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PREFACE 
 

 

The global population is projected to reach 9 billion by mid-century. Questions continue 

to arise concerning the ability of the agriculture sector to keep pace with the demands for 

food, feed, fibre and fuel of an increasing population in the near future, in a way of sustaining 

both the production system and the environment. Crop rotations, an ancient practice that has 

gained renewed interest in recent years, involve growing different crop species/varieties on 

the same piece of land in consecutive growing seasons (years). The direct and indirect 

benefits of this practice to the production system and the environment have been recognized 

for millennia. In recent years, it has been documented that crop rotations, coupled with 

conservation tillage, enhances the physical, chemical and biological properties of soil, 

improves seasonal nitrogen availability, and provides nitrogen inputs through the symbiotic 

nitrogen fixation by legumes. This strategy can also lead to a better balance of plant 

nutritional requirements and a shift in soil mycorrhizal populations, interrupt insect 

populations, increase root activity, reduce disease severity, enhance environmentally-friendly 

biodiversity, and lower per-area greenhouse gas emissions or per-yield carbon footprints. This 

book presents the latest innovations and integrated knowledge from sciences as diverse as 

agronomy, soil science, ecology, economy, and social sciences, in this dynamic field from 

around the world. 

Chapter 1 – presents a thorough review on crop productivity and environmental impact in 

a maize-legume rotation system. Maize-legume rotation, a popular cereal-based cropping 

system, has been practiced for thousands of years and has recently been adopted by numerous 

small-holder farms worldwide. Maize, grown in rotation with legume crops, such as alfalfa or 

soybean, often yields more and requires less synthetic nitrogen (N) than continuous 

monoculture. Meta-data analysis indicates that the maize yield advantage is approximately 

9.6% in a maize-soybean rotation, and up to 40% in a maize-green manure (or legume forage) 

rotation, compared to continuous maize monoculture. In addition, soil N amendment, such as 

the addition of farm manure, green manure or composted municipal waste to maize not only 

provides the crop with N and other necessary nutrients, but perhaps more importantly, 

increases soil N release through seasonal N mineralization and N availability to the current 

and succeeding crops. Thus, maize-legume rotations with soil amendments have multifaceted 

potential to improve maize yields and resource-use efficiency on one hand, while protecting 

the environment on the other. This chapter examines the rationale, merits, recent research 

trends and future opportunities of maize-legume rotations with soil amendments. 
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Chapter 2 – focuses on crop rotation trends: past, present and future benefits and drivers 

in temperate production regions. Before 1950, complex crop rotations provided such benefits 

as weed, pest and insect management, nutrient supply and labour distribution. More recently 

however, technological advancements in nitrogen fertilizers, pesticides, plant genetics and 

equipment have reduced the apparent need for crop rotation complexity in favour of more 

―simple‖ rotations. These simple rotations have the perception as the ―most profitable‖ when 

intensively managed, and may consist of only two crops or the continuous planting of one 

crop. Long-term rotation trials have, however, demonstrated that simple rotations are 

associated with reduced yields and resiliency of a system, along with negative environmental 

impacts such as reduced soil organic matter, reduced nutrient use efficiency and increased 

nutrient loss to air and water. The costs of these negative impacts are often not borne by the 

producer but by other segments of society. The future effects of a changing climate, emerging 

biomass industries, and intensification of production systems could increase the overall costs 

associated with simple rotations, thereby compromising long-term profitability and leading to 

the need for the development of more rotation diversity with associated environmental 

benefits. 

Chapter 3 – gathers recent research progress on the legume-cereal rotation cropping 

system in China. The science and rationale of legume-cereal crop rotation system in China 

can be traced back to the Chinese book – ‗Qi Min Yao Shu‘, published during the Western 

Han Dynasty, sometime 2000 years ago. This chapter presents the history, and the recent 

understanding of legume-cereal crop rotation systems in China. Considering the long-term 

benefits that legumes-cereals can have on maintaining crop yield, improvement of soil 

properties and environmental conditions, the authors emphasized the role of legume-cereal 

rotation in sustaining the agriculture sector, and the society and environment as a whole. They 

also proposed research priorities in the future, including (1) optimize and improve legume-

cereal systems, taking into consideration diverse soils, climate, crops, and cropping systems; 

(2) establish legume-cereal research networks and links involving multidisciplinary teams; (3) 

identify suitable rotation patterns for the small land holders and diverse farming areas; and (4) 

link food security with environmental protection, sustainable soil management, and climate 

change. 

Chapter 4 – introduces a case study on the rotation of peanut and cotton with bahiagrass 

to improve soil quality and crop productivity in the USA. Bahiagrass (Paspalum notatum), a 

perennial grass, has been rotated with other row crops in the southeast United States. The 

research focused on a short-term rotation system that keeps bahiagrass in the rotation with 

row crops and has been found to be economically and environmentally advantageous. This 

system has been found to increase soil organic matter content and water infiltration along 

with improving growth, yields, and profits of peanut (Arachis hypogea L.) and cotton 

(Gossypium hirsutum L.). One of the main contributing factors to the improved profit 

potential of the sod-based rotation is reduction in input costs compared to the conventional 

rotation. The system incorporates a short term bahiagrass-bahiagrass-peanut-cotton rotation 

(sod-based rotation) system as compared with the conventional peanut-cotton-cotton rotation 

in the region. In both the conventional and sod-based rotations, reduced tillage techniques 

have been utilized as an added benefit to water and soil conservation. In this chapter, the 

authors review and update recent research and provide information about rotation of row 

crops (peanut and cotton) with bahiagrass to improve soil quality, crop physiology, growth, 

and productivity. 
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Chapter 5 – presents land use practices, cropping systems and climate change 

vulnerability to mountain agro-ecosystems of Nepal. Characterized by fragile geo-ecology, 

marginality, inaccessibility, and subsistence livelihoods, the land resources in the Middle 

Mountain region of Nepal are intensively cultivated beyond their carrying capacity. The 

mountain cropping systems have to face numerous natural and human-induced challenges, 

including land degradation and loss of agro-biodiversity, leading to food insecurity and 

unsustainable livelihoods. This chapter outlines the typical characteristics of the mountain 

farming systems and discusses how they are coping with the ongoing natural and socio-

economic changes. The mountain agriculture seems to be highly vulnerable to climate change 

particularly related to erratic rainfall events and droughts, and land degradation due to soil 

erosion, landslides, flash floods, and siltation leading to loss of productive lands and crops 

failure. Effective measures to cope with such impacts on the mountain agro-ecosystem are 

suggested. Increased public awareness about the climate change effects, building adaptive 

capacity to cope with such effects, sustainable soil and water conservation practices, and 

resilient cropping practices (drought tolerant crop/varieties, change in crop rotations, and 

water use efficiency) seem to be the key strategies to be adopted to cope with the climate 

change in the fragile mountain agro-ecosystems. 

Chapter 6 – deciphers soil moisture and crop productivity in grass-crop rotation systems 

under the semiarid Loess Plateau conditions in northwest China. This chapter provides a 

comprehensive review of the forefront of the ridge-furrow planting with plastic film mulching 

system. During the past two decades, adoption of this technology has led to the introduction 

of corn as a new major crop to the region and has revolutionized the crop/forage production 

systems in the poorer northwestern arid and semi-arid regions, leading to increases of 36-50% 

in wheat yields, of 17-80% in corn yields, and a doubling of potato yields. In recent years, the 

introduction of alfalfa and a range of native shrub species to the region, has led to the 

rehabilitation of eroded and abandoned farmland on the Loess Plateau. This chapter reviews 

the theoretical understanding of the improved overall resource use efficiency, including water 

saving and water use efficiency and crop productivity, the cumulative benefits to small-hold 

farm community and the impact on the agroecosystem and the overall environment. 

Chapter 7 – reviews the benefits and challenges of crop rotation and cover crop to soil 

biodiversity, pest and disease management in advancing sustainable agriculture. Only recently 

has it been realized that the ecological and environmental problems associated with the 

monoculture and excessive use of chemical pesticides and fertilizers in the Green Revolution 

can be mitigated through well-planned crop rotation and cover crop. One of the newly found 

benefits of the cultural practices such as crop rotation and cover crop is the increased 

diversity of flura and fauna within the agro-system, which tends to be healthy, and resilient to 

pests and diseases. Successful crop rotations and cover crops for pest and disease controls 

start with an understanding of the pests and diseases. This chapter reviews the latest scientific 

knowledge by studying the current cropping systems, and cover crops in reducing pest and 

disease populations in the context of integrated pest management (IPM) systems. The shift of 

adoption from selecting a specific (non-host) to a general (only taxonomical distant) rotating 

crop or cover crop for pest and disease control is discussed. 

Chapter 8 – offers a contextual view of the science of carbon footprints in agricultural 

crop production systems. Global climate is rapidly changing due to anthropogenic greenhouse 

gas (GHG) emissions, causing substantial risks to agricultural production systems associated 

with frequent occurrence of catastrophic weather events. Since agriculture itself is one of the 
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major contributors to GHG emissions, producers, researchers and policy makers strive to 

develop effective crop management practices to minimize GHGs while maximizing farmer‘s 

net returns. Thus, quantification of GHGs with diverse cropping systems is essential to 

mitigate GHGs from agriculture and in turn to develop more sustainable practices. Carbon 

footprint is a measure of the intensity of GHGs and productivity of different agricultural 

practices. Because of the easy conveyance of information to the general public about the 

GHG intensity of a variety of products and diverse activities, carbon footprint, as a new 

quantitative indicator, has attracted the attention of scientists and policy-makers and gained 

public acceptance. Although scientific literature on carbon footprint targeting GHGs from 

farming practices is still sparse, accumulated convincing evidence indicates that a significant 

part of the GHGs related to agriculture can be mitigated through improved agronomic 

practices, including the adoption of diversified cropping systems with well-defined crop 

sequences including cereal, oilseed and legume crops. Effective crop rotation systems have 

been shown to increase crop productivity with an efficient use of resources by individual 

crops, as well as improved soil carbon storage and reduced carbon footprints. This chapter 

comprises an overview of GHGs in relation to different crop management practices, followed 

by the concept and general principle of estimating carbon footprints of agricultural products. 

It also reviews available scientific literature on calculations of carbon footprint, its 

application, boundaries and challenges, and effective measures to reduce GHGs in 

agriculture, particularly focusing on diverse crop rotation systems. 
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ABSTRACT 
 

The challenge of securing the global food supply and environmental health is 

increasingly recognized by various levels of policy makers and scientific communities. 

The overuse of inorganic fertilizer to increase crop yields comes with a high 

environmental cost, and has exacerbated concerns over environmental sustainability. 

Alternatively, the use of leguminous rotation for biological nitrogen fixation (BNF) and 

soil nitrogen (N) amendment with organic N input, instead of relying entirely on N from 

commercial fertilizer, can be regarded as an environmentally-friendly strategy for 

sustainable agriculture development with enhanced crop productivity. Crop rotation is an 

agronomic practice of growing a series of dissimilar types of crop plants on the same 

piece of land in sequential growing seasons. Maize (or corn)-legume rotation, a popular 

cereal-based cropping system, has been practiced for thousands of years and has recently 

been adopted by hundreds of smallholder farms worldwide. Maize, grown in rotation 

with legume crops, such as alfalfa or soybean, often yields more and requires less 

synthetic N than continuous monoculture. In addition, soil N amendment, such as the 

addition of farm manure, green manure or composted municipal waste to maize, not only 

provides the crop with N and other necessary nutrients, but perhaps more importantly, 

increases soil N release through seasonal N mineralization and N availability to the 

current and succeeding crops. Thus, maize-legume rotations with soil amendments have 

multifaceted potential to improve maize yields and resource-use efficiency on one hand, 

while protecting the environment on the other. This chapter examines the rationale, 

progress, merits and implications of maize-legume rotations with soil amendments. 
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1. INTRODUCTION 
 

1.1. Global Food Demand and Environment Impact 
 

Grain cereals such as maize (Zea mays L.) are the major constituents of our food and are 

responsible for fulfilling most caloric requirements. Questions continue to arise concerning 

the ability of agriculture to sustainably keep pace with the food demands of an increasing 

population in the near future (Tilman et al., 2011). To address this challenge, most practices 

of modern agriculture, such as intensive monocultures, genetic improvements, and the heavy 

use of agrochemicals for fertilization and pest/disease control, have led to a simplification of 

the components of agricultural systems and to worldwide increases in crop productivity from 

farming systems. However, it is widely recognized that modern agriculture has developed at 

the price of agricultural sustainability (Lichtfouse et al., 2009; Wu and Ma, 2015). Many 

farmers, researchers, and policy makers worldwide have now recognized the importance of 

the development of self-sustaining, low-input, energy-efficient and highly diversified 

agricultural systems. 

In recent decades, the injudicious use of mineral fertilizers, such as N fertilizer, is one of 

the fundamental causes of environmental pollution, such as eutrophication and greenhouse 

gas (GHG) emissions (Davidson et al., 2014; IPCC, 2014). Now is the time to search for 

innovative cropping systems that can guarantee higher crop yields while minimizing further 

deterioration of our environment (Wu and Ma, 2015). Legume-cereal rotation has been 

practiced for thousands of years and has been recently adopted by hundreds of smallholder 

farms worldwide. As the most popular crop grown with alternate practices, maize when 

grown in rotation with legume crops such as alfalfa (Medicago sativa L.) or soybean (Glycine 

max L.) often yields more products and requires less external N fertilizer than continuous 

monoculture (Advient-Borbe et al., 2007; Edwards et al., 1988; Ma et al., 2003). The 

increased yield has been attributed to the beneficial effects of crop rotation, which include a 

better balance of plant nutritional factors, improved soil physical properties, interrupted insect 

populations, increased root activity, a shift in soil mycorrhizal populations, reduced disease 

severity, and enhanced seasonal N mineralization (Howard et al., 1998; Ma et al., 2003; 

McGrath, 2007; Smith and McSorley, 2000; Stoner, 2007). 

More importantly, legume-cereal rotation systems not only maximize cereal and legume 

productivity, but also optimize agricultural sustainability across a far more complex landscape 

of production, which has recently caused unprecedented changes in our environment (Davis 

et al., 2012; IPCC, 2014). Thus, this practice has been regarded as a promising strategy for 

reducing GHG emissions, and thus lowering the negative environmental impact (Davis et al., 

2012; Ma et al., 2012). 
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1.2. Main Legume Crops 
 

In the legume-maize cropping system, legumes are important in achieving the direct 

―rotational effect‖ as these plants easily access atmospheric N2 through symbiosis with a 

group of soil bacteria that are collectively called rhizobia, thereby requiring less input of 

chemical N fertilizers (Dwivedi et al., 2015; Giller and Cadisch, 1995; Nadar and Faught, 

1984; Peoples et al., 1995). When part of this ‗free‘ N is made available to a subsequent crop, 

the use of legumes in a rotation can lead to a reduction in the N fertilizer used by the non-

legume crop. A large effort has been devoted to the study of legume effects on subsequent 

cereal crops grown in rotation systems, especially for the legume-maize rotation system 

(Kessel and Hartley, 2000). 

A legume is a plant in the family Fabaceae (Leguminosae). In agriculture production, 

legume crops are grown primarily for food, livestock forage, silage fodder, and as soil-

improving green manure. Legumes are notable for their biological N fixation (BNF) with 

symbiotic bacteria, known as rhizobia, which live inside the plant root nodules (Graham and 

Vance, 2000; Mikić et al., 2015). Well-known legumes include alfalfa, clover (Trifolium spp.; 

mainly used as forage or green manure), soybean, peanut (Arachis hypogaea), pea (Pisum 

sativum), beans (Phaseolus spp.), lentil (Lens culinaris), lupin (Lupinus spp.), mesquite 

(Prosopis spp.), carob (Ceratonia siliqua), and tamarind (Tamarindus indica; used as dual-

purpose for food and feed). Legumes have been used as important crop plants for centuries. 

They are important sources of protein-rich food and feed, oil, fibre, minerals and vitamins; 

and direct contribution of N to soil fertility. Production systems including these crops also 

improve soil structure and increase soil organic carbon status, reduce the incidence of pest 

and diseases in rotated crops, and increase the overall productivity and economic benefits of 

the production system (Liebman and Davis, 2000; Ma et al., 2003; Ndakidemi et al., 2006; 

Rao and Mathuva, 2000; Smith and McSorley, 2000).  

Alfalfa, also called lucerne, a perennial forage plant that could grow for more than 20 

years, depending on the variety and climate, is one of the most cultivated legumes worldwide 

(Wang et al., 2008, 2009). Alfalfa has a deep root system, which makes it very resilient, 

especially important in response to global warming, i.e., drought and heat (Singh et al., 2009). 

However, this plant exhibits auto-toxicity, which makes it impossible to grow in existing 

stands of alfalfa. Therefore, alfalfa fields are recommended for rotation with other crops, such 

as maize and wheat (Triticum aestivum L.) (Levine et al., 2002).  

The global harvested area of alfalfa is approximately 30 million ha, down from 

approximately 33 million ha in the 1970s. Of the current production, North America produces 

41% (approximately 12 million ha), Europe accounts for 25%, South America produces 23%, 

Asia produces 8%, and Africa and Oceania produce the remainder (http://www.fao.org/ag/ 

agp/ AGPC/doc/ ningxia_guide/chapter1.pdf). The United States was the largest alfalfa 

producer in the world with 9 million ha in 2009, followed by Canada, Russia, Italy, and China 

(http://faostat.fao.org/site/626/default.aspx).  

Currently, grain legumes, well known as dual-purpose legumes (such as soybean, 

cowpea, groundnut, and pigeon pea) have become increasingly important in supplying protein 

for animals and food for mankind (Singh and Singh, 1992). The production area of these 

grain legumes accounted for 20% of the world‘s arable lands in 2013, increasing from only 

5% in 1961. Dual-purpose legumes are particularly attractive to small-scale farmers who 

practice a mixed crop/livestock intensification system because the grain legume not only 
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provides oil and proteins for human consumption needs, but also provides fodder for farm 

livestock, making it an important legume in intensive cropping systems worldwide 

(Ndakidemi et al., 2006; Ojiem et al., 2014). In addition to increasing cash income to farmers 

through the sale of grain and/or livestock products (such as milk, meat and manure), 

preceding grain legumes often result in an improved yield of subsequent cereal crops, even 

with a reduction in the use of inorganic N fertilizer. This indirect rotation effect can be 

attributed to the improved chemical, physical and biological properties of the soil by the 

legume crop production (Franke et al., 2008; Yusuf et al., 2009). 

Globally, the average harvested area of grain legumes (including soybean, beans, 

groundnuts, chick pea, cow pea, field peas, pigeon peas, lentils, green peas, broad horse 

beans, green beans, lupins, bambara bean and green string beans) in 2013 was 215 million ha, 

or twice as much as in 1961. During the past 50 years, both annual production and yield have 

more than doubled, with total annual production of 70 million tonnes and yield of 0.8 t ha
-1

 in 

1961 (except for the green legumes) to the current 390 million tonnes of production and 1.84 t 

ha
-1

 of yield in 2013 (Figure 1). Asia accounts for more than 60% of the global grain legume 

production, followed by Africa, the American Continent, Europe, and Oceania 

(http://www.faostat.fao.org/). 

 

 

Figure 1. The dynamic changes in average yield, total area and total production of grain legume from 

1961 to 2013. All data are the average for all grain legumes, including soybeans, beans, groundnuts, 

chick peas, cowpeas, peas, pigeon peas, lentils, broad horse beans, lupins and bambara beans. Adapted 

from: http://faostat.fao.org/site/626/default.aspx. 

The main types of grain legumes and their respective rotation systems are shown in 

Figure 2. Soybean, beans and groundnuts are the three major leguminous crops, accounting 

for 77% of the total area of harvested legumes. The global acreage of soybean production 

increased fivefold from 23 million ha in 1961 to 112 million ha in 2013, while the average 

productivity increased from 1.13 t ha
-1

 to 2.47 t ha
-1

. These data indicate the potential for 

more rotation benefits from soybean as the legume due to its large harvested area and 
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increasing demand. Soybeans have been produced predominantly on the American Continent 

and Asia, representing roughly 86% and 12%, respectively, of the global total of 276 million 

tonnes. The global acreage of beans in 2013 was 29.1 million ha, with a total annual harvest 

of 22.8 million tonnes and average yield of 0.78 t ha
-1

. The global groundnut acreage in 2013 

was 25.4 million ha, with 45.6 million tonnes of production and an average yield of 1.8 t ha
-1

. 

From 1961 to 2013, the annual global production of beans and groundnuts increased, by one 

and twofold, respectively.  

 

 

 

Figure 2. The globally harvested area (a) and production (b) of pulses (including soybeans, beans, 

groundnuts, chick peas, cowpeas, peas, pigeon peas, lentils, green peas, broad horse beans, green beans, 

lupins, bambara beans, and green string beans, in order according to harvested area) in 2013. Adapted 

from: http://faostat.fao.org/site/626/default.aspx. 

http://faostat.fao.org/site/626/default.aspx


Bao-Luo Ma and Wei Wu 6 

This chapter will focus on the rationale and assessment methodology of a maize-legume 

rotation system. It highlights the main advantages of maize-legume rotation with special 

emphasis on the superiority of maize yield; the suppression of pests, diseases and weeds; and 

the potential benefits to the environment. 

 

 

2. RATIONALE AND METHODOLOGY OF LEGUME-CEREAL ROTATION 
 

2.1. The Concept of Biological N Fixation 
 

Biological N fixation (BNF) is the process by which leguminous plants or other species 

having similar functions assimilate N2 from the atmosphere, incorporate the molecules into 

their tissues and, subsequently, into the ground, thus improving their own growth as well as 

improving soil health and the overall productivity of the farming systems (Peoples et al., 

1995). BNF is seen as a sustainable source of N for replacement or for use as a natural 

complement to chemical N fertilizer for the subsequent cereal crop (Giller and Cadisch, 

1995). 

In a cereal-legume rotation system, a fundamental function of legume plants is the 

formation of a symbiotic relationship with root-nodule bacteria (rhizobia). The rhizobia are 

gram-negative bacteria from a limited set of clades, belonging mainly to the 

Alphaproteobacteria and grouped into distinct genera (Azorhizobium, Bradyrhizobium, 

Mesorhizobium, Rhizobium, and Sinorhizobium), species, and symbiovars (Gyaneshwar et al., 

2011; Rogel et al., 2011). Other rhizobia such as Betaproteobacteria, Cupriavidus, and 

Pseudomonas (Ralstonia) of the subclass Betaproteobacteria, are also able to form symbiotic 

associations with legumes (Balachandar et al., 2007; Dwivedi et al., 2015). 

 

 

2.2. Estimation of N2 Fixation Efficiency and Its Related Factors 
 

Preliminary trials in the early 1980s indicated higher maize yields in rotation with single 

crop legumes (cowpea and bean) than in intercropping with legumes or continuous single 

cropping of maize, due to the great BNF produced in the leguminous season (Nadar and 

Faught, 1984). The N removed by the maize could be as much as 25 to 50 kg N ha
−1

 per 

season, which means that a corresponding amount of N needs to be supplied for the maize 

crop for the long-term sustainability of production (Ma et al., 2003). 

Since those preliminary trials, some commonly used methods have been developed for 

estimating the efficiency of N2 fixation: (1) N balance based on the difference in total N 

accumulation between a grain legume and a non-N2-fixing reference crop; (2) 
15

N-isotope 

dilution; (3) enriched 
15

N-fertilizers; and (4) natural 
15

N abundance level (Rennie and Kemp, 

1983; Shearer and Kohl, 1986; Ndiyae et al., 2000). A more in-depth discussion on methods 

for the estimation of N2 fixation can be found in van Kessel and Hartley (2000). 

Based on the various methods available for estimating the amount of N2 fixation by a 

legume crop, large differences were noted in the proportion of N2 fixation occurring by the 

different legume crops in leguminous rotation systems. For example, 75% of the total N in the 

plants was derived from BNF in faba bean; 62-94% in cowpeas, chick peas and pigeon peas; 
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and only 39% in the common bean (Dwivedi et al., 2015). Pilbeamet al. (1995) indicated that 

N fixation by beans is notoriously inconsistent whether in inoculated or non-inoculated 

conditions, but that cowpeas are well nodulated by the ubiquitous Bradyrhizobium spp. and 

fix up to 197 kg N ha
−1

, according to assessment with the 
15

N isotope dilution technique.  

Regional variation in the amount of N fixation has been observed among legume crops. 

For instance, soybean has been suggested to fix 193 kg N ha
-1

 in Africa and 300 kg N ha
-1

 in 

South America; common bean produced 75 kg N ha
-1

 in North America; groundnut, 

approximately 110 kg N ha
-1

 in South and Southeast Asia; pea, approximately 130 kg N ha
-1

 

in Europe; cowpea, approximately 70 kg N ha
-1

 in South Asia and Africa; 122 kg N ha
-1 

by 

lentil in West Asia; and 58 kg N ha
-1

 via pigeon pea in South Asia (for more details, see the 

review by Dwivedi et al. (2015)). 

Perennial tree legumes may also have a greater scope in replenishing soil fertility than 

annual grain legumes by their strong ability to exploit the water and subsoil nutrients that 

crops cannot utilize, withstand drought, and hence produce higher biomass (Rao and 

Mathuva, 2000). Their year-round growth habit may contribute to higher BNF (Dommergues, 

1995). Other advantages of perennial legumes include an absence of recurring establishment 

costs, the opportunity to grow intercropping crops simultaneously without sacrificing land 

(Kang et al., 1990) and improved soil fertility and water infiltration because of their great root 

activity, as suggested by Rao et al. (1998). 

Several factors contribute to the differences in the amount and efficiency of biological N2 

fixation (van Kessel and Hartley, 2000; Weisany et al., 2013; Dwivedi et al., 2015). Most 

importantly, factors that directly influence legume growth, such as water, nutrient availability, 

soil texture and tillage, pathogens and pests, crop husbandry practices and natural resource 

management, which either limit the presence of effective rhizobia in the soil or enhance 

competition for soil mineral N, are critical to the amount of atmospheric N2 fixation that 

occurs from the legume-rhizobium symbiosis (Weisany et al., 2013). 

 

2.2.1. Traits Related to Host-Rhizobium Association 

Photosynthesis is strongly related to BNF in legumes. Some studies have reported that the 

availability of photosynthetic products can result in a corresponding improvement in BNF 

efficiency from better root nodule growth due to the appropriate net carbon exchange rate 

(Bethlenfalvar and Phillips, 1977). Possibly, carbohydrates from photosynthesis are imported 

into the nodules and then used as carbon skeletons in ammonia assimilation (Larrainzar et al., 

2009). In addition, Ben Salah et al. (2009) suggested that photosynthesis always occurs as a 

positive feedback to BNF, whereas it may decrease due to the partial or complete blockage of 

BNF.  

A recent study (Rodrigues et al., 2013) showed that the efficiency of BNF was positively 

correlated with the sucrose content in a nodule, rather than with the content of total soluble 

carbohydrates, sugars, and starch. Interestingly, their research reported that increased BNF 

under a triple inoculation treatment was not significantly correlated with sucrose synthase 

activity, but was related to soluble acid invertase activity in nodules at the beginning of 

senescence. Glutamine synthase, glutamate synthase, and glutamate dehydrogenase were 

stimulated by double or triple inoculation, in comparison to inoculation with Rhizobium 

alone.  
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2.2.2. Mineral Nutrition Status of the Host Plant 

Mineral nutrition of the host plant is of great importance to plant growth and root nodule 

development; both of which can subsequently affect BNF. The necessary mineral nutrients 

required for legume crop growth serve as the basis for normal establishment and 

physiological functions. These include the six macronutrients: nitrogen (N), phosphorus (P), 

potassium (K), sulfur (S), magnesium (Mg), and calcium (Ca), which are present in relatively 

high concentrations in plant tissues, and some other essential micronutrients, including, boron 

(B), zinc (Zn), manganese (Mn), iron (Fe), copper (Cu), molybdenum (Mo), etc. Each nutrient 

is necessary for specific physiological and biochemical functions and is required in optimum 

concentrations for the establishment of symbiosis between the host plant and the rhizobium 

(Dwivedi et al., 2015; Weisany et al., 2013; Zahran, 1999).  

Among those nutrients, P is essential for host plant growth and for nodulation and N2 

fixation. Generally, legumes are grown in conditions of insufficient soil P, and an adequate 

supply of available P is a prerequisite for high N fixation efficiency (Bünemann et al., 2004; 

Sahrawat et al., 2001). There is a strong relationship between soil pH and available 

concentration of P or other nutrients, which makes pH an important index of nutrient 

availability. Soil pH in the neutral range mobilizes all nutrients. However, in acidic soils, the 

availability of P becomes limited, whereas in the alkaline soils, the toxicity of sodium can 

affect the physiological function of the host plant and root nodulation development, thereby 

decreasing the N fixation efficiency (Brockwell et al., 1991; Dwivedi et al., 2015).  

 

2.2.3. Soil Fertility and Starter N 

It is widely accepted that under conditions of high soil fertility, especially those soils rich 

in organic matter, the application of starter N is not necessary (Dwivedi et al., 2015). 

Furthermore, the addition of chemical fertilizer will decrease the proportion of atmospheric 

N2 fixed (Hungria et al., 2006). Hungria et al. (2006) also reported that the application of N at 

later stages to host plants does not increase N fixation or soybean yield. However, in 

conditions of low soil fertility, the application of N at a rate of 20-30 kg ha
-1

 as a base 

fertilizer is generally beneficial to the growth and yield of several grain legumes (Erman et 

al., 2009; Sogutet al., 2013). Thus, the recommended amount of starter N application for 

legumes depends on the fertility status of the soil condition and the N requirements for plant 

growth. Anyanzwa et al. (2010) showed that application of inorganic fertilizers (starter 

fertilizer of 60 kg P ha
-1

 and 60 kg N ha
-1

) resulted in a higher maize yield of 5.2 t ha
-1

 in 

comparison with control plots whose yields were as low as 2 t ha
-1

 during the third season in a 

maize-legume cropping system. Ma and Wu (2008) suggested that the rate of N fertilizer for 

sidedress application to maize can be recommended based on a pre-plant soil nitrate test.  

 

2.2.4. Abiotic Stress from Drought, Heat and Salinity 

There are several environmental stressors that are regarded as limiting factors to BNF 

efficiency. BNF is highly sensitive to soil drought, which has been well documented in 

studies that show legume species exhibiting a great reduction in N fixation when exposed to 

soil water deficiency (Karmakar et al., 2014; Zahran et al., 1999). Soil water availability has a 

significant influence on N fixation because BNF processes in term of nodule initiation, 

growth, and activity are all positively regulated by or sensitive to soil water content (Albrecht 

et al., 1994; Bueckert et al., 2015; Zahran and Sprent, 1986). In addition, the response of BNF 
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to water stress depends on the growth stage of the plant and the age of the nodule. Soil 

drought that occurs during the vegetative growth is possibly more detrimental to nodule 

growth and N fixation efficiency than that imposed during the late reproductive stage (Pena-

Cabriales and Castellanos, 1993). It was estimated that there was an approximately 26% 

reduction in N derived from N2 fixation when leguminous tree species was exposed to water 

stress (Sellstedt et al., 1993). Several mechanisms in legume plants are involved in the 

various physiological responses to drought stress, such as osmotic adjustment, accumulation 

of specific soluble solutes and potassium ions (for more details, see the review by Zahran et 

al. (1999)).  

Similarly, high temperatures in tropical and subtropical regions are major problems for 

BNF in legume crops (Michiels et al., 1994; Aranjuelo et al., 2015). High-temperature 

environments strongly affect nodule formation, growth and N2 fixation efficiency in many 

legume species, especially for some grain legume species, such as soybean (Munevar and 

Wollum, 1982), peanut (Kishinevsky et al., 1992), cowpea (Rainbird et al., 1983), bean 

(Hungria and Franco, 1993) and pea (Bueckert et al., 2015). Michiels et al. (1994) estimated 

that the critical temperature for N fixation is totally different among legume species, i.e., 30 

°C for clover and pea, and 35-40 °C for soybean, peanut and cowpea. High temperatures 

affect root hair infection, bacteroid differentiation, nodule structure and growth, and result in 

low N2 fixation efficiency (Roughley, 1970; Andrés et al., 2012). Some studies have found 

that heat stress is related to heat shock proteins in Rhizobium. These proteins have been 

detected in both heat-tolerant and heat-sensitive strains (Michiels et al., 1994). 

Moreover, there are other environment-induced abiotic stressors that could influence the 

population and efficacy of rhizobia, such as soil acidity and salinity (please see a review 

paper by Zahran et al. (1999) for more detail). In addition, agronomic management practices, 

such as tillage, nutrient management, water management in relation to crop production and 

crop protection practices significantly influence the N2 fixation ability of rhizobia in 

agroecosystems (Dwivedi et al., 2015).  

 

 

3. KEY FINDINGS AND INTERPRETATION 
 

3.1. Yield Advantage of Maize-Legume Rotation 
 

Studies during the past 50 years have clearly identified the yield advantage of a maize 

crop when it is rotated with a legume crop, compared with a continuous maize monoculture 

system (CC) (Gentry et al., 2013; Howard et al., 1998; Katsvairo and Cox 2000; Ma et al., 

2003; Varvel and Wilhelm 2003). We conducted a comprehensive literature search from the 

internet database of the Web of Knowledge and scholar google search (http:// 

scholar.google.ca/) with ―maize/corn-legume rotation‖ entered as keywords, and performed a 

meta-analysis. The criterion for including an article in the meta-analysis database was 

whether it contained detailed data on maize yield, comparing maize-grain legume rotation 

(mainly including maize-soybean/cowpea rotation and maize-alfalfa/green manure rotation) 

with CC from field experiments, which had been conducted in an acceptable scientific 

manner. Using the criterion of having comparable and detailed data that would permit 

quantitative analysis and comparison, a total of 9 articles (see Figure 3) were selected and 
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used for the meta-analysis, of which most papers originated from long-term experiments. Due 

to fewer publications available for this meta-analysis, we extracted all the paired data from 

each selected article among different soil amendments, sites and years. Thus, 148 pairs of 

data were available for comparative analysis.  

 

 

Figure 3. A distributed plot showing the paired maize yields of annual crop rotation with grain legume 

(Y axis, circle point), or non-grain legume (Y axis, triangle point) and continuous maize (X axis) from 

the selected articles that met the selection criteria for meta-analysis. Scatter points above the diagonal 

line (Y = X) indicate yield advantage of crop rotation over continuous monoculture. The inserted box-

plot shows the yield advantage of crop rotation over continuous monoculture. Sources of data are from 

Rao and Mathuva (2000); Ma et al. (2003); Yusuf et al. (2009); Ojiem et al. (2014); Franke et al. 

(2008); Varvel and Wilhelm (2003); Mallarino et al. (2002); Lee (2003); and Gentry et al. (2013), 

among various soil amendments, sites and years. 

The meta-analysis was conducted using a meta-analytical software package (Metawin 

2.1, Sinauer Associates, Inc., Sunderland, MA, USA). To estimate the maize-legume rotation 

(MLR) effect compared with CC in term of maize yield, the natural log of the response ratio 

(R = variable in MLR/CC) was used as the metric for analysis (Hedges et al., 1999), and it is 

reported as the percentage changes from control as (R-1) * 100% (Ainsworth et al., 2002). A 

positive percentage change indicates a yield increase from the MLR treatment compared with 

the yield from CC, while a negative value indicates a yield reduction due to MLR.  
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This meta-analysis used an un-weighted approach in which the variance of the effect size 

was calculated using resampling techniques after 9999 iterations (Feng et al., 2008). 

Confidence limits around the effect size were calculated using a bias method. Estimates of the 

effect size were assumed to be significant if the 95% confidence intervals (CI) did not overlap 

zero (Curtis and Wang, 1998).  

We used the pooled data to determine the average yield increase percentage with MLR 

compared with CC. The MLR was categorized into two classes: maize-grain legume 

(including soybean) rotation (MGLR) and maize-green manure rotation (including maize-

forage rotation, MGMR). Overall, compared with CC, maize yield in the MGLR rotation 

significantly increased by 28.7% with CI of 22.1-35.6%, whereas in the MGMR system, 

maize yield increased by an average of 39.9% with CI of 28.2-54.0% (Figure 3). 

 

 

Figure 4. A distributed plot showing the maize yields of annual crop rotation with soybean (Y axis) in 

comparison with continuous monoculture (X axis) from the selected studies in USA. Scatter points 

above the diagonal line (Y = X) indicate yield advantage of maize-soybean rotation over continuous 

monoculture. The inserted box-plot shows the average yield of rotational and continuous monoculture 

maize. Data was adapted and updated from Erickson (2008). Sources: Peterson and Varvel (1989); 

Meese et al. (1991); Lund et al. (1993); Lauer et al. (1997); Porter et al. (1997); Crookston et al. (1998); 

Edwards et al. (1988); Griffith et al. (1988); Howard et al. (1988); Riedell et al. (1998); Singer and Cox 

(1998); Katsvairo and Cox (2000); Mallarino et al. (2002); Pedersen and Joseph (2002); Univ. of IL 

(2002); Pedersen and Joseph (2003); Singer et al. (2003); Varvel and Wilhelm (2003); Lee and John 

(2003); Walters et al. (2005); Wilhelm et al. (2004); Pikul et al. (2005); Vyn (2006); Adviento-Borbe et 

al. (2007); Stanger et al. (2008); and Gentry et al. (2013). 
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Table 1. Yield performances of maize rotated with soybeans in comparison with 

continuous maize in the USA. Adapted from Erickson (2008) 

 

References Location Year Maize yield in 

rotation with 

soybeans 

Continuous 

maize 

Yield 

increase 

   t ha-1 t ha-1 % 

Edwards et al. (1988) Crossville, AL 1981-1984 8.2 10.1 -19.3 

Griffith et al. (1988) Butlerville, IN 1980-1986 8.3 8.9 -6.3 

Peterson and 

Varvel(1989) 

Mead, NE 1983-1986 7.6 6.8 12.0 

Crookston et al. (1991) Lamberton and 

Waseca, MN 

1981-1989 8.7 8.0 8.7 

Meese et al. (1991) Arlington, WI 1987-1989 8.9 7.6 16.5 

Lund et al. (1993) Arlington, WI 1989-1991 11.0 10.2 8.0 

Lauer et al. (1997) Lamberton and 

waseca, MN, 

Arlington, WI 

1981-1996 8.9 7.8 12.8 

Porter et al. (1997) Lamberton, MN 1985-1995 8.2 7.2 13.0 

Porter et al. (1997) Waseca, MN 1986-1995 8.9 8.1 10.1 

Porter et al. (1997) Arington, WI 1987-1995 9.5 8.2 16.2 

Howard et al. (1988) Grand Jct., TN 1986-1992 8.9 8.0 11.0 

Riedell et al. (1998) Brookings, SD 1994-1995 8.1 7.3 11.2 

Singer and Cox 

(1998) 

Aurora, NY 1993-1994 9.9 9.4 4.7 

Katsvairo and Cox 

(2000) 

Aurora, NY 1993-1997 8.9 7.5 19.3 

Mallarino et al. (2002) Lexington, KY 1979-2004 9.9 8.7 13.7 

Pedersen and Joseph 

(2002) 

Arlington,WI 1995-1997 10.1 8.9 13.4 

Univ. of IL (2002) IL 17 site-years 10.7 9.0 18.1 

Pedersen and Joseph 

(2003) 

Arlington, WI 1998-2001 13.2 11.5 14.8 

Singer et al. (2003) Pittstown,NJ 2000-2001 10.1 9.9 1.9 

Varvel and Wilhelm 

(2003) 

Shelton, NE 1993-2003 11.6 11.2 2.8 

Varvel and Wilhelm 

(2003) 

Mead, NE 1983-2003 8.5 8.2 3.1 

Lee and John (2003) Lexington, KY 1984-1997 8.5 7.8 8.8 

Walters et al. (2005) Mead, NE 1999-2004 14.9 14.4 3.5 

Wilhelm et al. (2004) Mead,NE 1986-2001 7.0 5.7 23.3 

Pikul et al. (2005) Brookings, SD 1992-2003 7.0 6.0 16.7 

Vyn (2006) Wanatah, IN 1997-2006 12.2 11.4 6.6 

Vyn (2006) West Lafayette, IN 1975-2006 11.3 10.8 4.7 

Adviento-Borbe et al. 

(2007) 

Lincoln, NE 1999-2005 17.2 16.0 7.5 

Stanger et al. (2008) Lancaster, WI 1990-2004 10.1 9.1 11.0 

Gentry et al. (2013) Urbana, IL 2005-2010 8.7 6.8 27.9 
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Similarly, a summary of 29 studies comparing continuous maize with maize-soybean 

rotation across various states of the USA (updated from Erickson, 2008) illustrated the overall 

yield superiority in the maize-soybean rotation (MSR), with only two earlier studies that 

displayed a yield reduction (Edwards et al., 1998; Griffith et al., 1988). In this analysis, only 

one pair of data was extracted from each reference, and averaged across all treatments and 

years or even the sites within the same State of U.S. (Table 1). These paired data are then 

used for the determination of the average percent yield increase with MSR compared with 

CC, using the same meta-analytical method as described above. Overall, MSR significantly 

increased the maize yield by 9.6% compared with CC, with 95% confidence intervals (CI) of 

5.9% to 12.6% (Figure 4). On average, maize yield in the MSR rotation system was 9.6 t ha
-1

, 

compared to 8.8 t ha
-1

 in the CC system (shown in the inset of Figure 4). This estimated yield 

increase of MSR over CC in U.S. is apparently lower than the meta-data analysis as 

illustrated above.  

 

 

Figure 5. Maize yields increased in rotation with grain legume (a) and green manure (b) in response to 

various nitrogen rates under continuous monoculture. Scatter points indicate yield advantage of crop 

rotation over continuous monoculture decreases with increasing nitrogen input. Sources of data are 

from Ma et al. (2003); Yusuf et al. (2009); Ojiem et al. (2014); Franke et al. (2008); Varvel and 

Wilhelm (2003); Mallarino et al. (2004); and Gentry et al. (2013), among various soil amendments, 

sites and years. 
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The above meta-analysis data of MGLR vs. MGMR are further categorized into different 

classes according to the respective fertilizer N application rates.  

The results clearly displayed that with increasing N rates, the difference in maize yields 

between CC and MGLR (Figure 5a) or MGMR (Figure 5b) becomes smaller.  

This implies that there is a greater N credit available for maize in rotation with grain 

legume or green manure to achieve a higher grain yield at low than at ample N fertilizer input. 

In other words, CC cropping does need more inorganic N input to reach its attainable yield. In 

the Corn Belt of USA, Varvel et al. (2003) suggested that the recommended N applications 

should be reduced for maize grown in rotation with soybean to reduce N loss and unnecessary 

input costs. A similar recommendation for eastern Ontario and southwest Quebec was drawn 

from our previous study (Ma et al., 2003). 

 

 

3.2. Improvement of Soil Fertility and Soil Quality 
 

Crop rotations influence not only the crop growth but also the resource uptake and 

utilization, and therefore the resource-use efficiency (mainly N and P) (Ding et al., 1998; Van 

Kessel and Hartley, 2000). Rotation promotes changes in various nutrient sources and, 

subsequently, affects availability of these nutrients to the plant. The availability of N and P is 

often thought to play a dominant role in explaining the yield advantage of crop rotation (Rao 

and Mathuva, 2000). There is better synchronization between N/P mineralization and crop 

uptake in rotation cropping systems than in monoculture (Ma et al., 1999b, 2003; Varvel and 

Wilhelm, 2003; Wu et al., 2008). A long-term rotation study conducted since 1992 in Canada 

showed that total N uptake, N uptake efficiency and nitrogen use efficiency (NUE) of maize, 

especially during the grain-filling stage, were significantly higher under maize-legume 

rotations than in continuous maize cropping systems (Ma et al., 2003), resulting in superior 

yield performance (Franke et al., 2008; Gentry et al., 2013). Figure 6 is adopted from Ma et 

al. (2003) and illustrates clearly that the greater accumulation of N or more N credit resulting 

from the alfalfa preceding crop in the rotation is the main contribution to a superior maize 

yield in a maize-alfalfa rotation than in continuous maize or even a maize-soybean rotation.  

Because there is a high N availability in maize cropping as a result of the rotation effect, 

Ma et al. (2003) suggested that fertilizer application for maize following soybean should be 

reduced by 60-70 kg ha
-1

 to attain a better economic performance. Furthermore, their results 

also showed that soil N amendments (utilization of stockpiled manure and rotted manure) had 

significantly positive effects on seasonal N mineralization, N supply to the crop and maize 

yield (Ma et al., 1999a, 1999b; Wu et al., 2008). With repeated application in succeeding 

years, dairy manure can provide the maize crop with up to 100% of the N required to reach 

maximum-attainable yield. Thus, their study implied that an appropriate combination of 

manure amendment and legume rotation is the most economic and environmentally-friendly 

approach in maize production.  

Root exudates of some legume varieties can help release unavailable phosphorous into 

the soil for recovery by the legumes themselves or the rotated crops (Liu et al., 2005; Sinclair 

and Vadez, 2012). Furthermore, legume crop residues have better nutrient balance and 

nutritional qualities than cereal straws for use as biological fertilizer or for use as fodder for 

farm livestock (Blümmel et al., 2012).  
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Figure 6. The low productivity of continuous monoculture in comparison with maize-soybean rotation 

and maize-alfalfa rotation and its association with inferior nitrogen accumulation. Data was adapted 

from Ma et al. (2003).  

The N fertilizer replacement value (FRV) has been used frequently and is defined as the 

amount of inorganic N fertilizer required to achieve the same yield in continuous maize as 

that attained by non-N-fertilized maize that followed a preceding legume crop (such as forage 

legume or grain legume crops) (Hesterman et al., 1987; Ma et al., 2003). In contrast to the 

FRV method, the 
15

N-trace method is accurate, but far more resource-intensive (LaRue and 

Patterson, 1981), in which specialized and costly fertilizer that is 
15

N-tagged and analytical 

instrument must be used to obtain the data required for the calculation of N contributions 

from the legume. Thus, very few papers with 
15

N data are available for use in constructing a 

consensus on the N flow in crop rotation, especially from long-term experiments conducted 

under various environmental conditions.  

Conversely, FRV can be computed with relatively easy-to-gather data such as yield of a 

non-legume crop over a series of N fertilizer rates in both monoculture and rotation with a 

legume (Varvel and Wilhelm, 2003). These data are frequently collected in cropping system 

experiments. Therefore, estimates using the FRV can be made over a wide range of 

environmental conditions and soil amendments to arrive at a consensus estimate for the N 

contribution by the legume to the maize in a rotation system.  

In Pennsylvania, USA, Fox and Piekielek (1988) estimated the FRV of three forage 

legumes (alfalfa, birdsfoot trefoil and red clover), with FRV values ranging from 146 to 187 

kg N ha
-1

. Similarly, Blevins et al. (1990) showed that 75 and 65 kg N ha
-1

 are provided from 

hairy vetch and big flower vetch preceding legume crop respectively. Vanotti and Bundy 

(1995) reported an FRV of 153 kg N ha
-1

 for alfalfa in Lancaster from a long-term 

experiment. On the other hand, a relative low FRV of 7-37 kg N ha
-1

 for soybean and cowpea 

was reported in the northern Guinea Savanna of Nigeria (Yusuf et al., 2009). Similarly, a 
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relatively low FRV for grain legume compared with forage legume or manure legume has 

been reported (Ding et al., 1998; Vanotti and Bundy, 1995; Ma et al., 2003; Varvel and 

Wilhelm, 2003; Yusuf et al., 2009), as shown by a summary of FRV that compares grain 

legume with green manure in rotation with a maize crop (Table 2). In general, the average 

FRV for grain legume is approximately 62 kg N ha
-1

, whereas a significantly higher FRV 

(149 kg N ha
-1

) is estimated for green manure or forage legume from the available data 

(Figure 7). Taking full advantage of N credit from the preceding legume to the maize crop 

will help farm operators to consider the amount of N needed to avoid excess fertilizer for 

optimum yield. This reduction in N application to maize following a legume crop will prevent 

the inefficient use of N, which results in N losses through leaching or denitrification. 

