were incorporated into the screening of potential land 
management technologies using trade-off analysis. In the case study, six conserva-
tion technologies were assessed using criteria that reflected differing smallholder 
objectives, one of which was financial profitability. For illustration purposes, the 
following two criteria are assessed against financial profitability using trade-off 
curve analysis:

(i)	 incremental labour demand, which makes allowance for limits on the availabil-
ity of household labour to undertake new tasks at peak periods in the cropping 
calendar

(ii)	� initial impact of the technology in terms of meeting subsistence food needs, 
which takes into account any immediate boost in yield, as well as land removed 
from production to accommodate the technology

Trade-off curves were used to assess the trade-offs between the above criteria 
and financial profitability for all six soil and water conservation technologies 
(Fig. 23.3). This quantitative technique allows the analyst to eliminate dominated 

Fig. 23.3   Trade-off curve analyses for land management technologies in Ghana. a Financial rate 
of return versus incremental labour. b Financial rate of return versus initial impact. Note: Data 
labels correspond to: technology 1—mulching, technology 2—ridging, technology 3—stone lines, 
technology 4—strip cropping with groundnut, technology 5—strip cropping with cowpea and 
technology 6—bunding with Vetivera grass. (Source: Knowler 2005)
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or inferior choices. To illustrate, consider any two technologies showing equiva-
lent scores on one of the criteria but differing scores on another. The technol-
ogy with the higher score in the latter case obviously dominates. Repeating this 
exercise for all possible comparisons leads to the so-called non-inferior or non-
dominated set, as illustrated in the two figures. This smaller choice set can then 
be subjected to further screening.

Figure 23.3a shows the trade-off between the incremental labour required when 
adopting one of the technologies and its estimated financial rate of return, with 
preferred technologies situated further up and to the right in the figure. Three of the 
technologies are clearly dominated (technology 2—ridging, technology 3—stone 
lines and technology 4—strip cropping with groundnut). Three technologies are not 
dominated, although technology 5 (strip cropping with cowpea) has a low rate of 
return and only marginally lower labour demand than technology 1 (mulching), so 
that many households may be willing to accept the additional labour demanded by 
the latter. The trade-off between financial gain and labour demand is more substan-
tial when comparing technologies 5 and 6 (bunding with Vetivera grass). A similar 
pattern emerges when the trade-off is between financial gain and the initial impact 
on subsistence crop production (Fig.  23.3b). Overall, technology 6 provides the 
most attractive financial returns, but a significant increase in labour demand and 
an initial loss of crop production is the price paid for these higher financial returns. 
Its attractiveness to individual households, therefore, will depend on household-
specific circumstances.

While in this case, the trade-off analysis appears to identify a preferred technol-
ogy, this may not always be the case. If not, then planners are faced with the chal-
lenge of explicitly or implicitly weighting the different criteria, i.e. are incremental 
labour requirements more important than yield impacts, when assessing trade-offs 
against financial rates of return? While such weightings can be formal, as in stan-
dard scoring and weighting schemes used in traditional multi-criteria analysis, this 
may not be the preferred approach. Individual farmers are likely to make their own 
assessment of the trade-offs among competing conservation technologies, taking 
into consideration their own particular situations. However, using the simple trade-
off technique described here may help planners to improve their project designs. In 
fact, some researchers are employing similar techniques in designing CA projects 
in Africa, such as pair-wise ranking and propensity score matching (PSM) methods 
(Bashaasha and Sikuku, personal communication).

Example 2: Discrete Choice Experiments 
The discrete choice experiment (DCE) is a stated preference technique that has been 
used extensively in applied decision making and market research and more recently 
in environmental assessment (Adamowicz et al. 1998). In a DCE, the researcher can 
incorporate multiple policy dimensions simultaneously, instead of simply evalu-
ating one change at a time. As a result, a DCE is an ex ante technique that can 
jointly address the constraints issue and many other issues raised by ex post analy-
ses regarding planning and design of CA projects (e.g. timing) but much earlier at 
the programme planning stage.
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In a DCE, a respondent is presented with a series of hypothetical choice sets, each 
consisting of two or more alternative scenarios and indicating his/her preference, 
assuming these are the only alternatives available (for a hypothetical example, see 
Fig. 23.4). Each alternative is described in terms of attributes that can take multiple 
values. By aggregating the responses from all the respondents, it is possible to de-
rive part-worth utility functions for each attribute. In our case, the attributes should 
include factors that influence the choice of farming technology at the farm level, 
i.e. conventional farming, CA methods or perhaps other conservation technologies. 
These attributes might include the impact of technology choice on expected profits, 
on labour use, on cropped area or the upfront investment costs of the technology. It 
is always best to gather information about what factors are important in technology 
choice from the stakeholders themselves via rapid rural appraisal (RRA), pilot test-
ing or participatory techniques.