Bundy et al. (1993) estimated that the FRV of soybean differed markedly among 

locations and years and ranged from -22 to 210 kg N ha
−1

. Soybean provided little N to 

subsequent crops on sandy soils due to the probable loss of residue N through leaching prior 

to use by the following crop. These authors also suggest that the fixed amount of N credits 

based on N response data combined over the years seldom accurately predict actual soybean 

N contributions. Thus, site-specific diagnostic tests are needed to improve the crediting of the 

N supplied by legume plant in crop sequences. 

 

Table 2. A summary report on the fertilizer N replacement value  

(kg N ha
-1

) in maize-legume rotation systems 

 

References 
Fertilizer N replacement 

value  
Cropping system Year Site 

Varvel and 

Wilhelm 

(2003) 

65 Soybean-maize 
1983-

2002 

Eastern Nebraska, 

Central Nebraska, 

USA 

Blevins et al. 

(1990) 

75 and 65 for hairy vetch 

and bigflower vetch, 

respectively.  

Vetch-maize 
1980-

1983 
Kentucky, USA 

Ding et al. 

(1998) 
41-59 Soybean-maize 

1993-

1994 

Elora, Ontario, 

Canada 

Fox and 

Piekielek 

(1988) 

187, 169 and 147 for 

alfalfa, birdsfoot trefoil and 

red clover 

Three forage 

legumes-maize 

Two 

years 
Pennsylvania, USA 

Vanotti and 

Bundy (1995) 

153 and 75 for alfalfa and 

soybean, respectively 

Alfalfa/soybean-

maize 

1977-

1991 

Lancaster, 

Pennsylvania, USA 

Ma et al. 

(2003) 

43-113 for soybean; 56-187 

for alfalfa 

Alfalfa/soybean-

maize 

1993-

1996 

Ottawa, ON, 

Canada 

Yusuf et al. 

(2009) 

7-37 for two genotypes 

each of soybean and 

cowpea 

Soybean/cowpea-

maize 

2003-

2004 

Samaru, Guinea, 

Nigeria 
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Figure 7. A summary of fertilizer nitrogen replacement value of grain legume in comparison with green 

manure. Sources of data are from Ma et al. (2003); Vanotti and Bundy (1995); Fox and Piekielek 

(1988); Varvel and Wilhelm (2003); Ding et al. (1998); Blevins et al. (1990); and Yusuf et al. (2009). 

For more detail, see Table 1. 

The N contribution by legumes to maize also depends on the leguminous species and its 

BNF efficiency and is influenced by climate, soil, management of crop residues, etc. 

(Hesterman et al., 1987; Fox and Piekielek, 1988; Bundy et al., 1993; Ding et al., 1998). In 

general, grain legumes contribute less N credit than green manure/forage legume to the 

subsequent maize crop in rotation because most of the BNF from grain legumes is 

translocated to grain, and both the grain and the residues are invariably removed from the 

fields for human and livestock use (Giller et al., 1997; Figure 7). Hence, the N requirement of 

maize crops cannot be met from the residual effects of grain legumes, particularly in 

favorable seasons with high-yielding potential when large amount of N is needed by the 

maize plants (Ma et al., 1999a; Ma et al., 2006). Additional N from fertilizers and/or other 

organic sources with appropriate soil amendment strategies is required to exploit the potential 

of such seasons (Ma et al., 1999a; Ma et al., 2003). 

 

 

3.3. Reduction in Incidences of Pests and Diseases and Suppression of Weeds 
 

There are many cultural practices available for farmers to control diseases, insects and 

weeds in their crops, such as tillage practices, fertilization management, crop rotation, 

adjusting sowing date, plant population, row spacing and irrigation management (Munkwold, 

2003). Most of these practices take advantage of reducing the amount of the pathogens 

(including weed seed banks) present in the field soil to keep the disease incidence or severity 

under control. Crop rotation may be the one efficient and practical method that farmers are 

well aware of and frequently use (Mora and Moreno, 1984; Munkwold, 2003).  



Bao-Luo Ma and Wei Wu 18 

The annual cycle for many disease pathogens involves infecting the crop in the spring 

and summer, surviving the winter as spores in the soil or in plant litter/residues, and attacking 

the new crop the following year. Therefore, if the same crop is planted in the same field year 

after year, the pathogen populations (especially for some soil-borne pathogens) can continue 

to build up so that it becomes difficult to grow a crop. Thus, the cycle is broken by growing a 

non-host crop species after the susceptible plants in the same field. Over time, many 

pathogens will decline due to the lack of a suitable host. Rotating to non-host crops prevents 

the buildup of large populations of pathogens and makes it possible to plant the original crop 

in the same field again (McGrath, 2007). 

Several factors that limit the effectiveness of crop rotations in suppressing diseases 

should be considered before rotating into another crop. The botanical classification should be 

figured out before deciding on the rotation crops. Soybean, peas, beans, lentils and alfalfa, all 

belonging to the legume family, can be rotated with maize, a species from the Gramineae 

family, to reduce the incidence of soil-borne diseases (McGrath, 2007). 

Furthermore, how long the pathogen can survive in the crop residue/soil and which 

additional plant species (mainly weed species and cover crops) can be a host for the 

pathogens should be determined. The rotation length will be equal to the pathogen survival 

duration. Table 3 lists the sources of pathogen inoculum and recommended rotation periods 

for various diseases of maize, alfalfa and soybean because those crops are usually used in the 

maize-legume rotation system. The information in Table 3 should be regarded as general 

guidelines because the number of rotation years cannot be precisely determined for efficient 

control of many diseases due to other factors and a lack of extensive research (Munkwold, 

2003; McGrath, 2007).  

 

Table 3. Sources of inoculum for maize, alfalfa, and soybean diseases and corresponding 

suggested rotation year. Adapted from McGrath (2007) 

 

Disease  Pathogen name Suggested 

rotation year 
a
 

Weed hosts 
b
 

Alfalfa    

Anthracnose  Colletotrichum trifolii Y (2-3)  no records located  

Aphanomyces root 

rot  

Aphanomyces euteiches Y (2-3)  legumes  

Bacterial wilt  Clavibacter michiganensis 

subsp. insidiosus 

N  no records located  

Brown root rot  Phomasclerotioides Y (3); non- 

legumes  

wide host range  

Crown and root rot 

complex  

Fusarium spp., Phoma 

medicaginis, Pythium spp., 

Rhizoctonia solani 

Y (long)  wide host range  

Fusarium wilt  Fusarium oxysporum f. sp. 

Medicaginis 

Y (long)  no records located  

Lepto leaf spot  Leptosphaerulina trifolii N  medics, soybean  

Lesion nematodes  Pratylenchus spp.  N  wide host range  
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Disease  Pathogen name Suggested 

rotation year 
a
 

Weed hosts 
b
 

Phytophthora root 

rot  

Phytophthora medicaginis, 

P. megasperma f. sp. 

medicaginis 

Y (very long)  no records located  

Sclerotinia crown 

and stem blight  

Sclerotinia trifoliorum, S. 

sclerotiorum 

Y (3-4)  wide host range 

Spring black stem 

and leaf spot  

Phoma medicaginis Y (2-3)  legumes  

Summer black stem 

and leaf spot  

Cercospora medicaginis Y (2-3)  legumes  

Verticillium wilt  Verticillium albo-atrum Y (3)  wide host range 

Maize    

Anthracnose leaf 

blight and stalk rot  

Colletotrichum graminicola Y (2)  several grasses 

Barley yellow dwarf 

virus  

Barley yellow dwarf 

luteovirus (BYDV- PAV)  

NA  witchgrass, Italian 

ryegrass, annual 

bluegrass  

Common rust  Puccinia sorghi N  yellow woodsorrel 

Common smut  Ustilago maydis Y (long)  no records located  

Diplodia ear rot, 

stalk rot, seed rot 

and seedling blight  

Stenocarpella maydis 

(Diplodia maydis)  

Y (2-3); worst in 

no-till continuous 

maize  

no records located 

Diplodia leaf spot, 

Diplodia leaf streak  

Stenocarpella macrospora 

(Diplodia macrospora)  

Y (2-3)  no records located  

Eyespot  Aureobasidium zeae Y; worst in no-till 

continuous maize  

no records located  

Fusarium stalk and 

ear rot  

Fusarium moniliforme Y; worst in no-till 

continuous maize  

grasses  

Gibberella stalk and 

ear rot16  

Fusarium spp.  Y (2-3); worst in 

no-till continuous 

maize  

wide host range 

Gray leaf spot, 

Cercospora leaf spot  

Cercospora sorghi Y (1-2); wirst in 

no-till continuous 

maize  

a few grasses  

Leaf blight  Erwinia stewartii N  a few grasses  

Lesion nematodes  Pratylenchus spp.  N  wide host range  

Maize dwarf mosaic 

virus (MDMV)  

Maize dwarf mosaic virus 

(MDMV)  

N  witchgrass, 

johnsongrass, 

barnyardgrass, 

goosegrass 

Northern maize leaf 

blight  

Exserohilum turcicum Y (2-3)  johnsongrass, green 

foxtail, wild-proso 

millet  

Seed rots  Fusarium spp., Diplodia 

spp., etc 

N  wide host range 

Soybean    
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Table 3. (Continued) 

 

Disease  Pathogen name Suggested 

rotation year 
a
 

Weed hosts 
b
 

Asian soybean rust  Phakopsora pachyrhizi NA  kudzu, clover, lupin 

Brown spot  Septoria glycines Y  no records located  

Brown stem rot  Phialophora gregata 

(Cephalosporium gregatum)  

Y (2-3)  unknown; likely  

Damping-off, stem 

rot  

Rhizoctonia spp., Fusarium 

spp., Phytophthora sojae, 

Pythium spp.  

Y (long)  wide host range 

Diaporthe stem 

canker  

Diaporthe phaseolorum 

(Phomopsis phaseoli)  

Y  no records located  

Green stem/soybean 

viruses  

Bean pod mottle virus  NA  no records located  

Phomoposis seed rot  Phomopsis spp.  Y  velvetleaf  

Phytophthora root 

rot  

Phytophthora sojae Y (long)  unknown; likely  

Sclerotinia white 

mold, sclerotinia 

stem rot  

Sclerotinia sclerotiorum Y (long)  wide host range 

Soybean cyst 

nematode  

Heterodera glycines Y (3+)  many  

Sudden death 

syndrome  

Fusarium solani f. sp. 

Glycines 

Y (3)  no records located  

a 
―Y‖ means the disease can be managed by crop rotation. The number in parentheses is the suggested 

minimum rotation return time needed for successful management of the disease; ―long‖ means 

more than 3 years; ―N‖ means the disease cannot be managed by crop rotation because the 

pathogen can survive in the soil or the spores are dispersed widely by wind; ―NA‖ means not 

applicable as the pathogen does not survive in the soil medium. 
b
 ―wide host range‖ mean many 

common weeds can be the host of the disease, such as Fusarium, Pythium, Rhizoctonia solani 

species, etc.  

 

More attention must also be paid to weeds that can host diseases harmful to the legumes 

or maize, and that will need to be controlled during the rotation period (Table 3). Suppression 

of weeds during the rotation can help to suppress diseases by preventing the reintroduction of 

the pathogen to a clear field when the rotated crop is planted again (Krupinsky et al., 2002). 

Maize in rotation is often less damaged by various disease organisms than when grown as 

a monoculture crop, but effective avoidance of attack by disease often varies unpredictably 

(Munkwold, 2003; Reid et al., 2001). This is because rotation practices are not very effective 

in controlling some pathogens that have a wide host range such as Rhizoctonia solani, a 

common fungus in most soils worldwide, which can become a serious pathogen on 

susceptible maize cultivars. Crop rotations need to be carefully selected to reduce such 

pathogens (McGrath, 2007).  

In addition, some diseases produce resting structures that are able to survive in the soil 

for long periods of time, such as Fusarium spp. in cereals; Rhizoctonia solani, Phytophthora 

medicaginis in alfalfa; Ustilago maydis, Stenocarpella maydis in maize; and Rhizoctonia spp., 
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Phytophthora sojae and Sclerotinia sclerotiorum in soybean. Rotations of two to three years 

may have little effect on the population levels in the soil of certain diseases (Table 3).  

Crop rotation also suppresses some insect pests, although the effectiveness depends on 

the life cycle of the target insect. To successfully use crop rotation for pest management, the 

pest must spend the period from the end of preceding crop to the beginning of the next in a 

stage with low mobility and must have a restricted range of host crops (Smith and McSorley, 

2000; Stoner, 2007). Some key pests can be restricted through crop rotation, such as maize 

rootworms (Diabrotica spp.), wireworms (Melanotus communis, Limonius spp.) and white 

grubs (Phyllophaga spp.) (White, 1999). Adult beetles from western maize rootworm and 

northern maize rootworm are important worldwide pests and feed on maize silks in summer 

and lay their eggs on the surface soil of the maize fields.  

Over winter the eggs and the newly hatched larvae feed on the maize roots in the 

following spring (Levine and Oloumi-Sadeghi, 1991; Ma et al., 2009). If some small legume 

grains or sorghum are rotated with maize (rather than continuously planting maize or some 

grassy weed species), the hatched larvae cannot survive. Thus, this pest has relied on 

widespread continuous maize for their survival and will experience interruption of their cycle 

in a rotation system (Stoner, 2007).  

Past control strategies for most diseases and pests have centered on the use of fungicides. 

However, this option is not considered sustainable due to serious environmental issues and 

the potential risk of emergence of resistant populations (Brent and Hollomon, 1995). The use 

of crop rotation to suppress diseases and pests is one of the best, most widely practiced and 

cost effective methods (Munkwold, 2003).  

Other options, such as soil amendments, crop residue management, tillage or crop 

management strategies, which influence the canopy structure, e.g., plant architecture and 

population density, can be used effectively (Reid et al., 2001). Canopy structure can 

determine a number of environmental factors within the crop field, such as humidity and 

temperature (Dwyer et al., 1996), which affect the spread of pest and disease development 

(Castilla et al., 1996). Plant resistance to diseases and pests is generally considered a 

polygenic trait, with wide variations in susceptibility levels among the different varieties 

(Munkwold, 2003).  

Therefore, the development of cultivars resistant to pest and disease in a crop rotation 

system may also be a vital strategy for pest and disease suppression.  

Crop rotation has also shown extensive efficiency in weed control (Liebman and Dyck, 

1993; González-Díaz et al., 2012). Weed control as a benefit of crop rotation is gaining 

renewed interest due to the increasing need to develop sustainable control strategies with a 

smaller environmental impact. An effective crop rotation establishment can limit the demand 

for increasing herbicide applications for weed control, especially in intensified cropping 

systems (Liebman and Davis, 2000). 

According to Liebman and Dyck (1993), ―the success of rotation systems for weed 

suppression appears to be based on the use of crop sequences that employ varying patterns of 

resource competition, allelopathic interference, soil disturbance, and mechanical damage to 

provide an unstable and frequently inhospitable environment that prevents the proliferation of 

a particular weed species.‖ Greater crop yield and less weed growth may be achieved in 

maize crops in rotation with legumes than in single maize crop monoculture because 

resources are usurped from weeds or the growth of weeds is suppressed through allelopathy. 

Generally, maize rotated with legumes and grown with the appropriate N amendment gave 
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the highest leaf area index and light interception and hence the best weed control while also 

maintaining the highest N, P, K and other resource uptake and yield; continuous cropping of 

maize, however, produced plants possessing low leaf area index and left more space for 

weeds to grow (Schreiber, 1992; Shrestha et al., 2002; Subedi and Ma, 2009). González-Dìaz 

et al. (2012) established a landscape model for weed control and suggested that crop rotation 

implemented at the landscape level, similar to implementation at the field level, has the 

potential to control short- and long-term weed population densities. 

 

 

3.4. Economic Benefit 
 

A major challenge for maize production systems is to maximize economic returns while 

minimizing the environmental impact through an appropriate crop rotation system. Dual-

purpose legumes that produce food and feed, such as soybean (Glycine max), cowpea 

(Vignaunguiculata), alfalfa (Medicago sativa) and clover (Trifolium), are particularly 

attractive to small-scale or subsistence farmers who practice integrated crop-livestock systems 

(Rao and Mathuva, 2000; Jama and Pizarro, 2008). Grain legumes usually command a higher 

price than the staple crop, such as maize, and are marketed easily due to an increasing 

demand worldwide. In addition, as maize is less sensitive to drought or heat than grain 

legumes (Subbarao et al., 1995), which is the case in most semiarid regions, diversified 

cropping systems involving grain legumes, are likely to be less risky and more attractive than 

continuous cropping of maize to small farmers (Lal et al., 1978).  

An economic evaluation experiment at the research station of the International Centre for 

Research in Agroforestry (ICRAF) suggests that pigeon pea-based systems are 32-49% more 

profitable than continuous maize cropping (Rao and Mathuva, 2000). Generally, grain 

legume-maize rotations require less labor for land preparation, sowing and weeding, and are 

less likely to experience total crop failure in the event of drought stress, which indicates a 

lower risk even in harmful climates. Their study also illustrated that although green manure-

maize rotation increased maize productivity significantly, this system was not more 

economical than the grain legume-maize rotation due to high labor costs for production and 

the application of prunings to the crop. 

A similar study was conducted in a different agroecological zone with soil conditions of 

high, medium and low fertility, in western Kenya (Ojiem et al., 2014).  

The researchers reported that maize crops rotated with soybean, groundnut and lablab 

generally led to the better returns for land (approximately $488 per ha, averaged from all 

experimental locations; Figure 8a) and labor ($1.6 per day, averaged from all experimental 

locations; Figure 8b) than continuous maize and even maize rotated with green manures, 

mainly due to the higher prices of the edible grains.  
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Figure 8. Comparisons of returns to land (100 US$ per ha) and labour (US$ per day) between 

continuous monoculture, maize-grain legumes and maize-green manure rotations. Data was adapted 

from Ojiem et al. (2014) and aggregated across from different kinds of grain legumes and green 

manures in various soil fertilities in different agro-ecological Zones in Kenya.  

 

3.4. Reduction in GHG Emissions and Carbon Footprints 
 

Global warming resulting from greenhouse gas (GHG) emissions of agricultural origin is 

considered an important current environmental impact issue (IPCC, 2014; Ma et al., 2012). 

The environmental impacts of agricultural activities are diverse, including the contribution of 

excess nutrients, sediments and pesticides to surface and ground waters, air pollution, and the 

production of GHGs, mainly CO2, N2O, and CH4 (Hass et al., 2000). Crop producers are 

urged to adopt effective management practices to mitigate GHGs by lowering the C footprints 

of agricultural production on the farm (Gan et al., 2011a). The C footprint has been defined as 

the total GHGs per unit grain basis (kg CO2eq kg
-1

 grain) to quantify the impact of GHGs on 

environmental sustainability. Consumers and the public want to know the C cost and wish to 

cut C footprints in their choice of food products. Legumes, introduced into maize-based 
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cropping systems (Ma et al., 2003; 2012) or wheat-based cropping systems (Gan et al., 

2011b) to diversify cropping systems, mitigate climate change effects by reducing fossil-fuel 

use, mineral fertilizer and pesticide production or by providing feedstock for the emerging 

bio-based economies, where fossil-fuel sources of energy and industrial raw materials are 

replaced in part by sustainable and renewable biomass resources. Thus, legumes are an 

important component of sustainable production systems for human prosperity. The 

contribution of various crop rotations to overall GHGs and the overall C footprints has been 

calculated recently (Adviento-Borbe et al., 2007; Ma et al., 2012; Gan et al., 2011a). A 

contextual view of the science of carbon footprints in agricultural crop production systems is 

presented in chapter 8 of this book.  

 

 

3.6. Promotion of Biodiversity 
 

Crop rotation is one way of introducing more biodiversity into agroecosystems (Davis et 

al., 2012). Higher biodiversity richness may be associated with improved nutrient cycling 

characteristics that often can regulate soil fertility (Russell, 2002), limit nutrient leaching 

losses and significantly reduce the negative impacts of pests and diseases (Gurr et al., 2003; 

Stoner, 2007). Rotations between alternating crops promote biodiversity by providing a 

habitat for a variety of insects (Thom et al., 2016) and soil organisms that would not 

otherwise be present in a single crop environment. Crop rotation is similar to a somewhat 

stable natural system in comparison with a continuous cropping system; rotating systems are 

typically diverse, and contain different types of plant species, arthropods, mammals and 

microorganisms. Thus, serious pest or disease outbreaks are rare because those controls can 

automatically bring populations back into balance (Altieri and Nicholls, 2004; Gurr et al., 

2003). On-farm biodiversity can lead to agroecosystems that are capable of maintaining their 

soil fertility (Chan et al., 2013), regulating natural protection against pests and sustaining 

productivity (Ma et al., 2003; Davis et al., 2012; Ojiem et al., 2014). On-farm biodiversity 

with introducing specialty oilseeds into current crop rotations could also provide abundant 

floral resources for pollinating insects (Thom et al., 2016). From this point of view, crop 

rotations that improve the biodiversity of cropping systems can make crop ecosystems more 

stable and thereby reduce disease and pest incidence.  

At the Iowa State University Marsden Farm, Davis et al. (2012) implemented traditional 

crop rotation patterns into more diverse cropping rotations with high biodiversity in a long-

term field study. The typical 2-year maize/soybean rotation was compared with 3-year and 4-

year rotations. Their data illustrated that cropping system diversification would promote 

ecosystem services that supplement and eventually displace the synthetic external inputs used 

to maintain crop productivity. Compared with the traditional 2-year maize-soybean rotation 

with conventional amounts of synthetic fertilizer and herbicide applications, the 3-year and 4-

year diversified rotations added the production of a small grain (triticale and oat) along with 

the use of a legume and composted animal manure. Reductions in agrochemical inputs and 

increases in grain yields, harvested products and net profit in diversified systems were 

achieved compared with a conventional rotation system. Thus, a more diversified strategy of 

integrating crop and small-scale livestock production by the farm operator into a moderate-

sized rotational cropping system will meet production needs and utilize opportunities 

beneficially.  
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CONCLUSION 
 

This chapter explains the rationale and methodology of leguminous-cereal crop rotation 

systems and highlights the role of a legume-maize crop rotation as a system with high-

yielding potential and as a more cost-effective and environmentally-friendly strategy, 

compared with continuous monoculture accompanied with the application of large amounts of 

inorganic fertilizer. Our meta-data analysis indicates that the maize yield advantage is 

approximately 9.6% in a maize-soybean rotation, and up to 40% under a maize-green manure 

(or legume forage) rotation, in comparison with continuous maize monoculture. Other 

benefits of this system include nutrient credits, economic profits, less environmental impact, 

resistance to diseases and pests, weed suppression, and the promotion of biodiversity.  

Grain legumes, such as soybean, contribute less N than forage or green manure legumes 

to the subsequent maize in a rotation system because most of the N fixed biologically by grain 

legumes is translocated to the grain, which is removed from the field. Hence, the N 

requirement of maize is seldom met, and additional N based on appropriate soil amendments 

or other organic sources is required to exploit the potential of the maize crop in favorable 

seasons.  

Conversely, green manure left behind more N in residues evidenced with high fertilizer 

replacement value (FRV; 149 kg N ha
-1

) than 62 kg N ha
-1

 in grain legumes, resulting in 

greater maize yields in the subsequent season. The legume-maize rotation in combination 

with appropriate soil amendments represents the best source of the ―ideal‖ fertilizer 

management and therefore commands great interest as a promising subject for future 

research. 
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ABSTRACT 
 

In temperate production regions, crop rotation complexity is declining. Before 1950, 

complex crop rotations provided such benefits as weed, pest and insect management, 

nutrient supply and labour distribution. More recently however, technological 

advancements in nitrogen fertilizers, pesticides, plant genetics and equipment have 

reduced the apparent need for crop rotation complexity in favour of more ―simple‖ 

rotations. Simple rotations, consisting of only two crops or continuous planting of one 

crop, are perceived to be ―most profitable‖ when intensively managed. Long-term 

rotation trials however, demonstrate that simple rotations are associated with reduced 

yields and resiliency of a system, along with negative environmental impacts such as 

reduced soil organic matter, reduced nutrient use efficiency and increased nutrient loss to 

air and water. The costs of these negative impacts are often not borne by the producer but 

by other segments of society. Future effects of a changing climate, emerging biomass 

industries, and intensification of production systems could increase the overall costs 

associated with simple rotations, thereby compromising long-term profitability and 

leading to the need for development of more rotation diversity with associated 

environmental benefits.  

 

 

INTRODUCTION 
 

Crop rotation is the practice of growing a series of dissimilar/different types of crops in 

the same field in sequential seasons. It is in contrast to continuous monoculture, which is the 

practice of growing a single species repeatedly on the same land. It is also in contrast to 
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intercropping, which is the practice of growing two or more crops simultaneously on the same 

land. The term ―crop rotation‖ is often used interchangeably with ―cropping system 

diversity.‖ The latter term, which can be applied to landscape as well as a field scale, 

represents a broader concept which includes crop rotation, intercropping, and cover crop 

usage.  

Complexity of crop rotation can vary from a simple two-species rotation to rotations that 

involve numerous species. Despite numerous benefits associated with greater crop rotation 

complexity, monocultures or simple two-species rotations are becoming increasingly 

prevalent in many key agricultural production regions of the world. In the Northern Corn 

Belt, including Ontario, there has been a dramatic shift in the past century to a crop rotation 

system dominated by corn and soybean (Gaudin et al., 2015a). While this shift to simple 

systems may appear to be a contradiction given the many potential benefits of rotation, the 

choice and sequence of crops that a farmer uses in a rotation is the result of a decision making 

process that is informed by various drivers and constraints.  

The purpose of this chapter is to: 1) discuss trends in rotation diversity in the province of 

Ontario and compare these trends to the broader Northern Corn Belt, 2) demonstrate benefits 

farmers associate with crop rotation in response to changing economic, social and 

environmental drivers, and 3) present evidence that present and future drivers of crop rotation 

diversity may lead to greater benefit. 

 

 

TRENDS IN ROTATION DIVERSITY 
 

In general, the trend towards more simple rotations is a growing concern. This concern is 

not unique to Ontario, but to the Northern Corn Belt states and many of the major field crop 

production regions of the world. In the United States, harvested areas of corn and soybean 

increased by 500% between 1950 and 2003 (Karlen, 2004) despite the known benefits of crop 

rotations. During that same period, area under oat production declined by 90% and areas 

devoted to forage decreased more than 15%. The displacement of small grains, hay, and 

pasture and the resulting dominance of corn and soybean has been repeatedly identified 

(Brown and Schulte, 2011; Hatfield et al., 2009; Johnston, 2013). In Iowa, corn and soybean 

now occupy 63% of the state‘s total land area and 82% of its cropland (National Agricultural 

Statistics Service, 2014). In 2013, corn and soybean represent approximately 92.1, 74.2, 

60.3% of the total harvested area grown in Iowa, Minnesota and Michigan, respectively 

(Gaudin et al., 2015a). In comparison, corn, soybean and hay represented approximately 99.5, 

86.3, and 74.8% of the total harvested area grown in Iowa, Minnesota and Michigan, 

respectively. Harvested hay acreage is relatively low.  

The trends towards simplification, observed in the Midwest United States, are similar to 

those observed in the province of Ontario (Figure 1). In Ontario, corn, soybean and winter 

wheat acreage has increased by approximately 25%, 900%, and 135%, respectively, from 

1970 to 2014. During the same period, forage and spring cereal acreage declined by 

approximately 35 and 80% respectively.  
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Figure 1. Harvested areas (hectares) of major field crops shown as % of total harvested area from 1970 to 

2014 for Ontario. Source: Statistics Canada. Table 001-0010 - Estimated areas, yield, production and average 

farm price of principal field crops, in metric units, annually (accessed: November 08, 2014). 

 

 

Figure 2. Average yield of major field crops from 1970 to 2014 for Canada. Source: Statistics Canada. Table 

001-0010 - Estimated areas, yield, production and average farm price of principal field crops, in metric units, 

annual (http://www5.statcan.gc.ca/ cansim/a26?lang=eng&id=10010 accessed: November 08, 2014). 

A confounding, and perhaps contributing factor related to the trend of forage removal is 

that average forage yields have declined during the period from approximately 1985 to 2000. 

Between 1990 and 2014, across Canada, there is no evidence of yield increases in forages 

compared to other major crops (Figure 2). One explanation for stagnant forage yield during 

this period is that forages may have been displaced by corn and soybean primarily from Class 
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1-2 land1, and have been relegated to being produced on Class3-6 lands. Secondly, breeding 

and management advancements in annual row crops may have been disproportionately less 

for forages (Brummer and Casler, 2014). Consequently, the concentration of corn and 

soybean on Class 1 and 2 lands may not be accurately represented by Figure 1. If forages are 

removed, similar to Iowa, Minnesota and Michigan, corn and soybean represent 

approximately 80% of the annual row crops grown in Ontario.  

 

 

BENEFITS INFLUENCING CROP ROTATION COMPLEXITY: PAST 
 

Increasing crop rotation complexity provides a range of economic, environmental and 

social benefits (Table 1). The list of crop rotation benefit has not really changed over time, 

but what has changed is the perceived magnitude of influence each benefit has on a farmer‘s 

decision regarding crop rotations. In the past, a farmer‘s decisions regarding crop rotation 

were motivated by a differing set of benefits than in the present or the future.  

The benefits of crop rotation have been recognized for centuries even though the 

mechanisms underlying the benefits of this practice may not have been fully understood. For 

example, crop rotation was reportedly used during the Han dynasty of China more than 2000 

years ago (MacRae and Mehuys, 1985). Some of the earliest descriptions of crop rotations 

seem to suggest that soil productivity was the main impetus underlying crop rotation. The 

British Agricultural Revolution (1750 -1880), was, in a large part, associated with the 

development of the Norfolk four-crop rotation (Overton, 1996). This four-crop rotation 

replaced a two-field crop rotation system where one field was left fallow or turned into 

pasture; a common practice during the Middle Ages. The four-crop rotation was observed to 

greatly increase crop and livestock yields by improving soil fertility and reducing fallow. 

George Washington Carver promoted the use of crop rotation over a century ago, teaching 

Southern United States farmers to rotate soil-depleting crops like cotton with soil-enriching 

crops like peanuts and peas (McMurry, 1982). In 1927, it was reported that ―rotation is 75% 

as efficient as fertilizers in maintaining and increasing crop yields‖ (Weir, 1927). In the 

following statements, the consequences of poor rotation in Minnesota at the turn of the past 

century are summarized (Pond et al., 1931): 

 

―The one-crop system, followed so persistently during the first thirty years of 

farming in the Valley, developed the usual hazards that are inevitable with single-crop 

farming-weed pests, plant diseases, insects, and poor physical condition and lowered 

fertility of the soil.‖  

 

                                                           
1
 In Canada, land capability determined using the Canada Land Inventory (CLI) for agriculture. CLI is an 

interpretative system for assessing the effects of climate and soil characteristics on the limitations of land for 

growing common field crops. Class 1 soils have no significant limitations in use for crop production. The soils 

are deep, are well to imperfectly drained, hold moisture well, and in the virgin state were well supplied with 

plant nutrients. They can be managed and cropped without difficulty. Under good management they are 

moderately high to high in productivity for a wide range of field crops. Class 2 soils have moderate 

limitations, and moderate conservation practices required to achieve moderately high to high in productivity. 

Class 3 soils have moderately severe limitations and the range of crops is restricted or special conservation 

practices required. Class 4 soils have severe limitations. Class 5 soils are restricted to forage crops and 

improvement practices are feasible. Class 6 soils are restricted to forage crops and improvement practices not 

feasible. (http://sis.agr.gc.ca/cansis/nsdb/cli/class.html). 
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―Wheat became a crop of uncertain yield, except as it was grown in a crop rotation.‖ 

―Most of these problems of crop production ordinarily can be met most effectively 

through a crop rotation program extending over a series of years ….‖ 

―It is the general opinion of farmers that the continuous growing of spring grains has 

gradually lowered the yields of these crops and that the reduced yields are partly due, in 

addition to the effects of weeds and diseases, to the gradual depletion of the physical 

condition and to some extent the fertility of the soil.‖ 

 

Yield reductions from 3 to 57% for major crops grown in short rotation sequences and 

monocultures relative to yields in more complex rotations were documented in a recent 

review (Bennett et al., 2012). Other documented benefits of crop rotation complexity include 

reduced prevalence and reduced damage from insect pests and weeds, beneficial interactions 

with soil microbes and nematodes, reduced soil compaction, reduced nutrient depletion and 

increased soil water availability (Karlen et al., 1994), and reduced risk (Helmers et al., 2001). 

Crop rotation complexity when integrated with livestock production, enabled inclusion of 

perennial forage crops and the application of manure on crop fields (Russelle, 2007). 

Inclusion of forages in a crop rotation increases nitrogen supply (Cavigelli et al., 2008; 

Magdoff and van Es, 2000; Stanger and Lauer, 2008), improved soil structure and carbon 

(Riedell, 2009), and reduced weed pressure (Liebman, 2008).  

In summary, decisions regarding crop rotation in the past were driven by improvements 

related to soil fertility, control of pests, meeting livestock feed requirements, increasing yields 

and distribution of labour; however, over time, these have been displaced with a more narrow 

set of benefits, which has ultimately resulted in simpler rotations that are currently practised.  

 

 

DRIVERS OF CROP ROTATION COMPLEXITY:  

PAST TO PRESENT 
 

Over the past century, there have been a number of ―significant‖ drivers‖ causing change 

in farmer decisions regarding crop rotation complexity and ultimately leading to the 

simplification of rotations observed currently.  

Prior to the discovery of the Haber–Bosch process in 1909, legumes and livestock 

represented the primary means to introduce nitrogen into a crop production system. The 

Haber–Bosch process enabled artificial nitrogen fixation and production of ammonia. In 

2010, the fixation of nitrogen through Haber–Bosch (120 Tg N yr
−1

) was double the natural 

terrestrial sources (63 Tg N yr
−1

) (Fowler et al., 2013). Large-scale industrial fixation of 

nitrogen has displaced the main value of legumes from the rotation and enabled crop 

production without livestock. In the latter part of the 20
th
 century, nitrogen and phosphorus 

use increased by 800 and 300%, respectively (Tilman et al., 2001).  

 

 

 



 

Table 1. Crop rotation complexity and underlying benefits and drivers 

 

 

Drivers of Crop Rotation 

Complexity: Past to 

Present

Drivers of Crop Rotation 

Complexity: Present to 

Future

yield improvement ++++ + ++++

system resilience na ++ +++

improve fertilizer use efficiency na + +++

nitrogen supply +++++ ++ +++

weed,  disease  and insect  management +++++ + +++

integration with livestock +++++ ++ ++

labour distribution   ++++ ++ ++

scales of economy na +++++ ++

risk mitigation ++ +++ +++

soil quality enhancement + ++ +++

GHGs reduction na na +++

water quality improvement na na +++

habitat biodiversity na na +++

increased success of no-till/reduced till na + +++

cover crop niches na + ++

sustainable biomass removal na na +++

 na - not applicable, + low influence ------ +++++ high influence

synthetic fertilizers, 

herbicides, insecticides, 

fungicides, improvements in 

crop genetics, specializationof 

farms (eg. separation of crop 

and livestock production),  

increase in equipment scale 

and  performance, government 

programs, market demand, 

large %age rented land

high input costs, climate 

change,  increasing drought 

sensitivity, emerging biomass 

markets,pest resistance, 

declining water quality, 

increasing poulation 

concentration

Crop Rotation Benefits

Influence of 

Benefits - 

"Future:

Influence of 

Benefits - 

"Present"

Influence of 

Benefits - 

"Past"
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The role of crop rotation for weed suppression has largely been eliminated by the 

introduction of synthetic herbicides and genetically modified crop species that are resistant to 

herbicide modes of action. Prior to the introduction of synthetic herbicides, such as 2,4-D, 

which was first introduced in 1945 by the American Chemical Paint Company, weed control 

was achieved by a combination of methods including crop rotation, tillage, hand weeding and 

other cultural methods. Herbicides such as 2,4-D revolutionized weed control. It could 

selectively control broadleaf plants, while not injuring most monocots. It reduced the need for 

complex rotations. Where labour was scarce, it replaced the hoe and facilitated larger scale 

production. Numerous other synthetic herbicides were introduced in subsequent years 

including the triazine family of herbicides, which includes atrazine, in the 1950s and 

glyphosate in 1974. Reliance on crop rotation for weed management was further reduced by 

the introduction of genetically modified herbicide tolerant crops whose growth and 

development are not significantly affected by herbicides thus facilitating herbicide based 

weed management. Whereas, complex crop rotations in the past were a necessary tool to 

control weeds, it is no longer a primary weed control strategy. Herbicides and genetically 

modifies herbicide tolerant crops have also facilitated larger scale farms which, in turn, has 

encouraged further simplification of rotations.  

Similarly, in the past, crop rotation was an essential tool for managing insects and 

diseases. Introduction of various pesticides and pest resistant crops developed either through 

traditional or genetic modification, have effectively enabled simplification of crop rotations.  

Livestock production and field crop production are increasingly separated at both the 

farm and regional scale (Beaulieu et al., 2001; Boschma et al., 2015). A movement away from 

integrated livestock and crop production systems has been enabled, in part, by the increased 

use of synthetic fertilizers that replace the requirement for nutrients from livestock manure. 

Concentration of livestock production has resulted in the removal of forages from rotations, 

as well as increased production of corn, soybean and corn silage (Rankin, 2015).  

Advancements in mechanization further promoted the adoption of short rotations 

(Sprugeon and Grisson, 1965). A reduced number of crops in rotations enable farmers to own 

fewer pieces of equipment and reduce capital investment in equipment (Colvin et al., 1990), 

to specialize in the production of fewer crops (Actams et al., 1970), and to take advantage of 

economies of scale for production (Johnston, 2013; McGranahan, 2014).  

Other drivers for reducing crop rotation diversity include government policies, and 

favorable economics driven, in part by growing demand for a narrow spectrum of crops, 

commodity programs that emphasized short-term profit, increased prevalence of rented land, 

public and private research and development efforts devoted to genetic improvement of corn 

and soybean, and increased food and industrial uses for both corn and soybean oils and 

various by-products (Francis and Clegg, 1990; Karlen, 2004; Porter et al., 2003). 

 

 

BENEFITS INFLUENCING CROP ROTATION COMPLEXITY: PRESENT 
 

While crop rotation has not been entirely abandoned in Ontario and the rest of the 

Northern Corn Belt, the present situation is that simple rotations dominate the landscape. 

Simple two-crop rotations of corn and soybean are prevalent, particularly on Class 1 and 2 

soils. Forages have been displaced and, to a large extent, are relegated to lower classes of 
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land. With the dominance of corn and soybean in rotation, opportunities to effectively deploy 

cover crops in a rotation and to realize their benefits have been reduced. This is particularly 

true in shorter season regions where cover crop biomass potential is low due to the use of full-

season crop varieties aimed at maximizing corn and soybean yield potential (Vanhie et al., 

2015). In previous studies, conducted at two locations in Southwestern Ontario, annual rye 

grass, cereal rye and oats were planted into a corn-soybean rotation either at pre-soybean leaf 

drop, post soybean harvest or post corn grain harvest. Over the three years, cover crop 

biomass did not exceed 0.5 t ha
-1

 when measured either in the fall or spring prior to 

application of a herbicide to control the cover crop (Deen and Hooker, data unpublished). Due 

to relatively low cover crop biomass, rotational benefits due to inclusion of cover crops were 

not observed.  

While annual corn and soybean rotations consistently produce high yields of 

commodities for marketing and livestock feed, it relies extensively on external inputs of 

synthetic pesticides and fertilizers (Liebman et al., 2008). Past drivers of crop rotation (weed, 

disease and insect control, nutrient supply, integration with livestock and labour distribution) 

presently do not have a significant impact on farmer decision making regarding crop rotation 

complexity. This does not mean that these drivers have been entirely negated and that there is 

no benefit of rotation related to them. Synthetic fertilizers and pesticides do not entirely 

replace crop rotation (Bullock, 1992 and references therein). Crop rotation benefits are 

observed even when external inputs appear to be non-limiting. For example, crop rotation can 

improve weed control even with synthetic herbicide use (Forcella and Lindstrom, 1988). 

Corn-soybean rotations compared to continuous monocultures of these crops do realize a 

degree of benefit associated with weed, disease and insect control, nutrient supply, integration 

with livestock and labour distribution; however, these benefits contribute little to farmer 

decision making regarding rotation. Presently, a farmer‘s decision to produce a monoculture 

versus a two-crop rotation versus a more complex rotation appears to be driven largely by 

other factors.  

Farmers in general recognize that a simple rotation may result in a yield reduction 

relative to more complex rotations. They also recognize that input costs associated with 

simple rotations may be somewhat higher than for complex rotations. Their decision to adopt 

simple rotations reflects a reality or perception that simple rotations provide greater economic 

return and stability in the short term and perhaps in the longer term. This reality or perception 

of greater economic returns associated with simple rotations may arise from a number of 

drivers: government policies, favorable economics, commodity programs as well as public 

and private research and development efforts devoted to genetic improvement of corn and 

soybean, and increased food and industrial uses for both corn and soybean oils and various 

by-products (Karlen, 2004; Porter et al, 2003; Francis, and Clegg, 1990) may have resulted in 

greater net return per acre and economic advantage to simple corn-soybean rotations versus 

more complex rotations. Net return per acre may be lower for a simple rotation than for a 

complex rotation, but farmers may still have an economic advantage to adopting simple 

rotations. This is due to shorter rotations enabling simplification of management strategies 

and increased scale of production (Johnston, 2013; McGranahan, 2014), especially on leased 

land that may only be under the farmer‘s control for a year or two. With a simple rotation, 

although returns per acre may be lower, the ability to increase farm size results in higher 

economy of scale returns, over the entire farm.  
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Crop rotation is generally thought to reduce risk compared with monoculture cropping 

(Helmers et al., 2012). Diversification with crop rotation complexity reduces risk by 

offsetting low returns in one year for one crop with relatively high returns from a different 

crop. Crop rotation also reduces risk by reducing yield variability (Gaudin et al., 2015and 

references therein) and consequently variability in returns (Helmers et al, 2012). However, it 

was demonstrated that a corn- soybean rotation was the most profitable rotation even when 

risk is taken into consideration (Stanger and Lauer, 2008). 

 

 

DRIVERS OF CROP ROTATION COMPLEXITY: PRESENT TO FUTURE 
 

While the adoption of simple rotations has provided economic advantages, there are a 

number of drivers emerging that could ultimately lead farmers increase crop rotation 

complexity (Table 1).  

Long term rotation trials have quantified yield benefits of crop rotation complexity. Two 

long term rotation trials in Ontario show yield benefits with more complex rotations [Gaudin 

et al., 2015a; Gaudin et al., 2015b), which corroborates work summarized elsewhere (Bennett 

et al., 2012). There is evidence, however, that the yield penalty associated with simple 

rotations increase with the duration of the simple rotation (Drury and Tan, 1995).  

There are a number of potential reasons for why the rotation effect accentuates over time. 

First, the longer the time period under a simple rotation, there is a greater probability that 

yield reductions associated with weed, insects or diseases will result. As mentioned 

previously, while external inputs such as pesticides and improved genetics reduce the impact 

of these pests, they are not eliminated. Secondly, simple crop rotations are associated with 

reduced soil organic matter (West and Post, 2002; Karlen et al., 2006) and reductions in 

overall soil quality (Congreves et al., 2015; Munkholm et al., 2013). As crop productivity is 

associated strongly with soil organic matter, these effects increase in magnitude the longer the 

simple rotation is practised. Lower soil organic matter tends to reduce other measures of soil 

quality. For example, a reduction in soil organic matter reduces aggregate stability, which is 

positively correlated with water infiltration and compaction resistance (Congreves et al., 

2015; Munkholm et al., 2013). Reduced soil organic matter results in reduced soil biological 

activity. Under more complex rotations, the quantity, quality and chemical diversity of 

residues increased and more diverse soil biological communities were sustained, with positive 

effects on soil organic matter and soil fertility (Tiemann et al., 2015). Reductions in soil 

organic matter and aggregate stability with simple rotations increased soil erosion 

(Stonehouse et al., 1998). Simple rotations also require greater amounts of tillage to maintain 

yield (Pittelkow et al., 2014), thereby resulting in tillage exacerbating the effects of simple 

rotations on soil quality. Third, yield of crops under simple rotations appear to be more 

vulnerable to abnormal moisture conditions, particularly drought (Gaudin et al., 2015b). Yield 

stability significantly increased when corn and soybean were integrated into more diverse 

rotations consisting of small grains, red clover and/or alfalfa. In hot and dry years, 

diversification of corn-soybean rotations with additional crop species and reduced tillage 

increased yield by 7 and 22% for corn and soybean, respectively. Yield reduction and 

variability of simple rotations associated with weather abnormalities, particularly drought, 

may be increasing due to: 1) a trend towards warmer, drier summers and more variable 
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precipitation patterns in the mid latitude regions (IPPC, 2014), and 2) increases in yield 

potential of corn and soybean that increase crop water requirements (Richards, 2000). Soils 

associated with more complex crop rotations tend to have greater plant water availability.  

Widespread water quality concerns persist for watersheds impacted by agricultural 

production in Ontario and the Northern Corn Belt. Nitrogen deposition from agricultural 

lands into the Gulf of Mexico has led to a large coastal hypoxic zone (Alexander et al., 2008; 

Broussard and Turner, 2009; Zhou et al., 2014) and in the Great Lakes. Simple rotation 

impacts on soil quality and soil erosion contribute to this water quality problem. Crops like 

corn and soybean are much less effective in reducing soil erosion, thus reducing water 

infiltration and nutrient retention, in contrast to perennial species (Asbjornsen et al., 2014). 

Integration of diverse, deep-rooted communities of perennial plants into landscapes and 

watersheds dominated by corn and soybean fields resulted in a 95% reduction in sediment 

export, a 90% reduction in total phosphorus export, and an 85% reduction in total nitrogen 

export (Helmers et al., 2012). Furthermore, diversification of simple corn-soybean cropping 

systems with small grain crops and perennial forages reduces nutrient requirements (Davis et 

al., 2012; Gaudin et al., 2015) thereby reducing risk of loss.  

Over the past century the global nitrogen cycle has been profoundly altered by human 

activity. The amount of ‗reactive‘ nitrogen produced by humans is now greater than the 

amount created through natural processes (Fowler et al., 2013). Currently N use efficiency for 

world cereal grain production systems is estimated between 20-50% (Mosier et al., 2004; 

Raun and Johnson, 1999). Low nitrogen use efficiency, in addition to being an economic 

concern, is a significant environmental concern. Agricultural sources of nitrogen can 

contaminate water sources through N runoff or nitrate leaching, and contribute to greenhouse 

gas levels through carbon dioxide emissions associated with nitrogen fertilizer production and 

soil emissions. There is also growing evidence of the ‗nitrogen cascade‘ effect which occurs 

as a result of the same nitrogen atom contributing to multiple negative effects in the air, on 

land, in freshwater and marine systems, and on human health.  

As a result of these nitrogen related concerns, the benefit of crop rotation from reducing 

nitrogen fertilizer input and increasing nitrogen fertilizer use efficiency may increase. Simple 

corn - soybean rotations require greater nitrogen inputs than more complex rotations that 

include forages. In a review of red clover it was determined that red clover can provide an 

average nitrogen fertilizer equivalent of 41-64 kg N ha
-1

 (Gaudin et al., 2013). Other studies 

have similarly demonstrated the benefits of including forage legumes in rotation with grain 

crops (Baldock et al., 1981; Cavigelli et al., 2008). The benefit of rotation complexity in 

terms of nitrogen benefit is not just associated with legume inclusion in the rotation: nitrogen 

requirements for corn were reduced in a corn-soybean-winter wheat rotation compared to a 

corn-soybean rotation (Gaudin et al., 2015a). The authors attribute reduced N requirement 

associated with winter wheat inclusion to improvements in corn nitrogen use efficiency.  

Global warming is an issue that has emerged in the past 1-2 decades and could 

significantly impact discussions related to crop rotation complexity. Field crop production 

contributes to greenhouse gas emissions and global warming primarily through processes 

related to fossil fuel consumption for nitrogen fertilizer production and crop production 

(tillage, grain drying), nitrous oxide emissions, and soil organic matter dynamics. Simple crop 

rotations are associated with greater tillage requirements (Pittelkow et al., 2014), reduced 

diesel use efficiency due to lower yield potential, increased nitrogen fertilizer requirements 

and lower soil organic matter. Adoption of complex rotations represents a mitigation strategy 
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to reduce GHG emissions and increase carbon sequestration through elevation of soil organic 

matter (Meyer-Aurich et al., 2006). Complex rotations also represent an adaptation strategy to 

the weather extremes anticipated with global warming. As already mentioned above, complex 

rotations are associated with increased resilience to weather extremes, including drought.  

Weed management may re-emerge as a driver of crop rotation. The trend to simple 

rotations has been facilitated by herbicides and herbicide resistant crops that are effective 

across a range of weed species, soil types, timings and crops which enable a farmer to 

increase farm size. Simple rotations are, however, associated with larger weed seedbanks, 

increased weed pressure and increased rapidity of herbicide resistance. Herbicide resistance is 

now widespread for many commonly used herbicides (Shaner, 2014) and represents an 

emerging challenge to simple crop rotations in Ontario and the Northern Corn Belt 

(Mortensen et al., 2014). The ability to rely on herbicides as the sole weed management 

strategy could be compromised. Complex crop rotation represents a means to practice more 

integrated weed management strategies with less reliance of herbicides for controlling weeds. 

Complex rotations consisting of diverse crops and management practices significantly 

increase the options for integrated weed control (Swanton et al., 2008). In summary, complex 

rotations: 1) increase crop yield and thus improve crop competition with weeds, 2) increase 

herbicide options and modes of actions, 3) enable greater diversity in herbicide timing, 4) 

diversify both the timing of competition of crop and weeds and the nature of competition, 5) 

reduce weed seed banks, 6) increase tillage options, and 7) increase cover crop options for 

added weed suppression.  

 

 

BENEFITS INFLUENCING CROP ROTATION COMPLEXITY: FUTURE 
 

In the future, a broader set of benefits will impact farmer decisions regarding crop 

rotation (Table 1). This is due to the drivers outlined in the previous section. Yield benefits of 

rotation will increase due to increasing soil moisture constraints resulting from increasing 

transpiration demand from higher yields and increased variation of precipitation resulting 

from a changing climate. Greater emphasis will be placed on system resiliency, again due to 

changing climate effects. Crop rotation complexity will be encouraged in an effort to obtain 

resiliency from improved soil quality, cover crops and no-till production. Increasing 

occurrence of pest resistance will necessitate the reintroduction of greater crop rotation 

complexity as a pest management tool. Since soil organic matter is more easily maintained 

with more complex rotations (Kludze et al., 2013), greater economic and environmental 

benefits will be associated with complex rotations, especially as commercial biomass markets 

develop. Environmental benefits of complex rotations (increased nutrient use efficiency, 

reduced nitrogen use, GHG reduction, improved water quality, and habitat diversity) 

represent externalities that should be incorporated into farmer‘s crop rotation decisions.  

 

 

CONCLUSION 
 

Although for the past number of decades there has been an obvious trend towards 

simplification of rotations, different drivers are emerging that may change the trajectory of 
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this trend back toward more complex rotations. While simple monocrop or two-crop systems 

of corn and soybean currently dominate the landscape in Ontario and the Northern Corn Belt, 

there is growing evidence that crop rotation complexity could provide a wider set of benefits 

than present, or in the past.  

A radical increase in crop rotation complexity from the current simple corn and soybean 

rotation is not necessarily required. Similar to the relationship between biological diversity 

and ecosystem function which resembles an asymptotic hyperbola (Cardinale et al., 2012), the 

addition of species complexity to a rotation follows the law of diminishing returns. The 

incremental benefit of a two-species rotation over continuous monoculture is typically greater 

than the incremental benefit of a three-species rotation. Above some intermediate and 

undetermined level of rotation complexity, incremental benefits are small. Given the 

asymptotic hyperbola relationship between crop rotation complexity and benefits, 

introduction of a single additional crop species to the dominant corn-soybean system could 

have significant benefit. Inclusion of winter wheat, a forage species, or a 3-5 year dedicated 

perennial biomass crop could provide significant benefits in Ontario, and other parts of the 

Northern Corn Belt.  

Concerns that are emerging regarding simple rotations have economic, environmental 

and social implications that impact the farmer as well as other groups within society. Climate 

change, biomass markets based on crop residue removal, and increasing intensity of 

production systems may exacerbate these concerns. Decisions regarding crop rotation 

complexity are made by the farmer; however, that decision is informed by various incentives, 

economic and otherwise. Given the emerging interests of other stakeholders in the crop 

rotation complexity discussion, and the growing awareness of potential benefits associated 

with more complex rotations, the various stakeholders need to investigate means of 

encouraging farmers to increase crop rotation complexity.  
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ABSTRACT 
 

Crop rotation, a universal management practice with yield benefits that have been 

recognized and exploited for centuries, is the practice of growing a series of different 

crop types in the same area in sequential seasons. China has a long agricultural history, 

and rotation cropping systems have been practiced for millennia. Because of the large 

differences in climate and soil types, cropping systems from different regions in China 

are highly diverse. The research on the effects of legume-cereal crop rotation on crop 

yields has been conducted for many years. The current literatures indicate that the 

soybean-corn crop rotation increases grain yields and is a kind of cropping system for 

sustainable agriculture. Understanding changes in soil physical, chemical and biological 

properties is important in explaining the mechanisms involved in the direct and indirect 

effect of crop rotation on grain yields as well as the benefit to the environment. This 

chapter collates and synthesizes the available literature on different legume-cereal crop 

rotation studies conducted in diverse agroecological regions of China. Sustainable 

production and effective adoption of legume-cereal crop rotations on a site-specific basis 

involve many factors, including crop structure, variety selection, conservation tillage and 

integrated pest and weed management practices, and thus require a multi-disciplinary and 

multi-sectoral cooperation. Therefore, the introduction and adoption of any cropping 

systems and new technologies must be tested under site-specific conditions and gradually 

extended from demonstration plots to other regions. 
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1. INTRODUCTION 

 

Crop rotation is the practice of growing a sequence of different crop species on the same 

land (Yates, 1954; Shen and Liu, 1983). This is in contrast to intercropping, which is the 

practice of growing two or more crops simultaneously on the same land (Stinner and Blair, 

1990), or continuous monoculture, which is the practice of growing a single species 

repeatedly on the same land (Power, 1990). Crop rotations have been repeatedly shown to be 

effective methods of minimizing soil erosion, improving water use efficiency, and 

maintaining high yields (Zhu et al., 1994; Li et al., 2000). In this chapter, emphasis is placed 

on main types of crop rotation in China, especially for legume-cereal crop rotations. Crop 

rotation may include two or more crops in sequence over several growing seasons. A two-

crop rotation, such as corn (Zea mays) and soybean (Glycine max) or corn and alfalfa 

(Medicago sativa) in alternate years, uses the legume to provide complementary inorganic 

nitrogen in the soil for the succeeding crops. For a long time, legumes have been known as 

the ―soil building crops‖ because the biological, physical, and chemical properties of the soil 

are significantly improved when legumes are grown on it. It therefore makes good sense 

agriculturally to alternate them with cereals and other crops that require large amounts of N. 

Figure 1 illustrates some typical crop rotation practices including legumes in China. 

 

 

 

Figure 1. (Continued). 
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Figure 1. Examples of crop rotation in China: (A) a corn-soybean-wheat rotation in Northeastern China; 

(B) a legume-cereal rotation in North China Plain; (C) a green manure with recycled straws for paddy 

rice in Southern China. 

China has a long agricultural history; the practice of crop rotation can be dated back to 

antiquity, as early as the West Han Dynasty, more than 2000 years ago (206 B.C. to year 24 

A.D.) when implementing fallow rotation (Han, 2000). The alternate crop-fallow cultivation 

method was reflected in Jia Sixie's Qi Min Yao Shu narration (Cao and Xian, 1985). The book 

also described a method of growing green manure in a crop production system as the way of 

raising soil fertility. It was observed that the effect of green manure can be the same as the 

silkworm feces and overrotten dung. Green manure crops such as mung bean (Vigna radiata) 

and red bean (Vigna angularis) have been widely used to rotate with millet for grain and 

vegetable production. On the basis of this thought, a dry farming system in northern China 

was formed and considered a relatively mature green manure crop rotation in Wei (220-265 

A.D.), Jin (265-420 A.D.) and Northern and Southern Dynasties (420-589 A.D.). Green 

manure-rice rotation cropping was one of the more ancient grass field rotation patterns in 

China. Green manure has long been planted on major production areas of paddy rice (Zhu et 

al., 2012).  

Crop rotation, an important cropping practice, has been considered as an effective 

approach to increase yield and profit and allow for sustainable production (Mitchell et al., 

1991). Positive rotation effects on crop yields have been reported by many scientists for years 

(Bullock, 1992; Carsky et al., 1997; Fan et al., 2012; Kelley et al., 2003; Yusuf et al., 2009). 

This beneficial effect, in the legume-cereal rotation system, has been attributed to the 

availability of extra nitrogen (N) through biological nitrogen fixation and other rotation 

effects (Sanginga et al., 2002). Legume-cereal rotation improves the nutrients in soil. 

Legumes, for instance, have nodules on their roots which contain nitrogen-fixing bacteria 

called rhizobia (Danga et al., 2009). Grain legumes grown in rotation with annual cereal crops 

contribute to the total pool of nitrogen in the soil and improve the yields of cereals.  

Crop rotation systems make full use of soil resources such as nutrients, water and 

biodiversity through inter-annual rotation of different crops based on their heterogeneous 

compensation and thus promote crop production and land use efficiency (Bullock, 1992). For 

example, farmers can use some forms of crop rotation to keep their fields under continuous 

production, instead of letting them fallow and reducing the need for chemical fertilizers. In 

addition, a general effect of crop rotation is that there is a geographic mixing of crops, which 
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can slow down the spread of pests and diseases during growing season (Kutcher et al., 2011; 

Larkin, 2008; Satti, 2012). The different crops can also reduce the effects of adverse weather 

for the individual farmers, and a proper allocation of resources for planting and harvesting at 

different times allows more land to be farmed with the same amount of machinery and labor. 

There has been no obvious scientific basis for the sometimes 10%-25% yield increase in a 

crop grown in rotation, compared to monoculture of the same crop, as grain legumes such as 

soybean would need more nitrogen for grain filling than the amounts of nitrogen the plants 

actually fix through symbiotic N fixation during the growing season. The factors related to 

the increase are simply described as alleviation of the negative stressors in a monoculture 

cropping system. Explanations, due to improved nutrition; pest, pathogen, and weed stress 

reduction; and improved soil structure, have been found in some case studies, but direct 

cause-effect relationship has not been determined for the majority of cropping systems. Other 

benefits of rotation cropping systems include production cost advantages. Overall financial 

risks are more widely distributed over more diverse production of crops and/or livestock. Less 

reliance is placed on purchased inputs and over time crops can maintain production goals with 

fewer inputs. This in tandem with greater short and long term yields make rotation a powerful 

tool for improving agricultural systems. 

The application of synthetic nitrogen fertilizers and pesticides, changes of crop rotation in 

China occurred rapidly over the past decades. Monoculture became popular when it appeared 

that chemical fertilizers and pesticides could be used as a substitute for rotation after the mid- 

to late-1980s (Liu et al., 2013). However, more and more input of fertilizers for crop yield 

improvement also brought a series of environmental problems, including air pollution, 

degraded water quality and increased greenhouse gas emissions (Duan et al., 2011; Liu et al., 

2011). As a result, crop rotation becomes a new favorable practice in the farming systems 

again, especially, legume-cereal rotation system in China. Large differences in climate, 

geography, soil types as well as farming systems result in a wide variety of cropping systems 

including single, double and triple crops in one year (Figure 2). There are also diverse crop 

rotation patterns among various regions of China (Figure 3), such as the northeast plain of 

China, the North China Plain and the Loess Plateau of northern China (Zhang et al., 2014).  

The northeast black soil region of China is an important grain production area. Single 

cropping system (one crop per year) is practiced only in the Northeast and some parts of the 

Northwest China. In the northeast plain of China, soybean and corn are the main grain crops. 

About one half of China‘s corn production and a third of soybean production occur on the 

highly productive ―Black Soil‖ (Mollisol) zone in the northeastern provinces of Heilongjiang, 

Jilin, and Liaoning provinces and the Inner Mongolian autonomous region (Liu et al., 2013). 

In recent years, diverse crop rotations with conservation tillage have gained renewed interest 

in the semiarid farming systems, especially in the Mongolian autonomous region, likely due 

to an increased net income (Table 1).  

As one of the most primary agricultural regions in China, the North China Plain plays an 

important role in securing the supply of grain. Crop production in this region accounted for 

35.3% and 69.2% of China‘s total corn and winter wheat production, respectively, from 1996 

to 2007 (Duan et al., 2011). Multiple cropping systems, such as double cropping (two crops 

per year) are dominant systems in this area of China. A wide range of crop rotation systems, 

such as soybean-corn, soybean-wheat, peanut-wheat, has been practiced over the past years 

(Yang et al., 2015).  
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Figure 2. Main patterns of legume-cereal rotation cropping in three regions of China: (1) a 3-year corn-

soybean-wheat rotation in Northeastern China; (2) a corn-wheat-soybean rotation on a 2-year cycle or 

peanut-wheat double cropping system in North China Plain; (3) milk vetch-rice-rice in the one-year 

crop rotation system in Southern China. The forward slash of the figure represented crop stubbles. 

 

Figure 3. Distribution of multiple cropping systems and agro-ecological systems in China. Adapted 

from Liu et al. (2013). 



 

Table 1. Comparison of yield, output values and net returns among different rotation patterns from a long-term field study 

(2004-2014) conducted in Wuchuan, Inner Mongolia, China. Results are the average of 2013 and 2014 

 

 Cropping 

System 
Crop 

Yield 

kg/ha 

Yield increase 

% 

Price 

$/kg 

Output value 

$/ha 
Input cost（$/ha） 

Net income 

$/ha 

      
Seeds Fertilizer Tillage/ harrowing 

Labour 

management  

Oilseed rape - Potato 
Oilseed rape 1638 20.8 0.81 1317 7.2 192.6 264.8 216.7 768 

Potato 16752 20.4 0.21 3622 987.0 192.6 300.9 818.5 1540 

Foxtail millet - Potato 
Foxtail millet 12959 34.8 0.14 1653 46.9 192.6 264.8 216.7 1065 

Potato 16874 21.7 0.21 3627 987.0 192.6 300.9 818.5 1545 

Continuous maize 

Common Vetch 

Maize (silage) 18288 - 0.10 1961 110.7 192.6 264.8 433.3 1092 

Common Vetch 2417 - 0.79 1782 144.4 192.6 264.8 216.7 1096 

Oat—Common Vetch 
Oat 2757 16.4 0.39 1004 120.4 192.6 264.8 216.7 400 

Common Vetch 2596 - 0.79 2041 144.4 192.6 264.8 216.7 1355 

Sunflower 

-Potato 

Sunflower 2733 - 1.31 3522 313.0 192.6 288.9 361.1 2523 

Potato 16731 22.3 0.21 3521 987.0 192.6 300.9 818.5 1439 

Continuous cropping pattern 

Foxtail millet 9496 - 0.14 1253 46.9 192.6 264.8 216.7 665 

Oat 2357 - 0.39 908 120.4 192.6 264.8 216.7 246 

Oilseed rape 1357 - 0.81 1091 7.2 192.6 264.8 216.7 542 

Potato 13883 - 0.21 2990 987.0 192.6 300.9 818.5 908 

- Not applicable. 
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The Loess Plateau is the semiarid region, one of the most important agricultural regions 

of China. It is situated between 34 and 40
◦
N, and 102 and 112

◦
E at an altitude ranging from 

700 to 2,200 m. It comprises parts of Gansu, Qinghai, Ningxia, Shanxi, and Shaanxi 

provinces and the autonomous Inner Mongolia with a total area of 620,000 km
2
, 

approximately 6% of China‘s territory (Liu et al., 2010). In this area, the dry land is used 

mainly for growing cereals or cash crops in rotation with legume forage or green manure for a 

long time, such as corn–soybean–wheat rotation in a 3-year-cycle (Qiao et al., 2014). Alfalfa, 

as a primary rotation legume, is widely grown for animal feed for the fast growing livestock 

industry (Wang et al., 2009) in the Loess Plateau of northwestern China, while also reducing 

soil erosion and improving soil fertility and quality (Fan et al., 2014). 

For a further understanding of the legume-cereal rotation cropping systems in China, 

there is a strong need to review and synthesize the most recent findings from the literature. 

This chapter describes the current understanding and advances on legume-cereal crop rotation 

systems in China.  

 

 

2. LEGUME-CEREAL CROP ROTATION IN CHINA 
 

Crop rotation has been used for thousands of years because of the yield-benefits 

(Crookston et al., 1991). Farmers in ancient cultures as diverse as those of China, Greece, and 

Rome shared a common understanding on crop rotations. They learned from experience that 

growing the same crop year after year on the same piece of land leads to the decrease of 

yields, and that they could dramatically increase productivity on the land by cultivating a 

sequence of different crops over several seasons. They came to understand how crop 

rotations, combined with such practices as cover crops and green manures, enhanced soil 

organic matter, fertility, and tilth (Bullock,1992).  

Legume-cereal crop rotation refers to a practice of growing a legume crop in one or 

several years (perennial legume, such as alfalfa) and growing cereal crops in the same area in 

sequential seasons. In China, rotating legume crops with cereal crops is a universal 

management practice with yield benefits that have been recognized and exploited for 

centuries. No one disputes the fact that rotations are beneficial. There is a large diverse in 

legume-cereal crop rotation systems due to the different climate, farming systems and soil 

properties throughout China. Describing all systems is beyond the scope of this chapter. Only 

brief account of the main legume-cereal crop rotation systems will be discussed. 

 

 

2.1. Soybean-Corn Rotation Cropping System  
 

Soybean-corn rotation has been recommended as a good cropping practice for soil quality 

and crop productivity improvement (Smith et al., 2007). Accordingly, this rotation system has 

been focused and further examined under China‘s agriculture and the environmental 

conditions. The following sections are focused on the changes in crop yields, soil properties, 

and greenhouse gas emissions as affected by this cropping system with various studies 

conducted in China. 
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2.1.1. Crop Yields 

The yield increases of cereals following legumes in rotation have been reported by many 

studies in the past years (Hairiah et al., 2000; Shah et al., 2003; Yusuf et al., 2009). The rate 

of yield improvement of corn and soybean from 1978 to 2012 is showed in Figure 4. Over the 

past 35 years, grain yield in China has been increasing at a rate of 77.8 kg ha
-1 

year
-1

 for corn 

and 20.1 kg ha
-1 

year
-1

 for soybean, respectively. In general, the improvement in yield can be 

attributed to plant breeding and better agronomic practices (Kou et al., 2012). Twenty-five 

percent of yield enhancement can be attributed to improved agronomic practices (Tollenaar 

and Lee, 2006), including crop rotation such as legume-cereal crop rotation. Legumes, 

described as ―nitrogen fixing" plants have the ability to synthesize atmospheric nitrogen in the 

root systems in the form of nodules, and add nitrogen to the soil after the plant is harvested. 

Soybean, as a typical legume, is a good preceding crop to alternate with heavier feeding 

plants such as corn. Compared to those in a rotation system, Xu et al. (1996) observed that 

soybean yield was 35.5% lower in a 3-year continuous soybean cropping and 18.6% in a 2-

year monoculture, averaged across five field experiments. Similarly, Fan et al. (2012) found 

the soybean-corn rotation under no-till produced better yield and profitability, particularly in 

drier years, than the corn-corn-corn and corn-corn-soybean rotations. They also observed that 

the average corn yield under no-till condition was significantly greater under soybean-corn 

than under corn-corn-soybean rotation (9.7%) or under continuous corn (9.8%) from an 8-

year study (Table 2). Therefore, grain legumes grown in rotation with cereal crops contribute 

to improve the yields of cereal crops in China. 

 

 

Figure 4. Trends in the average corn and soybean yields in China between 1978 and 2012, Solid line, 

fitted linear equation of corn yield (y  =  0.0778x -150.67, R
2 
= 0.882); dashed line, fitted linear 

equation of soybean yield (y = 0.0201x- 35.52, R
2 
= 0.6898). Source: National Bureau of Statistics of 

China (2015). 
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2.1.2. Soil Properties and Microbial Community 

The benefits associated with the inclusion of a legume in a crop rotation can be 

partitioned into the N effect and the non-N effect (Bagayonko et al., 1992; Stevenson et al., 

1996). Several studies have shown that increase in the yield of cereals following the legumes 

mainly due to the N contribution (Herridge et al., 1995; Lo´pez-Bellido et al., 2004; McGuire 

et al., 1998; Turpin et al., 2002), associated with the symbiotic N2 fixation in the legume (the 

N effect). In addition, crop rotation has been considered as an effective approach to 

sequestrate C in soil and to enhance soil fertility (Liu, 1999; Hassink, 1995; Jarecki and Lal, 

2003; Madari et al., 2005). Drinkwater et al. (1998) demonstrated that legume-based cropping 

systems have reduced carbon and nitrogen losses. Sun (2008) observed that organic matter 

and nutrient content in the rhizosphere of continuous soybean were lower than those of 

rotational soybean soil. However, the effect of legume-cereal crop rotation on soil carbon 

sequestration is also controversial. By comparing results from different studies, Kou et al. 

(2012) suggest that soybean–corn rotation may not be the best cropping practice for soil 

carbon sequestration in the rain-fed farmland Mollisol (Cumulic Hapludoll) in Northeast 

China, but this system could possibly sustain soil fertility for a long time, and in turn, 

supporting continuously high yields under intensive cropping practices with manure 

application.  

 

Table 2. Average crop yields under all tillage and rotation treatments from 2002 to 2009 

in Dehui County, Jilin Province, China (adapted from Fan et al., 2012) 

 

Crop Treatment 
NT MP RT 

Yield (kg/ha) 

Corn 

C-S 10143A 9804A 10239 

C-C-S 9248B 9377A NA
z
 

C-C-C 9241B 9296A NA 

Soybean 
C-S 2330A 2277A 2275 

C-C-S 2143B 2166A NA 

MP, moldboard plow; NT, no-tillage; RT, ridge tillage; NA, not applicable. 

Yield means in the same column within the same crop followed by the same letter are not significantly 

different at P = 0.05. 

 

Crop rotation influences the soil microbial activities. Soil microorganism populations in 

the rhizosphere contribute to plant health by mediating nutrient acquisition. Sun (2008) 

observed a significant change of rhizosphere soil microbial community in continuous 

cropping system. In Qingdao, China, Chen et al. (2014) illustrated the succession dynamics of 

soil microbial communities in a continuous cropping system. Li et al. (2006) reported that 

corn in rotation with soybean in alternate years (corn-soybean-corn-soybean) can alleviate the 

effect of nitrogen fertilizer on rhizosphere soil microbial diversity and richness, but the effect 

of nitrogen application significantly changed its bacterial community structure (Chan et al., 

2013). Corn-corn-soybean was less affected by nitrogen fertilizer and showed relatively high 

stability (Zhou et al., 2013). This indicates that microbial diversity in the soil community has 

improved through crop rotation. In addition, it was also observed that the population of 

beneficial bacteria increased in gramineae and leguminous rotation system (Liu et al., 2007; 

Liu et al., 2009), which alleviated the barriers of continuous cropping on soil nutrient cycling, 
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leading to the improved crop yields and soil quality. Thus, improvement in soil physical 

properties would allow the soil to sustain life and health conditions. Moreover, the prevention 

of erosion with deep roots and rich soil in the rotation cropping system could hold water and 

nutrients and improve soil nutrient cycling conditions and water usage (Duan et al., 2011).  

In Inner Mongolia, corn, potato (Solanum tuberosum), soybean and wheat are the main 

field crops. New technologies have been developed for conservation tillage under semiarid 

dryland farming conditions in the past decades. Scientists and innovative farmers have 

developed four kinds of technological patterns, including high stubble with dibble seeding, 

low stubble with drill, roots with tubers and grassland improvement. These technologies have 

been applied in the main crop rotations, such as corn-soybean, soybean-wheat-potato, 

legume-corn-wheat. The improved production efficiency under crop rotation systems has 

been clearly shown (Table 1). 

 

2.1.3. Greenhouse Gas Emissions 

Current global climate change is evidenced by ongoing increases in ambient temperature, 

rising sea level, and decreasing snow cover worldwide (IPCC, 2007). These accelerated 

processes have been mostly attributed to progressively increasing concentration of 

greenhouse gases in the atmosphere, such as CH4, CO2 and N2O (Hernandez-Ramirez et al., 

2011). Major science efforts are now focusing on identifying and developing suitable land-

management strategies to effectively mitigate or decelerate these detrimental global 

environmental effects (Suyker et al., 2004; Johnson et al., 2005; Russell et al., 2005; 

Hutchinson et al., 2007). Gan et al. (2011, 2014) contended that there are opportunities to 

reduce agricultural emissions by developing numerous cleaner production technologies 

including improved farming practices, applying reasonable amounts of fertilizers, herbicides 

and pesticides, and more importantly, adopting diversified cropping systems.  

Much of the research on the effects of various crop types on N2O emissions has focused 

on the differences between N-fixing legumes and non-leguminous crops (Pelster et al., 2011). 

Even using the same rotation patterns in different studies however, results have varied. For 

example, in corn-soybean rotations, the reported greenhouse gas emissions ranged from 

higher cumulative N2O emissions from corn (Bavin et al., 2009; MacKenzie et al., 1997), to 

no difference in emissions to higher emissions from soybeans (Parkin et al., 2006; Sey et al., 

2008). In general however, it seems that the presence of legumes increased N2O emissions, 

likely because of greater N release from root exudates during the growing season, as well as 

additional N inputs via decomposition of root nodules and crop residue in the autumn 

(Rochette et al., 2004; Rochette and Janzen, 2005). In China, the effects of crop rotation on 

the greenhouse gas emissions have been given extensive studies in recent years. It was 

observed that N2O fluxes started to increase in May and lasted until October in the corn and 

soybean phases with significantly lower emissions in the wheat phase of the corn- soybean-

wheat rotation system. Qiao et al. (2014) reported that with the rainfed dominant corn–

soybean–wheat rotation system in Northeastern China, there is a potential for improved soil N 

management to reduce N2O emissions with addition of P fertilizer. Crop type would affect the 

C: N ratio of the residue, with typically lower C: N ratio in legumes than the non-legume 

crops, and thus C: N ratio of the crop residue tended to be negatively correlated with N2O 

emissions (Baggs et al., 2000).  
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2.2. Soybean – Wheat/Rice/Oat Rotation Cropping System 
 

Wheat (Triticum aestivum L.) is cultivated widely in the Loess Plateau of northwest 

China, North China Plain and some parts of the Northeast Plain. Winter wheat and spring 

wheat are grown in the regions according to the different climatic conditions and soil 

properties. Thus, various rotation systems with wheat are usually carried out in the different 

growing areas. For example, in the North China Plain, summer corn is the main crop in 

rotation with winter wheat, while in the Loess Plateau of Northwest China, legume-wheat 

rotation is more popular. Spring wheat production is generally located in the north of the 

Great Wall and the northeast China. In these areas, spring wheat is often grown in rotation 

with soybean, or other grain legumes. Several studies conducted in these regions suggest that 

enhanced UV-B radiation may lead to a decrease in soil respiration and in N2O emissions, 

while straw incorporation may increase soil respiration, and the combined treatment may 

have no significant influence on soil respiration and N2O emissions from soybean-winter 

wheat rotation systems (Zhao et al., 2015). Yang et al. (2014) observed that the benefits of 

crop rotation with soybean on wheat grain yields became more evident with time, in the 

second and third years, the grain yields of wheat amended with 108 kg N/ha fertilizer, 

following preceding soybean crop, reached 4871 and 5089 kg/ha. These yields were 21% and 

12% higher than the highest yields of wheat under a fallow-winter wheat rotation.  

Soybean and some legume green manures are also considered as the rotation crop or 

catch crop planted in the double-rice crop production regions. Considering the long-term 

benefits that legumes can have on N fertilizer savings, improved C and N cycling and soil 

fertility (Drinkwater et al., 1998), Zhao et al. (2015) concluded that substituting an N-fixing 

legume for winter wheat is a feasible method for mitigating N pollution from heavily-

fertilized rice/wheat cropping system in the Taihu Lake Plain of southeast China. 

Soybean is also considered as an appropriate rotation crop for oat (Avena sativa) 

cultivated in the cool and mountain regions in China. Zang (2014) found that under field 

conditions, oat plant N content increased by 20% in rotation with soybean, compared to that 

under continuous oat. For example, the N transfer from soybean to oat was about 1.1-1.9 

times more than that from the oat to oat field. In continuous oat system, about 5.6% of the 

total N in oat was derived from rhizodeposition (NdfR) of preceding oat, 3.3% from returning 

straws, and root residues have little contribution (Zang, 2014). In comparison, about 10% of 

the total N in oat originated from the decomposition of roots and straw residues of the 

preceding soybean.  

 

 

2.3. The Other Grain Legume-Cereal Rotation Cropping System 
 

There are other grain legume-cereal crop rotation systems, such as peanut (Arachis 

hypogaea L.), mungbean (Vigna radiate L.) and faba bean (Vicia faba L.), in rotation with 

cereal crops. These minor legume crops have a long production history in China. They are 

extensive in distribution, plentiful in germplasm resources and varied in cultivation pattern 

(Lang et al., 1993). Consequently, these have offered a suitable opportunity to practice the 

beneficial legume- cereal crop rotations in the region where peanut, mungbean and faba bean 

are cultivated. 
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As shown in Figure 5, peanut is grown on nearly 11.8 million ha in Asia with the total 

production of 35 850 tonnes (7 863 tonnes from China) and an average yield of 2556 kg/ha in 

2013 (FAO, 2014). China, India, Nigeria, USA and Myanmar are the major peanut growing 

countries worldwide. In Asia, peanut accounted for 50% of global production area and 64% 

of global production. Peanut-corn is the recommended crop rotation system in the North 

China Plain region. Few studies have been conducted to examine the effects of peanut 

rotation with different cereal crops on crop yields in China. Jeranyama et al. (2007) showed 

that corn grain yields increased by 0.7 t/ha when it was following peanut compared with 

continuous corn, when no fertilizer was applied to both cropping systems. Corn yield was 

more responsive to fertilizer-N after peanut as preceding crop than continuous corn. Fertilizer 

requirement by corn were also reduced by up to 64 kg N/ha when corn followed peanut 

(Jeranyama et al., 2007). These results indicated that a suitable legume-cereal crop rotation 

pattern should be chosen according to different soil properties and environmental conditions 

in China. Many studies have been conducted to show the impacts of peanut-cereal rotation on 

the soil properties, potential productivity, water requirement, as well as soil microbial 

community (Aulakh and Pasricha, 1991; Chauhan, 2010; Gil et al., 2008; Ibañez et al., 2014; 

Siri-Prieto et al., 2007). Jin et al. (2007) observed that the suppressing effect of peanut 

proceeding crop on winter wheat yield was mainly attributable to the unfavorable soil 

moisture conditions after growing peanut in summer. This is inconsistent with the consensus 

that peanut-cereal rotations improve cereal crop yields. Therefore, more research is needed to 

determine whether current peanut-cereal crop rotations are sustainable for peanut production 

over a long-term period.  

 

 

Figure 5. Changes in the harvested area, production and yield (with shell) of groundnut in Asia and 

China (FAO, 2015). 

China is also by far the world‘s largest producer of faba bean. Cultivation of the crop can 

be traced back to the ancient times. The crop is now widely distributed throughout the country 

— especially along the Yangtze River region where close to 90% of faba bean production is 
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concentrated. Faba bean is an important winter and spring food legume used in a wide range 

of traditional dishes, or for feed and for green manure (Lang et al., 1988). In the 1990s, the 

planting patterns of faba bean in different rotation patterns have been examined with different 

cropping frequencies, in triple, double and single-crop cropping areas in order to avoid the 

disadvantage of continuous monoculture cropping (Lang et al., 1993). Excluding faba bean 

grown for green manure, the current planted area is over one million ha, and production is 

close to 2 million metric tonnes with average yields of about 1700 kg ha
-1

.  

Mungbean is also an important food and cash crop throughout China. This crop grows 

over a wide range of agro-climatic zones in the country (Zang et al., 2015). In 2012, it is 

grown on nearly 694,000 ha with a total production of 867,000 tonnes and an average yield of 

1248 kg/ha (NBSC, 2013). The previous research on the mungbean-cereal crop rotation in 

China has not clearly demonstrated the beneficial effect of mungbean on the yield of 

succeeding cereal crop and the mechanism of yield improvement by mungbean in the 

rotation. However, in the southeast countries of Asia, such as India and Vietnam (Xuan et al., 

2012; Ranjan et al., 2014), some studies have shown a positive effect of mungbean-cereal 

crop rotation on the cereal crop yield. Therefore, more research is needed to illustrate its role 

in sustainable production development. 

 

 

2.4. Forage Legume/Green Manures -Cereal Crop Rotation System 
 

Forage legume - cereal crop rotation system options with different characteristics and 

possible niches are available to farmers (Schulz et al., 2001). Green manure and fodder 

legumes, such as Mucuna pruriens, Crotalaria spp. or Stylosanthes spp., have primarily been 

selected for their ability to contribute large quantities of residual biomass and N to the soil 

and/or to livestock as feed (Ojiem et al., 2014). The green manure and forage legume 

technologies have been adopted by farmers in China for years. The common legumes used as 

green manure include alfalfa (Medicago sativa L.), Chinese milk vetch (Astragalus 

membranaceus) and common vetch. Alfalfa has long been recognized as a source of N for the 

subsequent crops in a rotation (Kelner et al., 1997).  

The beneficial effect of preceding alfalfa on the yield of a non-legume crop has been 

shown in many studies (Basso et al., 2005; Jia et al., 2009; Wang et al., 2008). In general, soil 

water in dry soil layers can be quickly replenished, and crop yields in the alfalfa-crop systems 

are equal to those of the conventional system. Wang et al. (2008) pointed out that the N 

replacement value of alfalfa for succeeding corn crop is still underestimated or neglected by 

many farmers, resulting in enrichment of nitrate in the groundwater (Peterson et al., 1991). 

Zhang et al. (2009) also suggested that proper management of alfalfa fields can maintain or 

even improve chemical and physical quality of converted reed meadows soils. As a winter 

cover crop, Chinese milk vetch is common crop in paddy soils for rice production in southern 

China, as a cover crop followed by rice, rice grain yield and N yield are increased without 

chemical N applied during the double crop rice seasons. Zhu et al. (2012) observed that soil 

microbial biomass N was highest for milk vetch as cover crop (CMV,15.4 mg/kg), followed 

by ryegrass (RG, 11.3 mg/kg) and fallow without weed (CK, 6.1 mg/kg), and grain yield and 

total N yield of early rice were 0.6 Mg/ha and 11 kg/ha higher for CMV, respectively, and 1.0 

Mg/ha and 20 kg/ha lower for RG, as compared with the continuous rice monoculture, 

averaged across years.  
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CONCLUSION AND FUTURE PERSPECTIVES 
 

Crop rotation is a critical feature of all sustainable cropping systems because it provides 

the principal mechanism for building healthy soils, a major way to control pests along with a 

variety of other benefits. As being mentioned in the book called Qi Min Yao Shu, ―the field 

growing cereal should be changed crop in the next growth period.‖ Crop rotation in 

conjunction with conservation tillage in the semiarid dryland farming conditions of China has 

made significant contributions to agricultural and pasturing production, increasing rural 

residents‘ income, and improving the ecological environment.  

 Considering the long-term benefits that legumes-cereals can have on crop yield, 

improvement of soil properties, and environmental quality, an international emphasis for the 

sustainable agriculture should be continued to focus on the potential role of introducing 

legumes into cereal cropping systems in the future agriculture of the whole world. Improving 

the ecological and efficient cultivation of maize-legume crops on a site-specific basis involves 

many factors, including crop structure, variety selection, cultivation techniques, fertilization, 

plant protection, irrigation and conservation tillage, and requires a multi-disciplinary, multi-

sectoral cooperation. In any specific regions, we should adhere to the principle of testing, 

demonstration and promotion as the three steps give a balanced consideration of economic, 

ecological and social benefits. Over-emphasis on one type of crop rotation such as corn-

soybean rotation could lead to a reduction in the potential benefit in the long run, wasting 

government investment and loss of farmers' confidence on the potential benefits of crop 

rotation, and thus reducing large-scale adoption of crop rotation systems as a whole. 

Therefore, the introduction and adoption of any cropping systems and new technologies must 

be tested under site-specific conditions and gradually extended from demonstration plots to 

other regions. In view of the characteristics and demand of China‘s agriculture, research 

priorities include the following: (1) optimize and improve legume-cereal systems, taking into 

consideration of diverse soils, climate, crops, and cropping systems; (2) establish legume-

cereal research networks and links involving multidisciplinary teams; (3) identify suitable 

rotational patterns for the small land holders and diverse farming areas; and (4) link food 

security with environmental protection, sustainable soil management, and climate change. 
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ABSTRACT 
 

Perennial grasses are important for the U.S. livestock industry and have been widely 

recognized as a key in conserving soils and improving agricultural sustainability. Most 

perennial grasses have a wide range of tolerance to soil fertility, moisture, pH and other 

environmental conditions making them a good choice for various uses and marginal soils. 

Research has shown the benefits of perennial grasses to following agronomic crops. 

However, perennial grasses are seldom reintroduced into the rotations once fields are 

taken out for row crop production. Bahiagrass (Paspalum notatum), a perennial grass, has 

been used to rotate with other row crops in the southeastern USA. Research has focused 

on a short-term rotation system that keeps bahiagrass in the rotation with row crops and 

has been found to be economically and environmentally advantageous. This system has 

been found to increase soil organic matter content and water infiltration along with 

improving growth, yields, and profits of peanut (Arachis hypogea L.) and cotton 

(Gossypium hirsutum L.). One of the main factors contributing to the improved profit 

potential of the sod-based rotation is reduction in input costs compared to the 

conventional rotation. The system incorporates a short term bahiagrass-bahiagrass-

peanut-cotton rotation (sod-based rotation) system as compared with the conventional 

peanut-cotton-cotton rotation in the region. In both the conventional and the sod-based 

rotations, reduced tillage techniques have been utilized as an added benefit to water and 

soil conservation. In this chapter, we review and update recent research and provide 
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information about rotation of row crops (peanut and cotton) with bahiagrass to improve 

soil quality, crop physiology, growth, and productivity. 

 

 

INTRODUCTION 
 

Crop rotation is an important practice in conserving agricultural resources and sustaining 

development of crop production in agricultural systems worldwide. Integrating row crops 

with perennial grasses result in reduced irrigation, fertilizer and pesticide use, increased 

profitability, favorable environmental impacts, and risk aversion through diversified farming 

as compared with standard rotations using conservation farming technology (Wright et al., 

2013). Early agricultural trends in the United States of America followed the European 

ancestral example of an integrated livestock/row crop system until modern mechanization 

began in the 20
th
 century. Rapid advancements in plant genetics, machinery, fertilizer, 

pesticide and other new technologies, along with inexpensive energy and transportation have 

greatly improved productivity in the last half of the 20
th
 century resulting in a shift from 

diversified farming operations to specialized production. This specialization resulted in 

regionalized infrastructure set up to handle and ship large quantities of agricultural 

commodities around the world. However, as fuel and input prices have increased and 

scientific evidence indicates impaired environmental quality as a result of current farming 

practices, scientists and governments are looking for ways to reduce environmental risk and 

to mitigate the disruptions caused by these specialized farming systems.  

There is a growing awareness of the inequity in food distribution for many areas of the 

world and the costs and shortcomings of a global food system that has fallen short of 

expectations. Many areas of the world have gone from growing food locally for nearby 

markets to large commercial operations that grow one or two commodities that are shipped 

hundreds and even thousands of miles to other areas of the country for central processing to 

be shipped back as processed food as well as to world markets. This kind of 

compartmentalization and integration of food and feed production has disrupted nutrient 

cycling on farms by removing the more sustainable agroecosystem that was in place for 

generations with diversified farming (Gates, 2003; Franzluebbers, 2007).  

Crop rotations have been recommended as useful farming components to improve 

agricultural sustainability and yields (Bruns, 2012). Mitchell et al. (2008) reported that in 

Alabama of the southeastern USA, rotation of cotton (Gossypium hirsutum L.) with winter 

legumes were as effective as application of fertilizer N in producing high cotton lint yields 

and increasing soil organic carbon levels. Crop rotations with proper reduced tillage methods, 

which have increased dramatically across the USA, are associated with improvement in soil 

and water quality as well as other favorable environmental impacts. Growers have accepted 

these systems due to the possibility of increased profits as well as improved natural resource 

stewardship. Reduced tillage has also increased in all regions of the USA over the past two 

decades because of the advent of herbicide tolerant crops and better equipment. Improved 

pesticides have allowed growers to control weeds with over-the-top applications of 

herbicides; while technological advancements in spray equipment have allowed growers to 

cover many more hectares in a short time period. However, herbicide resistant weeds have 

resulted in a significant increase in use of residual herbicides. 
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A sod-based rotation has been defined as a farming system that incorporates two or more 

consecutive seasons of a perennial grass into a conventional row-crop rotation with reduced 

tillage (Wright et al., 2012). The sod-based rotation system described here takes reduced 

tillage technology to a new level with benefits to the environment, crop yield and quality, risk 

management, and reduction in pesticide and water utilization. Several long term studies of 

more than 100 years have demonstrated the depletion of soils after long term cultivation and 

the negative impact of intensive tillage on soil organic carbon and nitrogen (Ranney, 1969; 

Boman et al., 1996; Raun, 2006; Girma et al., 2007). These studies are the basis for the sod-

based rotation impacts on current farming systems and the benefits of including perennial 

grasses, such as bahiagrass, into cropping systems in the southeastern USA. 

Peanut (Arachis hypogea L.), cotton and corn (Zea mays L.) in the southeastern USA are 

major summer agronomic crops requiring a long growing season. However, farmers face 

great challenges in maintaining production sustainability and profitability using the traditional 

crop rotation system of peanut-cotton-cotton (Katsvairo et al., 2006; Wright et al., 2013). The 

major challenges associated with this less diverse cropping system include multiple pests, 

infertile, deep sandy soils with low soil organic matter (OM), and low soil water holding 

capacity. Integration of perennial grasses, such as bahiagrass, into the traditional rotation 

system of peanut and cotton has been proposed and proved by many studies in the region 

(Katsvairo et al., 2006; 2007a; 2007b; Wright et al., 2008). For example, including perennial 

grasses in the typical agronomic rotation adds significantly to the soil organic carbon and 

long-term organic nitrogen pools (Franzluebbers et al., 2000; Tsigbey et al., 2009) as well as 

helps to diminish nematodes and other pests normally found with annual row crops (Tsigbey 

et al., 2009; Marois et al., 2009). Growers may know these benefits but once lands are put 

into row crop production, there is limited information showing that growers can benefit 

economically by keeping the perennial grass in a rotation scheme. It takes many years to 

establish these types of rotation systems. Research has sought to clearly quantify the 

outcomes of incorporation of a sod-based rotation to the soil, water, crops, livestock, and 

whole farm economics (Marois et al., 2002; Katsvairo et al., 2006; 2007b; Zhao et al., 2008a; 

2008b; 2008c; Wright et al., 2008; Wright et al., 2012). In this chapter, we mainly report the 

impacts of rotating peanut and cotton with bahiagrass in the southeastern USA to improve 

soil quality and crop productivity from aspects of soil physical and biochemical properties, 

crop physiology, growth, yield, and sustainability.  

 

 

THE SOD-BASED ROTATION 
 

Numerous studies have shown that crop rotations are beneficial to farm systems 

(Hesterman et al., 1986; Katsvairo and Cox, 2000; Stanger et al., 2008). There are many types 

of crop rotation formats, depending on geographic locations, crops, specific demand 

requirement, and profits. In a 15-year study using 7 different rotations of continuous corn, 

continuous alfalfa (Medicago sativa L.), corn-soybean [Glycine max (L.) Merr.], corn-alfalfa, 

corn-corn-corn-alfalfa-alfalfa, corn-corn-oat (Avena sativa L.) with alfalfa seeding-alfalfa-

alfalfa, and corn-soybean-corn-oat with alfalfa seeding-alfalfa in Wisconsin, Stanger et al. 

(2008) found that the corn-soybean rotation was the most profitable based on annual market 

prices and production costs. Rotation has been practiced for centuries with the more complex 
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rotations with livestock showing the most environmental and economic benefit (Gardner and 

Faulkner, 1991; Loison et al., 2012; Wright et al., 2013). Growers tend to be reluctant to 

incorporate livestock into a traditional agronomic system because fences may be required 

with livestock management and new equipment may be needed when moving to a rotation 

system that incorporates crops not previously included in the existing cropping system. 

Consequently, the same crops are often grown in short rotations (1-2 years) or without 

rotation (Katsvairo et al., 2006). These short rotations or monocultures result in soil erosion, 

stagnant or decreasing yields, soil and water degradation, and increased pest pressure 

(Crookston, 1995; Zentner et al., 2001; Tanaka et al., 2002). Cotton and peanut have become 

the primary crops grown in the USA southeast region although corn and soybean acreages 

have increased since 2005 due to high prices for these commodities. A well-chosen 

diversified farming system with bahiagrass (livestock) - peanut - cotton can alleviate some of 

these issues through efficient utilization of resources and introduction of buffers against 

extreme climate or environmental events and price fluctuations (Tanaka et al., 2002; Zentner 

et al., 2002). This approach leads to risk management from not only economic markets but 

also weather extremes (Wright et al., 2013). 

 

 

Figure 1. A long-term field experiment established in 2000 at the University of Florida, North Florida 

Research and Education Center, Quincy, FL to investigate the sod-based rotation effects on soil quality, 

crop growth and yields.  