In a DCE, product profiles are constructed from various levels of decision-in-
fluencing factors (attributes) and presented to respondents who are then asked to 
choose the profile they prefer (see Fig. 23.4). Researchers then estimate the part-
worth utility for each attribute level (Louviere et al. 2000). Formally, DCE analysis 
makes use of random utility theory which proceeds from the assumption that the 
utility from selecting a technology can be decomposed into a deterministic and sto-
chastic component as follows (Adamowicz et al. 1998; McFadden 1974):

�
(23.2)

where Vij is the observable indirect utility function for consumer i and alternative j 
and Ɛij is the stochastic component that cannot be observed. If alternative j refers to 
a specific conservation technology, then a farmer will choose conservation technol-
ogy j over another alternative k if U U j kij ik> ≠forall .

,ij ij ijU V ε= +

Fig. 23.4   Sample choice set for a hypothetical study of trade-offs in adopting conservation 
technologies
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Furthermore, we can use this information to describe the probability that a re-
spondent will choose alternative j as:

� (23.3)

where Ci is the choice set with all technologies available to respondent i. Making 
the usual assumptions about the random error term Ɛij, the probability of alterna-
tive j being chosen may be formulated using the multinomial logit (MNL) model 
(Adamowicz et al. 1998):

� (23.4)

If Vij is assumed to be linear in parameters, its functional form may be expressed as:

�
(23.5)

where xijn is the nth attribute value for alternative j for consumer i and βn represents 
the coefficient of the nth attribute value to be estimated.

Practically, the implementation of a DCE involves carrying out a farm household 
survey. Farmers are presented various choice sets (cards) and select a preferred 
package combination from each set. Figure 23.4 presents a hypothetical choice card 
that might be used in such an exercise, including visual portrayals of the different 
attributes to help with comprehension. Various analyses can be carried out using the 
MNL model results in terms of building understanding of the factors likely to influ-
ence the extent and reasons for adopting a technology such as CA. Furthermore, it 
is possible to use the estimated model to create a decision support system (DSS) to 
forecast ‘market share’, which is the predicted adoption of individual technology 
packages. An extension is the use of latent class analysis (or the random parameters 
logit model) to examine sample heterogeneity by modelling the response behaviour 
of subgroups or like-minded ‘classes’ within the sample (Train 2009).

As an example, Duke et al. (2012) used hypothetical scenarios in a DCE to ana-
lyze potential adoption of no-till and several other technologies in Delaware where 
these various technologies were included as components in varying contract pack-
ages presented to farmers. While the expected welfare benefits from acceptance of 
contracts including technologies other than no-till were positive and significant, 
this was not the case for no-till viewed in isolation. Instead, farmers appeared not 
to expect a significant welfare gain from adopting no-till. This result was expressed 
in a low willingness to pay for including no-till in a contract, US$  3.39 versus 
US$ 29.59 for including increased riparian buffer areas in the contract. The au-
thors conclude that: ‘any management contract that included no-till cropping would 
not be expected to increase, or decrease, welfare among the residents in the area’ 
(p. 101). Of course, this is not the result promoters of CA would like to hear but 
surely it is helpful to know this ahead of implementing a programme rather than 
years later.

{ } { }; ,ij ij ik ik iProb jischosen Prob V V forall k Cε ε= + ≥ + ∈

Prob jischosen e e forall k Cv v

k
i

ij ik{ }= ∈∑/ ; .

1 1 2 2 ,ij ij ij n ijnV x x xβ β β= + +…+
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Other applications of DCEs used to analyze land management problems include 
Blazy et  al. (2011) who examined the adoption of agro-ecological innovations 
aimed at reducing pesticide use in banana production in the French West Indies. Ad-
ditionally, members of the US Department of Agriculture (USDA)-funded Sustain-
able Agriculture and Natural Resource Management (SANREM) programme team 
working in Ecuador and Uganda have been using DCEs to assess CA adoption, 
which should produce welcome additions to the literature on ex ante analysis of the 
prospects for adoption at the project planning and implementation stage (Norton, 
personal communication).