Conventional tillage degrades soil and causes loss of organic matter (Reeves, 1997; 

Reddy et al., 2004). Moreover, sandy soils of the Southeast Coastal Plain are inherently prone 

to erosion (both wind and water), which leads to loss of nutrients and environmental 

pollution, especially lowering water quality, along with decreasing productivity. Conservation 

tillage technology currently being used, such as strip tillage, can alleviate some of the water 

and air pollution but may not reduce pest and disease buildup or experience increases in yield 

as effectively as sod-based reduced tillage systems (Wright et al., 2013). However, short term 

crop rotations with bahiagrass (i.e., sod-based rotation, Figure 1) result in higher yields of 
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subsequent row crops, which is probably due to pest reduction and the positive impacts on 

both chemical and physical properties of the soil (Elkins et al., 1977; Hagan et al., 2003; 

Wright et al., 2004; Katsvairo et al., 2007b). All of these factors contribute to the economic 

and natural resource sustainability of the farm. Growing bahiagrass for two years prior to row 

crops in a reduced tillage farming system has shown numerous economic and environmental 

advantages over the standard conservation farming practices with annual cover crops (Wright 

et al., 2013). 

 

 

BACKGROUND INFORMATION ABOUT A SOD-BASED  

ROTATION STUDY 
 

A sod-based peanut-cotton rotation study was initiated in 2000 at the University of 

Florida's North Florida Research and Education Center in Quincy, FL (84°33' W, 30°36' N) 

(Katsvairo et al., 2006). The soil type at the experimental location is Dothan sandy loam 

(fine-loamy, kaolinitic, thermic Plinthic Kandiudult). Treatments included two rotation 

systems (sod-based and conventional peanut-cotton rotations), two levels of irrigation 

(irrigated and non-irrigated), and two levels of N rates (0 and 95 kg N ha
-1

) for cotton. The 

sod-based system was a 4-yr rotation with bahiagrass-bahiagrass-peanut-cotton (BBPC) and 

the conventional system was a 3-yr rotation with peanut-cotton-cotton (PCC) using cover 

crops and conservation tillage methods in both systems (Figure 1). This study was a split-split 

plot field arrangement with three replications. Irrigation was the main plot, rotation crops 

were subplots, and N rate was sub-subplot. A total of 84 specific plots were included with all 

phases of rotation (Katsvairo et al., 2006; Zhao et al., 2010). The irrigation plots were 

irrigated to meet crop demand using a lateral move irrigation system based on the Florida 

cotton production guidelines (Rhoads, 2002) or crop leaf water potential (2007-2008) (Zhao 

et al., 2008a; 2008b). Irrigation was applied to cotton when the lowest leaf water potential 

(LWP) of the uppermost fully expanded main-stem leaves was about -1.5 MPa during 

squaring and fruiting (Zhao et al., 1989).  

Bahiagrass was planted in spring in designated plots of the sod-based rotation system 

(Katsvairo et al., 2006) and cut one (first year) or three (second year) times during the 

growing season and hay yield of forage was estimated and added to the overall system 

economic analysis. The second year bahiagrass of the sod-based rotation was killed in late 

October of each year with Roundup Weather Max for the subsequent peanut crop. In late 

March of each year, about 3 weeks prior to cotton planting, the oat cover crop was killed with 

Roundup and plot rows were strip-tilled using a Brown Ro-till implement (Brown 

Manufacturing Co., Ozark, AL).  

Cotton was planted between late April and early May depending on weather conditions in 

each year with a Monosem pneumatic planter (ATI Inc., Lenexa, KS). Rows were orientated 

west to east with a row spacing of 0.91 m and about 18 seeds per meter row. Starting in 2006, 

two levels of 0 and 95 kg N ha
-1

 (0 and 95 N) were applied each year for cotton in each 

rotation because excessive cotton growth was an issue in the first few years in the study. For 

the 95 N treatment, N (28 kg N ha
-1

), P (56 kg P ha
-1

), and K (84 kg K ha
-1

) from a compound 

fertilizer (5-10-15) were band applied adjacent to each row at planting and an addition of 67 

kg N ha
-1

 was sidedressed with ammonium nitrate at first square stage. For the 0-N treatment, 

the equal amount of P and K was band adjacent to each row at planting time by using 
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commercial triple super phosphate (0-46-0) and Muriate of potash (0-0-60), but no N was 

used during growing season. Plant growth regulator PIX (mepiquate chloride) was split 

applied at first square (FS) and first flower (FF) stages if needed based on cotton plant 

growth.  

Peanut was seeded with a two-row, twin-row pattern vacuum planter (ATI Inc., Lenexa, 

KS) in May of each year with a row spacing of 91 cm. No fertilizer was applied to the peanut 

crop, which reflected the grower practices in the region. An oat cover crop was planted using 

a no-till drill in late November to early December of each year after cotton and peanut were 

harvested (Zhao et al., 2010). Before oat planting, cotton stalks were shredded with a rotary 

mower. Oat cover crops were not fertilized or cultivated, and were killed with glyphosate N-

(Phosphonomethyl) prior to reaching maturity in April of each year and before planting 

cotton or peanut. Details of bahiagrass, peanut, cotton, and oat cover crop management 

practices, including disease and insect control, herbicide application, and chemical 

defoliation, were employed according to standard University of Florida crop production 

recommendations (Ferrell et al., 2006) and in the published articles (Katsvairo et al., 2006; 

Zhao et al., 2010). 

During the growing seasons of certain years, soil penetration resistance, bulk density, 

moisture, earthworms, organic matter, and nutrients were measured to determine effects of 

the sod-based rotation on soil physical, chemical, and biological properties. Crop growth, 

yield, and product quality data were collected for each crop in all seasons. Additionally, 

several physiological traits, such as leaf chlorophyll level, leaf area index, leaf photosynthesis 

characteristics, leaf water potential, dry matter accumulation and partitioning, were measured 

in 2007 and 2008 to estimate crop physiological responses to the sod-based rotation and to 

better understand physiological mechanisms of yield improvement by the sod-based rotation. 

Most of these growth and physiological data from this rotation system study are first reported 

in this chapter.  

 

 

SOIL QUALITY 
 

Soil quality has been defined as the capacity of a soil to function within ecosystem 

boundaries to sustain biological productivity, maintain environmental quality, and promote 

plant and animal health (Doran and Parkin, 1994). Adoption of conservation farming methods 

in the southeastern USA has helped reduce erosion of sandy soils in Coastal Plain area 

(Belvins et al., 1994; Boquet et al., 2004). Annual cover crops have played a big role in 

reducing soil erosion. However, the root mass of perennial grasses, such as bahiagrass 

(19,000 kg ha
-1

), is much higher with deeper roots than those of winter annual cover crop 

(3,000 - 4,000 kg ha
-1

), which substantially and positively impacts subsequent row crops 

(Wright et al., 2013).  

 

 

Soil Physical Properties 
 

Bahiagrass has been used in sod-based rotations in the southeastern USA because it is 

widely grown on all types of soils and is drought tolerant (Field and Taylor, 2002). The 

biggest benefits of including bahiagrass in the traditional peanut-cotton rotation in this region 
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could be derived from improved soil quality (Reeves, 1997; Katsvairo et al., 2007a). 

Bahiagrass can be grown under environmental conditions that are less than ideal for many 

agronomic crops and thus can be used to conserve soils under unfavorable conditions (such as 

drought or excess moisture) and to improve soil conditions, such as soil penetration and soil 

water content. Bahiagrass is adapted to the environmental conditions in the southeastern USA 

(Field and Taylor, 2002) and has a deep rooting system which can improve soil conditions. 

Much of the farmland in this region suffers from a natural compaction layer starting at 15- to 

20-cm depth and continuing to 30 cm (Kashirad et al., 1967; Campbell et al., 1974). The soil 

compaction limits crop root growth and development and use of deep soil moisture and 

nutrients (USDA-NRCS, 2003). Thus, crop plants are sensitive to occasional water and 

nutrient stresses and yields have been negatively affected by the soil compaction layer. 

Bahiagrass develops a deep root system that can penetrate through the compaction layer 

(Elkins et al., 1977). When bahiagrass roots die, they decay and leave root channels which 

impart many positive attributes to soil structure and health (Elkins et al., 1977; Long and 

Elkins, 1983; Wright et al., 2003; Wright et al., 2004). In a comparison study of the sod-based 

and conventional rotations, soil penetration resistance in the sod-based rotation was 

substantially lower than that in the conventional rotation system (Figure 2).  

Bahiagrass can improve plant tolerance to water deficit stress and reduce the need for 

irrigation in the following crop (Zhao et al., 2008c) because crop rooting depth is directly and 

positively correlated to the number of days without water stress following rainfall (Elkins et 

al., 1977; Katsvairo et al., 2007a). For instance, a crop with a rooting depth of 30 cm on the 

average Coastal Plain soil will experience a 60-day drought period from May through August 

in 5 out of 10 years. However, if rooting depth were 152 cm deep, the crop would experience 

only 11 days of drought (Elkins et al., 1977). Row crops following bahiagrass have increased 

rooting depth resulting in access to more soil moisture and thereby decreasing irrigation 

needs. Results of soil bulk density and soil moisture measured in oat cover crop plots in early 

spring in a long-term sod-based rotation study revealed that soil water content in the previous 

peanut plots did not differ in most soil depths between the two rotations, while soil water 

content in the previous cotton plots for the sod-based rotation was considerably higher as 

compared with the conventional rotation from soil surface through 0.8-m depth (Figure 3). 

Soil bulk density was different between the two rotation systems. 

 

 

Figure 2. Soil penetration resistance profiles for different plot treatments in the long-term study of the 

sod-based (bahiagrass-bahiagrass-peanut-cotton) and conventional (peanut-cotton-cotton) rotation 

systems established in Quincy, FL in 2000. Measurements were taken in all plots in February 2008. 
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Note: * indicates difference between the two rotations at P = 0.05 level. 

Figure 3. Soil moisture and bulk density profiles for plots where peanut and cotton previously planted 

in the long-term study of the sod-based (bahiagrass-bahiagrass-peanut-cotton) and conventional 

(peanut-cotton-cotton) rotations established in 2000 in Quincy, FL. Measurements were taken in 

February 2008. 

 

Soil Organic Matter and Nutrients 
 

Establishment of perennial forage on previously eroded cropland can lead to significant 

improvement in soil organic matter (SOM) and nutrient cycling (Franzluebbers, 2007). The 

potential increase in SOM is much higher for perennial bahiagrass than for annual cover 

crops. Roots play a dominant role in the soil carbon cycle (Wedin and Tilman, 1990; Gale et 

al., 2000; Puget and Drinkwater, 2001) and may have a greater influence on soil organic 

carbon level than the aboveground plant biomass (Milchumas et al., 1985). Historically, 

agricultural practices that were used in conventional tillage depleted SOM, leading to loss in 

soil productivity. The loss of SOM and productivity has resulted in the decline in farmers and 

farmlands (Wright et al., 2013). Bahiagrass in the cotton-peanut rotation increased the SOM 
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content from 1.3 to 2.1% over a five year period (2003-2007) averaged from samples 

collected from the soil surface down to 90 cm deep when cover crops and conservation tillage 

were utilized together (Wright et al., 2003; Wright et al., 2013). This considerable increase in 

SOM is probably associated with not only bahiagrass, but also with winter cover crop and 

other conservation management practices (Gamble et al., 2014) because winter oat cover crop 

and strip tillage are important components of the sod-based rotation. Gamble et al. (2014) 

demonstrated that bahiagrass contributed up to 30% of soil organic carbon (SOC), but 

decreased to approximately 20% after the last cotton phase of the sod-based rotation in the 

top soil layers. The majority of SOC inputs from bahiagrass were reduced in the subsequent 

peanut crop, indicating bahiagrass–derived SOC is labile and does not further improve SOC 

storage (Gamble et al., 2014). They found that winter cover crop and other conservation 

practices are contributors of SOC accumulation in sod-based rotation system.  

 

 
Note: * indicates difference between the two rotations at P = 0.05 level. 

Figure 4. Soil organic matter and NO3-N contents in 0 – 100 cm profile for plots where peanut and 

cotton previously planted in the long-term study of the sod-based (bahiagrass-bahiagrass-peanut-cotton) 

and conventional (peanut-cotton-cotton) rotations established in 2000 in Quincy, FL. Measurements 

were taken in February 2008.  
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When comparing the sod-based rotation to the conventional rotation in SOM and soil 

NO3-N contents (Figure 4), there were no consistent differences in either trait between the 

two systems in previous peanut plots. In the previous cotton plots, however, SOM contents of 

the sod-based and conventional rotation systems were 2.1 and 1.9%, respectively, and soil 

NO3-N were 8.9 and 8.5 mg kg
-1

, respectively, averaged across the soil profile. Soil nutrient 

improvement from the sod-based rotation was also further confirmed by improving winter 

cover crop oat growth (Zhao et al., 2010). These results indicated that the sod-based rotation 

can improve the SOM content. Building up SOM levels is a long-term process (Katsvairo et 

al., 2007a). Even when the best conservation measures are practiced, SOM levels increase at a 

slow rate (Martin, 2003). Therefore, proper management strategies to prevent SOM depletion 

should be of foremost importance. Rotation of row crops with bahiagrass is a favorable and 

cost-effective way to increase and retain SOM (Katsvairo et al., 2007a).  

Sod-based rotations help to control soil erosion and efficiently reduce economic and 

environmental risk (USDA-NRCS, 2004). It has been reported that incorporating 

bahiagrass/livestock into the peanut-cotton rotation in the southeastern USA can help 

sequester carbon in soils (Causarano et al., 2005). Cropping systems designed to sequester 

carbon could also reduce nutrient losses to the environment by 40 – 60% (Causarano et al., 

2005). Overall, the soil in the sod-based rotation in Quincy, Florida contains higher NO3-N in 

cotton plots or higher NH4-N, Ca, and Zn in peanut plots, but lower P and K in all plots as 

compared with the conventional rotation (Table 1). Soil nutrient levels vary among minerals 

and depend on rotation systems. Therefore, fertilizer applications should be different between 

the two rotation systems.  

 

Table 1. Soil nutrient analysis before summer crop planting in the sod-based rotation 

study at Quincy, FL. Sampling date was 24 April 2008 from 0 to 30 cm of soil depth 

before summer crop planting 

 

Rotation Previous 

crop 

NO3-N NH4-N P K Mg Ca Zn Mn 

  (kg ha
-1

) 

Sod-based Peanut 15.7 32.3 50.4 103.0 434.6 1802 6.83 29.1 

Conventional Peanut 15.1 25.0 54.3 139.4 357.3 1693 5.66 24.1 

Sod-based Cotton 20.2 34.0 62.7 137.8 317.0 1389 4.14 22.4 

Conventional Cotton 17.9 35.7 78.4 201.6 299.0 1512 4.93 24.6 

LSD0.05  1.8 3.7 5.9 22.3 58.1 106 1.13 6.9 

 

 

Soil Biological Properties 
 

There is a direct relationship between the amount of residue and the population of soil 

microorganisms (USDA-NRCS, 1996). When rotations are more complex and include sod 

crops, soil biological diversity will increase (Magdoff, 1992). Soil active organisms include 

bacteria, fungi, actinomycetes, protozoa, yeast, algae, earthworms and insects. Numbers of 

soil organisms are proportional to SOM concentrations in the upper 38 cm depth (Schnitzer, 

1991). Soil fauna and their beneficial impacts on soils have been reviewed (Katsvairo et al., 

2007a). A group of organisms in cropping systems used as indicators of soil quality are 
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earthworms because they are sensitive to agricultural management practices including tillage, 

crop rotations, and pesticides. Jordan et al. (1997) compared earthworm densities across 

several crop rotations and tillage systems and concluded that tillage was the single most 

important factor which influenced population densities of earthworms, with no-till having the 

highest earthworm densities. Early studies indicated that plant residues, temperature and 

moisture, tillage frequency and management practices also affected earthworm population 

densities (Berry and Karlen, 1993). A few articles reported the effects of bahiagrass on 

earthworms in sod-based peanut–cotton rotation systems (Hartzog and Balkcom, 2003; 

Hartzog et al., 2005; Wright et al., 2004). Preliminary studies from Florida and Alabama have 

shown higher earthworm densities in peanut and cotton after bahiagrass when compared to a 

conventional rotation using strip tillage in both systems (Wright et al., 2004; Katsvairo et al., 

2007a).  

 

 
Note: * and ** indicate differences between the two rotations at P = 0.05 and 0.01 levels, respectively. 

Figure 5. Soil respiration rates and soil temperatures measured using a LI-6400XT chamber and 

accessories during oat cover crop growth in the sod-based and conventional peanut-cotton rotations in 

2007-2008 at Quincy, FL. Notes: Oat was planted on 7 Nov. 2007; Measurements were always set the 

same distance between oat rows for the with oat plants and set at the 1-m
2
 away from plants on bear soil 

where all oat seedlings were removed immediately after emergence for the without oat plants in each 

plot. Soil respiration correlated with soil temperature across measurement dates with r = 0.67-0.88** in 

this study.  
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Soil respiration is one indicator of biological activity and decomposition, and it is related 

to aerobic microbial decomposition of SOM to obtain energy for their growth and functioning 

(microbial respiration), plant root and faunal respiration, and eventually from the dissolution 

of carbonates in soil solution. When soil respiration rates were measured in the sod-based and 

conventional peanut-cotton rotation systems during growth of oat cover crop from December 

2007 to early April 2008, soil respiration was higher in the sod-based rotation than in the 

conventional rotation system, while soil temperatures did not differ between the two rotations 

when measured simultaneously (Figure 5). The results of soil respiration further indicated that 

the sod-based peanut-cotton rotation improved soil biological activity and oat root growth as 

compared with the conventional rotation in the southeastern USA.  

Plant-parasitic nematodes in soils are important issues for crop growth and yields. 

Nematodes caused an approximate 12% annual loss in peanut yield and quality (Sasser and 

Freckman, 1987; Koenning et al., 1999). Current options for nematode management on 

peanut and cotton are limited to crop rotation and nematicides (Rich and Kinloch, 2007). The 

most common crop recommended in rotation with peanut and cotton to reduce populations of 

nematode is bahiagrass because it is a non-host of root-knot nematodes, effectively 

suppressing populations below economic thresholds for subsequent crops (Rodríguez-Kábana 

et al., 1994; Johnson et al., 1999). Additionally, bahiagrass reduces other soil-borne diseases 

and improves nutrient recycling and soil structure (Katsvairo et al., 2006). Aside from being a 

non-host, the release of toxic metabolites or increased presence of biological antagonists are 

other likely mechanisms of nematode suppression by bahiagrass (Kloepper et al., 1991; 

Widmer and Abawi, 2000; Chitwood, 2002; Wang et al., 2003). 

Effect of bahiagrass on nematode populations in the field and their behavior under 

greenhouse and laboratory conditions have been investigated (Tsigbey et al., 2009). Data 

from these tests indicated that bahiagrass in the sod-based rotation reduced populations of 

spiral (H. dihystera), reniform (R. reniformis), and root-knot nematode (M. incognita), but not 

ring (M. ornatum) nematodes when compared to the conventional peanut-cotton-cotton 

rotation. These data also suggests that incorporation of bahiagrass plant residues into soil can 

inhibit egg production of M. arenaria, and reduce root galling under greenhouse conditions 

(Tsigbey et al., 2009). The general benefits and economics of the sod-based rotation have 

been summarized (USDA-NRCS, 2004). From the agricultural extension perspective, Wright 

et al. (2012) used a small-farm (81 hectares) economic model to compare profits of the 

conventional and sod-based cotton-peanut rotations. They suggested that annual profits for 

the sod-based and conventional rotations were $439 and $194 ha
-1

, respectively. One of the 

main factors contributing to the improved profit potential of the sod-based rotation is the 

reduction in input costs because of improved soil quality, as compared with the conventional 

rotation (Wright et al., 2012). 

 

 

PEANUT IN THE SOD BASED ROTATION 
 

Peanut Diseases 
 

Peanut is an important row crop in the southeastern USA, and it is also a tillage intensive 

crop because of the incidence of soil borne and foliar diseases (Sholar et al., 1995; Cox and 
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Scholar, 1995; Johnson et al., 2001). Newer varieties of peanut have various degrees of 

resistance to spotted wilt, early and late leaf spot, white mold, and limb rot (Brenneman et al., 

2003). With current integrated pest management (IPM) programs and improved disease 

resistant cultivars, most peanut diseases can be effectively controlled. Among these peanut 

diseases, spotted wilt is one of the most devastating diseases and has impacted peanut yield in 

recent years because it is difficult to control except for cultural practices and improved 

cultivars. Tsigbey (2007) found that peanut leaf spot severity in the sod-based rotation was 

much lower than in the conventional rotation system during the peanut growing season 

(Figure 6A). Tomato spotted wilt incidence can be decreased an additional 50% by strip 

tilling peanuts into bahiagrass as opposed to an annual cover crop thereby reducing this 

disease by 75% or more from conventional tillage during the growing season (Figure 6B) and 

across years (Figure 6C). Likewise, peanut diseases, such as leaf spot, can be delayed and 

have a lower rate of severity by the end of the season in a bahiagrass peanut-cotton rotation as 

compared to conventional rotations using conservation tillage with annual cover crops 

(Brenneman et al., 1995, Tsigbey, 2007; Marois et al., 2009). In addition, Sholar et al. (1995) 

and Taylor and Rodriguez-Kabana (1999) reported that integrating perennial grasses in crop 

rotation systems can effectively control peanut soil-borne diseases. 

 

 
Note: * and ** indicate differences between the two rotations at P = 0.05 and 0.01 levels, respectively. 

Figure 6. Effects of sod-based (bahiagrass-bahiagrass-peanut-cotton) and conventional (peanut-cotton-

cotton) rotations on (A) peanut leaf spot severity using the 1-10 scale; (B) peanut tomato spotted wilt 

(TSW) incidence during the 2006 growing season; and (C) across experimental years. Data are adapted 

from Tsigbey (2007).  

 

Peanut Growth 
 

Plant canopy ground coverage was recorded in all plots of the sod-based and 

conventional rotations at the Quincy research site during the 2008 growing season. Peanut in 

the sod-based rotation always had greater ground coverage than peanut in the conventional 

rotation under both irrigated and non-irrigated conditions (Table 2). These results indicated 

that the sod-based peanut with greater ground coverage can intercept more solar radiation to 

produce more plant biomass as compared to peanut in the conventional rotation system.  
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Table 2. Peanut plant canopy ground coverage at different days after planting (DAP) 

for the sod-based and conventional rotation systems under irrigated and non-irrigated 

conditions in 2008. The rotation study was established in 2000 at the University of 

Florida North Florida Research and Education Center, Quincy, FL 

 

DAP Rotation Irrigated Non-irrigated Mean 

  (%) 

43 Sod-based 68.3* 45.0* 56.7* 

 Conventional 63.5 40.0 51.8 

51 Sod-based 80.0* 61.7** 70.9* 

 Conventional 71.7 50.0 60.8 

72 Sod-based 100.0* 86.3** 93.2* 

 Conventional 92.4 70.7 81.6 

* and ** indicate significant differences at P = 0.05 and 0.01 levels, respectively, between the two rotations 

at the same measurement date.  

 

 

Figure 7. Peanut growth and field performance in the sod-based rotation (bahiagrass-bahiagrass-peanut-

cotton) and conventional rotation (peanut-cotton-cotton) systems in Quincy, FL. Photos were taken at 

pigging stage on 9 July 2007 (48 days after planting). Total dry biomass data at the time are also given 

in the Figure. 

Peanut plants in the sod-based rotation grew faster than plants in the conventional 

rotation with greater canopy and larger individual plant size under both the irrigated and non-

irrigated conditions (Figure 7). Leaf relative chlorophyll levels (SPAD readings) have been 

commonly used to estimate crop plant nitrogen status and guide N fertilizer application in 

field crops. Averaged across irrigation treatments of the sod-based rotation study, leaf SPAD 
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readings were not significant between the two rotations at 48 and 71 days after planting 

(DAP), while leaf SPAD value of the sod-based rotation (36.2) at 112 DAP was significantly 

lower than that of the conventional rotation (39.0) (Table 3). The lower chlorophyll level for 

the sod-based peanut than the conventional peanut at 112 DAP may be associated with more 

nitrogen moving into pods from leaves because the pod to total dry matter ratio was 0.27 for 

the sod-based peanut and 0.23 for the conventional peanut at 112 DAP. Total dry matter of 

peanut in the sod-based rotation was 23% higher than that in the conventional rotation at 48 

DAP and 17% higher at 112 DAP, averaged across the irrigated and non-irrigated treatments 

(Table 3). Zhao et al. (2008a) reported that peanut grown in the sod-based rotation had greater 

leaf water potential (LWP) than peanut grown in the conventional system, especially under 

non-irrigated conditions. The mean LWP values of sod-based and conventional peanuts were 

-0.49 and -0.83 MPa, respectively, under irrigated conditions and -0.83 and -1.62 MPa, 

respectively, under non-irrigated conditions (Zhao et al., 2008a).  

 

Table 3. Peanut leaf relative chlorophyll level (SPAD), total dry biomass (BM), and pod 

BM at different days after planting (DAP) for the sod-based and conventional rotation 

systems under irrigated and non-irrigated conditions in 2008. The rotation study was 

established in 2000 at the University of Florida North Florida Research and Education 

Center, Quincy, FL 

 

DAP Rotation 
Irrigated Non-irrigated 

SPAD Total BM Pod BM SPAD Total BM Pod BM 

   (kg ha-1)  (kg ha-1) 

48 Sod-based 41.1 2015* 0 42.6 1776* 0 

 Conventional 41.8 1618 0 42.4 1464 0 

71 Sod-based 40.6 6861* 403 41.3 6303* 186* 

 Conventional 39.9 6506 381 40.5 5994 117 

112 Sod-based 36.8 16587** 4686** 35.5 11268** 2931** 

 Conventional 40.1* 13504 3222 37.8* 10397 2358 

 * and ** indicate significance at P = 0.05 and 0.01 levels, respectively, between the two rotations for the 

same variable at the same measurement date.  

 

 

Peanut Yield 
 

Growers in the southeastern USA routinely use conservation tillage techniques for peanut 

production since it has many advantages over conventional tillage for both peanut and cotton 

(Pudelko et al., 1995, 1997). Strip tillage into bahiagrass shows benefits in peanut yield and 

quality (Katsvairo et al., 2007b). In the long-term study of sod-based and conventional 

rotations (both rotations with strip tillage) in Quincy, FL, the sod-based peanut had 46 to 

1156 kg ha
-1

 higher pod yield than the conventional peanut in 2003-2008 under irrigated 

conditions and 220 to 1140 kg ha
-1

 higher yield under non-irrigated conditions, depending on 

years (Table 4). Averaged across years, the sod-based peanut had 15 and 20% higher pod 

yields, respectively, under irrigated and non-irrigated conditions.  

Peanut water used efficiency (WUE) was estimated using final pod yield dividing by the 

sum of precipitation and amount of irrigation water during the growing season from April to 
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September (Zhao et al., 2008b). Overall, the non-irrigated crop had higher WUE than 

irrigated crop (Figure 8). The non-irrigated peanut in the sod-based rotation had the greatest, 

while irrigated peanut in conventional system had the least WUE, when averaged across 

years. The sod-based peanut had significantly greater WUE compared to conventional peanut 

under both irrigated (increased 15%) and non-irrigated (increased 19%) conditions (P < 0.01). 

 

Table 4. Peanut pod yield responses to rotation and irrigation in the long-term sod-

based peanut-cotton rotation study established in 2000 at the University of Florida 

North Florida Research and Education Center, Quincy, FL 

 

Year Rotation
†
 Irrigated Non-irrigated Mean 

  (kg ha
-1

) 

2002 Sod-based 3634 a A
ffi
 3763 a A 3698 a 

 Conventional 3696 a A 3376 a B 3536 a 

2003 Sod-based 3168 a A 3065 a A 3316 a 

 Conventional 2461 b A 1925 b B 2193 b 

2004 Sod-based 3670 a A 3681 a A 3675 a 

 Conventional 2514 b B 2894 b A 2704 b 

2005 Sod-based 1933 a A 2050 a A 1992 a 

 Conventional 1820 a A 1830 a A 1825 a 

2006 Sod-based 4594 a A 4665 a A 4630 a 

 Conventional 3788 b A 3832 b A 3810 b 

2007 Sod-based 4954 a A 4772 a A 4863 a 

 Conventional 4908 a A 4316 b B 4612 b 

2008 Sod-based 4563 a A 4006 a A 4285 a 

 Conventional 3797 b A 3547 b A 3672 b 

Mean Sod-based 3788 a A 3715 a A 3752 a 

 Conventional 3283 b A 3103 b B 3193 b 
†
The sod-based rotation was bahiagrass-bahiagrass-peanut-cotton and the conventional rotation was peanut-cotton-

cotton; Details of the rotations can be found in Figure 1.  
ffi
Means followed by the same low-case letter within a year and a column are not significant; Means followed by the 

same high-case letter within a row are not significant (P > 0.05). 

 

 

Figure 8. Water used efficiency (WUE) of irrigated (Irr.) and non-irrigated (Non-irr.) peanut under the 

sod-based (Bahiagrass-Bahiagrass-Cotton-Peanut) and conventional (Peanut-Cotton-Cotton) rotation 

systems in Quincy, FL as described in Figure 1. WUE = pod yield/(rainfall + irrigation) for the irrigated 

peanut and pod yield/rainfall in growing season for the non-irrigated peanut. Data with the same letter 

indicate the difference is not significant at P = 0.05 level. 
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Hagan et al. (2003) reported up to 34% increase in peanut yield after bahiagrass as 

compared with continuous peanut, while Dickson and Hewlett (1989) reported over a three-

fold increase in yield for peanut after bahiagrass compared with continuous peanut. These 

increased yields have been attributed to reductions in disease when peanut follows a non-host 

crop (bahiagrass) (Elkins et al., 1977; Dickson and Hewlett, 1989; Brenneman et al., 2003). 

Peanut yield improvement in the long-term sod-based rotation study in Quincy, FL is also 

associated with the improved soil quality, reduced peanut leaf diseases, and better growth and 

physiological parameters as described above. The sod-based peanut had higher leaf water 

potential than the conventional peanut during growth under both irrigated and non-irrigated 

conditions (Figure 9A). Peanut kernel aflatoxin content increases under drought stress 

environment (Sanders et al., 1993; Arunyanark et al., 2009). Kernel aflatoxin content was 

very low for the sod-based peanut under irrigated and non-irrigated conditions, but kernel 

aflatoxin level for the non-irrigated conventional peanut was much higher (Figure 9B). These 

results further confirmed that sod-based rotation can improve peanut tolerance to drought 

stress and enhance peanut growth, yield, and quality. Zhao et al. (2009) further investigated 

peanut yield and kernel grade responses to timing of bahiagrass termination and tillage in a 

sod-based rotation. They found peanut yield and market grade characteristics were not 

affected when bahiagrass was terminated in spring or fall. Therefore, when using perennial 

grasses in sod-based rotations, farmers have a wide window from fall to spring to terminate 

bahiagrass for optimum peanut production.  

 

  
Note: vertical bars are LSD0.05 values for LWP and standard deviation for aflatoxin. 

Figure 9. Comparison of (A) the daily lowest leaf water potential (LWP) during the 2007 growing 

season and (B) kernel aflatoxin content at harvest for the sod-based and conventional peanut under 

irrigated and non-irrigated conditions.  

 

COTTON IN THE SOD BASED ROTATION 
 

Cotton Plant Growth 
 

Rotations of cotton with bahiagrass have been less frequently investigated compared to 

rotations of peanut with bahiagrass (Wright et al., 2013). Most farmers in the southeastern 

USA grow 2 years of cotton followed by 1 year of peanut rather than 2 years of peanut due to 
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the increase in peanut diseases and the subsequent yield reduction. Although leaf disease 

pressure of cotton is much less than that of peanut in the southeastern USA, the sod-based 

rotation greatly reduces cotton seedling disease, such as rhizoctonia root rot, compared to the 

conventional rotation. Additionally, the sod-based cotton plots had significantly less weed, 

especially morning glory, population than the conventional cotton plots (Wright et al., 2008). 

Cotton hard lock, defined as incompletely opened bolls which are typically dropped from the 

plant prior to or at harvest, is caused by bacterial and fungal infections and is an important 

issue for high yield of cotton production in the region (Marois et al., 2007; Srivastava et al., 

2010). In an early study in Alabama, Elkins et al. (1977) reported higher cotton yields 

following bahiagrass and found that it had developed a more extensive rooting system. 

Katsvairo et al. (2007a; 2007b) observed increased vegetative growth and more total N 

uptake. Katsvairo et al. (2009) further compared cotton plant height, leaf area index (LAI), 

relative chlorophyll level (SPAD readings), N uptake, weed densities, and residual soil 

nutrients in the conventional rotation versus sod-based rotation in Quincy, FL from 2000 to 

2006. They found that plant height, LAI and N, P, and K uptake were generally greater for 

cotton in the sod-based rotation compared to the conventional cotton/peanut rotation and 

weed densities were reduced for cotton in the bahiagrass rotation. Cotton in the sod-based 

rotation in 2007 to 2009 also grew faster with great canopy coverage than cotton in 

conventional rotation (Figure 10).  

Further measurements of plant height, the number of main-stem nodes, and leaf area 

index (LAI) indicated that crop rotation and N rate influenced these growth parameters 

significantly and sod-based cotton plants were taller with more main-stem nodes than the 

conventional cotton plants under both low and high nitrogen conditions (Figures 11 and 12). 

Starting from 65 DAP, cotton plants grown in the sod-based rotation with 95 kg N ha
-1

 were 

significantly taller than cotton in the conventional rotation (P < 0.05) (Figure 11A). The 

differences were much more profound during mid and late growing stages (Figure 11). At 107 

DAP (about 3 weeks after first flower), plant heights of the low (0N) and high (95N) nitrogen 

treatments were 80 and 101 cm, respectively, for the sod-based cotton and only 71 and 88 cm, 

respectively for the conventional cotton. Between 80 and 110 DAP, the sod-based cotton with 

95N had the greatest number of nodes, while the conventional cotton with the 0N had 3 to 4 

less nodes than the sod-based 95N treatment (Figure 11B). The sod-based cotton also had 2 

more nodes than the conventional cotton at the same N level at 107 DAP.  

 

 

Figure 10. Cotton plants at first flowering stage (July 9, 2009) for sod-based and conventional rotations 

under irrigation and 95 kg N ha
-1

 conditions in Quincy, FL.  
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Note: vertical bars are LSD0.05 values at the specific sampling dates.  

Figure 11. Changes in (A) plant height, and (B) the number of main-stem nodes during the 2007 

growing season for different crop rotations and N rates under irrigated conditions. Note: all data of the 

conventional cotton are means of two crops (first year cotton and second year cotton) in the system in 

this Figure and in the following Figures and Tables.  

Cotton LAI increased slowly in early growing season (from emergence to 45 DAP) and 

rapidly after first square stage, reached maximum value at approximately 80 to 90 DAP, and 

then declined during boll filling (Figure 12). Similar to plant height and number of nodes, 

LAI had great variation among the crop rotations and N rate treatments during flowering and 

boll development. Overall, LAI of the 95N-treated cotton was greater than that of the 0N 

treatments within a crop rotation. At the same N rate level, the sod-based cotton had greater 

LAI than the conventional cotton (Figure 12). Increased LAI in the sod-based rotation 

certainly can lead to improved interception of solar radiation contributing to improved dry 

matter production and radiation use efficiency.  

 

 
Note: vertical bars are LSD0.05 values at the specific sampling dates. 

Figure 12. Changes in leaf area index (LAI) during the 2007 and 2008 growing seasons for the different 

crop rotations and N rates under irrigated conditions.  
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Katsvario et al. (2007b) investigated cotton root growth in the sod-based and 

conventional rotations. They found that cotton in the sod-based rotation had larger root crown 

diameter, total root area, total root length, and total root biomass as compared with cotton in 

the conventional rotation. A larger root system enables the crop to explore larger soil volume 

to extract more nutrients and moisture. The more extensive root growth in cotton after 

bahiagrass can be attributed to recolonization of the sod root channels (Katsvario et al., 2007). 

A recent study indicated that cattle grazing bahiagrass and winter cover crop in the sod-based 

rotation could further improve cotton root dimensions (Loison et al., 2012). The better cotton 

root growth in the sod-based rotation than in the conventional rotation results in the fast 

growth of above-ground plant mass.  

 

 

Leaf Chlorophyll, Total N, Petiole NO3-N, and Photosynthesis 
 

During cotton growth, dynamics of leaf chlorophyll level (SPAD readings), leaf blade 

total N concentration, and petiole NO3-N content in the sod-based and conventional rotations 

were determined (Figure 13). Leaf SPAD readings changed little and ranged from 46 to 51 

across the measurement dates when averaged over treatments (Figure 13A). There was no 

statistical difference between the sod-based and conventional rotations in cotton leaf SPAD 

readings. Leaf total N concentration slowly declined and petiole NO3-N level decreased 

sharply as plants aged (Figure 13B and 13C). The crop rotations had little effect on either leaf 

total N concentration or petiole NO3-N level. In contrast to the rotations, N rate significantly 

affected all the three tested variables of plant N status. The high N rate (95N) treatment had 

greater concentrations of leaf chlorophyll, leaf blade N, and petiole NO3-N than the low N 

(0N) treatment at most sampling dates throughout the growing season (Figure 13). Averaged 

across the crop rotations, leaf N concentrations of the 0N and 95N treatments were 5.2 and 

5.3%, respectively at first square stage; 4.2 and 5.1%, respectively at first flower stage; and 

3.9 and 4.7%, respectively at 3 weeks after first flower stage. Bell et al. (2003) reported that 

cotton leaf N concentration associated with seed cotton yield loss was 5.4% at first flower 

stage, 4.3% at early-flower stage, and 4.1% at mid-flower stage. According to Bell et al. 

(2003), leaf N concentrations of the 0N treatment for the study in Quincy, Florida were 

around these critical levels, but leaf N of the 95N treatment were greater than the critical 

levels reported by Bell et al. (2003) at all growth stages. These results suggest that no N 

application has risk to negatively affect cotton growth and yield, but a total amount of 95 kg 

N ha
-1

 seems to be too high for cotton in the sod based rotations in the southeastern USA. 

Therefore, refining N rate in the sod-based rotation in the region is still necessary for 

improving cotton growth, yield, N use efficiency, and profitability.  

Cotton leaf net photosynthetic rate depended on plant growth stage and on the 

experimental year under irrigated conditions. Leaf photosynthetic rate had no consistent 

response to the rotation systems. Photosynthetic rate of the uppermost fully expanded leaves 

during squaring stage (mid-June) did not differ between the 0N and 95N treatments in either 

sod-based or conventional rotation systems (Table 5). At fruiting stage (from late July to early 

August), there was no difference between the two N rates within a rotation in leaf 

photosynthesis in 2007, the sod-based cotton had significantly higher leaf photosynthetic rate 

than the conventional cotton under the 95N condition. In 2008, the sod-based cotton had 

significantly higher leaf net photosynthetic rate than the conventional cotton under 0N 
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condition. Plant dry matter accumulation is associated with LAI and leaf net photosynthetic 

rate. Overall, the response of cotton leaf photosynthesis to rotation was much smaller than the 

response of LAI to rotation. 

 

 
Note: vertical bars are LSD0.05 values at the specific sampling dates. 

Figure 13. Changes in (A) leaf chlorophyll level (SPAD readings), (B) leaf N concentration, and (C) 

petiole NO3-N content of the irrigated cotton during the 2007 growing season for the sod-based and 

conventional rotations and N rates of 0 and 95 kg N ha
-1

 in Quincy, FL.  

Table 5. Net photosynthetic rate of uppermost fully expanded leaves for the sod-based 

and conventional cotton with 0 and 95 kg N ha
-1

 rates measured at squaring (mid June) 

and fruiting (late July- early August) stages under the irrigated condition in Quincy,  

FL in 2007 and 2008 

 

Year Growth Stage Sod-based Conventional LSD0.05 

  0N 95N 0N 95N  

  (µmol CO2 m
-2 s-1) 

2007 Squaring 23.0 23.8 22.4 23.2 NS† 

 Fruiting 25.6 27.4 24.1 23.8 2.8 

2008 Squaring 30.5 31.8 28.4 29.8 NS 

 Fruiting 24.8 29.2 21.9 28.6 2.6 
†NS = not significant. 

 

Leaf water potential (LWP) is a useful indicator of cotton plant water status. Studies have 

suggested that the critical value of daily lowest LWP for cotton is -1.5 MPa (Zhao et al., 

1989; Oosterhuis et al., 1991; Faver et al., 1996; Zhao and Oosterhuis, 1997), and this value 

has been used to monitor cotton plant water deficit stress and schedule irrigation (Oosterhuis 

et al., 1991). The 2007 cotton growing season in Quincy, FL was a dry season with an 

accumulated rainfall of only 391 mm from April to September. Leaf water potential data were 

collected during the growing season from the irrigated and non-irrigated cotton in both the 

sod-based and conventional rotation systems (Figure 14). Overall, LWP of the irrigated cotton 

was higher than -1.5 MPa at most measurement dates and the differences between the two 

rotation systems in LWP were small. Averaged across measurement dates, LWP values of the 

sod-based and conventional cotton were -1.40 and -1.45 MPa, respectively. Under non-

irrigated conditions, however, the sod-based cotton (-1.61 MPa) had significantly higher LWP 

than conventional cotton (-1.81 MPa) during flowering and fruiting (70 -110 DAP) (Figure 

14). Similar LWP results were obtained in the 2008 growing season and in winter oat cover 
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crop in the same study by Anguelov et al. (2009). These results indicated that the sod-based 

rotation improved plant water status of cotton and other crops, especially under non-irrigation 

conditions.  

A combination of improved soil conditions after bahiagrass as described earlier led to 

higher total nutrient and water uptake, which contributed to the improved plant physiological 

characteristics and increased vegetative growth. 
 

 
Note: vertical bars are one-side standard errors; * and ** indicate differences between the two rotations 

at P = 0.05 and 0.01 levels, respectively. 

Figure 14. The lowest leaf water potential of the sod-based and conventional cotton grown under 

irrigated and non-irrigated conditions in Quincy, FL in the 2007 growing season. Measurements were 

taken between 1:00 and 3:00 pm on sunny days.  

 

 

Lint Yield and Fiber Quality 
 

The traditional peanut and cotton cropping system in the southeast region is peanut-

cotton-cotton (i.e., conventional rotation) to reduce peanut diseases. Elkins et al. (1977) 

reported higher cotton yields following bahiagrass, but the yield improvement by rotation 

with bahiagrass was inconsistent across years. In a 4-year (2003 – 2006) period of the same 

sod-based rotation study that was compared with conventional rotation, Katsvairo et al. 

(2009) reported that although sod-based cotton grew faster than conventional cotton based on 

plant height, LAI, and total dry biomass accumulation, lint yield did not differ between the 

two rotation systems (Table 6). They found that cotton yield varied across the years with the 

greatest yield obtained in 2005 and 2006, which were also the years with the lowest plant 

height, LAI, and biomass, indicating a negative relationship between excessive growth and 

lint yield. The negative relationship between excessive growth and lint yield partially explains 

the lack of rotation response. There was an almost two-fold difference in lint yield between 

the years 2003 - 2004 vs. 2005 - 2006. The lack of yield differences for cotton in the sod-

based rotation compared to cotton in the conventional rotation may have been due to 

excessive vegetative growth with more fruit shedding, heavy boll rot and hard-lock issues in 

late season. Therefore, proper management practices, such as reducing N fertilizer and 
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irrigation water applications and optimum plant growth regulator (PIX) use for the sod-based 

cotton should improve cotton yield and profits in the sod-based rotation.  

Irrigation was scheduled based on cotton leaf water potential in 2007 and 2008 (see 

Figure 13) and PIX application rate and time were adjusted based on plant growth. The 

optimum management practices resulted in considerable reduction in cotton fruit shedding, 

boll rot and hardlock diseases and substantial increase in cotton lint yields (Table 6). Clearly, 

the sod-based cotton had significantly higher lint yield than the conventional cotton under 

both irrigated and non-irrigated conditions in 2007 and 2008. Therefore, proper production 

management practices are needed for cotton in the sod-based rotation to obtain high yields 

and profits.  

 

Table 6. Cotton lint yield responses to rotation and irrigation in a long-term sod-based 

peanut-cotton rotation study established in 2000 at the University of Florida NFREC, 

Quincy, FL 

 

Year Rotation† Irrigated Non-irrigated Mean 

  (kg ha-1) 

2002 Sod-based  1040 a Affi 1059 a A 1050 a 

 Conventional  745 b A  716 b A  731 b 

2003 Sod-based  841 a A  861 a A  851 a 

 Conventional  878 a A  948 a A  913 a 

2004 Sod-based  867 a A  928 a A  898 a 

 Conventional  823 a A  858 a A  840 a 

2005 Sod-based 1608 a A 1644 a A 1626 a 

 Conventional 1600 a A 1645 a A 1622 a 

2006 Sod-based 1625 a A 1497 a B 1561 a 

 Conventional 1575 a A 1473 a B 1524 a 

2007 Sod-based 1571 a A 1255 a B 1413 a 

 Conventional 1348 b A 1153 b B 1250 b 

2008 Sod-based 1658 a A 1570 a A 1614 a 

 Conventional 1322 b A 1239 b A 1281 b 

Mean Sod-based 1356 a A 1259 a A 1308 a 

 Conventional 1184 b A 1147 b A 1165 b 
†The sod-based rotation was bahiagrass-bahiagrass-peanut-cotton; The conventional rotation was peanut-

cotton-cotton; Details of the rotations can be found in Figure 1; Cotton yield of the conventional rotation 

are mean of 2-year means in each cycle. 
ffiMeans followed by the same low-case letter within a year and a column are not significant; Means followed 

by the same high-case letter within a row are not significant (P > 0.05).  

 

Table 7. Accumulated precipitation and amount of irrigation in the 2002 to 2007 

growing seasons from April to September in Quincy, FL 

 

Year  2002  2003  2004  2005  2006  2007  2008 Long-term  

 (mm) 

Precipitation  640.1  729.0 922.0 932.2 436.9 391.2 759.5 762.0  

Irrigation  188.0 111.8 127.0 190.5 193.0 129.5 38.1 ---  

Year type  Normal  Normal  Wet  Wet  Dry  Dry  Normal ---  
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Although irrigation is necessary for high lint yield in dry years, it is possible to use less 

irrigation water to reach yield goals and thus reduce production cost in the southeastern USA 

(Zhao et al., 2008b; 2008c). For instance, irrigation was scheduled based on LWP in 2007 (an 

extremely dry year, Table 7). When the daily lowest LWP, measured between 1300 and 1400 

h, of cotton declined to -1.5 MPa (visually canopy leaves show slight wilt or lost tension), 

irrigation was provided in the irrigated plots (Figure 13). Compared to 2006 (also a dry year), 

2007 had 45.7 mm less precipitation and 63.7 mm less irrigation (Table 7) during the growing 

season, but lint yield of irrigated cotton was equivalent (Table 6). Therefore, there is a great 

potential to reduce the amount of irrigation and to improve cotton yield and crop production 

profits even in dry years.  

 

 

Cotton Water Use Efficiency 
 

Water use efficiencies (WUE) is calculated by dividing cotton lint yield by the total 

amount of water (irrigation and precipitation) received during the growing season, for both 

irrigated and non-irrigated treatments in the sod-based and conventional rotation systems. 

Overall, the 2002, 2003, 2008 growing seasons were close to normal with precipitation of 

641.1, 729.0, and 759.5 mm, respectively; the 2004 and 2005 growing seasons were relatively 

wet with 160.0 and 170.2 mm more precipitation compared to long-term average; and the 

2006 and 2007 growing seasons were dry with 437 and 391 mm of rainfall, respectively 

(Table 7). Especially the 2007 growing season was extremely dry with only 51% of normal 

precipitation from April to September. The wide range of precipitation and amount of 

irrigation water provided during the experiment allows us to analyze crop WUE and yield 

responses to irrigation. Amount of irrigation in the 2002 to 2008 growing seasons for the 

study ranged from 38.1 to 193.0 mm (Table 7). 

 

Table 8. Water use efficiency (WUE) under the irrigated conditions or precipitation use 

efficiency (PUE) under non-irrigated conditions for the sod-based and conventional 

cotton in the 2002 to 2008 growing seasons in Quincy, FL 

 
Year WUE for irrigated† PUE for non-irrigated Mean 

 Sod-based Conventional Sod-based Conventional Sod-based Conventional 

 (kg lint ha
-1

 mm
-1

water) 

2002 1.26*ffi 0.90 1.65* 1.12 1.46* 1.01 

2003 1.00 1.04 1.18 1.30 1.09 1.17 

2004 0.83 0.78 1.01 0.93 0.92 0.86 

2005 1.43 1.43 1.76 1.76 1.60 1.59 

2006 2.58 2.50 3.43 3.37 3.00 2.94 

2007 3.02** 2.59 3.21** 2.95 3.11** 2.77 

2008 2.08* 1.66 2.07** 1.68 2.07** 1.64 

Mean 1.74 1.56 2.04 1.87 1.89 1.71 
† WUE = lint yield/(precipitation + irrigation accumulated in the growing season) for irrigated cotton; PUE = lint 

yield/(precipitation in growing season) for non-irrigated cotton.  
ffi The * and ** indicate that WUE or PUE is significantly different between the sod-based and conventional cotton within 

year at P < 0.05 and 0.01 level, respectively. 
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Zhao et al. (2009) first reported that there was the great potential to reduce irrigation 

water, conserve regional water resource, and improve crop WUE and profits. Compared to the 

conventional rotation system in 2007 and 2008, the sod-based rotation improved soil quality 

and other growth environment, resulting in high cotton yields (Table 6) and WUE (Table 8). 

In normal and wet years, there may be no need to irrigate cotton in the Southeast, but 

preventing cotton rank growth by applying PIX and adjusting N rate is necessary for 

maintaining high yield and sustainability.  

Similar to lint yield response to precipitation and irrigation, WUE for irrigated cotton and 

precipitation use efficiency (PUE, defined as lint yield diving by amount of precipitation 

dring the growing season) for non-irrigated cotton were affected significantly (P < 0.01) by 

both year and irrigation treatment. The year × irrigation interaction was also significant (P < 

0.01). The differences in WUE or PUE between the two rotations were smaller compared to 

the year effects. Water use efficiency of irrigated cotton varied greatly among years and 

ranged from 0.83 to 3.02 kg lint ha
-1

 mm
-1

 water for the sod based rotation and from 0.78 to 

2.59 kg lint ha
-1

 mm
-1

 water for conventional rotation. Precipitation use efficiency of non-

irrigated cotton ranged from 1.01 to 3.43 kg lint ha
-1

 mm
-1

 water for the sod based rotation 

and from 0.93 to 3.37 kg lint ha
-1

 mm
-1

 water for conventional rotation (Table 8). In drier 

years (2006 and 2007), irrigation significantly (P < 0.05 to 0.01) improved cotton WUE as 

compared with non-irrigated cotton (Table 8). Benefits of water-saving irrigation for cotton 

production in the southeastern USA region are to reduce not only irrigation cost, but also PIX 

application and the pressure of diseases and insects. The WUE (PUE) of sod-based cotton 

was 12% higher than that of conventional cotton under irrigated conditions and 9% higher 

than conventional cotton under non-irrigated conditions averaged across years. In 3 of 7 

years, the sod-based cotton had significantly greater WUE and PUE than the conventional 

cotton under both irrigated and non-irrigated conditions (Table 8).  

 

 

CONCLUSION 
 

This chapter provided a comprehensive review on the sod-based (bahiagrass-bahiagrass-

peanut-cotton) and conventional (peanut-cotton-cotton) rotation systems. Results indicated 

that the sod-based rotation along with proper production management practices substantially 

improved soil quality, conserved natural resources, depressed crop diseases, reduced 

applications of pesticides and nematicides and other environmental risk, improved crop 

growth and yields (especially peanut yield), and increased long-term sustainability and 

profitability. In the southeastern USA, there is the great potential to further improve peanut 

and cotton yields and profits by refining field management practices, including reducing 

irrigation and N-fertilizer and pesticide applications in the sod-based rotation. Integration of 

livestock into the sod-based rotation can further improve sustainability and profitability of the 

system, but increased management skills and additional new equipment are required to match 

changed farming practices. Therefore, training and transferring these technologies to growers 

require a team of scientists, including agronomists, soil scientists, entomologists, plant 

pathologists, weed scientists, animal scientists, sociologists, economists, and extension 

specialists. The scientists need to work together for further enhancing long-term economic 

value of row crop production by increasing yields while decreasing production costs and for 
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extending these technologies to growers in the southeastern USA, especially in the rural 

communities that are still dependent upon farm production and other natural resources.  
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ABSTRACT 
 

Characterized by fragile geo-ecology, marginality, inaccessibility, and subsistence 

livelihoods, the land resources in the Middle Mountain region of Nepal are intensively 

cultivated beyond their carrying capacity. Lack of off-farm employment opportunities 

combined with limited productive lands has forced the mountain communities to eke out 

their living through intensive cultivation of crops to fragile mountain slopes. Cropping 

systems vary considerably with land types, elevation, slope, aspect, seasonal water 

availability, soil types, and their fertility. Multiple cropping, in combination with several 

crop rotations are predominant to safeguard food supply and meet dietary requirements of 

households. Land management practices such as terracing, traditional agro-forestry 

practices and intercropping are some of the best examples that have been developed by 

the farmers by their ingenuity to cope with the harsh and fragile mountain ecosystems. 

The mountain cropping systems have to face numerous natural and human-induced 

challenges, including land degradation and loss of agro-biodiversity, leading to food 

insecurity and unsustainable livelihoods. This region is highly vulnerable to 

environmental degradation and climate change is seen as a risk multiplier. Meeting the 

ever-growing food demands while sustaining land productivity and maintaining 

resiliency at the farm level is the major challenge faced by the mountain farmers. This 
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chapter outlines the typical characteristics of the mountain cropping systems and 

discusses how they are coping with the ongoing natural and socio-economic dynamics. 

The vulnerability of the fragile mountain agro-ecosystems to climate change and its 

impacts on land use and cropping systems are discussed. The mountains agriculture 

seems to be highly vulnerable to climate change effects particularly erratic rainfall events 

and droughts, and land degradation due to soil erosion, landslides, flash floods, and 

siltation leading to loss of productive lands, crops failure and food insecurity. Effective 

measures to cope with such impacts in the mountain agro-ecosystem are suggested. 

Increased public awareness about the climate change effects, building adaptive capacity 

to cope with such effects, sustainable soil and water conservation practices, and resilient 

cropping practices (drought tolerant crop/varieties, change in crop rotations, and water 

use efficiency) seem to be the key strategies to be adopted to cope with the climate 

change effects in the fragile mountain agro-ecosystems.  

 

Keywords: land use, cropping systems, crop rotations, climate change adaptation, and 

mountain agro-ecosystem 

 

 

1. INTRODUCTION 
 

Characterized by physical isolation, poor mobility, vulnerability to risks, and biophysical 

diversity (Jodha, 1992), the crop-livestock integrated systems of the mountain region are 

extremely sensitive to climate variability and change (Chhetri et al., 2013). Harsh climate, 

rough terrain, poor soils and short growing season often lead to low agricultural productivity 

and food deficits (Kurvits, et al., 2014). This is further compounded by the subsistence nature 

of the system, fragmented and small-sized farms, poor technical know-how, land degradation, 

and erratic climatic events (Subedi and Dhital, 2007). Rain-fed agriculture is dominant in the 

mountain region of Nepal, thus productivity is associated with the seasonal rainfall patterns.  

Nepal‘s oblong 147,181 square km of land mass is located between 26° 22' to 30° 27' 

north latitude and 80° 14' to 88° 12' east longitude, between India and China, which falls 

within the Hindu Kush Himalaya region. It extends 885 km in the east-west direction and has 

a non-uniform mean width of 193 km from the north to south. It is a landlocked country, 

bounded on the east, south, and west by India and on the north by the Tibetan autonomous 

region of the People‘s Republic of China.  

The elevation starts at about 70 m above the sea level in the south, adjoining the Indo-

Gangetic Plain to the highest peak on earth, the Mt. Everest (8848 m) in the north. The 

elevation, slopes and aspects of mountains create difference in micro-climatic conditions, 

natural vegetation, land types, and cropping systems. Nepal‘s diverse terrain is comprised of 

five distinct physiographic regions including the flat plains, or the Terai, in the southern part 

of the country, rising to the middle hills or the Siwaliks, and to even higher elevations 

categorized sequentially as Middle Mountains, High Mountains, and Himalayas (Figure 1), 

the latter forming the highest mountain ranges in the world. Each of these regions represents a 

well-defined geographic area with distinct geomorphology, climate, and hydrological 

characteristics that are significantly different from each other. However, for the purpose of 

planning agricultural development, the country has traditionally been categorized into three 

ecological regions: the Terai (flat plains and southern portions of the Siwaliks), Hills 

(northern portions of the Siwaliks and middle mountains), and Mountains (high mountains 

and high Himal).  
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Figure 1. Five physiographic regions of Nepal.  

As the Middle Mountains are intensively cultivated, densely populated and highly 

vulnerable to environmental degradation due to natural and human-induced causes, for the 

purpose of this Chapter, only this region is taken into consideration. This chapter outlines the 

biophysical and socio-economic characteristics of Middle Mountain agro-ecologies, current 

land use practices, cropping systems, predominant crop rotations and discusses how the 

adverse climatic conditions brought by the global warming impact to the mountain 

agriculture.  

 

 

2. BIOPHYSICAL CHARACTERISTICS OF THE MIDDLE MOUNTAINS 
 

The Middle Mountain (Middle hills and High hills as shown in Figure 1 above) is a wider 

belt of land aligned east to west in the middle part of Nepal, bordered by the Mahabharat 

range in the south and the high mountains (Himalayan region) in the north. Intercepted by 

several north-to-south flowing rivers and gorges, the altitudes ranges from deep river-basins 

(≤ 300 m) and valleys to higher mountain ridges (≥ 2500 m). This region is characterized with 

rugged mountain terrain with variable elevations, slope angles, soil depths, and aspects 

resulting in diverse climate and vegetation. The lands are steep with shallow soils, and 

dissected and predominately (≤ 75%) un-irrigated (rain-fed). Over 80% percent of the land in 

Nepal is mountainous with rugged topography and steep to very steep slopes gradients 

(Shrestha et al., 2004), over 66% of the countries‘ land area falls under >30% slopping land 

and 12.7% is with 8 to 30% slope, and almost 19 million people inhabit in such marginal 

areas (Pratap, 2003). The Middle Mountain region of Nepal occupies about 42% of the 

country‘s total land area (147,181 km²) and 43% of 26.8 million population, with the highest 

population density of 126/km (CBS, 2012). Of the of total land area, only about 21% is 
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cultivated in this region (MoAD, 2013). The major portion of cultivated land in this region is 

worked traditionally into innumerable terraces, which are extensively cultivated (Shrestha, 

1992).  

Altitude and slope aspect have important influence on micro-climatic variations 

(temperature and moisture) of a location, which creates diversity in natural vegetation and 

suitability of crops particularly. In general, the north or north-east facing aspects are relatively 

cooler and retain more moisture than the south and south-west facing slopes. Therefore, 

micro-climatic conditions vary considerably and as a result, natural vegetation and cropping 

systems differ greatly. 

Because of the extreme variation in topography and altitude, the mountains terrain, slopes 

and aspects create greater spatial variability of temperature and precipitation. Climatically, 

there are four seasons, as pre-monsoon (March –May), monsoon (June-August), post-

monsoon (September –November), and winter (December- February). The precipitation 

pattern of five representative locations in the Middle Mountains of Nepal is presented in 

Table 1. However, wet and hot and humid summer (rainy season) and cool and dry winter 

season are the two distinctly separable growing seasons. 

 

Table 1. Seasonal distribution of rainfall (mm) in five representative stations  

(from east to west) in the Middle Mountains of Nepal (Average of 1971-2000).  

The numbers in parenthesis are percentage of total annual rainfall 

 

Station Pre-monsoon Monsoon Post-monsoon Winter Total 

Dhankuta (931 m) 183 (18) 723 (72) 65 (6) 38 (4) 1009 

Kathmandu (1336 m) 203 (14) 1126 (78) 65 (5) 46 (3) 1440 

Pokhara (827 m) 550 (14) 3127 (79) 195 (5) 79 (2) 3951 

Dailekh (1402 m) 182 (10) 1504 (82) 55 (3) 96 (5) 1837 

Dadeldhura (1848 m) 201 (15) 1004 (73) 48 (3) 131 (9) 1384 

Source: CBS (2013). 

 

The most outstanding feature of Nepal‘s climate is the monsoon precipitation, which is 

characterized by two distinct phases: the ―wet‖ and the ―dry.‖ The wet phase (June-

September) refers to the summer season, when warm and moist winds enter the country from 

the southeast. Diurnal temperatures and amount of precipitation vary greatly within a short 

vertical distance. Over 75 percent of the annual precipitation occurs during this phase 

(Webster, 1987; Shrestha, 2000). The variation in the pattern of rainfall from east to west is 

substantial and is further accentuated by the diverse terrain within each physiographic belt 

(Lang and Barros, 2002; Kansakar et al., 2004), creating many micro-regions with differing 

agricultural conditions. The amount of monsoon rainfall decreases substantially as it moves to 

the northwestern part of the country (Lang and Barros, 2002). Not only the amount of 

summer monsoon becomes less, the number of days with rainfall decreases as the monsoon 

circulation progresses toward the western part of the country, creating variable climatic 

regimes for rice cultivation (Kansakar et al., 2004). The dry phase (December-January) is the 

period when the direction of the winds reverse to bring cool and dry air from the northwestern 

part of the country (Webster, 1987). While precipitation is comparatively less during this 

time, winter rain tends to be more concentrated in the western part of the country than in the 

east. 
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As the rain-fed agriculture predominates in the mountain region, abnormally wet or dry 

monsoons have been directly responsible for frequent famines in certain parts of the country. 

Generally lower than normal or spatially variable monsoon rains are considered to be a cause 

of concern. Using the database developed by the Indian Institute of Tropical Meteorology for 

the years 1871–1997, Parthasarathy et al. (1994) reported 21 major droughts and 19 flood 

years when precipitation was at least +10% below or above normal in India. Though 

neighbouring Nepal lacks such a database, by virtue of lying in the same monsoon path, such 

findings hold true. Impending climate change may increase the intensities of these extreme 

climatic events (Kripalani and Ashwini, 1997) and the effect of such extreme events on 

agriculture should not be underestimated. 

Over 80% of the population in these areas depends on agriculture as the primary source 

of livelihood. Because of limited land, intensive cultivation in steep slopes is common (Figure 

2). Only about 26% of the agricultural land in this region is irrigated (CBS, 2012). Therefore, 

crop production depends primarily on seasonal rainfall and is thus prone to droughts and 

unreliable weather. The mountain agriculture has distinct bio-physical characteristics. The 

degree of diversity, fragility, marginality, human adaptation and inaccessibility are directly 

linked to factors such as elevation, slope angle, slope orientation, and exposure (Jodha, 1992). 

Small and scattered land holdings, slopping and shallow soil depths, marginal lands, rainfall-

fed farming is the characteristic of a typical mountain farm. Farmers are in their desperate bid 

to maintain their livelihoods in such challenging environment. There exists a close 

interrelationship between crops, livestock and forests to fulfil the livelihood needs of 

resource-poor farmers and maintain ecological stability (Baul et al., 2013).  

 

 

Figure 2. Typical terraced land in the Middle Mountain of Nepal showing the land use system. 

Land resources in the mountains are undergoing degradation (Thapa and Paudel, 2002; 

Maskey et al., 2003; Acharya and Kafle, 2009). Degradation of productive agricultural lands 

is contributed by both natural conditions and directly or indirectly through human activities. 

Fragile geographical formations and heavy seasonal rainfall combined with several human 

activities such as deforestation, cultivation in sloppy lands, excessive tillage practices, over-

grazing of animals, and improper infrastructure development and maintenance such as roads 
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and urban development are considered as the key factors contributing the land degradation 

(Acharya and Kafle, 2009; Subedi et al., 2015). Soil fertility decline due to soil erosion and 

nutrients losses through leaching is a serious problem in the hills of Nepal (Subedi et al., 

1989; Tripathi et al., 2003; Acharya et al., 2007). The production potential of land is reduced, 

which leads to further encroachment of forest and marginal lands and the intensification of 

cropping practices further depletes the fertility of soils (Maskey et al., 2003). Pratap (2003) 

analysed the indicators for unsustainable agriculture in the upland farming in the Hindu-Kush 

Himalayas during the period from 1954 to 1991 and reported that the cultivation in steep 

slopes (>30%) has increased by 10 to 15%, and soil erosion in the sloping lands increased by 

20 to 30%.  

In addition to loss of productive soils, decline in soil fertility and consequential decline in 

agricultural productivity is a growing concern in the mountain agriculture. Soil fertility 

problems associated with human-induced nutrient depletion are wide spread and the process 

of soil nutrient depletion is a potentially serious threat to world food security and sustainable 

agriculture (Tan et al., 2005). Thapa, (1996) and Neupane and Thapa (2001) have observed 

that rates of removal of plant nutrients from farm lands usually exceed the rates of their 

replenishment. Agricultural expansion into marginal lands and intensification in irrigated 

agriculture (triple annual crop rotations) are leading to rapid soil nutrients depletion (Schreier 

et al., 2005; Subedi et al., 2015).  

 

 

3. SOCIO-ECONOMIC CHARACTERISTICS  

OF THE MIDDLE MOUNTAINS 
 

Productivity of land not only depends on the biophysical characteristics of land but also 

on socioeconomic parameters of specific environment (Pratap, 2003). The typical mountain 

farming in Nepal has a number of socio-economic characteristics as follows, which make 

unique farming conditions and challenges for improved productivity.  

 

I. Small and fragmented land: Small holdings, fragmented parcels and rain-fed lands 

(>75%) with low production potentials are typical characteristics of Nepalese land 

holdings. As arable land is limited and any expansion of cultivated land is at the 

expense of the forest, which is inherently unsustainable (Subedi and Dhital, 2007). 

Agricultural land holding in this region is very small: about 45% of the population 

owning less than 0.5 ha of land and are highly fragmented with about 4 parcels per 

holding (CBS, 2011). A rapidly expanding population (1.3% per annum) and 

urbanization has further reduced the average size of farming land. Limited lands are 

also encroached for urbanization and non-agricultural use such as construction of 

roads.  

II. Subsistence/labor intensive agriculture: Agriculture in the mountains is 

predominately at the subsistence level with no mechanization. The labor intensive 

production practices lead to drudgery especially on women. 

III. Mixed and complex farming systems: incorporating crops, livestock, and agro-

forestry components is a common characteristic of mountain farming systems. The 

farming systems are complex and there is an interdependency of crop, livestock and 
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forestry to each other. Livestock and crops also serve as complementary 

investments, with crops providing feed for the livestock while the livestock provides 

manure to crops. 

IV. Limited access to inputs and market: Farmers in the remote mountain areas have 

limited access to markets, quality inputs, roads, and institutional credits. Therefore, 

poor, land-less, marginal farmers and women are further marginalized when it 

comes to accessing improved agricultural practices/technology (Subedi and Dhital, 

2007). Lack of access to productive inputs and market make the farming as low-

external input and organic manure-based. Agricultural value chains in the region are 

poorly developed. 

V. Traditional knowledge-based farming: Farmers lack both productivity and business 

skills. While farmers are eager to increase their productivity, they frequently lack 

knowledge in crop management, crop and varietal selection, proper storage 

techniques, irrigation methods, and other agro-techniques. National agricultural 

research system is also not efficient in generating location specific technologies. 

Extension services are rarely available and those available are mainly focussed to 

the pro-rich or to influential farmers in the more accessible areas (i.e., road-sides); 

the farmers in the remote mountain areas are often isolated from modern 

agricultural technologies. As a result, they have poor technical knowhow leading to 

low productivity. 

VI. Food insecurity: Because of limited agricultural lands with low production 

potentials, rainfall dependent cultivation, and low external inputs crop productivity 

is low, thus majority of the households in the mountain region are with food-

insecurity (Subedi and Dhital, 2007; Krishnamurthy et al., 2013). Food production 

is rarely sufficient to meet the household requirements, and it is the major spending 

item for smallholder households. 

VII. Lack of off-farm employment: Since income generative opportunities are rare 

especially in the rural areas and the majority of the farmers are poor with low cash 

income. Because of the lack of other off-farm employment opportunities, disguised 

employment is common phenomenon.  

VIII. Changing farming population: There appears a new socioeconomic dimension in 

the country. There is an ever growing trend of youth outmigration in Nepal, 

resulting in rural population composed of elderly, women, disabled, children, and 

physically less active population. One of the greatest social challenges to farming in 

the Hindu Kush Himalaya region is from the outmigration of labour (Kurvits et al., 

2015). Moreover, farming is not viewed as an attractive future by the young 

generation (Subedi et al., 1989; Acharya et al., 2007; Kurvits et al., 2015). The 

outmigration of youths is the root cause of shortage of agricultural workers leading 

to declining productivity. There is also a growing trend of land abandonments in the 

mountain region in recent years.  

 

Out-migration of the able-bodied workforce has burdened already-overworked women, 

creating greater gaps in response to climate and other changes. Absent a radically different model 

of innovation and development for the agriculture sector, the coupled crop-livestock 

livelihoods system - once considered sustainable and in harmony with local ecological 

systems - is at risk. This phenomenon, commonly known in the region as the increasing 
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feminization of agriculture coupled with the challenge of climate variability and change, is 

weakening the entire socio-ecological systems. These dynamics not only have adversely 

impacted the resilience of crop-livestock systems but have opened up forward-backward linkages 

(including market interactions) leading to an increased vulnerability at a range of scales. 

 

 

4. LAND USE SYSTEMS 
 

As the livelihood of the majority of the population (≥75%) is dependent on agriculture 

and farming lands are limited, land becomes precious natural resources in Nepal. Land is the 

wealth and foundation of livelihood (food, income and employment). Despite a principal 

source of livelihood of majority of the people, agricultural land is highly unequally distributed 

across geographical regions and within households. The bottom 45% of the agricultural 

household operate only 12% of the total agricultural land area, while 5% occupy 27% of the 

total agricultural land (Sharma, 1999). Although there are distinct geographical and 

biophysical characteristics associated with biophysical conditions of the region, a coupled 

crop-livestock based livelihood systems characterizes them all.  

Agricultural production in the Middle Mountains is determined by various factors 

including altitude, rainfall, slope, and aspect. A typical household possesses small, dispersed 

parcels of land in combination with a few numbers of livestock including small ruminants. 

Farmers in the mountains of Nepal have developed and practiced complex farming systems 

with close integration of crop, livestock and common pool resources (e.g., forest, rangeland). 

Demand for subsistence production has been met by the expansion of rain-fed agriculture 

(Brown and Shrestha, 2000). Agricultural lands are generally surrounded by forests, mostly 

managed by the communities. Crop residues contributes almost one third of the total livestock 

feed while rest is derived from communal forests and rangelands (Pilbeam et al., 2000).  

Mountain farmers have adopted multiple strategies in their desperate bid to maintain their 

livelihoods in the face of an ever shrinking land base and dwindling crop yields (Pratap, 

2003). Terracing in the steep hill slopes is an indigenous land management practice and as a 

means of extending cultivation in marginal lands. Because of the scarcity of flat lands, steep 

slopes are reclaimed by means of terracing (e.g., Figure 2) and shifting cultivation. The main 

purposes of terracing are (i) to conserve soil loss from the sloppy lands; (ii) make the land 

easy for agricultural operations, and (iii) to hold the runoff during the monsoon season for 

rice planting. Although terracing was found to be more costly to establish but have higher 

long-term financial returns than other soil and water conservation measures (Mishra and Rai, 

2014). There exists a negative correlation between the terrace width and slope (Pandit and 

Ballad, 2004). Depending on the water availability, terraces are either levelled or slopping (up 

to 20%). Generally, the outward sloped terraces are common in the mountain slopes. While 

cultivation in the hill slopes without terracing can be found in certain part of the region, 

which further aggravates the problem of land degradation, maintaining the terrace is a labor-

intensive endeavour. In addition to terracing, other indigenous practices such a contour  

 

bunding, vegetative barriers such as planting trees along the terrace risers and fence are 

common practices to protect/conserve soil are also common. Agricultural lands in the Middle 

Mountains of Nepal are categorized in different types based on the availability of water for 
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irrigation, slope gradient, soil fertility/productivity, and aspects. The following are the major 

land types: 

 

I. Khet: Levelled terraces with bunds, seasonally or year-round irrigated paddy lands. 

Khet lands are situated mostly in the foot-hills, river basins and valleys, which are 

irrigated with gravitational canal. In the hills slopes, this is created through the 

construction of bunds around the edge of levelled terrace so that uniform depth of 

water is maintained throughout the terrace (Figure 2). The flat Khet lands in the 

valleys and river-basins are called Phant while the hillside narrow terraces with 

bunds for the retention of seasonal irrigation are called as Tari Khet. The term Khet 

land refers to a type of land where water is held for considerable period of time by 

earth bonds to create favourable conditions for rice (Oryza sativa) cultivation. 

Therefore, rice based cropping patterns are predominant in the Khet lands. The 

irrigated lands are considered as prime lands and depending on the altitude and water 

availability, up to three crops are gown in a year in Khet lands. 

II. Bari: The outward slopping, freely draining rain-fed lands are locally called as Bari 

lands. Bari lands become predominant as the elevation increases and where there is 

no possibility of canal irrigation. Traditionally, maize (Zea mays) based crop 

rotations are predominant in Bari lands. If irrigation is feasible, farmers become 

eager to convert Bari into Khet land and go for rice cultivation (Subedi et al., 1991).  

III. Tars: Tars are also a type of Bari lands. Tars are large, flat rain-fed lands that are left-

over by big rivers. They have greater potentials of converting into Khet lands if 

irrigation can be provided.  

IV. Khoriya: Sloppy lands prepared after slash and burn such as in shifting cultivation. 

Khoria are used for planting upland rice, legumes such as ricebean (Vigna 

umbellate), horsegram (Macrotyloma uniflorum), blackgram (Vigan mungo) and 

raising nurseries for rice and finger millet (Eleusine coracana). One or two years of 

cultivation is followed by fallows for regeneration. This system is in a diminishing 

trend in recent years.  

V. Kharbari: marginal lands protected for collection of thatch and grasses. Generally 

such lands are too steep or rocky, less fertile and unsuitable for cultivation of crops or 

conversion into terrace. 

 

The Bari and Khet are the two major land types in the Middle Mountains. The bari land 

constitutes about 64% of cultivated land and over two-third of this lies in the middle 

mountains (Carson, 1992). The irrigated lands are considered as precious lands. Where water 

is available for irrigation and slope permits for bench terracing, farmers convert their Bari and 

Tars lands to Khet and paddy rice is the most preferred crop (Subedi et al., 1991; Pandit and 

Ball, 2004; Shrestha et al., 2004).  

 

 

5. CROPPING SYSTEMS 
 

Cropping systems is defined as cropping patterns used on a farm and their interaction 

with farm resources and other farm enterprises. Cropping systems evolve based on climate, 
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soil, water availability, and farmers‘ priorities for the crop commodities. Traditionally, 

cropping systems in the Middle Mountains of Nepal have been relied on the close integration 

of forestry, livestock and crop production. A typical farmer grows several types of food crops, 

fruit trees and vegetable crops around the homestead, keeps both large and small ruminant 

animals, backyard poultry, and plant fodder trees along fences, terrace risers and in the 

marginal lands. Crops may include cereals, food legumes, vegetables, spices such as ginger 

(Zingiber officinale) and turmeric (Curcurma domestica). Home garden may composed of a 

few fruit trees, seasonal vegetables, and herbaceous plants. The use of tree-forage and fodder 

from forest areas and terrace risers as animal feed ensures the flow of nutrients from common 

pool resources to agricultural land (Pilbeam et al., 2000). 

Multiple cropping (i.e., growing two or more crops at the same time on the same piece of 

land or in a given growing season) is the most common practice adopted by the subsistence 

mountain farmers as a means of meeting their multiple needs. Confronted with problems of 

increasing food demand, small landholdings, and the lack of non-farming opportunities, 

farmers need to ensure maximum possible harvest to meet their food-requirements (Thapa, 

1996; Thapa and Paudel, 2002). Multiple cropping is a strategy of securing more produce by 

tapping limited resources (Thapa, 1996) as well as buffer to avoid a complete crop failure due 

to disease/pests or unusual climate. In addition to meet their food and fibre demands, multiple 

cropping is also adopted to capture the niche endowed by mountain ecosystems. The crop 

combinations vary greatly with altitude, growing season, aspects and land types. Knowingly 

or unknowingly, the multiple cropping systems provide greater soil cover, which is important 

in terms of soil and water conservation.  

Various forms of multiple cropping systems are practiced to accommodate more than one 

crop in the system in a given piece of land, within a given period of time or growing season. 

The aim of multiple cropping is diversifying crops and growing more than one crop at a time 

or within a given time. This system is adopted to produce more foods, better economic returns 

and utilize resources available during the growing season (i.e., land, water and solar radiation) 

more efficiently so as to increase farm productivity per unit land. The most common types of 

cropping systems in the mountains of Nepal are as follows:  

 

i. Sequential cropping: The sequential cropping system refers where more than one 

crop is grown in a piece of land in a sequence, within a given time frame. The second 

crop is planted once the previous crop is harvested. This system of crop rotation is 

denoted by (-) sign. For example, rice-wheat-maize (3 crops in a year) or maize-

potato-barley (3 crops in two years). 

ii. Mix-intercropping: This is a kind of intercropping in which, two or more crops are 

grown simultaneously in the same field. This system of intercropping is denoted by 

(+) sign. The companion crops are planted at the same time without row 

arrangements. For example, wheat + peas, millet + legumes. In this system of 

intercropping, more emphasis is given to the main crop and the plant density of the 

main crop is not reduced to accommodate the companion crop. Generally, the 

companion crops are harvested at different times as the crops do not mature 

simultaneously. Using combine harvester (where mechanization is available) is a 

limitation in such intercropping system. 

iii. Row or strip-intercropping: Two or more companion crops are grown together in 

different rows or strips arrangements in a given land. Crops are sown in different 
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rows without affecting the population of the main crop when sown as sole crop. The 

main objective of row-intercropping is to utilize the space left between two rows of 

the main crop. This system of intercropping is also denoted by (+) sign. For example, 

maize + soybean. Generally, the companion crops are harvested separately as the 

crops mature at different times. 

iv. Relay-intercropping: This is a type of intercropping in which two or more crops are 

grown simultaneously during the part of the life cycle of each crop. The second crop 

is planted once the first crop is established but before harvest so that part of the 

companion crops share the land at least part of their growing season. This system of 

intercropping is denoted by (/) sign. For example, maize/finger millet, rice/lentil, 

where lentil (Lens culinaris) seeds are broadcasted under rice crop before its harvest, 

lentils grow and establish following rice harvest. Relay inter-cropping system is 

practiced primarily to accommodate two crops in a limited growing season, where 

two crops in a sequence is not possible to grow.  

v. Agro-forestry (tree/crop) system: Although the agro-forestry system is not generally 

considered as an intercropping system, in the context of mountain cropping systems, 

we think that this system should be included under this topic. Growing certain shade- 

loving annual and perennial crops such as vegetables, ginger, turmeric, herbs, coffee 

under the shade of fruit trees (e.g., mandarin) and fodder trees is a common practice 

in the mountains of Nepal, adopted to better utilize the scarce land resources. 

Mountain farmers also utilize their marginal lands by growing a number of 

multipurpose trees such as fodder trees in the bunds, terrace risers, and along the 

farm fence.  

 

The advantages of crop rotations and inter-cropping systems are well documented 

elsewhere. Various indexes are used to assess the benefits of these systems. Some of the more 

common indices are described below:  

 

(i) Multiple Cropping Index (MCI):  

The MCI is defined as the ratio of total area cropped in a year to the land area available 

for cultivation, expressed in percentage. It is calculated as follows: 

 

    
∑    
   

 
x 100  (Dalrymple, 1971) 

 

Where, ―n‖ is the total number of crops, ―a‖ is area occupied by i
th

 crop and ―A‖ is total land 

area available for cultivation. The MCI is also referred as cropping intensity (CI).  

 

(ii) Land Equivalent Ratio (LER):  

The LER is defined as the relative land area under sole crop that would be required to 

produce the equivalent yield under a mixed or intercropped condition at the same level of 

management. This is the most common index to measure the benefits of intercropping system. 

The LER is calculated as follows:  

 

    
     

      
 
      

     
 (Willey and Osiru, 1972) 
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Where, YA and YB are the yields of component crops ―A‖ and ―B‖ under intercropping 

conditions (mix) and as a pure stand (mono). An LER value of 1.0 indicates no difference in 

yield between the sum of intercrops and the sole crop. 

 

(iii) Monetary Equivalent Ratio (MER):  

The monetary equivalent ratio (MER) measures the economic advantage of intercropping 

over the sole crop that has the largest economic return (Adetiloye and Adekunle, 1989). It 

provides the economic or monetary value of the intercropping against the sole crop monetary 

value. The MER is calculated using the following equation:  

 

M   
     

  
 (Adetiloye and Adekunle, 1989) 

 

Where ―ra‖ and ―rb‖ are monetary returns from component crops ―a‖ and ―b,‖ respectively, 

under intercropping situation and ―Ra‖ is the highest sole crop monetary return.  

 

 

6. CROP ROTATIONS 
 

Viewed as increased utilization of arable land for higher production, crop rotation is a 

systematic approach of growing crops in a defined sequence on the same piece of land, for a 

given period of time. Within a given crop rotation sequence, there may be a sole crop or 

intercrops during a growing season. Crop rotation has several benefits on soil fertility, 

disease/pest management, nutrients and water use efficiencies, diversifying farm income, and 

economic returns. In the Mountain region of Nepal, crop rotations are associated with change 

in land-use and shortening of fallow period so as to maximize the land productivity from 

limited available land.  

Choice of crops and their rotations are determined by various factors such as type of land, 

elevation, availability of seasonal water, soil fertility conditions, and household and/or market 

demands. In the mountains of Nepal, temperatures (as determined by elevation and aspect) 

and seasonal water availability, inputs and labor availability are the major determinants of the 

choice of crops and their rotations. The major crop rotations in different land types and 

altitude range in the Middle Mountains of Nepal are summarized in Table 2.  

In the lower hills below approximately 1000 m above sea level (valley bottom and foot-

hills), where seasonal water availability is not limited for irrigation, up to three crops are 

grown in a year. At up to 1800 m altitude, generally two crops are grown in a year and above 

this range, growing two crops in a year is difficult; therefore, generally three crops are grown 

in a two-years rotation. Irrespective of biophysical conditions associated with different 

regions of Nepal, crop rotation implies higher frequency of cultivation with higher inputs of 

labor and possibly other inputs.  

It is apparent from Table 2 that the upper regions of mountains which are almost entirely 

rain-fed, maize-based crop rotations are predominant in the bari lands and rice-based 

rotations in the khet lands. The listed crop rotations are only based on the major crops (rice, 

maize, finger millet and wheat). Among various crop rotations, the maize/millet intercropping 

is the predominant cropping system used by the mountain farmers throughout the Middle 

Mountains. There are numerous other minor crops such as horticultural crops, spices and 
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herbs like ginger, cardamom (Amomum sp.) and coffee (Coffea arabica) cultivated under fruit 

trees or under agro-forestry system. In the upper mountains, some minor crops such 

buckwheat (Fagopyrum esculentum), grain amaranths (Amaranthus sp.), proso millet 

(Panicum maliacum) and foxtail millet (Setaria italic) are also cultivated in rotations.  

 

Table 2. Land types and major crop rotations in the Middle Mountains of Nepal 

 

Land type Elevation (m) Major Crop Rotations* 

Bari 

 

>2300 Maize or finger millet-potato-barley 

 (3 crops in two years) 

Potato-wheat or barley-maize or finger millet (2 years rotation) 

Beans-wheat (1 year) 

Beans-proso or foxtail millet (1 year) 

1600-2200 Maize/finger millet-fallow 

Maize-mustard (oilseed rape) 

Maize/finger millet - mustard 

Maize-wheat or wheat + peas 

Maize- barley + peas 

Maize-potato 

Maize-buckwheat 

1000-1500 Maize/millet-fallow 

Maize+soybean-mustard 

Maize-potato or vegetables 

Maize –wheat+mustard 

Maize-wheat+ peas 

300-900 Maize/millet-mustard 

Maize-millet + legumes** 

Maize+soybean-whaet 

Maize-vegetables/potatoes 

Tars 300-700 Upland rice-blackgram 

Upland rice-blackgram + niger 

Maize-soybean-mustard  

Maize-blackgram or cowpeas 

Upland rice-sesame 

Maize-blackgram or soybean 

Khet 1600-2200 Rice-fallow 

Rice-potatoes 

Rice-buckwheat 

1000-1500 Rice- wheat-fallow 

Rice-potato-fallow 

Rice- maize+dry beans or cowpeas 

Rice- vegetables-maize 

Rice-fallow- foxtail millet or figer millet 

<1000 Rice-fallow-maize 

Rice-wheat-maize 

Rice-wheat- rice 

Rice-fallow-rice 

Rice-wheat-fallow 

Rice-vegetables-maize 

Rice-potato or vegetables-maize 

* The symbols +, / and – are for mixed cropping, relay-intercropping, and sequential cropping, respectively. 

** Grain legumes such as blackgram, cowpeas (Vigna unguiculata), soybean (Glycine max), horsegram 

(Macrotyloma uniflorum) and ricebean (Vigna umbellata) are generally mixed with finger-millet.  

Source: Compiled from Subedi et al. (1989; 1990); Subedi (1991); Karki (2001); Raut et al. (2011). 
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Relay cropping of finger millet with maize is a pre-dominant crop rotation in the Bari 

lands of Middle mountains. This is a unique example of cereal-cereal inter-cropping, 

developed by farmer‘s ingenuity to accommodate two important crops in the same piece of 

land within a limited growing period (Subedi, 2001). At and above 1000 m elevation, maize 

and millet in a sequence are not possible to grow because flowering time of millet coincides 

with cold temperatures. The major reasons given by the farmers for adopting the maize/millet 

relay intercropping system are to (i) accommodate two major staple crops in a limited 

growing season, (ii) effortless land preparation, (iii) better utilize residual soil moisture and 

nutrients, and (iv) better labor distribution. A typical maize and millet relay intercropping 

system is illustrated in Figure 3.  

 

 

Figure 3. Timing of maize and finger millet planting and duration of overlapping in the maize/finger 

millet relay-intercropping system at different altitudes in the Middle Mountains of Nepal (After Subedi, 

2001). 

 

As the figure illustrates, maize and finger millet are grown separately in sequence at 

lower altitudes (<1000 m) and at higher altitudes (>1800 m). Occasional relay systems are 

also observed at 700-1000 m. As the altitudes rises from 1000 m, the overlapping period 

becomes longer and the competition between the two component crops increases and vice 

versa (Subedi et al., 1991; Subedi, 2001).  

Traditionally, farmers in the mountains include different types of grain legumes in 

rotations. Soybean, blackgram, cowpeas, field beans (Phaseolus vulgaris), and ricebean are 

the warm season legumes while lentil, chickpea (Cicer arietinum), and field peas (Pisum 

sativum) are the three important cool season legumes. The warm season legumes are either 

intercropped with maize or finger millets, or grown as sole crop in rotation. They are also 

commonly planted on the bunds of rice fields and in terrace risers. The cool season legumes 
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are also either intercropped with wheat and barley or grown separately following rice or 

maize. 

The mix-cropping and crop rotations by the mountain farmers are the traditional cropping 

systems adopted since long time. Mountain farmers have continuously changed their farming 

systems over time to cope with their needs and opportunities. Change in land use 

intensification is characterized by changes in cropping patterns, fertilizers use, irrigation and 

mechanization (Chhetri and Easterling, 2010; Raut et al., 2011). Recently, some new crops 

have been introduced in the crop rotations, especially in the lower elevation areas with access 

to market, technology, and assured irrigation. For example, the introduction of commercial 

vegetables and potatoes in the rice-based systems has prompted innovation of new cropping 

patterns. Increasing market demand, access to inputs and technologies (e.g., off season 

vegetable production) accompanied by the availability of irrigation has been a major driver of 

the change in traditional crop rotations. On-going social changes such as migration of able-

bodied labor force to non-farm sector and increasing urbanization in the productive lands 

have also been the major factors inducing changes in traditional crop rotations or abandment 

of some crops or rotations. While the new cropping patterns are emerging, the staple crops 

such as rice (in Khet) and maize (in Bari) are still predominant across the middle mountains 

of Nepal.  

 

 

7. CLIMATE CHANGE: TREND AND POTENTIAL IMPACTS  

ON MOUNTAIN AGRICULTURE 
 

Climate change referrers to the change in the state of climate that can be identified by 

changes in the mean and/or variability of its properties and that persists for an extended 

period, typically decade or longer (IPCC, 2007). Changes in climate are driven by natural 

processes (or external forcing), or by anthropogenic changes in the composition of the 

atmosphere or in land use. As a result, climate change is expected to bring an increase in the 

frequency, intensity, spatial extent, and duration of weather and climate extremes (Lavell et 

al., 2012). Recent report of the Intergovernmental Panel on Climate Change (IPCC) shows 

that over the last 50 years, extreme events have been on the rise in most regions of the world 

(Field et al., 2012).  

The most outstanding feature of Nepal‘s climate is the monsoon precipitation, which is 

characterized by two distinct phases: the ―wet‖ and the ―dry.‖ The wet phase (June-

September) refers to the summer season, when warm and moist winds enter the country from 

the southeast. Over 75 percent of the annual precipitation occurs during this phase. The 

annual cycle of the monsoon determines the practice of agriculture in Nepal‘s mountain 

region. Abnormally wet or dry monsoons have also been directly responsible for frequent 

famines in certain parts of the country.  

Shrestha et al. (1999) showed a general warming trend in Nepal. The temperature 

differences are most pronounced during the dry winter season, and least when the monsoon 

peaks. The study also showed significant warming in the higher elevations of the Hills and 

Mountains in the western half of the country compared to the lower elevations in the south. 

Unlike temperature, there is no evidence of change in aggregate precipitation (Shrestha, 
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2000). However, studies conducted to examine stream flow show an increase in number of 

flood days in certain rivers (Shakya, 2003).  

Based on the observed trends of change in temperature as reported by Shrestha et al. 

(1999), Chhetri and Easterling (2010) reveal a negative association between the amount of 

rainfall and general trends of warming. For example, the western mountain region of country 

received lower than average rainfall and exhibited a higher degree of warming compared to 

the central and eastern regions, which are comparatively wetter. Theoretically, if this trend 

continues in the foreseeable future, the drier regions of the country will become even drier 

due to the projected increase in temperature. For farmers, such a prognosis imposes further 

challenges in their effort to ensure better food security. 

The Organization for Economic Co-operation and Development (OECD) has assessed the 

change in average temperature and precipitation in Nepal using over a dozen general 

circulation models (Agrawala et al., 2003). There is a significant and consistent increase in 

temperatures projected for Nepal for 2030, 2050, and 2100. While the study also projects an 

overall increase in precipitation, mostly during the monsoon season, it is not clear whether the 

existing rainfall patterns will remain the same. It is also not apparent how these changes will 

affect the timing and period of monsoon rainfall. The potential increase in monsoon 

precipitation in an area that has already experienced heavy rainfall may lead to more flooding. 

Conversely, areas with low monsoon rainfall may be subject to drier conditions in the future. 

In short, it is difficult to make predictions with any degree of certainty. 

 

 

7.1. Vulnerability of Mountain Agriculture to Climate Change 
 

Because the mountain region is naturally fragile, they are susceptible to accelerated soil 

erosion due to rain with downstream effects. Lands are highly prone to mass movements 

including landslides, avalanches, debris flows and flooding, due to high and erratic rainfalls 

that can lead to disasters. With the persistent pressure of population growth, Nepal‘s 

mountains are intensively cultivated, and are highly susceptible to the impacts of climate 

change. Evidence of climate change, such as general warming, receding snowline, prolonged 

drought, and unpredictable rainfall patterns, has been well documented in the mountain region 

of Nepal (MoE, 2010). By analyzing the time series of Indian monsoon, Rajeevan et al. 

(2008) reveal an increasing trend of the extreme rain events between 1901 and 2005. The 

study also reveals a stronger trend of the extreme rain after 1950. Likewise, Sen Roy (2009) 

also found widespread increases in heavy precipitation events across India, mostly in the 

high-elevation regions of the northwestern Himalaya as well as along the foothills of the 

Himalaya extending south into the Indo-Ganges basin.  

Farmers in the mountains of Nepal face a range of socio-economic pressures, including 

population growth, a low level of technology usage, and an exodus of able-bodied labor 

forces (mainly males) to other economic sectors, that compound the impacts of climatic 

changes. The changing climate is an additional burden to the poor people in the mountains 

who are already living in the poverty, are vulnerable and excluded with prediction of 

additional risks to livelihoods and further inequity in the future (Gentle and Maraseni, 2012). 

Since the agricultural production is heavily reliant on monsoonal rain, any changes in the 

monsoonal patterns, their intensity and frequency can impact on crops to be grown, crop-
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rotations to be followed and ultimately agricultural production. Poor and marginalized 

households were more vulnerable to the climate change impacts (SAGUN, 2009).  

 

 

7.2. Indications of Climate Change in Nepal 
 

Nowhere in the world is the need of addressing possible consequences of climate change 

are more pressing than the mountains of Nepal as it already having a pronounced impact on 

agriculture, water resources, energy, health, and biodiversity sectors. It is also important to 

note that observed indicators of climate change is not uniform across space and time. For 

example warming is not uniform across the country, with higher increases observed in high 

altitude regions (Shrestha and Aryal, 2011). Annual precipitation data shows a general decline 

in pre-monsoon precipitation in far- and mid-western Nepal, while there is a general trend of 

increasing pre-monsoon precipitation in the rest of the country (Shrestha et al., 1999). This 

can have severe impacts on the agriculture system (Malla, 2008) in general and crop rotations 

in particular. Recent extreme climatic events such as longer periods of drought, shorter but 

more intense periods of rainfall and variable monsoon rainfall are some of the climate change 

impacts in Nepalese mountains. Several studies (Sagun, 2009; Gentle and Maraseni, 2012; 

Krishnamurthy et al., 2013; Baul et al., 2013) have reported increasingly erratic rainfall and 

unpredictable onset of monsoon seasons, prolonged drought, landslides, storm, glacial retreat, 

are the major effects of climate change in Nepalese mountains. Himalayan glacier melt and 

retreat have also been documented (Bolch et al., 2012), with an increased risk in glacial lake 

outburst flooding (MoE, 2010; Shrestha et al., 2004). The potential increase in monsoon 

precipitation in an area that has already experienced heavy rainfall may lead to more flooding. 

Conversely, areas with low monsoon rainfall may be subject to dryer conditions in the future.  