Example 3: Duration Analysis 
Recall that most adoption research concentrates on analysing adopters versus non-
adopters at a single point in time. There is little consideration of the timing of the 
decision to adopt. Yet, presumably this can be as important to understand as the 
decision whether to adopt at all. We can frame this problem instead as being time 
dependent. Suppose that farmers have available to them a new farming technol-
ogy that offers potential net benefits and that they can adopt at any time. Such an 
approach falls under the heading of models of duration. Duration models are used 
to analyze dependent variables that are lengths of time (Keifer 1988). These models 
use the idea of conditional probabilities to estimate a hazard rate h, or the probabil-
ity that an observation will move from one state to another at time t, given that it 
has not changed states up to time t. For our purposes, the hazard rate measures the 
timing of adoption assuming the farmer has not yet adopted. Formally, this can be 
described as follows:

�
(23.6)

The hazard rate, h, may not be constant and instead it may be a function of time, or a 
hazard function, h( t), which describes how the probability of adopting a technology 
such as CA changes over time. The hazard rate can also be a function of covariates 
in addition to changing over time (e.g. farm and farmer characteristics).

To estimate such models, we begin by defining a cumulative distribution func-
tion F( t):

�
(23.7)

where F( t) expresses the cumulative level of adoption of the technology up to the 
present or, in other words, the time path of diffusion (Fuglie and Kascak 2001). In 
addition, f( t) is the associated probability density function for F( t). Related to F( t) 
is the survivor function, referring here to the proportion of the farm population that 
has not yet adopted and expressed simply as S( t) = 1 – F( t). Following Fuglie and 
Kascak (2001), we can assume a specific functional form for the survival function 

{ }
0

lim Pr(farmer adopts in [ ,  ]  farmer has not adopted by ) /
t
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such as the log-logistic distribution function, which is commonly assumed for agri-
cultural technology diffusion and expressed as:

�
(23.8)

where λ and p are parameters of the distribution to be estimated. The associated 
hazard function can be derived from this survival function as:

�
(23.9)

Standard econometric techniques can be used to estimate λ and p and this infor-
mation can be used to plot the diffusion path of the technology. While the logistic 
distribution is a sensible and common choice to describe the technology dispersal 
process, various other distributions can be used so that the researcher can use his/
her judgment to select the most appropriate one (see Fig. 23.5 for some possible 
alternative distributions). To model not only timing of adoption but also the adopt/
no adopt decision, a split-population duration model is used. Data collection is more 
demanding than conventional adopt/no-adopt models with no duration element 
since the timing of adoption for each respondent is needed.

Several studies have modelled technology adoption using duration analysis, in-
cluding adoption of elements of CA. For example, Fuglie and Kascak (2001) used 
duration analysis to study conservation tillage adoption in the USA. Their model-
ling made use of a national sample of US farms to estimate the long-term trends 
in adoption and diffusion of three technologies: conservation tillage, integrated 
pest management (IPM) and soil fertilizer testing. All of these technologies are  
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Fig. 23.5   Some probability distributions for the hazard rate h( t) describing adoption of a new 
conservation technology. (Source: Keifer 1988)
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concerned with reducing the externalities from agriculture. Their duration model-
ling results show that diffusion has been quite slow for these technologies and has 
been characterized by long lags in adoption, the latter due to differences in land 
quality, farm size, farmer education and various regional factors. A second study 
used duration analysis to examine the influence of various factors on the adoption 
and spread of fertilizer and herbicide on smallholder farms in Ethiopia prior to 
1996 (Dadi et al. 2004). Results suggest that economic incentives were the most 
important determinant of the timing of adoption, along with whether animal traction 
was being used on the farm. Other farm and farmer characteristics had little, if any, 
effect on the timing of adoption. Adoption of herbicides proved to be slower than 
adoption of fertilizer.

Example 4: Some Other Methods 
Several other shortcomings of the standard adoption modelling approach were cited 
earlier. For example, most adoption models consider only the ‘adopt/no adopt’ alter-
natives and ignore how much area is converted to CA. Clearly, whether a small 
experimental parcel is converted or there is large-scale conversion across an entire 
farm has substantial implications for understanding the adoption and diffusion pro-
cess for CA and other technologies. Double-hurdle regression models invoke a two-
step nested procedure and can be used to estimate first the probability of adopting 
and then the area converted to CA (Greene 1993). Gebremedhin and Swinton (2003, 
p. 75) make some useful observations about this approach in the context of adoption 
of conservation technologies:

The decisions of whether to adopt and how much to adopt can be made jointly or sepa-
rately. When the decisions are joint, the Tobit model is appropriate for analysing the fac-
tors affecting the joint decision. This assumption has been the norm in previous research 
into the determinants of the intensity of soil conservation investments. However, adoption 
and intensity of use decisions are not necessarily made jointly. The decision to adopt may 
precede the decision on the intensity of use, and the factors affecting each decision may be 
different, as assumed in the present case. In this case, it is more suitable to apply a ‘double 
hurdle’ model in which a probit regression on adoption (using all observations) is followed 
by a truncated regression on the non-zero observations.