There are also perceptions of the farmers that climate has changed in Nepal. In a recent 

survey with farmers in the 148 households in the Middle Mountains of Nepal, Baul et al. 

(2013) reported that almost all farmers perceived that summers are becoming hotter and 

longer while 81% of the interviewed farmers responded that winters are becoming warmer. 

Similarly, a focussed group discussion and key informant interviews with communities has 

reported decreasing and erratic trend of pre-monsoon and monsoon rainfalls in recent years 

(Gentle and Maraseni, 2012; Devkota, 2014). In a case study conducted in three ecological 

zones of Nepal, SAGUN (2009) indicated that temperatures increased at all sites and rainfall 

patterns were altered such as delayed monsoon, erratic rainfall, shorter rainfall duration and 

reduced winter rainfall. The major climate risks in the study sites were droughts, landslides, 

floods, and riverbank erosion, fire and hail stones. These changes indicate that unpredictable 

climate variability will be a major obstacle for agricultural production. 

Farmers‘ experiences on such climate changes with erratic pre-monsoon and winter 

rainfall was also justified by meteorological data (Gentle and Maraseni, 2012; Baul et al., 

2013; Devkota, 2014). Krishnamurthy et al. (2013) observed no clear trends of precipitation 

across the country, but generally minor or no decreases in precipitation in the western Nepal, 

an increase of up to 10% annual rainfall in eastern Nepal. The majority of this increase is due 

to more intense monsoon precipitation, resulting in up to a 20% increase in rainfall in the 

summer months. While a decrease in post-monsoon rainfall in the winter months in the 

western region leads to droughts in the western mountains. Although there is a spatial and 

temporal variability in rainfall, Krishnamurthy et al. (2013) found that the rainfall over the 
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whole country has decreased since 1960 but there is a high inter-annual variability. The 

decrease has largely been due to a decline in mean precipitation during the dry season 

(December to February).  

As predicted by Dixit (2015), the observational records also show a general warming 

trend in Nepal. The mean temperature in Nepal has reported to be increased by 1.8°C in the 

last 32 years (Malla, 2008), and the increase was greater in the Himalayas (0.08°C/year) than 

in the Terai region (0.04°C/year). The general circulation models and regional circulation 

models have indicated an increase in temperature across Nepal (overall temperatures have 

increased by around 1.5°C over the period of 1975 to 2009), due to increase in atmospheric 

greenhouse gas concentration (Krishnamurthy et al., 2013). Based on the model they used, the 

temperatures in Nepal are expected to increase by 1.2 to 1.4°C by 2030 compared to the 2000 

baseline.  

 

 

7.3. Impacts of Climate Change on Crop Production 
 

In Nepal, climate change many manifest in the form of rainfall irregularity, intensity, 

prolonged drought, flood, drying of stream, heat waves, and extreme and unpredictable 

weather patterns. The impacts on water resources include small, gradual changes in climate 

change-related hazards, such as glacial lake outbursts, landslides, debris flows, and floods that 

will specifically impact the Nepali Himalayas (Nyaupane and Chhetri, 2009). Any changes 

such as delayed monsoon, prolonged drought or intense rainfall events will have significant 

negative consequences on existing cropping systems and of agricultural production. Such 

impacts may be intense at high elevations and in regions with complex topography as is in the 

Nepal‘s mid-hills (Dixit, 2015).  

Current practice of agriculture in the mountains of Nepal is as such constrained by 

incidence of natural disasters: floods, droughts, landslides, intense rains, hailstorms and cold 

and heat waves (Selvaraju et al., 2014). Projected scenarios of climate change suggest that 

climate conditions in Nepal will worsen, which may imply an increase magnitude and 

intensity of climatic extremes (Malla, 2008; Selvaraju et al., 2014). Karki et al. (2009) 

reported that the climate change is already threatening Nepal‘s food security, human habitats, 

water resources, and tourism sectors seriously. Overall, climate change is projected to cause 

food production to fall, with lower yields with major crops (Cameron, 2014). A recent study 

by Challinor et al. (2014) showed that global warming of 2
0
C will be detrimental to crop yield 

from the 2030 onward. The major impacts of climate change in the mountain agriculture in 

Nepal seem to be as follows: 

 

i. Land Degradation 

Land degradation entails a loss of productive capacity of land and is often induced by 

human activities, which has environmental, economic, and social consequences. The extent of 

land degradation depends on the geology of the land, rainfall patterns, and land use practices 

such as tillage, crop rotations, and cultural practices. The land degradation is a crucial issue in 

the mountains of Nepal because of the geology and steepness of the slope (Shrestha et al., 

2004). Loss of productive topsoil through soil erosion during the monsoon season is the major 

driver of land degradation. While soil erosion is a natural process, it is accelerated by human 

activity, especially cultivation of crops in delicate hill slopes. Increased intensity of rainfall, 
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as has been observed in recent decades, might significantly increase the potential for soil 

erosion in the mountains of Nepal. A study by Yang et al. (2003) estimated that nearly 60 

percept of 0.38 mm ha
-1

 per year of global soil erosion is induced by human activity. In 

Nepal, approximately 240 million cubic meters of topsoil are eroded annually (Maskey et al., 

2003) and the declining trend of agricultural productivity in the mountains is attributed to the 

erosion of topsoil causing soil fertility to decline.  

The geologically young mountain slopes of the Hindu Kush Himalaya region are highly 

susceptible to soil erosion (Bartlett et al., 2010). They are also prone to landslides when 

exposed to unfavourable climatic factors such as intense rainfalls. Such fragile land types 

combined with inappropriate farming practices can lead to severe land degradation. While the 

rate of soil erosion vary significantly depending on the types of sediment source, land cover, 

topography, climate, and land management practices (Ghimire et al., 2013), intensive 

monsoon rainfall generating more runoff and less infiltration into the ground is an important 

driver of soil erosion in the mountains of Nepal. If unabated, the erosion of topsoil can have a 

detrimental effect on crop production and food security of the large number of smallholder 

farmers whose livelihoods is derived from growing crops in the rain-fed mountain slopes 

(UNEP, 2015). Gardner et al. (2000) estimated that soil loss through erosion in the Middle 

Mountains of Nepal varied from 2 to 105 t ha
-1

 yr
-1

. Additionally, Ghimire et al. (2013) 

estimated soil losses from various types of erosion in a degraded catchment of the Siwalik 

Hills such that landslide has the greatest erosion (26 t ha
-1

) followed by sheet (16 t ha
-1

) and 

gully erosion (14 t ha
-1

). They also observed a total sediment loss of as high as 64 t ha
-1

 

annually, within a catchment in the study area. The extent of soil loss due to erosion in 

various land use types and crop rotations is summarized in Table 3.  

As summarized in the table, the bench-terraced rice fields (Khet land) and densely 

forested hill slopes have minimal soil loss while the outward slopping terraces have the 

highest level of soil loss. Increased deforestation, overgrazing, and construction of roads and 

irrigation canals without proper consideration of the fragility of the slope are some of the 

major human-induced factor of soil degradation.  

Studies have revealed that as much as 60-90% of annual soil loss is associated with first 

couple of major pre-monsoon storms (Schreire et al., 2005; Aterya et al., 2006; Tiwari, 2009). 

This is also the beginning of crop growing season with little or no ground cover on 

agricultural fields and degraded sites. This leads to preferential removal of soil‘s organic 

carbon and clay contents (Yang et al., 2003), raising a serious issue of nutrients depletion in 

the mountains of Nepal (Acharya et al., 2007). Carson (1992) estimated that a 5 t ha
-1

 soil loss 

is equivalent to a loss of 75 kg ha
-1

 of OM, 3.8 kg ha
-1

 of N, 10 kg ha
-1

 of K and 5 kg ha
-1

 of P 

in the mid-hills of Nepal. Another important aspect of the soil loss is the sedimentation in the 

plains and water reservoirs. Transfer of sediments from the hills to the downstream (valleys, 

river basins, reservoirs and the plains) through land surface, gullies, landslides, cutting of 

river banks, and rivers changing courses makes the fertile lands unproductive. Structural 

damage by floods carrying sediment loads is another significant factor causing land 

degradation.  

 

ii. Drought 

For the successful crop production in a rain-fed environment, rainfall at regular interval is 

a must. Prolonged and frequent droughts can have severe consequences to agricultural 

production thus the livelihoods of smallholder farmers. The severity of drought will be even 
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more pronounced in the rain-fed agriculture, typical as of the mountains of Nepal. Climate 

change is expected to increase the frequency and the magnitude of dryness, increasing the risk 

of crop failure and food insecurity (Gentle and Maraseni, 2012). A prolonged drought also 

causes a drying of springs, depletion of ground water, decrease in natural recharge, and 

reduction in river flow. Lower-than-average rainfall can impact the country‘s agricultural 

productivity and food security in profound ways (Chhetri et al., 2013). Lower-than-average 

rainfalls can have profound impact the region‘s agricultural productivity and food security. In 

the mid- and far-western regions of Nepal, for example, less than 50% of the normal rainfall 

in the winter season of 2009 reduced wheat and barley production by 14% and 17%, 

respectively (MoAC/WFP/FAO, 2009). As a result, 43 of 75 districts were reported to be 

food-deficient in the same year. Therefore, the impacts of climate change on crop yield vary 

spatially and temporally, with impacts becoming greater as the rainfall become erratic.  

 

Table 3. Estimated soil loss from different land use systems in the Middle  

Mountains of Nepal 

 

Land type 
Altitude 

range (m) 
Cropping patterns 

Annual 

rainfall (mm) 

Average soil 

loss  

(t ha
-1

 yr
-1

) 

References 

Bari lands  

(labelled 

terraces) 

600-1850 Maize/finger millet 1591-3524 
2.5-3.4 Tripathi et al. 

(2003) 

1200-2000 Maize/Finger millet 3100–3600  
2.5-5.0 Gardner et al. 

(2000) 

1500 Maize+soybean 1455-2143 
11.1-16.6 Aterya et al. 

(2006)  

Bari land 

(Outward 

slopping 

782-1201 Maize/Finger millet 1304 17.7-32.0 Shrestha (1997) 

680-1850 Maize/Finger millet  2.7-12.9 
Gardner and 

Gerrard (2003)  

Khet lands 782-1201 Rice-wheat 780 0.2-0.3 

Shrestha (1997) 

 

Grazing 

lands 
   

0.8-8.1 

Degraded 

forests 
   

0.5-2.5 

Dense 

Forests  
   

0.3 

 

iii. Increased Incidence of Diseases/Pests 

Warm temperatures and humid conditions are generally considered to be favourable for 

disease and pest progression in crop and livestock. As temperature rise, vector borne diseases 

of crops and livestock can increase in the areas where they were not present traditionally. 

Rising land temperatures, change in precipitation patterns, and increased frequency and 

intensity of extreme heat undermine natural regulation of pest and disease, while increasing 

the ranges of various pests, thus expected increasing damage of crop (Cameron, 2014). 

Additionally, changes in mean temperature during the crop-growing season in the mountains 

may alter the cropping patterns and may also increase the incidence of diseases and pests. 

Studies on aphids and moths have shown that increasing temperatures can allow insects to 
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reach their minimum flight temperatures sooner, aiding in increased dispersal capabilities 

(Woiwod, 1994).  

 

iv. Shift in Traditional Knowledge and Biodiversity 

Climate change effect especially the rise in temperatures is likely to cause shifting in 

traditional crop zones and crop phenology (e.g., early flowering and maturing). Altered 

cropping practices such as planting and harvesting times have been observed due to climate 

change effects. There are reports of extinction of natural vegetation (Malla, 2008) and threat 

to pollinating insects on a global basis (Cameron, 2014) because of the climate change 

effects. 

 

 

8. ADAPTATION TO CLIMATE CHANGE 
 

The sensitivity of crop production to climate makes agriculture highly vulnerable to the 

risks associated with climate change especially in the fragile mountain agro-ecosystems. In 

general, adaptation may lessen crop yield losses due to climate change or may improve yield 

in regions where beneficial climate change occurs. For the purpose of this chapter, we define 

adaptation as efforts to prepare for and withstand current or future impacts at the intersection 

of social and environmental changes. Hence, adaptation refers to all responses that may be 

used to reduce severity or actions designed to take advantage of new opportunities that may 

arise as a result of climate change. Adaptation strategies may range from short-term fixes to 

incremental change or transformation of whole systems in question. Three main objectives of 

adaptation are: (i) reduce vulnerability, (ii) enhance resiliency, and (iii) innovation of 

technology on demand. Adaptation can be pursued at all levels of governance and scales of 

action, from on-farm innovation that reduces the deleterious effects of climate change to 

climate forecasting to avoid loss of crop.  

Historically, farmers across the mountains of Nepal have shown a strong capacity for 

adaptation to social and climatic stimuli by devising a wide range of technologies and social 

strategies to cope with variable climatic conditions. They have learned to thrive in a wide 

range of climatic conditions, spanning from extreme cold to hot and from very dry to a humid 

climatic conditions. It is therefore, reasonable to expect that farmers in the mountains of 

Nepal respond to new crop growing environments brought about by climate change the same 

way they have responded in the past. To cope with these constraints, farmers must increase 

their adaptive capacity and become more resilient. Following adaptive strategies can be 

incorporated: 

 

i. Conservation Agriculture: Conservation agriculture (CA) is a concept for optimum 

use of local resources to achieve acceptable level of crop production while 

concurrently conserving crop biodiversity and the environment. If applied 

appropriately, the CA is expected to increase natural biological processes above and 

below the ground. According to Hobbs et al. (2008), some of the principles of CA 

include: i) minimal soil disturbance, ii) conservation of soil through enhancing 

permanent soil cover, iii) focus on crop rotations as a land management practices, 

and iv) minimal use of external inputs such as agrochemicals and inorganic 
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fertilizers. Minimum soil disturbance (e.g., no-till or reduced tillage), proper 

management of crop residues, crop rotation as well as integrated nutrient 

management are essential for successful CA. When no-till practice is properly 

managed, the soil structure and its biological life will improve; runoff, erosion, and 

labor will decrease. At the same time, a well-covered soil will also increase the rate 

of infiltration of the surface runoff. Atreya et al. (2006) showed that reduced tillage 

could be a viable option for minimizing soil and nutrient losses without sacrificing 

economic yield losses. The CA reverses degradation process, improves soil quality, 

reduces production costs and helps achieve high productivity (Karki and Shrestha, 

2014). 

 

Without a proper knowledge and approach to CA, planting a crop without tillage will 

have problems and the farmers will likely fail, blaming no-till, not the lack of management 

(UNL, 2014). The CA practices are also considered climate smart agriculture as it helps to 

sequester carbon, improve water management and substantial increase in crop yields. 

Farmer‘s centred participatory approach (with focus on public-private partnership) that 

accelerates the technology generation and adoption of the CA by smallholder farmers should 

be the focus of adaptive agriculture in the Middle Mountain region of Nepal. 

Ground cover and cultivation activities appeared to be the most important factors 

affecting soil erosion. Montoro et al. (2000) observed a marked reduction of runoff and 

sediment yields with light mulching of straw. With the reduced tillage practice, surface runoff 

was reduced by 7-11% and soil loss by 18-28%. Gardner and Gerrard (2003) recommended 

that maintenance of some form of ground cover is advisable if runoff and erosion are to be 

minimized. In addition to the ground cover, reduced tillage practices that minimally disturb 

the soil surface seem to be desired soil conservation practices. Atreya et al. (2006) reported 

that in a maize based cropping system in the hills of Nepal, total annual soil loss from the 

conventional and reduced tillage were 16.6 and 11.1 t ha
-1

, respectively, and concluded that 

reduced tillage could be a viable option for minimizing soil and nutrient losses without 

sacrificing economic yields. A well-managed CA is also considered resilient.  

 

ii. Sustainable soil management: Land use practices in the mountains should be better 

targeted to respond to climate change effects. Sustainable land management practices 

that prevent soil loss while improve land productivity should be promoted. 

Researches have demonstrated that sustainable interventions such as soil and water 

conservation practices have very positive results in reducing the impacts of climate 

change such as soil erosion. Acharya et al. (2008) investigated the efficacy of a 

combination of legumes, mulch and strip in controlling nutrient losses in surface 

runoff and leachate. Low input strip crop technologies were effective in soil and 

water conservation through the sieve-barrier effect, while increasing farm income 

and hence potential to maintain the overall sustainability of land system. Similarly, 

Mishra and Rai (2014) in the mountains of Sikkim showed that agro-forestry and 

vegetative barriers are the most favourable practices for soil and water conservation. 

Other sustainable land management system include planting more forage/fodder trees 

in marginal lands to conserve soil, stall feeding system of livestock raring and 

abandoning of free-grazing system (Subedi et al., 2015). 
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iii. Climate adaptive farming: in the context of emerging trend of adverse growing 

conditions due to climate change, climate-smart and resilient crop production 

practices should be adopted. Such practices include enhanced understanding of 

growing season, improved crop rotation systems, adaptive water management 

techniques and higher quality weather forecasts (Cameron, 2014). Adaptive water 

management techniques include enhancing storage and access to irrigation water, 

more efficient water delivery systems, and efficient irrigation technologies such as 

drip irrigation. Development of heat and drought tolerant crop varieties, strategic 

planting to avoid such effects, and improved water use efficiency are some the other 

important strategies to avoid crop failure from moisture and heat stress. Similarly, 

understanding and better use niche-based agricultural practices should be adopted to 

cope with the climate threats.  

iv. Water harvesting techniques: Water harvesting has ancient roots and still forms an 

integral part of many farming systems worldwide. They imply the collection and 

storage of rainy season precipitation that would have otherwise seeped into the soil 

or run off into stream channels. For smallholder farmers in the mountains of Nepal, 

even a small volume of stored water for supplemental irrigation can significantly 

improve crop yield. Building upon China‘s long history of rainwater harvesting 

techniques, scientists in the Gansu Province of China have since the mid 1980s 

developed a newer approach to dry land agriculture (termed rainwater harvesting 

agriculture) to cope with erratic rainfall. They are promoting small water harvesting 

tanks to collect surface runoff for supplemental irrigation in wheat and maize. 

Research shows a significant wheat yield increase (average 35%) in areas with 

supplemental irrigation from such water harvesting tanks compared to areas with no 

such irrigation (Li et al., 2000). In regions with inadequate and/or unreliable rainfall, 

such water harvesting techniques can ease the constraints of water scarcity and help 

improve crop yields. Improvement of existing community water ponds and building 

of such ponds to store the monsoon rain could also serve as source of water during 

dry seasons. 

v. Crop management strategies: strategies such as multiple cropping, crop 

diversification (planting different crops at a time to avoid total failure of harvest), 

and conservative cropping (growing traditional varieties or combinations of early and 

late mature varieties that copes better in harsh climate) are regarded as the most 

important strategies to avoid complete crop failure due to uncertain climate in 

developing countries. Multiple cropping, commonly observed in many traditional 

farming systems in Nepal is not only considered as a means to avoid risk of crop 

failure, it is pivotal in achieving yield stability, maintaining soil fertility, and attaining 

a constant supply of human food and animal feed (Subedi, 1998). These are 

evidences of deliberate choices by the farmers to safeguard a minimum supply of 

food during periods of climatic uncertainty but are seldom recognized as climate 

adaptation. By growing a range of crops with different climatic response 

characteristics, farmers in climatically sensitive regions iron out fluctuations in crop 

yields under a broad spectrum of seasonal conditions. Case studies from the African 

Sahel suggest that farmers have adapted to changes in rainfall regimes by switching 

to different crop varieties and by using a range of water saving techniques such as 

bench terrace construction, mulch farming, multiple cropping, and use of organic 
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manure. Research shows that through more efficient use of nutrients, soil moisture, 

and light, yields from multiple cropping are relatively higher than the proportional 

area planted with a single crop (Tiffin and Mortimore, 2002).  

vi. Capacity Building: Farmers in the mountain areas of Nepal are generally less aware 

of the impacts of climate change on agriculture sector. Training farmers and 

communities about what climate change is, how it is experienced, what are its 

consequences and what are the community-based adaptations strategies will help 

them to strengthen their capacity to cope with disasters through improved land-

management skills. Building of adaptive capacity of people is important in a situation 

like that of Nepalese mountains, which will make them aware of the impacts of 

climate change and prepare to cope with such threats. 

 

 

CONCLUSION 
 

The smallholder farmers in the Middle Mountain region of Nepal have several challenges 

for their subsistence, where limited land resources are intensively cultivated with different 

rotations and intercropping practices for their livelihoods. Traditionally, multiple cropping 

systems are practiced with different crop rotations that are adapted to better utilize available 

growing season, to fit with soil fertility conditions and water availability, and to meet food 

and feed requirements of the households. As lands in the Middle mountains of Nepal are 

naturally fragile and highly prone to ecological degradation; climate change is seen as a risk 

multiplier. Climate change is projected to alter crop-growing conditions for farmers globally; 

the Mountain region of Nepal is no exception.  

Despite farmers have been trying their efforts to cope with such challenging conditions, 

there are growing evidences of climate change effects facing by the agriculture sector in 

Nepal and especially so in the middle Mountain region. The major risks associated with 

climate change seem to be extreme weather events such as prolonged droughts and erratic 

rainfall resulting in excessive soil loss through surface erosion, landslides, floods and 

siltation, and damage of physical infrastructures. The projected changes seem to cause 

degradation of land and water resources, shift in crop rotations, resultant in low agricultural 

productivity, with concomitant increase in food insecurity.  

Land resources in the middle Mountain are highly prone to degradation and farmers‘ 

current land use practices are not adequate to sustain crop productivity and protect lands from 

further degradation. It is high time to plan and promote sustainable land management 

practices suitable for the mountain agro-ecosystems. Appropriate land management 

technologies and a range of actions are required to enhance the resilience of crop production 

conditions that increase land productivity by reducing the potential threat from climate 

change and land degradation. More wakefulness campaigns, reliable weather forecast system, 

capacity building of farmers to make the required adjustments to climate change effects, 

promotion of conservation agriculture practices such as minimized soil disturbance, reduced-

tillage, proper management of crop residues, and appropriate crop rotations seem to be 

important. Other sustainable soil conserving practices suitable for the mountain regions can 

be planting of more perennial crops such as tea, coffee, cardamom, fruits and fodder trees in 

the sloppy lands, preventing free-grazing of animals in sloppy lands. Developing and adapting 
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resilient cropping practices such as use of more drought tolerant crop/varieties in the rotation 

and adjusting planting time so as to avoid extreme weather events are equally important. 

Infrastructures development and their maintenance in the fragile mountain agro-ecosystems 

should also be given specicial consideration so as to minimize the impacts on land 

degradation. 
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ABSTRACT 
 

The Loess Plateau of northwest China is geographically dominated by hilly and gully 

topography. Intense rainfall during the summer months eroded the bare topsoil from the 

hill tops to the valleys, which led to serious soil and water loss, land degradation and 

social poverty. Since the 1990s, a micro-field rain-harvesting farming technology has 

been extensively used, i.e., the technology of ridge-furrow with plastic mulching at field 

scale. This technology has led to a significant increase in grain yield and water-use-

efficiency in major staple crops such as maize, wheat and potato. However, the soil 

quality started to decline with 3-5 years of application on this technology, due to 

significant negative relationships between soil microbial biomass carbon (MBC) and soil 

organic carbon (SOC) or soil mineral nitrogen (MN). The C/N ratio was also decreased 

with the prolonged planting years, suggesting that soil fertility tended to decrease. In this 

case, an integrated model of stratified strategies for ecosystem management (SSEM) has 

been proposed to conserve endangered ecosystems in the semiarid and arid regions. 

Based on the SSEM model, the forage-based crop rotation system has led to considerable 

improvement in agricultural cropping patterns, and could be used together with alfalfa 

planting at the perspective of sustainable management under global climate change. This 
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chapter provides a comprehensive review of the forefront of the ridge-furrow planting 

with plastic film mulching system and the application of the stratified strategies for 

ecosystem management in the Loess Plateau of northwest China. 

 

Keywords: alfalfa, dry soil layer, forage and crop rotation, productivity, sustainability  

 

 

1. INTRODUCTION 
 

The Loess Plateau locates at the upper and middle regions of the Yellow River, with an 

area of some 640,000 km² in northwest China (Figure 1). The Loess is formed by wind 

deposition on the land surface over a long period of time and is recognized as ―the most 

highly erodible soil on earth‖ (Chen et al., 2007). The Loess Plateau and its dusty soils cover 

almost whole areas of Shanxi and Shaanxi provinces, and partial areas of other five provinces 

including Gansu, Henan, Qinghai, Ningxia, and Inner Mongolia (Li, 1989).  

 

 

 

Figure 1. Geographic location of the Loess Plateau in China and the soil erosion. 
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This region is strongly affected by monsoon climate, with low and variable rainfall and 

more than 60% of annual precipitations that occur from July to September. Frequent drought 

is among the most serious climatic events (Li and Gong, 2002). During the early growth 

stages of spring-planted crops, soil moisture tends to decrease substantially, due to a doubling 

amount of surface soil evaporation over rainfall during the same period (Tao et al., 1993). In 

this case, the soil cannot supply sufficient water for crop growth and development. Therefore, 

grain yield per unit area is largely reduced due to the misplacement between rainy season and 

crop water demand. Li et al. (1999) reported that growth of spring wheat was largely affected 

by temporal water deficiency, especially during the periods of seed germination and seedling 

establishment. Considering the seasonal characteristics of rainfall in the Loess Plateau, 

summer-planted crops such as potato and maize are endowed with a great potential to fully 

utilize natural rainfall througout the period of growth (Ma, 1991; Xie et al., 2005). 

 

 

Figure 2. An integrated model of Stratified Strategies for Ecosystem Management (SSEM) in the Loess 

Plateau. Note: There are four ecotopes according to vertical stratified principle due to hilly and gully 

terrain characteristics in the Loess Plateau (Zhao et al., 2012). 

From the late 1970s, rapid growth of local population has led to a speedy deterioration in 

the average arable land per capita in the region. Local farmers have been forced to convert 

more and more marginal lands into croplands for grain crop production. Particularly, 

increasing steep sloping lands were reclaimed for food crop production. Subsequently, the 

magnitude and scope of soil erosion tended to be expanded year by year, and soil fertility kept 

declining. The deterioration of soil system and vegetation cover threatened the sustainability 

of agricultural system (Li and Xu, 2002). 

The Loess Plateau is a typical hilly and gully ecosystem. To achieve a sustainable 

management paradigm, the ecotope concept proposed by Sørensen is employed to establish 

the basic framework. In this chapter, we incorporate conceptual framework of ecotope into 

the theoretical system of arid and semiarid agroecological management on the Loess Plateau 

(Yang et al., 2005; He et al., 2007; Wang et al., 2009). The term ―ecotope‖ is defined as the 

smallest ecologically-distinct landscape features in a landscape mapping and classification 

system (Ellis, 2008). A general approach is to stratify landscapes into distinct ecological unit 
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(Bastian et al., 2003). Actually, the criteria of ecotope identification are loosely defined. A 

realistic ecotope is generally referred to a specific ecosystem mapping and classification 

scale. Each ecotope consists of stratified sub-landscape, involving in the interaction between 

biotic and abiotic factors, including vegetation, soil, hydrological process and others 

(Sørensen, 1936; Tansley, 1939; Costanza et al., 1997; Dobson et al., 1997; Assessment 

2005).  

On the basis of conceptual framework of ecotope, we proposed an integrated model that 

displays how to manage fragile arid and semiarid agricultural ecosystem on the Loess Plateau 

(Wang et al., 2014), through the Stratified Strategies for Ecosystem Management (SSEM) 

(Zhao et al., 2012). The SSEM is theoretically interlinked with the perspectives of the 

‗dryland development paradigm (DDP)‘ proposed by Reynolds et al. (2007) and the ‗coupled 

natural and human systems (CNHS)‘ of Liu et al. (2007). The model of SSEM was 

established at multiple scales from individual organisms into a global ecosystem, and across 

the dimensions from natural to social ecosystems (Wang et al., 2012). The model aims to 

improve both vegetation cover and agricultural productivity to bring greater economic 

benefits to local farmers, and ultimately help to enhance the sustainability of the ecosystem. It 

provides a practical approach to significantly improve the field productivity and water use 

efficiency of maize and alfalfa by developing a double ridge-furrow and plastic-mulching 

technology in lowland ecotopes, together with the appropriate adoption of crop-fallow 

rotation systems accompanied with conservation tillage. Particularly, the alfalfa-crop rotation 

has led to a considerable improvement in agricultural cropping patterns, and promoted the 

upgrade of agriculture and animal husbandry in the arid and semiarid rainfed agricultural 

areas of the Loess Plateau (Jia et al., 2006ab; Jiang et al., 2006; Liu et al., 2009; Jia et al., 

2009; Zhou et al., 2009). 

Since the 1990s, an alfalfa-grain-crop rotation system has been extensively used in the 

terraced fields of the Loess Plateau. In the 2000s, the Terraced Field Construction Program 

(TFCP) started to be implemented as a strategy of ecological and productive co-evolution. To 

restrain the soil and water loss, the terracing of the hillsides has been rapidly expanded due to 

its productive and ecological effectiveness in this area. The terraces are generally located in 

the lower hillside areas, i.e., lowland ecotope, with less than 25° slope, accounting for almost 

40% of the total cropland area. Over the past 40 years, soil water storage and sediment 

trapping in terraced fields were increased to 237 m
3
/ha and 112 t/ha, respectively, i.e., 82% of 

the runoff water and 84% of the sediment from the sloping land was preserved and trapped 

(Table 1). Soil quality of level terraced fields was significantly improved, in comparison with 

that of sloping fields. Soil organic matter and total nitrogen in terraced fields were increased 

to 13.0 g/kg and 79.6 mg/kg respectively, significantly greater than those of sloping lands 

(Table 1). In addition, terracing contributed to the obvious increases in total phosphorus and 

available potassium, but a decrease in soil bulk density (Table 1). On the other hand, alfalfa 

displayed higher economic output than that of wheat crops (Table 1). Therefore, terrace 

construction in conjunction with alfalfa-led legume crop rotations demonstrated a great 

potential in the SSEM model of the Loess Plateau (Figure 2). 

The SSEM conceptual diagram was constructed with the aim to harmonize the 

relationship between ecological conservation and agricultural production. As shown in Figure 

2, the hilltop and upper sloping lands serve as an ecotope for ecological conservation and 

rehabilitation, with zero disturbance of human activities. The lower hillside and valley areas 

are the ecotopes for ecological and productive co-evolution with intermediate and intensive 
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disturbance to carry out integrated sustainable production. As such, human activities would be 

gradually transferred from the hilltops to the valleys (Figure 2). In summary, the goal of 

implementing the SSEM model is to boost ecological restoration in large areas (mainly the 

fragile and infertile hilltop areas and steep sloping lands), and extend the integrated 

agricultural production pattern in small but potentially productive areas (mainly the lowland 

and flat valley lands surrounded by the mountains). Alfalfa and forage crop-based rotation 

systems may act as an ecosystem engineer to cope with increasing challenges caused by 

global change and variability in arid and semiarid agroecosystem management program of the 

Loess Plateau. 

 

Table 1. Differences in ecological and economic performances between sloping land  

and terraced croplands in the Loess Plateau 

 

Parameter Sloping land Terraced cropland 

Soil and water conservation 

Runoff amount (m
3
 ha

-1
) 290.2 ± 94.5 — 

Sediment amount (t ha
-1

) 133 ± 49.6 — 

Water storage (m
3
 ha

-1
) 237 ± 77.2 — 

Water storage efficiency (%) — 81.66 

Sediment trapping (t ha
-1

) — 112.2 ± 41.8 

Sediment trapping efficiency (%) — 84.34 

Soil quality and field productivity 

SOM (g kg
-1

) 12.97 ± 1.4 10.69 

TN (mg kg
-1

) 79.62 ± 7.9 70.06 

TP (mg kg
-1

) 138.1 ± 18.5 131.38 

AK (mg kg
-1

) 71.2 ± 4.4 68.87 

BD (g cm
-3

) 1.12 ± 0.01 1.32 

Crop economic output (CNY) 740.02 (wheat) 1442.93 (alfalfa) 

Notes: SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; AK, available potassium; 

BD, bulk density. The data are extracted from Wang (1998), Jiao et al. (1999), Wu et al. (2003) and 

Kang et al. (2005). 

 

Table 2. Grain yield and WUE of maize in integrated rainwater-harvesting system in 

the Loess Plateau 

 

Treatments Size design 

2006 (dry year) 2007 (wet year) 

Grain 

yield 

(kg/ha) 

WUE 

(kg/ha/mm) 

Grain yield 

(kg/ha) 

WUE 

(kg/ha/mm) 

CK Flat planting 170 0.4 536 1.3 

Ridge-furrow 

with plastic 

mulching 

40-50 cm 

optimum  

ridge width 

1150 3.1 6130 16.6 

The data are extracted from from Jia et al. (2006, 2009), Liu et al. (2009), and Zhou et al. (2009). 
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2. CRITICAL CHALLENGES IN THE RAINFED FARMING 
 

In the rainfed Loess Plateau agricultural region, the long-term average of annual total 

precipitation ranges from 300 to 550 mm. Since the 1980s, various rainwater-harvesting 

techniques have been developed and extended in the Loess Plateau. Particularly, the 

cultivation technique named ridge-furrow with plastic mulching system has been extended to 

a large area, which has ensured the massive increase in grain yield per unit area (Table 2). 

Currently, this technique has been used in maize, potato, wheat, alfalfa and other cash crops, 

and the planting areas of major staple food crops were increased dramatically (Figure 3). 

Taking Gansu province as an example, the planting area has risen up to 1.2 million hectares 

for maize, and 45,000 hectares for potato. 

 

 

Figure 3. Some photos showing the micro-field rain-harvesting farming system (potato, wheat, maize 

and alfalfa) in the Loess Plateau. 

From the perspectives of technical design, the ridges are used to prevent runoff, and the 

furrow serves to collect rain water for use by the crops planted in the furrow. The width ratio 

of ridge to furrow varied with crop type as well as the trend in rainfall amount and air 

temperature. In most areas of the Loess Plateau, the optimal width ratios between ridge and 

furrow are 60 cm: 40 cm for potato and 60 cm: 60 cm for maize, to achieve the maximum 

yields. Among different mulching materials, plastic sheet is the most widely used, mainly 

because it displays the advantage of preventing evaporation and substantially improving crop 

yields with reasonablly low cost. Previous studies showed that plastic mulching would 
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increase soil surface temperature and minimize evaporation from soil surface, leading to 

better grain yield and dry matter production. For those areas where maize is not suitable for 

planting due to shortage of enough crop heat units (Dwyer et al., 1999), such as in high 

elevation areas, maize has now become the major and profitable crop in the region. In virtue 

of the application of ridge-furrow plastic-mulching technology, the production of forage 

maize has provided sufficient high-quality elite fodder for local livestock industry. In areas 

where annual mean air temperature is less than 5℃, grain yield for the plastic-mulched maize 

was up to 11 times greater than that of traditional flat planting system (Table 2). The data 

showed that this technique increased the root residues in the soil, and accordingly enhanced 

population size and biological activities of soil microorganisms. In addition, growth period of 

the crop was shortened by 7-15 days as a result of application of this technology in the Loess 

Plateau (Liu et al., 2009; Zhou et al., 2012). However, after application of this technique for 

3-5 years, the risk and unsustainability of soil quality decline and related environmental 

problems have been increasing. 

As is well known, the important indicators of soil health are nirogen and carbon. The 

crop residues are rich in carbon and nitrogen, and when they are returned into the field, it 

takes some time to decompose in the soil system (McCallum et al., 2000). To some extent, 

the favourable soil temperatures with adequate soil moisture under the plastic mulching led to 

an accelerated rate of soil organic matter decomposition (Wang et al., 2005). The 

microorganisms tended to consume available form of nitrogen from the soil, which frequently 

ends up binding available nitrogen and resulted in insufficient supply of the available nitrogen 

to the crop (Carter et al., 1991; Gan et al., 2013). 

It was reported, in soil database of China 2005, that the soil can be deficient of nitrogen 

when total nitrogen content was below 2 g kg
−1

. Soil mineralized nitrogen (MN) tended to 

decrease with prolonged utilization of plastic mulching. Existing evidence showed that MN 

was negatively correlated with MBC, and increased microbial activity restricted the formation 

of MN. In this case, the competition for soil nitrogen emerges between plants and soil 

microorganisms (Zhou et al., 2012). Mulching cultivation lowers the SOC content due to an 

increased microbial activity and excessive consumption of soil nutrients within a few years, 

though the content of MBC increased gradually (Malhi et al., 2003; Zhou et al., 2010). At the 

same time, mineralized nitrogen tended to decrease with the increase in soil microbial 

biomass carbon. There existed significantly negative correlations between MBC and SOC, 

and between MBC and MN (Figure 4). This phenomenon would directly affect the increase in 

yield and efficiency for the succeeding crops. On the other hand, the ridge and furrow plastic 

mulching system increased the absorption and utilization of soil available phosphorus by 

plants due to the increased soil temperature, resulting in lower AP level in soil (Liu et al., 

1999). For example, Zhao et al. (2009) reported that the soil AP layer in maize fields was 

reduced when soil moisture was improved.  

As is well known, the ratio of SOC to TN (C/N) is a characteristic of soil organic matter. 

The soil organic matter tended to decompose rapidly under the condition of ridge-furrow 

mulching, and the lowered C/N ratio accelerated the supply of SOC accordingly, which 

would further lowered the C/N ratio. In this case, the effective strategies and practices to 

increase SOC and C/N ratio would have to be adopted in order to restore soil quality and 

reduce N loss (Zhou et al., 2012). Alfalfa may act as an ecological engineer in optimizing the 

nutrient balance and supplying more mineral nitrogen in the Loess Plateau. 
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Figure 4. Relationship between microbial biomass carbon (MBC) and soil organic carbon (SOC) or soil 

mineral N (MN). 

 

3. ESTABLISHMENT OF ALFALFA-BASED CROP  

ROTATION SYSTEMS 
 

3.1. Advantages of Alfalfa Grassland 
 

Alfalfa is endowed with several reasons. It has been planted in the Loess Plateau for a 

long time to reduce soil erosion and increase soil fertility. It is also used as a primary species 
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in a series of large vegetation restoration campaigns, such as the ―Grain to Green‖ (Jun et al., 

2014). Under conventional farming conditions, the productivity of alfalfa was remained at a 

relatively low level. Since the ridge-furrow plastic-mulching farming technique was 

introduced to this area, the planting area and forage production of alfalfa have increased 

significantly. As a legume-forage crop, alfalfa is able to fix atmospheric nitrogen into the 

available form of soil nitrogen through symbiotic nitrogen fixation. As a perennial crop, it can 

grow well in marginal land without disturbance to the soil. The root residues are remained in 

the soil for years, which can be converted into soil organic carbon. As an elite pasture, it has 

much higher protein content but less carbohydrate level in the straw than graminaceous crops 

such as maize. According to the nutrient demand of livestock, alfalfa overcomes the defect of 

low protein content in graminaceous crops. From the perspective of labor demand, alfalfa 

field management requires very low labor input. The aboveground forage can be harvested 

twice or three times each year for a duration of up to ten years. Therefore, alfalfa displays a 

great potential to restore soil fertility and economic return. 

 

 

3.2. Effects of Alfalfa-Based Crop Rotation System on Soil Quality  

and Water Conservation 
 

When alfalfa field was established using the micro-field rain-harvesting technique, both 

SOC and STN contents would increase greatly (Jia et al., 2006). Also, adoption of this 

technique substantially increased both the forage yield and water use efficiency (WUE) 

during the initial 5 years, as compared to those with conventional cultivation (Jia et al., 2006). 

However, there is a critical constraint in the available rainfall in the arid and semiarid Loess 

Plateau. Increasing the WUE of a crop is the first question to be addressed, because it is 

widely recognized as a critical paramter to judge the output of arable land. Alfalfa is a highly 

water-consuming crop compared with other crops (Blad and Rosenberg, 1976). Actually, 

WUE of alfalfa was generally lower in both conventional and water-harvesting cultivation 

systems than that of conventional crop rotation system (non-alfalfa system). However, from 

an economic point of view, alfalfa is still an ideal forage crop regarding available rainwater 

resource utilization in arid and semiarid areas, compared with spring wheat, pea, potato and 

maize, because of its advantages of absolute forage yield to meet the demand of animal 

husbandry. Due to the attributes of perennial species, the duration to cover the land surface is 

much longer than annual crops (Figure 2). The prolonged coverage time can help to reduce 

wind erosion efficiently in spring and autumn in the Loess Plateau (Hu et al., 2002). 

Importantly, average annual biomass production of alfalfa can achieve the same level as 

wheat in over 10 years of planting, and in the meantime soil total nitrogen was 2–3 times 

higher in alfalfa than in wheat (Shen et al., 2004). In this case, introduction of rain-harvesting 

technique provides a great potential for sustainable land use in the water-limited 

environments and ensures the extension of alfalfa planting. 

Introduction of alfalfa to grain crop system is an effective strategy to increase the soil 

quality, particularly to improve the concentration of mineral nitrogen. Among those nutrient 

components of soil, organic C is a representative parameter, including light fraction and 

heavy fraction carbon. As a major component of soil organic C, the light fraction C pool is a 

derivative from freshly-added organic materials (e.g., plant residues) that can remain un-

decomposed over a short period of time (Mueller et al., 1998). Light fraction organic C is 
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more labile than gross organic C, and is a delicate parameter of changes in SOC in response 

to land management and environmental strains (Malhi et al., 2003). In alfalfa-crop rotation 

system and conventional farming system, the accumulation of soil organic matter resulted in 

producing high soil light fraction C and N contents, but this was not the case in constant 

alfalfa system. The lowered SOC/STN ratio might mean an acceleration of soil organic matter 

decay in alfalfa (Li et al., 2003; Jia et al., 2006). A high input of organic matter would also 

increase soil light fraction C (SLC) and N (Graham et al., 2002). Unfortunately, we observed 

that organic matter input in alfalfa caused a decrease in SLC and SLN contents. This was a 

case which occurred very infrequently. On the other hand, microbial community contains a 

high proportion of carbon, i.e., microbial biomass C. Changes in microbial biomass C acts as 

a critical indicator to assess the effect of management practices on soil biological and 

biochemical properties (Powlson et al., 1987; Nannipieri et al., 1990; Carter, 1991). 

Microbial biomass C in the continuous alfalfa and alfalfa-crop rotation systems proved to 

be higher than that of the conventional system, suggesting that introducing alfalfa into crop 

rotation system could improve soil biochemical properties and microbial activity. The 

MBC/SOC ratio is another sensitive paramter to indicate the effectiveness of organic C 

conversion into microbial C and the extent of soil C loss during the process of organic matter 

decomposition (Sparling, 1992, 1997). For degraded soils, the MBC/SOC ratio generally 

tends to accelerate deterioration at a higher rate than soil organic matter does. Therefore, the 

high MBC/SOC ratio in continuous alfalfa culture and alfalfa-crop rotation systems appears 

to be advantageous towards soil biological activity. For soils with lower SOC, however, high 

MBC/SOC ratio and soil biological activity generally suggest that the decay of soil organic 

matter be accelerated, which would be a signal to damage soil quality (Li et al., 2004; Jiang et 

al., 2006). In most cases, soil organic C is closely associated with the level of soil organic 

matter. Existing studies showed that SOC concentration was similar among various farming 

systems, with no significant change with the farming years (less than 4 years). This 

demonstrated that SOC was fairly stable within a short term. In comparsion with SOC, soil 

total N (STN) proves to change quickly in farming system. Previous studies showed that STN 

was decreased by 10–18% after 3 years of winter wheat production in an alfalfa-winter wheat 

rotation system and a constant alfalfa planting field (Dang, 1998; Fan and Hao, 2003). In 

comparison with the continuous alfalfa system, alfalfa-crop rotation system significantly 

reduced STN and accordingly increased the SOC/STN ratio from 7.8 in year 2001 to 9.7 in 

year 2004 (unpublished). Comparatively, the SOC/STN ratio in the conventional system was 

as high as up to 11, mainly because STN level was lower than any other farming systems, 

while this value of SOC/STN ratio was accepted to be appropriate for sustainable soil use (Li 

et al., 2004; Jiang et al., 2006). In general, the SOC/STN ratio was low in alfalfa system and 

can be increased by alfalfa-crop rotation system. However, the way to increase the ratio was 

up to increasing STN. In this case, long-term practice of the two systems is not a feasible 

strategy to guarantee the sustainability of soil ecosystem in water-limited areas such as the 

semiarid region of the Loess Plateau. 

As a whole, the introduction of alfalfa into cropping system has long been recognized as 

a means of ensuring the increase in yield of subsequent crops (Hedlin et al., 1957; Raimbault 

and Vyn, 1991). The core advantage is the input of N by alfalfa (Bruulsema and Christie, 

1987; Hesterman et al., 1987; David et al., 1997; Li et al., 2002). At a scale of decade, 

alfalfa–crop rotation system can contribute to more nutrients accessible to the soil for the use 

of growing crops. The farming system following alfalfa rotation was found to increase water 
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use efficiency mainly through the use of soil nutrients. In contrast, the insertion of alfalfa into 

a cropping sequence (alfalfa–grain rotation) can improve the aggregation of soil particles and 

the infiltration of water (Meek et al., 1990; Raimbault and Vyn, 1991; Angers, 1992), which 

in turn favor soil water conservation. Therefore, high level of soil water conservation is a 

critical reason to increase WUE in the alfalfa-crop rotation system (Li et al.,1999; Wang et 

al., 2005). 

 

 

3.3. How to Reverse the Bottleneck Effect of 9-Year Alfalfa Production? 
 

Average field productivity of perennial alfalfa kept increasing for a certain period of time 

(up to 9 years) and subsequently tended to decline. Comparative studies indicated that annual 

forage production of alfalfa varied among different climatic regions due primarily to 

differences in total precipitation. For example, the average annual precipitation in Changwu 

County, Shaanxi Proinve was approximately 550 mm, and alfalfa forage production reached 

the peak at the 4
th
 - 5

th
 year. In contrast, the peak forage production occurred at the  

5
th
 - 6

th
 year in the mountainous area of south Ningxia Province (400 mm annual rainfall) and 

at the 7
th
 - 8

th
 year in the Beishan of Yuzhong county of Gansu (320 mm). However, the peak 

production year is about the same if expressed on the basis of average annual accumulative 

biomass (AAAB). The AAAB in all three regions was up to the peak value at the 9
th
 year, 

without any exception. In other words, the 9
th

 year was considered a turning point when the 

average biomass production tended to decline.  

How to reverse the bottleneck effect of alfalfa forage productivity at the 9
th

 year and 

thereafter? Here, we presented a case study: Field experiment was conducted in the arid and 

semiarid Beishan Station of Lanzhou University, China. The long-term average of annual 

total precipitation is around 320 mm with mean annual air temperature of 5 ℃. A 9-year 

continuous alfalfa field was chosen for the study. There were five treatments tested, 

including, conventional cropping system (CS), 10-13 years of continuous alfalfa pasture (AS), 

the 9-year alfalfa field was followed by a 3-year of millet-wheat-potato (MWP), or of millet-

potato-wheat (MPW), or millet-fallow-pea (MFPe) rotation in 2001-2003. We found that 

from 2001 to 2003, the total aboveground biomass was similar among the rotation cropping 

systems of CS, MWP, and MPW, but was lower for the AS system. Total biomass was the 

lowest in the millet-fallow-pea (MFPe) system (Table 3). In this study, all above-ground 

biomass was removed from the field. Interestingly, root biomass followed the same pattern as 

the aboveground biomass (Table 3).  

The dynamics of soil organic C and total N were evaluated in this study. The data showed 

that cropping systems had little effect on soil organic C (SOC) during the period from 2001 to 

2004, except for the alfalfa system (AS) that had higher SOC in 2004 (Table 4). This was 

probably due to the larger root system, perennial growth habit and longer growth period of 

alfalfa crop. As expected, prior to the introduction of alfalfa-based rotation systems in 2001, 

soil total N (STN) in the alfalfa system was significantly higher than that of conventional 

system (Table 4). From 2001 to 2004, STN concentration was reduced by 21.7% in MWP, by 

18.3% in MPW and 5.9% in MFPe system, respectively. This was generally consistent with 

the dynamics of aboveground biomass and total N harvested with the corresponding crops 

(Table 3).  
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Table 3. Removal of above-ground biomass and soil input of root biomass under 

different farming systems in 2001, 2002 and 2003 

 

Farming 

system 

Above-ground biomass (kg ha
-1

) Root biomass (kg ha
-1

) 

2001 2002 2003 Total 2001 2002 2003 Total 

CS 4895 6381 4669 15944 881 1021 607 2509 

AS 3781 4179 2537 10496 - - - - 

MWP 4504 6831 5699 17034 365 1093 1026 2484 

MPW 4504 5958 5093 15554 365 1072 815 2252 

MFPe 4504 0 4366 8869 365 0 568 932 

CS = conventional cropping system; AS = 10-13 years of alfalfa pasture; MWP = 9-year alfalfa 

followed by millet-wheat-potato in years 2001–2003; MPW = 9-year alfalfa followed by millet-

potato-wheat in years 2001–2003; MFPe = 9-year alfalfa followed by millet-fallow-pea in years 

2001–2003. 

 

Table 4. Soil organic C and total N, and the ratio of soil organic C to total N (SOC/STN) 

in 2001 and 2004 

 

Farming system 
SOC (g/kg) STN (g/kg) SOC/STN 

2001 2004 2001 2004 2001 2004 

CS 13.20 12.79 1.22 1.25 10.81 11.07 

AS 13.36 14.36 1.70 1.81 7.85 7.93 

MWP 13.36 12.79 1.70 1.33 7.85 9.63 

MPW 13.36 13.29 1.70 1.39 7.85 9.71 

MFPe 13.36 14.07 1.70 1.60 7.85 8.88 

Mean 13.33 13.46 1.60 1.48 8.44 9.44 

LSD0.05    

Land use  ns 0.38 2.53 

Year  ns ns ns 

Land use × Time  0.88 0.41 2.67 

For treatments: CS = conventional cropping system; AS = 10-13 years of alfalfa grassland; MWP = 9-

year alfalfa followed by millet-wheat-potato in years 2001–2003; MPW = 9-year alfalfa followed 

by millet-potato-wheat in years 2001–2003; MFPe = 9-year alfalfa followed by millet-fallow-pea 

in years 2001–2003.  

* P ≤ 0.05; ns＝not significant. 

 

Interestingly, application of manure and chemical fertilizers in the conventional system 

did not affect STN as determined from 2001 to 2004. The SOC/STN ratio is an important 

indicator of soil quality. When measured in 2001 and 2004, the SOC/STN ratio was around 

11 in the conventional system, around 7.9 in the alfalfa system (Table 4). In comparison, the 
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SOC/STN ratio was around 9.7 in the MWP and MPW systems, and around 8.9 in the MFPe 

system. Importantly, the increase of SOC/STN ratio of the alfalfa-based rotations was largely 

due to the reduction of STN, with little effect on the dynamics of SOC (Table 4). 

In this study, SOC concentration did not vary much from 2001 to 2004 in all cropping 

systems, suggesting that SOC was a relatively stable parameter in a short term. In contrast, 

soil total N (STN) appeared to be a rapid variable, since it was significantly lowered in 

alfalfa-crop rotation systems, compared with continuous alfalfa system. This was why alfalfa-

crop rotation systems increased the SOC/STN ratio from 7.8 in 2001 to 9.7 in 2004, being 

still lower than around 11 of the conventional system. And the value of around 11 was 

appropriate for soil sustainable use (Li et al., 2004; Jiang et al., 2006).  

In conclusion, the SOC/STN ratio was lowered in alfalfa system but increased by crop 

rotations. The mechanism causing this change was associated with the reduced STN. 

Therefore, both farming systems may not be sustainable in the water-limited environments. 

 

 

4. INNOVATION AND APPLICATION OF  

ALFALFA-CROP SYSTEM 
 

4.1. Issues of Dried Soil Layer in Alfalfa-Crop Rotation System  

 

Alfalfa has a bigger root system with much higher water requirement than other crops 

(Saeed and Ei-Nadi, 1997; Blad and Rosenberg, 1976), and is able to take up water from deep 

soil layer (Wan et al., 2008). Therefore, alfalfa is likely to result in negative effect on the 

growth of succeeding crops due to excessive water consumption in deep soil layer (Du et al., 

1999a; Li, 2002; Liu et al., 2000). An earlier study by Australian researchers showed that a 

certain layer of soil profile on the lucerne-based perennial prairies remained constantly drier 

throughout the year than that of continuous annual crop field (McCallum et al., 2001). In 

general, soil moisture under conventional cultivation was kept in balance, but it came to a 

sharp decline following years of alfalfa cultivation. This is so-called the phenomenon of dried 

soil layer in alfalfa-crop rotation system. According to our observations at Beishan, Yuzhong 

County of Gansu Province, soil moisture in the soil layer of 0-50 cm depth remained at 

around 10%, and declined to around 8% in the 50-100 cm soil layer in perennial alfalfa field 

(Wang et al., 2005; Jia et al., 2006). Soil moisture tended to decrease sharply at the 100 to 

400 cm soil layer, with a measured value of 4%. In deeper soil layer of 400 to 1000 cm, soil 

moisture tended to maintain at a stable status of 8-10% (Wang et al., 2005; Jia et al., 2006). 

Similar results were also observed in other semiarid areas of the Loess Plateau.  

The negative effect of alfalfa cultivation on soil moisture is obvious. The continuous 

cultivation of alfafa leads to the moisture decline of deep soil profile into around or below the 

permanent wilting point (Yang et al., 2006). Therefore, long alfalfa standing may deplete 

available soil water in the deep layers, which would negatively influence the production of 

succeeding crops (Li et al., 2002). However, alfalfa‘s profit strongly relies on its stand 

duration in view of production cost and forage output. The short stand duration is not 

accepted by farmers. Hence, it is crucial to balance the relationship between soil water use 

and economic profit, in terms of the optimal duration of an alfalfa stand. In a long run, local 
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farmers decided the length of an alfalfa stand duration and the subsequent crop type according 

to their farming habits and local crop phenology. However, at the harvesting time, it was 

required to supplement water into the soil, which frequently resulted in less profit. 

Researchers had different opinions on the selection of optimal duration of an alfalfa stand in 

the arid and semiarid Loess Plateau region. For example, Du and Qu (1994) suggested that 

the stand ages of the perennial legumes, including alfalfa and erect milk vetch (Astragalus 

adsurgens Pall) should be less than 3 years in those locations with around 300 mm of annual 

total precipitation, since forage yield declined substantianlly after the 3
rd

 year. Zhang et al. 

(2004) reported that alfalfa should be ploughed after 4–5 years of standing to obtain high 

forage yields in the Loess Plateau region with around 500 mm of annual total precipitation. 

Several studies suggested that 6- to 8-year-old alfalfa stands should be renewed in the area 

with annual total precipitation of 400 mm (Du et al., 1999b), and should not last up to 10 

years in the areas with 450 mm of annual total precipitation (Cheng et al., 2005). In 

conclusion, the apt stand age of alfalfa field is expected to be 9 years or less, when the 

average annual accumulative forage yield is nearly maximum.  

 

 

4.2. Local Solutions to Reverse the Dried Soil Layer Using Crop Rotation 

System: A Case Study 

 

Two potential rotation systems have been proposed to reverse the dried soil layer 

problem due to long duration of alfalfa production. The experimental field was divided into 

two groups, one was deeply plowed, and the other was sustained with on-going alfalfa (AS) 

production. In the spring of the year 2001, the plowed field (October 2000) was further 

divided to host four treatments: 1) RS1: millet, spring wheat, potatoes and peas; 2) RS2: 

millet, maize, maize and spring wheat; 3) RS3: millet, potatoes, spring wheat and maize; and 

4) RS4: millet, fallow, peas and potatoes. These fields were grown without any fertilizer 

addition during the 4-year experimental period. A conventional farming system (CS) was 

performed in an adjacient field where there was not history of growing alfalfa. The field was 

divided to grow spring wheat, peas and potatoes during the following four years. The field 

was applied with 1.5 t/ha of donkey manure, 90 kg/ha N fertilizer, and 30 kg/ha P2O5 

fertilizer. The field data showed that there existed a significant difference in soil water storage 

as a result of long-term growing of alfalfa (Wang et al., 2008), with dried soil layer below 1 

meter, while the dried soil layer can be restored by growing annual crops in a crop rotation 

system. For example, soil water restoration was attained ranging from 90% to 97% at a soil 

depth of 0–500 cm, after the plow-up work on an alfalfa field and the operation of rotating the 

lands with millet, maize, spring wheat, potato, and pea. On the other hand, higher total N 

content and soil respiration rates were observed in the alfalfa–crop rotation systems (Wang et 

al., 2008). The differences in yields between conventional farming system and alfalfa–crop 

rotation systems were not statistically significant. Particularly, including potato in the rotation 

system showed the highest yields. Hence, it was concluded that potato should be included in 

the alfalfa-based crop rotations in the Loess Plateau (Wang et al., 2008).  
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Table 5. Yield and water use efficiency (WUE) in conventional cropping system and 

rotation system from the years 2002 to 2004 

 

Crop 

Year 

Treatments Yield 

(Kgha
-1

) 

Precipitation 

during growth 

period (mm) 

Water use 

efficiency  

(kgha
-1

mm
-1

) 

Spring 

wheat 

2002 CS 2397.2affi 221.8 10.8b 

2002 RS1 2395.3aA 221.8 12.5aA 

2003 RS3 2037.3B 185.7 11.0AB 

2004 RS2 1791.5C 128.5 10.7B 

Pea 2003 CS 1425.0a 185.7 6.9b 

2003 RS4 1524.0aA 185.7 8.4aA 

2004 RS1 1273.4B 128.5 7.3B 

Maize 2002 RS2 3372.8A 318.2 11.2A 

2003 RS2 2586.6B 244.3 12.1A 

2004 RS3 2657.4B 178.8 10.6A 

Potato 2002 RS3 3574.5A 318.2 13.8B 

2003 RS1 3191.3B 24.3 16.5A 

2004 RS4 3603.3aA 178.8 16.4aA 

2004 CS 3498.3a 178.8 13.9b 

† CS, Cropping system; RS, Rotation system. 

ffi Values within a column followed by the same lower-case letters: means do not differ significantly at 

P= 0.05 for one crop in different years after alfalfa, the same upper-case letters: means do not 

differ significantly at P = 0.05 for one crop in 1 year between the alfalfa-crop rotation systems and 

the conventional farming system. 

 

Yield performance and water use efficiency are two critical paramters to decide the 

selection of cropping system in the Loess Plateau. Biomass productivity is frequently affected 

by the lack of water resources. Grain for food is not the mere necessity for local farmers, but 

farmers need to produce more crop straw biomass to feed animals, improve soil quality, for 

household fuel and even for construction materials. It is complex to choose the crop types and 

their combination pattern for a releatively optimal rotation system in terms of a specific site. 

The N turnover and utilization of nitrogen element is also the important issue to be taken into 

account for the decision on choosing a rotation pattern. As is well known, biological N2 

fixation and its related N economy in crop rotation systems have received extensive interest 

worldwide. Greater biomass production tends to be achieved from legume components of 

pastures in the cropping sequence (McCallum et al., 2000). It is a fact that a number of 

aspects need to be addressed when choosing the efficient crop rotation system, such as 

economic benefit, lifestyle, labor, custom and so on. If biomass productivity and WUE are the 

mere aspects for consideration, the best ensuing crop rotations in the Loess Plateau after 10 

years of alfalfa would be millet–wheat–potato–pea–potato or millet–maize–maize–wheat–

wheat. Obviously, the WUE and biomass production are not sufficent to influence the final 

decision on rotation system within a short term (generally less than five years). Ecosystem 

sustainability of cropland is also the primary factor to be addressed, particularly the duration 

of soil water restoration. In this case, we finally summarized the relatively optimal forage-

crop rotation system during long-term rotation for over ten years in terms of annual 
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precipitation in different regions of the Loess Plateau. In general, the Loess Plateau is 

categorized into three subregions, according to annual precipitation of 350, 450 and 550 mm. 

In the region with 350 mm annual precipitation, the relatively optimized rotation system is 

recommended to be 9 years of alfalfa plus 18 years of grain crops and then starts a new cycle. 

In this type of rotation system, the duration of yield peak maintenance would be 6-14 years, 

the duration of soil water restoration be 18 years and the total duration of rotation be 27 years. 

In the region with annual precipitation of 450 mm, the recommended rotation pattern is 7 

years of alfalfa plus 7 years of grain crops. In this case, the duration of yield peak 

maintenance would be 6-10 years, the duration of soil water restoration be 7 years and the 

total duration of rotation be 14 years. In the relatively wet region of 550 mm annual 

precipitation, a rotation pattern of 6 years of alfalfa plus 5 years of grain crops is 

recommended (Table 6). Accordingly, the duration of yield peak maintenance would be 5-9 

years, the duration of soil water restoration be 5 years and the total duration of rotation be 11 

years. In conclusion, we attempted proposing such a challenging rotation system option on 

the basis of existing experimental data.  

 

Table 6. Suitable grass-crop rotation pattern in the regions with different annual 

rainfall amount in the Loess Plateau 

 

Rainfall amount 

Years of  

yield peak 

maintenance 

Years of  

soil water 

restoration 

Rotation pattern 

Years of 

rotation 

system 

cycle 

Around 350 mm 6-14 18 
9 years of alfalfa + 18 years of 

grain crops +9 years of alfalfa 
27 

Around 450 mm 6-10 7 

7 years of alfalfa + 7years of 

grain crops + 7 years 

of alfalfa 

14 

Around 550 mm 5-9 5 

6 years of alfalfa + 5 years of 

grain crops + 6 years 

of alfalfa 

11 

 

 

CONCLUSION 
 

The Loess Plateau of northwest China is the most fragile ecological region in the world. 

Improving rainwater use efficiency is the key for sustainable and profitable production by 

small-holder farms. Since the 1990s, extensive farming practice with the aim to improve crop 

productivity and rainwater use efficiency has led to a general degradation in soil quality and a 

significant decrease in available water storage in soil profile. The farming system was 

generally featured by ridge-furrow planting with plastic mulching at field scale, and much 

attributed to massive enhancement on grain yield and water use efficiency in major staple 

crops such as maize. However, the overall concentration of C, N, P and the related ratios were 

observed to become worse in soil profile. There therefore existed a critical unsustainability in 

the agroecosystem. Over the last two decades, the adoption of righe-furrow planting with 

plastic mulching for alfalfa production appeared to be capable of restoring the soil quality and 
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fertility on the basis of previous crop farming. However, a dried soil layer in the 1.0-4.0 m 

soil profile emerged after 3-5 years of the new practice, and this became a serious challenge 

to the agroecosystem sustainability in the Loess Plateau. To address this issue, different 

rotation systems were tested and compared in terms of restoring soil water storage and 

maintaining high crop productivity. The results showed that crop rotations, such as millet-

wheat-bean-potato and millet-potato-wheat-maize-maize following a 9-year preceeding 

alfalfa, were among the most optimized rotation patterns in restoring soil moisture and 

nutrient balance. The field productivity in these systems was observed to increase to the 

maximum value as compared with the conventional farming system. Field productivity and 

water use efficiency are critical for the selection of cropping system in the Loess Plateau. It is 

complex to choose the crop types and their combination pattern for a releatively optimal 

rotation system in terms of a specific site, since a number of aspects need to be addressed 

when choosing the efficient crop rotation system, such as economic benefit, lifestyle, labor, 

custom and so on. We attempted proposing a quantitative mode in which the best ensuing 

crop rotations after 10 years of alfalfa would be millet–wheat–potato–pea– potato or millet–

maize–maize–wheat–wheat in the Loess Plateau. The duration of yield peak maintenance 

would be 5-9 years, the duration of soil water restoration be 5 years and the total duration of 

rotation be 11 years. Therefore, it can be argued that the reintroduction of an alfalfa-based 

crop rotation system into the arid and semiarid Loess Plateau of northwest China would play 

a central role in restoring the fragile agroecosystem and advancing sustainable agriculture.  
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ABSTRACT  
 

Crop rotations, and crop rotation with cover crop or with fallow, have had a very 

long history of use for pest and disease controls; however these practices had been 

neglected during the Green Revolution. Only recently have we come to the realization 

that the ecological and environmental problems associated with the monoculture and 

excessive use of chemical pesticides and fertilizers in the Green Revolution can be 

mitigated through well-planned crop rotation and cover crop. One of the newly found 

benefits of the cultural practices such as crop rotation and cover crop is the increased 

diversity of flura and fauna within the agroecosystem, which tends to be healthy, and 

resilent to pests and diseases. A successful crop rotation and cover crop for pest and 

disease controls starts with the understanding of the pests and diseases. This chapter 

reviews the latest scientific knowledge by studying the current cropping systems, and 

cover crops for reducing pest and disease populations in the context of integrated pest 

management (IPM) systems. The shift of adoption from selecting a specific (nonhost) to a 

general (only taxonomically distant) rotating crop or cover crop for pest and disease 

control is discussed. 

 

Keywords: biodiversity, cover crop, crop rotation, diseases, insects, IPM, nematodes, 
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INTRODUCTION 
 

Crop rotation is the practice of growing a series of different types of crops in the same 

area through time. This is in contrast to continuous monoculture, which is the practice of 

growing a single species repeatedly on the same land. The practice is a documented ancient 

practice, but it is also probably prehistoric, dating back to the early time when humans 

learned growing crops, the dawn of agriculture, a process usually called the Neolithic 

Revolution. At beginning, it was forced upon because of the temperature changes of the 

seasons. During the most part of human history, the practice was widely used in all 

civilizations of the world, until the Green Revolution in the 20
th
 century. 

The Green Revolution from the 1960s heavily relied on monoculture of high-yielding 

varieties, pesticides and synthetic fertilizers. Without doubt, it saved billions of people from 

starvation; but it came with a huge cost to the environment and biodiversity. Monoculture 

production systems compromise biodiversity, utilize resources inefficiently, and are 

susceptible to pest outbreaks (Martens et al., 2015). Many pesticides since have been banned 

from production and consumption because they kill wild life, pollute environments and are 

toxic to humans. The public was surprised to learn that several species of bee pollinators, on 

which we depend on for successful production of broad ranges of crops, have disappeared. 

And for a number of years, people read news around the world that the honey bee populations 

collapsed, especially in developed countries. Now we know that their disappearances are 

caused by loss of habitats and the toxic effect of neonicotinoids, one family of pesticides. We 

know that large scale of monoculture entailed loss of wild flowers that bees live on. Red-tide, 

the other well known phenomenon is also the result of excessive use of fertilizers in 

monoculture. The Green Revolution has saved millions of lives, but it isunlikely sustainable, 

neither environmentally nor socially.  

In the 1980s, the concept of sustainable agriculture became popular (Jackson, 1980). One 

of the practices within sustainable agriculture is crop rotation. The two most obvious benefits 

of crop rotation are the replenishing of nitrogen, if legumes are included, and pest and disease 

control if non-host crops are included.  

Green manure is created by leaving uprooted or mown crop parts to decompose on a field 

so that they serve as a mulch and soil amendment to improve the soil fertility. The practice 

was documented in ancient civilizations in China, Greece, and India for thousands of years. In 

China, the practice was used in Han Dynasty about 2000 years ago. In ancient Greece too, 

farmers ploughed broad bean plants into the soil to increase soil nitrogen. A cover crop is 

now a crop planted primarily to manage soil erosion. The practice has its deep root in Canada 

and USA to combat the Dust Bowl in the 1930s, one of the most serious soil erosion disasters. 

The crop usually is not harvested, but all plant parts are left on the field to be withered or 

tilled in soil to be decomposed as green manure. The practice has evolved and is now 

becoming increasingly important for sustainable agriculture. Disease and pest control aspect 

of the practice was observed early on in a similar way as the crop rotation practice, because in 

essence, the inclusion of a cover crop and the incorporation of the plant parts in soil as green 

manure are commonly known as the fallow cycle of crop rotation. This cover crop/green 

manure practice over crop rotation for disease and pest management gives farmers more 

freedom in selecting plant species.  
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Interestingly, in early 1980s, times when sustainable agriculture was getting attention, the 

term biodiversity became frequently and widely used in science and environmental policy 

documents. Its importance to mankind was manifested in adopting and signing of the 

Convention on Biological Diversity (CBD) in 1990.  

Today few would argue against the concept that humans rely on biodiversity for its goods 

and services. Biodiversity is the basis for agriculture. However, all human activities reduce 

biodiversity, including agriculture which has reduced it since the domestication process 

several thousand years ago, although it was in a small scale at beginning. Only recently we 

have finally realized that agriculture needs to conserve biodiversity as well. The Green 

Revolution relied on pesticide uses, to the detriment of the environment and the biodiversity, 

which was realized with the publishing of Silent Spring. A total of 2 million tonnes of 

pesticides are consumed globally each year. Only about 2 to 5% of that land on the targeted 

pests; this means that over 95% ends up in the environment. Sustainable agriculture depends 

on biodiversity. 

 

 

Figure 1. Impact of monoculture and crop rotation with cover crop on biodiversity. 

The one cultural practice that can be and have been used to reduce pest and pathogen 

populations to manageable levels (Satti, 2012) while enhancing overall biodiversity and 

restoring soil nutrients is crop rotation, or crop rotation with cover crop (Figure 2), along with 

biological control (Ehler and Miller, 1978). 
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Figure 2. Roles of crop rotation and cover crop in an integrated pest  

management system. 

An ecosystem which is species-rich is more resilient and adaptable to external stress such 

as pests and diseases than one in which the range of species is limited. In a system where 

species are limited, the loss or temporary reduction of any one could disrupt a complex food 

chain with serious effects on other species in that same system. Once biodiversity is 

sufficient, if one nutrient cycling path is affected another pathway can function and the 

ecosystem - and the biological species it supports –can thrive. That is exactly what happens 

between monoculture and multi-cropping systems. Healthy, thriving ecosystems are generally 

highly diverse with numerous taxa. Also, more recently numerous studies covering terrestrial 

and aquatic ecosystems show that high-diversity ecosystems are approximately twice as 

productive as monocultures of the same species, and that this difference increases through 

time (Cardinale et al., 2011; Hayden et al., 2014; Miyazawa et al., 2014; Tilman et al., 2014; 

Smith et al., 2014; Wortman et al., 2012). 

There has been a shift in understanding of crop rotation and cover crop for disease and 

pest management from using non-host starvation to biodiversity. Crop rotation and rotating 

with cover crops brings biodiversity into agriculture, starting with the plants, and then 

followed by more diversified insect species including pollinators such as bees and parasites 

and predators which provide checks on pest populations above ground; below ground, crop 

diversity leads to increased diversity of macro to microorganisms, leading to a soil that 

becomes healthy and suppressive to nematodes and pathogens. Suppressive soils are soils that 

are unfit for certain pathogens and nematodes, and have been well identified (Hornby, 1983) 

which contain diversified microbial populations of different families and kingdoms (Figure 

1). In general, more taxonomically distant plants mean more functional characteristic 

differences. 

Sustainable agriculture and integrated pest management both involve many different 

dimensions and interacting factors. Management of diseases, pests and weeds with crop 

rotation and cover crops is no exception; and they are linked to other sustainable management 

practices such as biological control. One of the objectives of this review is to look at the 

practices in conjunction with the subjects covered in other chapters of this book.  
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SECTION I: CROP ROTATION 
 

Rotating land out of susceptible crops can be an effective and relatively inexpensive 

means for managing some pests and diseases (Bullock, 1992). Using crop rotation for pest 

and disease management, however, requires understanding the life cycles of the pest and 

disease-causing organisms (bacteria, fungi, nematodes and insects). Primarily, the technique 

of using crop rotation for pest and disease management is to grow non-host plants until the 

pathogen in the soil dies or its population is reduced to a level that will result in negligible 

crop damage. More recently the practice has been shifted: namely if a non-host is not 

possible, a more taxonomically distant crop will provide a different habitat for different flaura 

and fauna resulting in increased biodiversity, which helps hold the pest and disease 

populations in check (Tilman et al., 2014). General considerations when selecting a crop 

rotation for pest and disease control include how long the pest and pathogen can survive in 

the soil; which additional plant species (including weeds and cover crops) it can infect or 

survive on; other ways it can survive between susceptible crops; how it can be spread or be 

reintroduced into a field; and methods for managing other pathogen sources (Figure 3). For 

example, a pathogen that can survive in the soil but can also disperse by wind may not be 

successfully managed by rotation if an infected planting occurs nearby or the spores can 

disperse long distances. 

 

 

Figure 3. Decision making flowchart to select a crop in a crop rotation system for pest and disease 

management. 

The specific in crop rotation is host or non-host selection, the general selection is a crop 

that is taxonomically distant from the previous one. Taxonomically distant crops present 

different habitats both above and below ground. Crops that are taxonomically close (i.e., same 

family) tend to have similar pests and diseases. 

One recent study (Matthew et al., 2016) has shown that introduction of canola into corn 

and soybean production system in the Central and Midwestern US would benefit honey bees 

and wild bees in the region.  
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Crop Rotation and Weed Management 
 

Crop rotation has been shown to provide the foundation for long-term weed management 

(Liebman and Dyckm, 1993; Liebman and Gallandt, 1997; Liebman and Staver, 2001). 

Planting a wide variety of crops with varied characteristics reduces the likelihood that specific 

weed species will become adapted to the system and become problematic. According to 

Liebman and Dyck (1993), ―the success of rotation systems for weed suppression appears to 

be based on the use of crop sequences that employ varying patterns of resource competition, 

allelopathic interference, soil disturbance, and mechanical damage to provide an unstable and 

frequently inhospitable environment that prevents the proliferation of a particular weed 

species.‖ Attributes to consider when selecting a rotating crop for weed control purposes are 

listed in Table 1 (Mohler, 2009; Mohler, 2001a, b). 

 

Table 1. Crop characteristics in crop rotation for weed management 

 

 
 

Crop diversification is important to consider even for solving immediate weed problems 

(Liebman and Staver, 2001). For example, one study found that 83 percent of farmers 

surveyed in Saskatchewan and Manitoba, Canada, noticed decreased weed problems such as 

Canada thistle (broadleaved, annual) following sod crops (grassy, perennial), and most 

indicated that the effect lasted more than one year (Entz et al., 1995). 

 

 

Crop Rotation for Insect and Disease Control 
 

Insect Control 

There are four criteria defining successful insect and disease management by crop 

rotation: 1) The source of the pest inoculum must be from the field itself; 2) the host range of 

the pest needs to be fairly narrow or at least not include crops that are reasonable alternatives 

for a given area; 3) the pest must be incapable of long periods of existence without a living 

host; and 4) the insect pest must be relatively immobile (Deana et al., 2005). 

Because of the mobility of most insect pests, crop rotation has not been thought effective 

in controlling insect pests. However there are a few important pests that have been 

successfully controlled by crop rotation. The classical example is the Colorado potato beetle, 

Leptinotarsa decemlineata, which overwinters adjacent to field edges and infests nearby 

fields in the spring, primarily by walking. Spring infestations can be delayed or reduced by 

 Table 1. Crop characteristics in crop rotation for weed management

Characteristics Current crop Next crop

Phenotic Grassy Broadleaved

Life cycle Annual Perennial

Climate Cool season Warm season

Seeding date Spring Fall

Competitive Low High

Fertilize requirement Low demanding High

Taxonomic distance Close Distant
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moving potatoes to a new field distant from the previous year‘s potatoes (Sexson and 

Wyman, 2005; Hunt and Vernon, 2001).  

Another example is the corn root worms consisting western corn rootworm (Diabrotica 

virgifera virgifera) and northern corn rootworm (Diabrotica barberi L.) which can be 

managed with crop rotation taking advantage of their overwintering preference on corn roots. 

Annual rotation of corn with soybean in USA and Canada has largely controlled corn root 

worms. However there are reports of adaption of the pests to this practice (Smith and 

McSorley. 2000). 

Much needs to be learned about whether diversified habitat from a distantly related 

rotation crop provides these parasites and predators with alternative sources of food, shelter 

and breeding sites. Nevertheless, including taxonomical distant crops in a crop rotation 

system increases diversity, which inevitably results in a healthy ecosystem. 

 

Table 2. Cover crops that attract beneficial insects and mites  

(adopted from Wang, 2012) 

 

 
 

Disease Control 

Rotation can effectively suppress a crop disease when the target pathogen is capable of 

surviving in the soil or on crop debris for no more than a few years. Some fungal and 

bacterial pathogens can survive in soil only in crop debris, and these are the most suitable 

pathogens to target for management with crop rotation because they cannot survive once the 

debris has decomposed (Davis and Nunez, 1999). Pathogens that survive on soil organic 

matter only for a few years can also be managed with crop rotation (Dillard and Cobb, 1998). 

These short-term residents of the soil are called soil invaders or soil transients. Pathogens in 

this group vary in the length of time they can survive, and thus in the length of rotation 

needed. 

Survival time partly reflects the type of plant host tissue infected. For example, the barley 

scald pathogen primarily infects leaves and leaf sheaths, which decompose fairly rapidly. In 

contrast, the net blotch pathogen infecting barley stems, including the nodes, which are more 

resistant to decay; consequently, a longer rotation is needed. In addition, infected seed, and 

also wind-dispersed spores for the net blotch pathogen, are additional sources of these 

pathogens that need to be managed to ensure successful control through rotation.  

Choice of crop in a rotation may also garner microbial benefits beyond those normally 

associated with pathogen host range and saprophytic pathogen survival (Curl, 1963). For 

 Table 2. Cover crops that attract beneficial insects and mites

Beneficial arthropoda Plant 

Lady beetles Dill, marigold, Mexican tea, morning glory, oleander, yarrow.

Lacewing Carrot, oleander, red cosmos, wild lettuce, tansy

Minute pirate bug Carrot, Mexican tea, oleander, sunn hemp, cowpea

Ground beetles Low-growing plants: thyme, rosemary, mint or mulches

Spider Marigold, yellow-sweet clover, white clover

Various parasitoids and 

predators

Fennel, dill, coriander (cilantro), parsley, carrot, wild carrot 

(Queen Anne’s-lace), angelica, yarrow (milfoil), sow thistle, 

dandelion, zinnia, tansy, marigold, sunflowers

sweet alyssum, buckwheat, mustard, Cuban oregano, sage, 

salvia, lavender, oregano, thyme, marjoram, perilla

Predatory wasps, hoverflies
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example, analyses of microbial populations in plant tissues and soils when clover preceded 

potato in a rotation revealed that 25 bacterial species were common to both clover and 

potatoes and represented 73% of culturable bacteria recovered from clover roots and potato 

tubers (Sturz et al., 1998). Of the bacteria tested, 74% showed in vitro antibiosis to 

Rhizoctonia solani Kühn (Sturz et al., 1998). More bacteria inhibitory to R. solani were found 

within plant tissues than in root zone soil (Sturz et al., 1998). Rhizosphere-inhabiting bacteria 

can be crop specific (Glandorf et al., 1993) and lants under monoculture have been shown to 

support and respond to populations of rhizosphere microorganisms antagonistic to their 

pathogens (Cook et al., 1995). Seed source has also been shown to influence Rhizoctonia 

disease severity, presumably due to differing loads of microbial antagonists (Jager and Velvis, 

1983). Mechanisms by which endophytes can act as biocontrol agents include production of 

antibiotic agents (Lambert et al., 1987), siderophore production (Kloepper et al., 1980), 

nutrient competition (Kloepper et al., 1980), niche exclusion (Cook and Baker, 1983), and 

induction of systematic acquired host resistance (Chen et al., 1995). Bacterial endophytes can 

thus play a role in pathogen suppression (Chen et al., 1993; Sturz et al., 1998; and Sturz et al., 

2000), and complementary crop sequences can encourage beneficial allelopathy (Sturz et al., 

1998). 

 

Nematode Control 

Because nematodes are not able to move large distances by themselves, crop rotation has 

been tested and applied widely for reducing nematode populations; especially for the species 

which have narrow host ranges. The best known example is the rotating corn with soybean to 

control soybean cyst nematode (Heterodera glycines) in Canada and USA (Epps, 1960; Epps 

and Chambers, 1958, 1965; Ross, 1960; Sasser and Grover, 1991; Sasser and Uzzell, 1963a, 

b). 

Crop rotation can also reduce the negative impact of nematodes on crop production by 

suppressing population levels of most plant parasitic nematodes from a more diversified 

community of free living nematodes brought about by diversified cropping system. For some 

nematode species and crops (e.g., ring nematode Helicotylenchus dihystera), short rotations 

such as maize-soybean are effective, whereas in other situations (e.g., Criconemoides 

ornatus), short rotations are not effective and the host crop must not be present for many 

years. Crop rotation in the Southeast USA has proven to be an effective method for reducing 

the severity of root-knot nematodes and cyst nematodes (Heterodera glycines) in soybean 

(Ross, 1962). The reduction of nematode pressure may account for most of the rotation 

benefits for soybean in the Southeast USA. Another example is that using a 1-year rotation 

with barley, clean fallow, or a resistant processing tomato cultivar has been shown to be 

effective in controlling the root knot nematode (Meloidogyne incognita).  

Suppressive soils which have microbial antagonistic to plant parasitic nematodes have 

been assessed, and polyculture of multiple crops provides a more conducive environment for 

those antagonistic microbial communities to flourish. However, very few studies are available 

demonstrating that crop rotation enhances microbial suppressiveness to nematodes. 

Crop rotation cannot solve all weed, pest and disease problems in crops. But it is an 

essential practice to be included in any integrated pest and disease management systems. The 

selection of crops in any crop rotation system is limited by economic and climatic factors. 

Crop rotation with a cover crop offers more freedom in the selection. 
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SECTION II: COVER CROP 
 

In addition to helping to control pests and disease, cover crops can improve soil health; 

producing organic matter; reducing compaction and erosion,; scavenging nutrients, and 

regulating soil temperature (Snapp et al., 2005). For many years, cereal rye was the only 

cover crop that farmers considered planting in North America. Now farmers are planting 

several different species of cover crops on their lands: Brassica mustard and tillage radish; 

cereals like triticale, and oat; grasses like annual rye grass; and sorghum sudangrass, and 

legumes like clovers;vetch and peas. Figure 4 lists potential cover crop species currently 

applicable to farmers in North America. 

 

 

Figure 4. Cover crop table for North American farmers. 

Cover crops are poised to play increasingly important roles on North American farms. In 

addition to slowing erosion, improving soil structure and providing fertility, we are learning 

how cover crops help farmers to manage pests. With limited tillage and careful attention to 

cultivar choice, placement and timing, cover crops can reduce infestations by insects, 

diseases, nematodes and weeds. Pest-fighting cover crop systems help minimize reliance on 

pesticides, and as a result cut costs, reduce chemical exposure, protect the environment, and 

increase consumer confidence in the food quality. 

Farmers and researchers are using cover crops to design new strategies that preserve a 

farm‘s natural resources while remaining profitable. Key to this approach is to see a farm as 

an ―agro-ecosystem‖— a dynamic relationship of the mineral, biological, weather and human 

resources involved in producing crops or livestock. The goal is to develop agricultural 

practices that are environmentally sound, economically feasible and socially acceptable. 
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Figure 5. Decision making flowchart for a cover crop for pest and disease management. 

 

Cover Crops for Weed Management 
 

Cover crops suppress weeds either by smothering growth of established weeds or creating 

an environment that interferes with weed emergence and establishment (Teasdale, 1998). 

Cover crop species that emerge and grow rapidly are most effective in smothering weeds. 

Vigorous species that produce high biomass yields are often the most effective competitors 

that deprive weeds of light, water, and nutrients. Winter annual cover crops are particularly 

adapted to developing a dense canopy in early spring that prevents establishment and growth 

of annual weeds later in season.  

After a cover crop is killed, residue can inhibit the establishment of weeds through a 

number of mechanisms (Teasdale, 1998). If the residue remains on the soil surface, it can 

eliminate environmental cues required for weed seed germination such as light or alternating 

temperature. Residue can also act as a physical barrier that impedes the emergence of weed 

seedlings after germination. Phytotoxic (allelopathic) compounds released by residue can 

inhibit germination and growth of weeds. In contrast, cover crop residue may encourage weed 

emergence in selected circumstances, either when residue maintains soil moisture at a level 

suitable for germination during droughty periods or when germination-stimulating 

compounds such as nitrate are released. Weed suppression by cover crop residue is generally 

observed early but not for the duration of the growing season. Cover crops need to be 

integrated with other techniques to obtain optimal weed control. 

 

 

Cover Crop for Pest and Disease Control 
 

Insect Control 

Cover crops have been shown to affect insect, pathogen, and nematode pests (Phatak, 

1992). Bugg and Wilson (1989) found that generalist predators may be important in the 

biological control of insects that attack warm-season vegetable crops (Table 2). They 

observed that during periods when pests are scarce or absent, several important predators 

subsisted on nectar, pollen, and alternative prey offered by cover crops. Bugg et al. (1990) 

have shown that the flower bug (Orius incidiosus), big-eyed bugs (Geocoris spp.), and 

various lady beetles (Coleoptera: coccinellidae) attained high densities in various vetches, 

clovers, and certain Cruciferae. These predators subsisted and reproduced on nectar, pollen, 
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thrips, and aphids and were established before the arrival of pests (Bugg et al., 1987; Ehler 

and Miller, 1978; Murdoch et al., 1985; Tamaki, 1981; Tedders, 1983). In these studies, 

narrow strips of hairy vetch and crimson clover were maintained along the borders of tomato 

fields. Insect predators used the cover crops as host plants and then moved into the tomato 

crop.  

Many plants produce repellents, poisons, antifeedants, growth regulators, and antibiotics 

to reduce exploitation by herbivores and pathogens. Because insects comprise more than 90% 

of all planetary species and are clearly the dominant herbivores, plants have evolved an 

extensive variety of defensive strategies targeted to limit their exploitation by pests. The 

earliest insecticides used by man were simple powders or aqueous extracts of poisonous 

plants. Hundreds of toxic plants have been employed by primitive cultures for purposes of 

insect control and most of these have been evaluated as prospective insecticides (Bowers, 

1993). There are too many to list and the following are a few widely known plants derived 

chemicals that have been used in agriculture:pyrethrins from chrysanthemum, nicotine from 

tobacco, and ryanodine from Ryania speciose are a few examples.  

 

Disease Control 

 When sweet corn was used as cover crop following potato in Idaho, USA and when 

residues were turned under, populations of Verticillium dahliae, the cause of Verticillium wilt, 

in the soil declined (Stark, 1995). Recently, priority has been given to developing biological 

approaches to control phytopathogenic nematodes in vegetable and strawberry systems as 

alternatives to methyl bromide. 

There is a long list of plant derived compounds that are suppressive to the growth and 

reproduction of fungi, but a few have been used as cover crops for disease management. One 

example, in an Idaho study, Verticillium wilt of potato was reduced by 24 to 29% following 

sudangrass green manure. Yield of U.S. No.1 potatoes increased by 24 to 38% compared with 

potatoes following barley or fallow in an Oregon study (Wiggins and Kinkel. 2005). It is 

known that sudangrass, a member of Poaceae family produce volatile biocidal compounds 

such as hydrogen cyanide (Stapleton et al., 2009). 

 

Nematode Control 

Early nematode control using cover crop by utilizing the bioactive compounds which are 

plant secondary metabolites of low-molecular weight compounds, and they are regarded as 

not essential for sustaining life, but crucial for the survival of the producing organism 

(Hadacek, 2002). Traditional medicines in ancient civilizations such as Chinese and Indian 

make good use of these bioactive compounds. Some compounds are insecticidal, antibiotic, 

antifungal, herbicidal and nemicidal. Between 50, 000 to 100, 000 structures have been 

identified (Yazdani et al., 2011). Table 3 lists some known plants that produce nematicidal 

compounds. Much more remain to be discovered. 

Of course, non-hosts have been widely tested as well. Rapeseed and sudangrass green 

manures grown prior to potatoes at Prosser, Washington State, USA provided 72% and 86% 

control of the root-knot nematodes on potatoes, respectively (Stark, 1995). Cereals such as 

rye, bahiagrass, and barley, are non-hosts to Meloidogyne incognita, the dominant species of 

root-knot nematode attacking fruit and vegetable crops in warm-temperate and subtropical 

regions (Minton, 1986). Other non-host cover crops include several lines of cowpeas (Roberts 

et al., 1996), marigold (Tagetes patula), hairy indigo (Indigofera hirsuta), sunn hemp 
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(Crotalaria junda), velvetbean (Mucuna deeringiana), and castorbean (Leonard, 1991). It is 

likely those crop rotations that utilize non-host cover crops and nematode-resistant 

horticultural and field crops in well-planned production rotations will reduce the need for 

chemical nematicides (Fortnum and Currin, 1993). 

 

Table 3. Rotation/cover crops suppressive to plant parasitic nematodes 

 

 
 

In crop rotation with cover crop, Rodriguez-Kabana et al. (1992a, b) reported that velvet 

bean (Mucuna deeringianna) was not a host to Meloidogyne spp. and therefore could be used 

to manage root-knot nematode problems in several arable crops. Also, the suppressing effect 

of M. deeringianna on Meloidogyne spp. in rotation with vegetable and other crops has been 

well documented (McSorley et al., 1994; McSorley and Dickson, 1995). While crops like 

soybean, peanut and okra may be susceptible to root-knot nematodes, a number of other crops 

(sorghum, corn, sudangrass, horsebean and summer hemp) may suppress some root-knot 

nematode species (Rodriguez-Kabana et al., 1987, 1992; Kinloch and Dunivan, 1993; 

McSorley and Gallaher, 1991; Sipes and Arakaki, 1997; Wang et al., 2006; Weaver et al., 

1993). A list of plants which have been known to produce compounds toxic to nematodes is 

listed in Table 3. 

Many studies have reported the ecological effects of biomass amendment to soil 

(including cover crops) on free-living nematode communities (McSorley and Frederick, 1999; 

Porazinska et al., 1999; Ferris and Matute, 2003; Forge et al., 2003; Ferris et al., 2004; Wang 
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et al., 2004, 2006; Fiscus and Neher, 2002; Ferris and Bongers, 2006). A few papers have 

reported on the free-living nematode community after brassicaceous or rye cover crop 

incorporation (Lundquist et al., 1999; Georgieva et al., 2002, 2005a, 2005b), but no published 

studies were found that described in detail the effects of brassicaceous cover crops on the 

free-living nematode community. 

 

 

CONCLUSION 
 

For sustainable agriculture, biodiversity is key. Crop rotation and cover crop provide 

opportunities to increase plant and soil biodiversity. More biodiversified soils are more likely 

to be suppressive to pests and diseases. To get the most benefit from crop rotations and cover 

crops, one needs to make them an integral part of a cropping system that satisfies the social, 

economic, and environmental requirments. Because of the complexity of the practices, it is 

important to remember that there are no single crop roataion and cover crop systems that will 

meet all the possible objectives in a region. One working for insect control might not work for 

disease management. Nevertheless, choosing a taxonomically more distant crop or a cover 

crop will bring more biodiversity into the cropping system. Sustainable agriculture increases 

biodiversity. 

To meet the growing food demand, and the expected dietary changes, agriculture is at a 

critical juncture. Some are the same pressures spawned the birth and development of the 

Green Revolution. Some of the practices developed during that period will stay. Breeding 

high yielding and disease resistance varieties will likely intensify, while some practices will 

have to be adapted to the new reality, and some will be introduced for sustainable agriculture.  
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ABSTRACT 
 

Global climate is rapidly changing due to anthropogenic greenhouse gas (GHG) 

emissions, causing substantial risks to agricultural production systems associated with 

frequent occurrence of catastrophic weather events. Since agriculture itself is one of the 

major contributors to GHG emissions, producers, researchers and policy makers strive to 

develop effective crop management practices to minimize GHGs while maximizing 

farmer‘s net returns. Thus, quantification of GHGs with diverse cropping systems is 

essential to mitigate GHGs from agriculture and, in turn, develop more sustainable 

practices. Carbon footprint is a measure of the intensity of GHGs and productivity of 

different agricultural practices. Because of the easy conveyance of information to the 

general public about the GHG intensity of a variety of products and diverse activities, 

carbon footprint, as a new quantitative indicator, has attracted the attention of scientists 

and policy-makers and gained public acceptance. Although the scientific literature on 

carbon footprints targeting GHGs from farming practices is still sparse, the accumulated 

convincing evidence indicates that a significant part of the GHGs related to agriculture 

can be mitigated through improved agronomic practices, including the adoption of 

diversified cropping systems with well-defined crop sequences including cereal, oilseed 

and legume crops in site-specific rotation systems. Effective crop rotation systems have 

been shown to increase crop productivity with an efficient use of resources by individual 

crops, as well as improved soil carbon storage and reduced carbon footprints. This 

chapter comprises an overview of GHGs in relation to different crop management 

practices, followed by the concept and general principle of estimating carbon footprints 

of agricultural products. It also reviews the available scientific literature on calculations 
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of carbon footprints, its application, boundaries and challenges, and effective measures to 

reduce GHGs in agriculture, particularly focusing on diverse crop rotation systems.  

 

 

1. INTRODUCTION 
 

Climate change as a result of global warming is recognized as one of the most serious 

threats to the resilience of the earth‘s ecosystem, and hence to human civilization. The effects 

of climate change and global warming are evidently manifested through shifting weather 

patterns, receding ice caps, a rise in sea level, erratic distribution of precipitation (frequent 

occurrence of floods and droughts), increased frequency and intensity of heat waves, and 

serious ecological imbalances (IPCC, 2007, 2013; Oreskes, 2004). All of such changes are 

largely associated with the increasing emissions of anthropogenic greenhouse gases (GHGs) 

into the atmosphere (Ruddiman, 2003; IPCC, 2006). Greenhouse gases act as a radiation 

blanket over the Earth‘s surface, absorbing longwave infrared radiation in the planetary 

atmosphere, thereby trapping heat and warming the lower atmosphere and the ocean, 

potentially contributing to global warming. This phenomenon is often termed as the 

‗greenhouse effect‘. Since the late 19
th
 century, the mean annual global temperature has risen 

by 0.74 ± 0.18ºC, and from 1951 to 2010, the mean global surface temperature has increased 

in the range of 0.5°C to 1.3°C (IPCC, 2013). The enhanced greenhouse effect has also 

generated a series of other feedback effects within the interactive climate system. For 

example, a warmer climate could cause more water vapors in the atmosphere and in turn, 

such higher concentration of atmospheric water vapor will further aggravate the GHG effect. 

Hence, it is imperative to control the build-up of GHGs in the atmosphere to avoid global 

warming and serious ecological and economic threats and imbalances caused in natural 

ecosystems by changing climate. 