The authors go on to study the decision to adopt soil conservation technology (stone 
terraces) and consider a large set of influences (e.g. market access, physical factors, 
land tenure, etc.) that they test with respect to the decision to adopt the technology 
as well as the intensity of adoption. The study’s results support the case for model-
ling these two processes separately as the authors found that the factors influencing 
adoption versus intensity were not the same. Double-hurdle modelling approaches 
applied more specifically to CA practices are beginning to appear in conference 
papers and in the published literature with increasing frequency. A recent example 
is Ngoma et al. (2013), who use pooled cross-sectional household data from Zambia 
to assess influences on farmer decisions to use minimum tillage and the amount of 
land cultivated using minimum tillage. Results suggest that age of the household 
head, landholding size, incidences of flood and droughts in the previous season 
influence the probability of farmers using minimum tillage and the amount of land 
they cultivate under minimum tillage.
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In addition, most adoption models consider a single technology that is either 
adopted or not, ignoring cases where farmers have choices. For example, CA is 
usually described as consisting of three practices: reduced or no-tillage, mulching 
of crop residues and rotations that typically involve legumes. Farmers may choose 
to adopt any combination of these three practices. Understanding this decision is 
obviously of interest but it is a more complex undertaking than simply assessing the 
adopt/no adopt decision. As a solution, an MNL model can be used when the depen-
dent variable is a set of non-ordered options and the farmer’s choice from these can 
be regressed against a set of explanatory variables.

An early application and widely cited example of using a multinomial model-
ling approach to analyze CA decision is Wu and Babcock (1998). In this study, the 
authors examined the choice problem involving conservation tillage, rotations and 
soil N testing on cornfields in Central Nebraska. The options available to farmers 
included seven separate combinations or packages involving these three individual 
practices (an eighth option had too few observations). The authors considered the 
role of various independent variables in explaining the choice of crop management 
package, including farmer experience, education, crop insurance, irrigated land (or 
not), land ownership and physical attributes such as proximity to a stream and slope. 
While slope consistently played a positive and significant role in explaining the 
adoption of various packages, some variables (e.g. crop insurance, farm size and ir-
rigated land) demonstrated a varying negative or positive influence on the adoption 
of different packages. Clearly, analysing the adoption of a single farming practice 
in isolation would not have provided a correct assessment of what determines adop-
tion, instead this is a joint adoption decision involving several conservation prac-
tices but conditioned on the specific mix in question.

23.4 � Summary and Directions for Future Research

Adoption of CA is still a challenge despite a reasonable economic case for its desir-
ability from an on-farm viewpoint in most regions and, even more so, from a social 
perspective (with perhaps the exception of Africa). Although on-farm profitability 
for CA varies, it is not likely to be the key barrier to adoption. Instead, it has been 
argued here that other factors play a critical role in determining the successful dis-
semination of CA practices among farmers but the appropriate practices to assess 
and the factors influencing their adoption will vary from site to site. We need to 
recognize that farm households are heterogeneous but that intra-household differ-
ences are important too. Farm site conditions vary and farmers typically face many 
constraints, both physical and socioeconomic. Social and network aspects (social 
capital?) add a more recently identified influence to the fold and need special tech-
niques to be incorporated into adoption studies. But which factors matter the most? 
It is the job of adoption analyses to sort out the possible answers to this question.

As a result, assessing adoption from either an ex ante or ex post perspective 
must rely on careful locational studies that make use of advanced statistical meth-
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ods to ensure that greater site-specific realities are captured in the analysis. Better 
and more appropriate statistical methods are increasingly available to analyze these 
barriers to adoption at the study level. Some of these methods are being used now 
in more advanced studies of CA adoption, as discussed earlier. But the addition of 
further empirical studies using advanced methods and new perspectives in assessing 
sustainable farming methods could increase our understanding of the adoption and 
diffusion of new farming technologies such as CA even more. 1

As the development and promotion of CA and related practices advance, there 
will be opportunities for additional adoption research in key areas. For example, 
research related to the social and network aspect of adoption is still in its infancy, as 
is the use of more advanced statistical techniques (e.g. instrumental variable meth-
ods). Promoting greater use of ex ante study approaches, such as discrete choice 
modelling, will enhance the planning and management usefulness of adoption stud-
ies. However, we need to keep the following comment concerning advanced meth-
ods from Doss (2006, p. 209) in mind:

Using new methodologies or econometric techniques cannot resolve the problems if the 
data are fundamentally inappropriate to the question being asked, or if the questions are not 
the appropriate ones.

While the issues and approaches related to the study of agricultural technology 
adoption discussed in this chapter were in the context of promoting CA they, ob-
viously, have much broader relevance for the study of other sustainable farming 
technologies.
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