Key anthropogenic GHGs associated with global warming are carbon dioxide (CO2), 

methane (CH4) and nitrous oxide (N2O). As shown from some geological and ice core studies, 

the rates of increment in GHG concentrations are extraordinarily high, far exceeding the 

natural range (IPCC, 2007). Since the beginning of industrialization, global CO2, CH4 and 

N2O levels have increased by 40%, 150% and 20%, respectively (IPCC, 2013). Such 

increases are largely caused by anthropogenic activities including fossil fuel combustion, 

land-use changes, increasingly intensive agriculture, and an expanding global human 

population (Reay and Hogan, 2008). However, not all of the three GHGs have equal 

culpability in causing atmospheric warming. Their relative contributions to warming depend 

on radiative forcing by a given gas molecule (the effect from the addition of a unit of gas on 

the radiation balance of the Earth), the average duration of time that such a gas molecule stays 

in the atmosphere, and the total quantity of gas emitted. Considering all of these factors 

together, the average warming that specific gas can cause is referred to as ‗global warming 

potential‘ (GWP), which is expressed relative to CO2 and the unit of GWP is CO2-equivalent 

(CO2eq). For example, GWP of N2O is 298 times greater than that of CO2; CH4, 25 times 

greater (IPCC, 2006). 

Globally, more than 75% of anthropogenic CO2 emissions are from fossil fuel 

combustion (Snyder et al., 2009). The remaining share originates from the land use changes 

including deforestation, biomass burning, and conversion of natural lands to agricultural 

ecosystems (Lal, 2004; Snyder et al., 2009). The largest sources of CH4 emissions are the 
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enteric fermentation of ruminant livestock and waste decomposition, including animal waste, 

crop residues and landfills. In addition, fossil fuel mining and rice cultivation also generate 

significant amounts of CH4 emissions (US EPA, 2015). Most of the N2O emissions in the 

atmosphere are associated with anthropogenic activities with agricultural soils, where N 

fertilizers and animal manures are converted to N2O by soil microorganisms. In addition, N2O 

is also released to the atmosphere with fossil fuel combustion and biomass decomposition. 

Even a small quantity of N2O can cause a significant radiative forcing, as N2O has a very high 

GWP. On the flip side, given the high GWP of N2O, even a small reduction in N2O flux can 

have a relatively large remedial impact on the overall GWP. 

 

 

2. AGRICULTURE AND ANTHROPOGENIC 

GREENHOUSE GASES 
 

Agriculture and agri-food system is a significant contributor of anthropogenic GHG 

emissions. Most of the practices involve crop production, food processing and the marketing 

of food products to the consumers; all of these activities generate GHGs contributing to 

global climate change (Dyer et al., 2010). Globally, the agricultural sector has been estimated 

to account for nearly 13.5% of total GHG emissions (Montzka et al., 2011).  

In general, GHG fluxes from agricultural systems are complex, given that the production 

dynamics of CO2, CH4 and N2O are affected by soil, environment and management factors. 

Studies have found that soil and crop management practices, including crop type, fallow 

frequency, crop residue management, soil amendments, crop rotations, tillage, irrigation, 

drainage, cover crops, and fertilization can play a major role in regulating GHGs (Gregorich 

et al., 1997; Paustian et al., 1997; Collins et al., 1999). However, the effects of these practices 

on GHGs are highly variable depending on the cultivation and environmental conditions.  

Researchers and producers are encouraged to develop and adopt effective farming 

practices to reduce GHG emissions from all agricultural activities. For this, the quantification 

of GHG contribution from various agricultural activities and from various farm products is 

required. Such quantification can be used to identify important sources of emissions and 

develop more sustainable agricultural management practices to reduce GHG emissions. As a 

result, the term ‗carbon footprint‘ has been proposed. Carbon footprint is the quantitative 

expression of GHG intensity of a diverse set of activities and products. According to Gan et 

al. (2011a), carbon footprint relevant to agricultural products can be defined as the total 

amount of GHG emissions associated with a food product or a service, expressed in CO2eq. 

Although most of the scientific analyses of carbon footprints are being conducted mainly for 

consumer products and industrial processes, carbon footprint also has a potential for assessing 

and comparing different agricultural practices and products (Hillier et al., 2009). These are 

used by farmers to develop management strategies to lower carbon footprints of the products 

produced from their farms; and identify opportunities to improve production efficiencies.  
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2.1. Anthropogenic Greenhouse Gases, Sources and Its Contributions 
 

2.1.1. Carbon Dioxide 

Carbon dioxide is the most abundant GHG in the atmosphere after water vapour (Kiehl 

and Trenberth, 1997). The major anthropogenic sources of CO2 are combustion of fossil fuel 

(burning of coal, oil and natural gas) and land use changes from natural to intensive 

agriculture (including clear-cutting trees and burning of wood). Since the industrial 

revolution, fossil fuel usage and deforestation have increased; the atmospheric CO2 

concentration increased from 278 ppm in 1750 to 390 ppm in 2011 (IPCC, 2013) with an 

unprecedented increasing rate of 2.1 ppm yr
-1

 from 2003 to 2012 (NOAA, 2013).  

Carbon dioxide is cycled largely through agricultural cropping systems; crop plants 

consume large amounts of atmospheric CO2 through photosynthesis to make food, feed and 

fiber. These products eventually convert back to CO2 when they are consumed by animals 

and people, or decomposed after they die. The net emission of CO2 in agriculture is relatively 

smaller than the total CO2 volume cycling in agriculture. This net emission is mostly owing to 

fuel and energy use in the on-farm operations and in the manufacturing, and transportation of 

agricultural products. 

Economic activities related to agriculture consume fossil fuels starting from the 

manufacturing of machineries, equipment, fertilizers and other chemical inputs, as well as 

during the operations of such machinery in land preparation and cultivations, harvesting, 

applications of fertilizers and pesticides and grain handling. In addition, agriculture-related 

CO2 emissions are generated from the oxidation of soil organic C (West and Marland, 2002). 

Furthermore, soil CO2 is produced as a result of biological and chemical activities, such as 

decomposition of crop residues by heterotrophic micro-organisms, plant roots (Hanson et al., 

2000; Mosier et al., 2006; Smith et al., 2011) and soil microbial respiration (Luo and Zhou, 

2006). Soil factors including temperature and moisture, cropping system and N availability 

can influence soil microbial activity (Al-Kaisi et al., 2008) and hence affect the process of 

decomposition of soil organic matter and CO2 production.  

 

2.1.2. Methane 

Methane is the main hydrocarbon in the atmosphere, and it has increased by a factor of 

2.5 from 722 ± 25 ppb in 1750 to 1803 ± 2 ppb in 2011 (IPCC, 2013). Global warming 

potential of CH4 is 25 times greater than that of CO2 for a 100-year time horizon, even though 

CH4 has a brief life time (10-12 years) (IPCC, 2007). Methane is produced in soil, both 

naturally and anthropogenically as part of the biological processes in low oxygen 

environments. Of the total CH4 emissions in the world, between 70% and 80% of atmospheric 

CH4 is of biological origin (LeMer and Roger, 2001). According to IPCC (2013), 

approximately 55% of the total CH4 is contributed by natural and cultivated submerged soils, 

while upland soils are responsible for only about 6%. The main anthropogenic sources of CH4 

are from livestock production, including enteric fermentation from ruminants and animal 

waste storage. The U.S. EPA (2007) estimated that about 28% of CH4 emissions were owing 

to livestock products, second only to landfill emissions. The other major sources of CH4 

emissions are from waste decomposition of animal, crop residue and landfills, rice 

cultivation, and fossil-fuel mining (Schlesinger, 1997; NOAA, 2013).  
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Methane emissions in soil are regulated by several environmental factors, including soil 

moisture, temperature, pH, and soil management practices (Mapanda et al., 2011; Sistani et 

al., 2011; Ma et al., 2007). Generally, the soil is both a producer (source) and a consumer 

(sink) for atmospheric CH4 (Smith et al., 2011). The net balance of CH4 flux depends on two 

processes in the soil, i.e., methanogenesis (production by methanogenic bacteria under 

anaerobic conditions) and methanotrophy (consumption by methanotrophic bacteria, mainly 

under aerobic conditions) (LeMer and Roger, 2001). If the balance between methanogenesis 

and methanotrophy is positive, the soil is a CH4 source, and if the balance is negative, the soil 

is a CH4 sink.  

 

2.1.3. Nitrous Oxide 

Nitrous oxide is the most significant GHG emissions from agricultural practices (Janzen 

et al., 2006). During the last three decades, atmospheric N2O has increased at a rate of about 

0.7 ppb or 0.26% yr
-1

 (Smith et al., 2010; IPCC, 2013), largely owing to the increased use of 

N fertilizer (Schwenke et al., 2015). Bouwman (1990) estimated that about 70% of the N2O 

emitted was derived from the soil, and of that, agricultural activities contributed about 4.2-7 

Tg N yr
-1

 (Del Grosso et al., 2008). Rochette et al. (2008b) reported that agriculture accounts 

for approximately 72% of Canadian anthropogenic N2O emissions, and globally 50% of the 

total N2O emissions originated from agriculture. In 2013, direct soil N2O emissions from 

synthetic N fertilizers and animal manure N applied as fertilizers accounted for 10.4 Mt 

CO2eq for Canada (Environment Canada, 2015), and 50.7 Mt CO2eq for the U.S.A. (U.S. 

EPA 2015), respectively (Table 1). 

 

Table 1. Estimates of N2O emissions from cropland in the U.S. and Canada in 2013 

 

Region 

Area  

Mha 

Fertilizer N  

applied Mt 

Animal manure N  

applied Mt 

Emissions 

Mt CO2eq 

Canada 50 2.5 0.34 10.4 

U.S. 145 11.7 2.7 50.7 

Sources: Environment Canada (2015) and U.S. EPA (2015). 

 

Studies show that the major source of N2O emissions from agricultural soils is the N 

fertilizer inputs (Eichner, 1990; Matthews, 1994; Mosier et al., 1998; Maggiotto et al., 2000; 

Bouwman et al., 2002; Rochette et al., 2008b; Ma et al., 2012). In addition, organic N inputs 

such as farm manure (Velthof et al., 2003), decomposition of crop residues (legumes and non-

legumes), and mineralization of native soil organic matter from forest and grassland 

conversion (Rochette et al., 2008b) also contribute significantly to agriculture-related N2O 

emissions. In addition, crop management practices and soil factors can influence N2O 

emissions from agricultural soils (Parkin and Kaspar, 2006). 

The production of N2O in a soil is a function of nitrification and denitrification mediated 

by soil microorganisms (Robertson and Groffman, 2007). Soil factors including available C, 

O2, pH, temperature and moisture, regulate nitrification and denitrification processes, hence 

N2O production (Robertson and Groffman, 2007). These controlling factors are interrelated 

and complex. For example, the amount of N2O production from soil depends on soil O2 

concentrations, which is influenced by the soil moisture content. Soil moisture is influenced 

by soil temperature that determines the rate of nitrification and denitrification by 
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microorganisms. Other factors, including soil texture, the amount of ammonium available for 

nitrification, and the amount of nitrate available for denitrification also influence N2O 

emissions (Firestone, 1982). 

Generally, N2O fluxes from soils are highly sporadic. The peak emissions of N2O are 

found after wetting of a dry soil (JØrgensen et al., 1998), following the application of N 

fertilizers (Maggiotto et al., 2000; Ma et al., 2010b) and also during the events of spring 

thawing of frozen soils (Bremner et al., 1980; Burton and Beauchamp, 1994; Wagner-Riddle 

and Thurtell, 1998). Emissions of N2O associated with freezing and thawing appear to be a 

result of the accumulation of organic N in frozen soil, followed by N mineralization as the 

soil thaws, and finally nitrification and subsequent denitrification leading to N2O emissions 

during the post-thaw period (Wagner-Riddle et al., 2008). Others have found substantial N2O 

emissions from grasslands in response to soil freezing and thawing processes (Velthof et al., 

1996; Kammann et al., 1998; Williams et al., 1999). In addition, in a crop rotation (corn–

soybean–wheat) study in Ontario, Canada, Wagner-Riddle et al. (2007) observed that N2O 

emissions during the non-growing-season (November–April, mostly during the spring thaw 

period) amounted to a 30 - 90% of the total N2O emissions. These findings indicate that soil 

N2O emissions are sporadic within the growing season as well as beyond the growing season, 

especially in locations where soils undergo freeze–thaw cycles, hence the need for year-round 

N2O measurements. 

 

 

2.2. Impact of Agricultural Management Practices on Greenhouse  

Gas Emissions 
 

Inappropriate agricultural management practices may create diverse negative impacts on 

the environment, including GHG emissions and water pollution. The magnitude of GHGs is 

highly variable among different environments, land use, soil types, and crop management 

practices. For example, Kim and Neff (2009) analysed crop production systems in eight major 

corn-producing counties across the U.S. Corn Belt, and they reported that GHG emissions 

varied from 254 to 825 kg CO2eq Mg
−1

 of grain, mainly owing to the variations in agronomic 

practices such as N application rate, tillage and irrigation practices, in addition to weather 

(rainfall and temperature) and soil conditions. Comparing two corn farms in Ontario, for crop 

years from 2006 to 2008, Fast (2008) found that GHGs are 52% lower in Southern than in 

Eastern Ontario (145 and 305 kg CO2eq Mg
−1

 of grain, respectively). This was attributed to 

higher grain yields, lower N fertilizer rates, use of no-till and animal manure in the southern 

compared to the eastern Ontario farm. From a long-term rotation study, Ma et al. (2012) 

estimated the GHG emissions of corn production under different rotation systems with 

various N fertilizer rates in eastern Ontario. Across 18 years of the study, the estimated GHGs 

ranged from 287 to 354 kg CO2eq Mg
−1

 of grain with rotational corn receiving 150 kg N ha
-1

. 

Other farming operations, including planting operations, pesticide application, crop harvest, 

storage and shipping also contributed considerably to the GHG emissions (Gan et al., 2011a). 

Hence, the absolute amounts of GHG emissions depend on the crop inputs especially N 

fertilization, cropping system, farm operations such as tillage, crop residue management, use 

of agro-chemicals and environmental conditions.  
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2.2.1. Nitrogen Fertilizer Applications 

Nitrogen fertilization is identified as one of the main sources of anthropogenic N2O 

emissions in the atmosphere (Cole et al., 1997). The amount of N2O emissions is related to 

the quantity of N applied to the soil (Dyer et al., 2010), and varies widely on a site-specific 

basis (Snyder et al., 2009). Therefore, the coefficients of fertilizer N induced N2O emissions 

can range between 100% and 300% (Thornton and Valente, 1996). In general, N2O emissions 

increase with increasing rates of N (Gregorich et al., 2005; McSwiney and Robertson, 2005; 

Ma et al., 2010b; Zebarth et al., 2008). However, the relationship between N rate and N2O 

emissions is not linear and has a large scattering along the regression line (Gregorich et al., 

2005; Roelandt et al., 2005). As demonstrated by McSwiney and Robertson (2005), N2O flux 

is low to moderate until the N input is within the crop‘s N needs and N2O flux is nearly 

doubled when that limit is exceeded.  

Nitrogen fertilizer is often used inefficiently in crop production (Cassman et al., 2003). 

Only part of the applied N is incorporated into the soil organic matter, and inorganic N pools 

which are not taken up by the crop may be susceptible to losses from the soil. Various studies 

have consistently shown that excess N in the soil can greatly increase N2O emissions (Conrad 

et al., 1983; Maggiotto et al., 2000; Ma et al., 2010b). Applying fertilizer N in excess of crop 

N requirements leads to elevated mineral N (NH4
+
-N and NO3

-
-N) levels in the soil (Andraski 

et al., 2000; Wagner-Riddle et al., 2007; Ma et al., 2010a). Due to surplus mineral N, soil 

microbial transformation of N is increased and in turn as a by-product N2O fluxes increase 

(Cole et al., 1997; McSwiney and Robertson, 2005). Hence, excess N would lead to higher 

N2O emissions during the growing season (Conrad et al., 1983; Bouwman, 1990; Maggiotto 

et al., 2000) and even after harvesting the crop (Gregorich et al., 2005; McSwiney and 

Robertson, 2005; Wagner-Riddle et al., 2007).  

 

2.2.2. Crop Residues as a Source of Nitrous Oxide 

Although N fertilization is the largest contributor of N2O emissions, crop residues are 

estimated to account for 24% of N2O emissions in Canada (Rochette et al., 2008a). Crop 

residues are a source of organic C for soil microorganisms and a source of plant nutrients, 

especially N. For example, crop residues could obtain a credit of 8–10 kg N ha
−1

 fertilizer N 

equivalent for oilseed rape grown in Denmark (Thomsen and Christensen, 1996). In western 

Canada, a credit of 28 kg N ha
−1

 was given to crop production following a preceding pea 

(Beckie and Brandt, 1997). Since crop residues can serve as an important N source for 

nitrification and denitrification, retaining crop residues on the soil contribute significant N2O 

emissions to the atmosphere (Singh et al., 2015). 

The magnitude of GHG contributions from decomposing crop residues depends on 

factors intrinsic to the crop as well as other environmental factors. The net productivity of the 

crop (Forster et al., 2007), and quality of the crop residue (N concentrations) (Janzen et al., 

2006; Gan et al., 2011b) are intrinsic to the crop. Agricultural management practices such as 

tillage, crop rotation, N inputs, weather (Gan et al., 2009) and growing conditions (soil 

temperature and moisture) (Flynn et al., 2005; Novoa and Tejeda, 2006; Merrill et al., 2007) 

are extrinsic factors. For example, Gan et al. (2012b) reported that the decomposition of 

barley crop residues directly and indirectly contributed to GHG emissions, averaging 173 kg 

CO2eq ha
-1

, i.e., 19% of the total emissions, and decomposition of wheat crop residues could 

emit 53 kg CO2eq ha
−1

, or on average, 9.3% of the total emissions (Gan et al., 2012a). In 

comparison, the decomposition of durum wheat straw and roots contributed about 25% of the 
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crop‘s carbon footprint (Gan et al., 2011c), and oilseed straw and roots, about 10% of its total 

carbon footprint (Gan et al., 2011a). The difference in carbon footprint between oilseeds and 

cereals is owing to the greater amounts of straw and roots in cereals than in oilseeds under 

similar growing conditions. 

 

2.2.3. Cropping Systems and Crop Types  

The GHG emissions from agriculture largely depend on the crop species and the cropping 

system. Dyer et al. (2010) estimated GHG emissions for major field crops grown in Canada 

and reported that canola production had the largest GHG emissions per unit of grain dry 

matter. Similarly, Gan et al. (2011a) estimated the GHG emissions from different crop species 

grown on the Brown and Dark Brown soil zones across the Canadian semiarid prairies and 

concluded that canola had the largest GHG emissions, averaging 1105 kg CO2eq ha
−1

, 

followed by spring wheat at 943 kg CO2eq ha
−1

 and flaxseed at 636 kg CO2eq ha
−1

. Under the 

same growing conditions, N-fixing pulse crops such as chickpea, lentil, and dry pea had the 

lowest emissions of 339 kg CO2eq ha
−1

, i.e., 65% lower than the emissions from canola and 

spring wheat. 

Gan et al. (2003, 2010) have shown that using improved management practices such as 

proper crop rotation can increase crop yields without increasing production inputs. In general, 

diversified cropping systems in a well-defined crop sequence generate lower GHG emissions 

than a monoculture cropping system. For example, in a study conducted in southern 

Saskatchewan, durum wheat grown in diversified cropping systems (including a pulse crop, 

such as chickpea, dry pea, or lentil as preceding crop) had 46% lower carbon footprint than 

monoculture wheat systems (Gan et al., 2011c), which was associated with the reduced 

production inputs and the increased yields of durum wheat in diversified cropping systems. 

Durum wheat following legumes benefits from increased availability of soil N that may 

reduce external N inputs to the crop, leading to lower carbon footprint. Carbon footprint was 

also noted to be 19% lower when durum wheat is grown following oilseed crop, compared to 

following a cereal. Adviento-Borbe et al. (2007) reported a 47% reduction in CO2eq m
-2

 yr
-1

 

in a maize-soybean crop rotation after changing from continuous maize culture.  

 

2.2.4. Tillage Practices 

Tillage can influence GHG emissions mainly through its impact on crop residue, soil 

moisture and soil organic C level. With tillage, crop residues moved downwards and mixed to 

the deeper soil layers, altering the vertical distribution of soil organic matter, and leading to 

the elevated decomposition of soil organic matter. Some studies have reported that reduced 

organic matter levels with tillage and therefore reducing tillage intensity can inhibit the loss 

of organic matter from soil (Havlin et al., 1990). Tillage brings crop residues closer to the 

decomposing microorganisms, and creates more favourable micro-environmental 

(temperature and moisture) conditions (Douglas et al., 1980; Christensen, 1986). Soil tilling 

could generally accelerate soil drying and heating/cooling as it disturbs the soil surface 

(Lichter et al., 2008; Ussiri and Lal, 2009). Moreover, the mechanical action of tillage and 

conventional ploughing breaks up soil aggregates and may alter the soil structure, thereby 

enhancing the decomposition of physically protected soil organic matter (Roberts and Chan, 

1990; Bronick and Lal, 2004). In contrast, no-till soils are characterized by the accumulation 

of crop residues on the soil surface, thus high soil moisture and reduced soil temperature, 

which in turn may restrict the decomposition of soil organic matter. Hence, no-till systems 
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physically protect soil organic matter and stabilize soil aggregates, leading to lower 

mineralization rates (Lichter et al., 2008) and a reduction in GHG emissions (Lal, 2003). On 

the other hand, leaving crop residues on the soil surface in a no-till system can increase C and 

N contents and hence higher denitrification rates, particularly in the surface soil layer, 

compared to conventionally tilled soils (Staley et al., 1990; McKenney et al., 1993), leading 

to higher CO2 emissions with no-till soil compared to conventional tillage (Oorts et al., 2007). 

Almaraz et al. (2009) reported an elevated GHG emissions from a study conducted in fine-

textured soil conditions of Quebec, when changing from a conventional tillage to no-till 

system. In their study, similar cumulative CO2 emissions were found in both systems, but 

there were higher cumulative N2O emissions under no-till than under conventional tillage 

system. 

Generally, emission of N2O is the result of many interacting and interdependent 

processes in the soil. For example, increased soil organic C and organic N together with lower 

soil temperature in a no-till system compared to conventional tillage, may reduce soil N2O 

emissions. On the other hand, high soil organic matter content, high moisture level and high 

mineral N content may increase emissions of N2O from soils of no-till system. These 

contradictory results of N2O emissions under no-till conditions could be a compound effect of 

different soil factors, such as soil moisture, temperature, organic C and mineral N contents in 

no-till soils. The effect of tillage on GHG emissions is inconclusive in the literature. For 

example, several studies reported a nil effect of tillage systems on N2O emissions in the soil 

(Jantalia et al., 2008), and also on the overall GHG emissions (Venterea et al., 2005; Grandy 

et al., 2006; Parkin and Kaspar, 2006). Similarly, Gregorich et al. (2005) did not find a 

consistent relationship between tillage and N2O emissions, with both increased and decreased 

N2O emissions when comparing no-till to conventional tillage. In addition, increased N2O 

emissions from no-till compared to conventional tilled soils have been reported in a 

noteworthy number of studies (Aulakh et al., 1984; Dendoncker et al., 2004; Freibauer et al., 

2004; Mackenzie et al., 1997; McKenney et al., 1993; Robertson et al., 2000; Steinbach and 

Alvarez, 2006). Increased GHG emissions were also noted in studies on changing 

conventional tillage to conservation tillage (Blanco-Conqui and Lal, 2008; Gregorich et al., 

2005; Lal, 2003). In a review paper, Smith and Conen (2004) reported the generalized trend 

of more N2O emissions under no-till than under conventional tillage systems, indicating the 

less ability of no-till systems to mitigate GHGs.  

 

2.2.5. Use of Agrochemicals (Herbicides and Fungicides) 

The use of herbicides and fungicides in field crop production is increasing worldwide. 

The value of the global herbicide market has grown by 39% from 2002 to 2011, and is 

expected to grow another 11% by 2016 (Gianessi, 2013). The commonly used herbicides and 

fungicides in field crop production in Canada include boscalid, bromoxynil, glyphosate, 

imazamox, imazethapyr, pyraxlostrobin, and sethoxydim. Although these herbicides are used 

to act on target weeds or fungus diseases of the cropland, they may also have the potential to 

influence soil microbial and enzymatic activities (Seghers et al., 2005; Chen et al., 2009) that 

may alter the processes of GHG emissions. However, there is a lack of convincing literature 

on this research area.  

Some herbicides could inhibit N2O or CH4 emissions. For example, in a laboratory 

incubation study with two types of soils that amended with two types of organic matter, 

Kyaw and Toyota (2007) found that the application of both glyphosate and propanil 
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suppressed cumulative N2O production. Similarly, a decreased rate of N2O emissions over 

short time periods was reported in a laboratory study on the application of prosulfuron 

herbicide to fertilized soil (Kinney et al., 2005). Application of herbicide butachlor inhibited 

CH4 emissions as much as by 20% in a direct-seeded and flooded rice field (Mohanty et al., 

2001, 2004). These studies further demonstrated that even at very low concentrations of 

butachlor application, CH4 production and oxidation were inhibited. Evidence suggests that 

prosulfuron degradation in grassland soils stimulated soil microbial activity that is responsible 

for the gas flux. Das et al. (2011) demonstrated that although separate applications of the 

herbicides bensulfuron-methyl and pretilachlor resulted in reduced N2O and CH4 emissions, 

the combined application of these two herbicides resulted in increased N2O and CH4 

emissions from a flooded rice field. Accordingly, the potential effects of widely used 

herbicides and fungicides on GHG emissions are not consistent and remain unclear. 

 

 

2.3. Impacts of Environmental Factors on Greenhouse Gas Emissions 
 

The emission of GHGs from agricultural soils can vary between ecological regions and 

within a specific agro-ecosystem. Environmental factors, especially temperature and rainfall 

influence GHG emissions from agricultural soils, because soil moisture level strongly 

regulates soil aeration, nutrient availability, microbial activity and soil temperature. For 

example, increased soil temperatures coupled with high moisture levels during cooler months 

will promote denitrification process and increase soil N2O production. In a compilation of 

Canadian studies, Helgason et al. (2005) reported an increased trend of N2O emissions in 

humid regions (e.g., Eastern Canada), and reduced rate of GHG emissions in arid and 

semiarid regions (e.g., Western Prairies) under a no-till system. The N2O emissions were 

reported to be correlated with precipitation in addition to soil and crop management practices. 

Almaraz et al. (2009) evaluated the effects of two tillage systems and N fertilization regimes 

on CO2 and N2O fluxes in Quebec, and reported higher N2O fluxes during the spring that 

were associated with precipitation events, and higher CO2 fluxes in mid-season that were 

associated with the temperature.  

Rochette et al. (2008a) estimated that N2O emissions from fine-textured soils were 50% 

greater than emissions from coarse- and medium-textured soils in eastern Canada. In the 

Quebec and Ontario mixed wood region, emissions during winter and spring thaw are 

reported to correspond to 40% of emissions during the snow-free season. They also observed 

N2O emissions were 10% greater in eastern and 20% lower in western Canada in no-till soil 

systems compared with conventional tillage, indicating regional, climatic, and land use 

impacts on N2O emissions from soil. 

 

 

3. GREENHOUSE GAS EMISSIONS AND CARBON FOOTPRINTS 
 

3.1. Concept of Carbon Footprint 
 

Carbon footprint is a term originated from the first academic publication developed by 

Rees in 1992 (Rees, 1992). It discussed ―ecological footprint‖ and refers to the biologically 
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productive land and sea area required to sustain a given human population expressed as global 

hectares. According to this concept, carbon footprint was defined as the land area that will 

assimilate CO2 during the lifetime of a person or total global population. The calculation of 

carbon footprint as a part of the ecological footprint was tedious and complex. No 

methodology has been standardized for ecological footprint calculation and its scientific 

analyses. Carbon footprints are much more specific than ecological footprints, as they 

measure direct emissions of gases that are related with climate change, and are associated 

with human production or consumption activities. Wiedmann and Minx (2008) defined 

carbon footprint as ―a measure of the exclusive total amount of CO2 emissions that is directly 

and indirectly caused by an activity or is accumulated over the life stages of a product.‖ This 

definition only highlights the GHG emissions as CO2. However, in agricultural systems, GHG 

emissions are mainly associated with N2O and CH4, rather than with CO2 emissions (Janzen 

et al., 2006). Therefore, Gan et al. (2011a) defined the carbon footprint relevant to 

agricultural products as ―the total amount of GHG emissions associated with a food product 

or a service, expressed in CO2 equivalents (CO2eq).‖ With this definition, all GHGs are 

converted into CO2 equivalent, and the definition is hence proposed as ―The quantity of 

GHGs expressed in terms of CO2eq, emitted into the atmosphere by an individual, 

organization, process, product or event from within a specified boundary‖ (Pandey and 

Agrawal, 2014). 

 

 

3.2. Importance of Carbon Footprint 
 

Since carbon footprint is a quantitative expression of GHG intensity for a diverse set of 

activities and products, it helps to manage GHG emissions and to evaluate the GHG 

mitigation measures (Carbon Trust, 2007). For example, with the quantification of the GHG 

emissions, the important sources of emissions can be identified, and the areas of GHG 

reductions can be prioritized. This provides the opportunity for environmental efficiencies 

and cost reduction. 

Besides policy concerns, carbon footprint has an enormous importance for business 

purposes. Currently, consumers are willing to pay for measures leading to reductions in GHG 

emissions. Most consumers prefer to buy products that display the information about their 

carbon footprints, and are also willing to pay more for the products with a relatively low 

carbon footprint. Therefore, some international food companies have proposed that suppliers 

provide the amount of CO2eq emissions released in the production of that particular food item 

on product label (Gan et al., 2011a). In addition, farmers are willing to adopt improved GHG 

mitigation strategies on their farms to minimize the GHG emissions of the production system. 

However, the GHG emissions of the agriculture sector are still relatively unknown and such 

emissions depend on different geographical regions, environmental conditions, and 

management practices (Seip, 2011). The boundaries of agriculture must be expanded to 

include all relevant emissions of GHGs. Only then will carbon footprinting be a useful tool in 

agricultural systems by providing a detailed map of different sources of GHGs and 

identifying the points where environmental efficiencies can be improved. This will also 

facilitate a comparison of different management options and their environmental cost-benefit 

analyses. 
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Hence, with this growing awareness on carbon footprinting and environmental quality, 

standard guidelines for estimating carbon footprint for agricultural products and activities are 

needed for the effective application of this tool in the quantification of the GHG intensity. 

Currently, scientific literature is growing with more and better case studies of carbon 

footprinting, thus adding to development of such standard methods. 

 

 

4. ESTIMATING GREENHOUSE GAS EMISSIONS, BOUNDARIES 

AND CALCULATING CARBON FOOTPRINTS OF FIELD 

CROP PRODUCTION 
 

4.1. Estimating Greenhouse Gas Emissions 
 

Greenhouse gas emissions from agricultural systems mostly include emissions from the 

application of synthetic N fertilizers, crop residue decomposition and various farm operations 

including tillage practices, planting crops, spraying herbicides and fungicides, and harvesting 

crops (Ma et al., 2012). Such estimates should also include GHG emissions from 

manufacturing, storage and transportation of synthetic fertilizers and agrochemicals 

(herbicides and pesticides) to the farm gate. The effects of these factors on GHG emissions 

are highly variable and inconsistent, depending on the production system and the 

environmental conditions. Therefore, the selection of a set of GHGs for footprint calculation 

depends on the need for carbon footprinting and the type of activity.  

 

 

4.2. Boundaries 
 

The boundary defines the extent of processes or activities that are included in the carbon 

footprint calculation. Setting the boundary is critical as it determines which activities are 

included and the level up to which carbon footprints are to be calculated (Pandey and 

Agrawal, 2014), and to ensure that it does not ignore important sources of environmental 

effects across the life cycle of the product. The boundaries vary with the objectives of the 

study and the characteristics of the entity for which the footprint is calculated.  

Generally, the boundary lines of the system are set as the product‘s life cycle starting 

from the production of inputs (fertilizers, pesticides, and seeds), delivery of inputs to the farm 

gates, and the harvesting of the crop and storage of products on the farm. In agriculture, the 

carbon footprint of the crop production includes the activities related to the cultivation of the 

crop up to the final harvest and readiness for use as raw material. To calculate the carbon 

footprint of an agri-food product, the boundary is usually focused on the cultivation process 

up to the farm gate for comparing different agricultural production practices and efficiencies 

of different management systems. Extending the boundary beyond these activities to other 

adjacent processes, such as transportation of products to the market, their distribution, and 

food preparation techniques and preferences, which are more sensitive to local and personal 

conditions (Pandey and Agrawal, 2014), may complicate the protocol for carbon footprint 

calculations. 
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Most protocols define carbon footprint inventories under a ―three-tier‖ approach to 

facilitate convenient accounting (WRI/WBCSD, 2004; Carbon Trust, 2007; BSI, 2011). The 

scope of these protocols is diverse. For the carbon footprint calculation in agriculture, the 

standard three-tier approach can be followed and this approach would maintain uniformity 

among different footprint studies. One of examples on common farm activities and their 

classification into different tiers is given in Pandey and Agrawal (2014).  

The emissions of GHGs related to agricultural activities can be estimated by direct 

measurements or by using emission factors with model approaches. Although direct 

measurements give near accurate estimates with known uncertainties and clearly prescribe 

globally acceptable protocols, their applications may be limited (WRI/WBCSD, 2004). For 

those situations, estimations can be carried out indirectly through emission factors and 

models. The emission factors or models are developed for a particular region or a sector and 

they provide fairly accurate estimates. Generally, customized tools depend on combinations 

of direct measurements, emission factors, and models are popular and practicable. 

 

 

4.3. Calculation of Product Carbon Footprint  
 

The carbon footprint of a crop product is estimated by using the sum of the GHG 

emissions from all the activities covered within the boundary lines. Some studies have been 

conducted to evaluate the magnitude of these emissions from agricultural activities for 

Canadian environmental conditions (Gregorich et al., 2005; Rochette et al., 2008b). Common 

activities included in the boundaries are N fertilization, decomposition of crop residues, 

manufacturing of N and P fertilizers, production of agro-chemicals, and various field 

operations including tillage, planting/seeding, spraying pesticides, and harvesting (Ma et al., 

2012). 

Both synthetic and organic N applications provide N source for nitrification and 

denitrification, contributing directly and indirectly to N2O emissions. However, the amounts 

of direct and indirect emissions vary with the quantity of N applied along with the 

environmental conditions (Gregorich et al., 2005; Dyer et al., 2010). Using a large number of 

observations on measured N2O fluxes from Canadian farmland, Rochette et al. (2008b) 

developed a simple and reliable model to determine the N2O emission factors based on a 

growing season moisture deficit; a linear function of the ratio of growing season precipitation 

(P) to potential evapotranspiration (PE) as follows: 

 

EF = 0.022P/PE − 0.0048 

 

where EF is the emission factor with a unit of kg N2O-N kg
-1

 of N and P/PE is the ratio of 

precipitation to potential evapotranspiration during the growing season based on actual 

weather data.  

Soil mineral N, particularly nitrates in the rooting zone, has a tendency to leach out 

(Campbell et al., 2004) or can undergo further transformations to be emitted as N2O. To 

estimate N2O emissions from nitrate leaching, a fraction of N as total input N needs to be 

determined. Similarly, a method was developed to estimate the fraction of N that can be 

leached (FRACLEACH) based on P/PE (Rochette et al., 2008b):  
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FRACLEACH = 0.3247P/PE − 0.0247 

 

Both these equations showed predominant impacts of weather conditions on N2O 

emission factors and leaching. Hence, using the method developed by the IPCC adopted for 

Canadian conditions (IPCC, 2006), emissions of N2O from synthetic N applications can be 

estimated. Generally, for synthetic fertilizer applied in crop production, a portion of N is 

volatilized and emitted to the atmosphere (Ma et al., 2010a). Therefore, the IPCC default 

volatilization factor of NH3 and NOx (FRACGASM = 0.1) can be used to represent the emission 

factor associated with the NH3 volatilization (IPCC, 2006):  

 

CO2eqSNF-N2O = QSNF × {(FRACGASM ×EFVD) + EF + (FRACLEACH × EFLEACH)} ×  

44/28 × 298  

 

where CO2eqSNF-N2O is the total emissions from the synthetic N fertilizer application (kg 

CO2eq ha
-1

), QSNF is the quantity of synthetic N fertilizer applied (kg N ha
-1

), FRACGASM is 

the fraction of synthetic N fertilizer that volatilizes as NH3
-
 and NOx

-
N (FRACGASM = 0.1 kg 

N kg
−1

 N) (IPCC, 2006), EFVD is the N2O emission factor for volatilized NH3
-
 and NOx

-
N 

(EFVD = 0.01 kg N2O-N kg
−1

 N) (IPCC, 2006). EFLEACH is the N2O emission factor for nitrate 

leaching (EFLEACH = 0.0075 kg N2O-N kg
−1

 N) (IPCC, 2006), 44/28 is the conversion 

coefficient from N2O-N to N, and 298 is the global warming potential of N2O over 100 years 

(IPCC, 2006).  

Urea is commonly used as an N source in field crop production, and during urea 

hydrolysis, the C contained in urea is released as CO2 (IPCC, 2006). The emissions of CO2 

from urea-based N fertilizer can be calculated as: 

 

CO2eqSNF-CO2 = QSNF-UREA x 12/28 x 44/12 

 

where CO2eqSNF-CO2 is the emissions of CO2 from the urea application (kg CO2eq ha
-1

), QSNF-

UREA is the quantity of urea fertilizer applied (kg N ha
-1

), 12/28 is the ratio of C to N in urea, 

and 44/12 is the conversion factor of C to CO2.  

When a field crop is harvested, a portion of crop residue is left on the soil surface to 

decompose. The remaining crop residues (straw and roots) act as an additional source of N for 

nitrification and denitrification that contribute to N2O emissions directly and indirectly. The 

quantity of N in crop residues (QCRD) can be calculated using the aboveground and 

belowground crop residue biomass values, multiplied by its respective N concentration. 

Similar to synthetic N fertilization, emissions from crop residue decomposition can be 

estimated using the following equation (Gan et al., 2011a, 2011c): 

 

CO2eq CRD = Q CRD × {EF + (FRAC LEACH ×EF LEACH)} × 44/28 × 298 

 

The Haber–Bosch process that converts N2 together with H2 gases into ammonia (NH3) is 

energy and emission intensive (Gan et al., 2011a). Through an extensive literature review on 

emissions from manufacturing fertilizers, Lal (2004) reported an average emission factor of 

4.8 kg CO2eq kg
−1

 N and 0.73 kg CO2eq kg
−1

 P2O5 from production, transportation, storage, 

and transfer of N and P fertilizers to farm gates. 
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Although herbicides and fungicides applications are common agronomy practices in 

agriculture, the emission factors for individual pesticides are not readily available. Therefore 

the emissions during processes of manufacture, transportation, storage, and field application 

are assumed to be similar among pesticides within a similar category. Based on the active 

ingredient of fungicides or herbicides products, an average emission factor of 23.1 kg CO2eq 

ha
−1

 for herbicides and 14.3 kg CO2eq ha
−1

 for fungicides are considered for the footprint 

calculations (Lal, 2004; Gan et al., 2012a, 2012b). However, the absolute values of emissions 

from individual fungicides and herbicides can vary due to differences in manufacturing of 

each product.  

The emissions related to various farm activities can be estimated using a factor of 14 kg 

CO2eq ha
−1

 for no-till planting, 5 kg CO2eq ha
−1

 for spraying of herbicides and fungicides, 

and 37 kg CO2eq ha
−1

 for harvesting crops (Lal, 2004; Gan et al., 2011a). Based on these 

estimations, the total GHG emissions of crop production can be calculated as the emissions 

per unit of areas, expressed as kg CO2eq ha
-1

. The carbon footprint of crop production can 

also be calculated as the emissions per kg of grain produced under the specific growing 

conditions, expressed as kg CO2eq kg
-1

 of grain: 

 

Carbon footprint = Total GHG emissions (kg CO2eq ha
-1

)/grain yield (kg ha
-1

) 

 

Soil C sequestration, a climate change mitigation strategy for agriculture, can increase or 

decrease as a result of crop rotations. To date very few researchers have included changes in 

soil organic C in its assessment of C footprints (i.e., Gan et al., 2012a, 2014). Goglio et al. 

(2015) have provided a recent review on accounting for soil C changes in agricultural life 

cycle assessment. More detail on calculating C footprints including the changes in soil 

organic carbon is given by Gan et al. (2012a). 

 

 

4.4. Limitations 
 

The sources of uncertainties and limitations need to be pointed out when reporting carbon 

footprints of a product. One of the important limitations in agricultural footprint calculation is 

that activity-specific emission factors are not readily available for each and every crop 

management practice. Besides, the lack of advanced scientific tools required for a full life 

cycle assessment to estimate carbon footprint for a whole production-marketing chain or 

under various choices of boundaries is another significant limitation. Agricultural crop 

production is largely influenced by climatic factors, particularly rainfall and temperature. 

Therefore, though demanding, long-term monitoring and calculations are needed to generate 

accurate estimations of carbon footprint. The lack of sector- and region-specific emission 

factors for important agricultural inputs aggravates the uncertainty of the estimates. 

Moreover, standard methodologies are required to address the GHG emissions associated 

with farm equipment and other relevant activities, in addition to an immediate need for 

uniformities of techniques that are used in GHG estimation. Further, these standard methods 

must address how to deal with alternative scenarios and with land use changes. 
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5. MANAGEMENT OPTIONS AND STRATEGIES FOR REDUCING 

CARBON FOOTPRINTS IN FIELD CROP PRODUCTION 
 

Although the agricultural sector contributes significant amounts of GHGs to the 

atmosphere, there are opportunities with the possibility of reducing GHG emissions at every 

stage of agricultural system. However, all three GHGs need to be considered when assessing 

the options to mitigate GHG emissions in agriculture. This is because management practices 

that reduce emissions of one GHG can lead to increases in other GHGs. For example,  

N fertilizer increases plant productivity with C fixation through photosynthesis and also C 

sequestration in the soil, leading to reduce CO2 emissions from the soil. However, applying 

more N than crop requirement results in high soil mineral N levels and hence N2O emissions 

(Ma et al., 2010b). Therefore effective agricultural management practices with potential 

mitigation opportunities need to be identified for sustainable agriculture. Some strategies 

identified that have potential to lower the carbon footprint of field crops are as follows. 

 

 

5.1. Integrating Improved Farming Practices 
 

Integrating improved farming practices have been shown to reduce carbon footprint 

effectively. Gan et al. (2014) found that integrating farming practices of fertilizing crops 

based on soil tests, reducing summer fallow frequencies and rotating cereals with grain 

legumes lowered total GHG emissions by an average of 256 kg CO2eq ha
−1

 per year, and for 

each kg of wheat grain produced, a net 0.027–0.377 kg CO2eq is sequestered into the soil. 

Soil tests are important to determine the soil residual nutrients and potential mineralized 

N from soil organic matter that may be available for the next growing season (Ma and Wu, 

2008). Fertilizing crops based on soil tests is an effective method of reducing carbon 

footprint, because applying N according to the available soil N reserves would lead to 

concurrent improvements in crop N use efficiency and grain yield (Ma et al., 2005, 2015; Ma 

and Biswas, 2015; Wang et al., 2014, 2015; Wu and Ma, 2015), and reduce emissions of N2O 

from surplus N (Cassman et al., 2002; Fageria and Baligar, 2005; Wu et al., 2008). Reducing 

summer-fallow frequencies with the adoption of more intensified crop rotation systems would 

sequester greater amounts of CO2 from the atmosphere to offset C emissions from crop 

production inputs (Lal, 2004a). Crop rotations with inclusion of grain legumes to fix 

atmospheric N2 into plant-available N are found to be greatly effective for C sequestration 

(Nishimura et al., 2008), in addition to reduce the synthetic N inputs in crop production. Gan 

et al. (2011a) reported that, among these integrated practices, the choice of cropping systems 

had the highest impact on carbon footprint of wheat production in the Canadian Prairies, with 

a lentil-wheat rotation system having the lowest per-area GHG emissions (−552 kg 

CO2eq ha
−1

) and the most negative per-yield carbon footprint (−0.377 kg CO2eq kg
-1

) of grain. 
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5.2. Improving Nutrient Use Efficiency 
 

Nitrogen is a key input for high yields in most of the non-legume field crops (Ma and 

Biswas, 2015). However, N applied as synthetic fertilizers and organic manures is not always 

efficiently used by crops, and the recovery of fertilizer N is generally less than 50% (Cassman 

et al., 2002; Krupnik et al., 2004; Bundy and Andraski, 2005; Ma and Dwyer, 1998; Ma et al., 

2015). This low recovery is associated with N losses from NO3
-
 leaching, NH3 volatilization, 

surface runoff, and denitirification. Besides, farmers usually apply more N than crop 

requirement that often results in relatively high NH4
+
-N and NO3

-
-N concentrations near the 

surface of the soil (Ma et al., 2010a, 2010b). The low recovery of fertilizer N and 

accumulation of excess N in soil may lead to increase GHG emissions (Raun and Johnson, 

1999; Cassman et al., 2002; Fageria and Baligar, 2005). Therefore, the efficient use of 

fertilizer N by crops is necessary to minimize GHG emissions from soil (Subedi and Ma, 

2005). 

Adopting improved N management practices can increase the efficiency of fertilizer N 

through increasing crop N uptake and crop N utilization (Ma and Biswas, 2015; Ma et al., 

2015), while reducing leaching losses and direct and indirect emissions of N2O from the soil. 

One of the improved management practices includes 4Rs nutrient concept, meaning applying 

the right source of N (both organic and inorganic) at the right rate, at the right time and in the 

right place (Roberts, 2008). The 4Rs nutrient concept provides a framework to achieving 

cropping system goals, including increased crop production, increased farmer‘s profitability, 

and enhanced environmental protection with improved sustainability. Examples of these 

management practices are optimizing N fertilizer rates by using soil tests and accounting for 

N credits from previously-grown legumes and applied manures. Applying N according to 

available soil N reserves and synchronizing the soil N supply with crop N demands (Ma et al., 

2005, 2014) could reduce emissions of N2O largely from surplus N (Cassman et al., 2002; 

Fageria and Baligar, 2005; Wagner-Riddle et al., 2007). Traditional uniform N application 

results in over- or under-application of N in various parts of the crop field due to in-field 

variability. The ability to variably apply adjusted levels of N fertilizer corresponding to site-

specific field conditions has been shown to increase N use efficiency, grain yields, crop 

quality, and net dollar returns, while decreasing nutrient overload to the environment (Ma et 

al., 2014). These practices focus on ensuring adequately available N when required by plants 

and to prevent exceeding plant N demand (Crews and Peoples, 2005). Gan et al. (2014) 

demonstrated the relationship between precipitation, N input, and grain yield and carbon 

emissions of spring wheat in southwestern Saskatchewan, Canada (Figure 1).  

 

 

5.3. Improving Crop Residue Management 
 

Improved management of crop residues can increase crop productivity, while reducing 

the carbon footprints of crop products. However, the availability of crop residues varies with 

crop species, crop rotation, tillage, nutrient inputs, and environmental conditions (Gan et al., 

2009). These factors alone or in combination influence the soil organic C storage (Campbell 

et al., 2007), hence CO2 emissions. 
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Figure 1. Effects of precipitation and N input on wheat grain yield and carbon emissions. (A) Wheat 

grain yield is a quadratic function of the growing-season precipitation during the 25-year period (the 

line bars are the standard error of the means); (B) increasing fertilizer-N input in wheat production 

increases the amount of N-surplus in the soil (solid circles) in a linear relationship, while N input has no 

impact on the total N uptake in the aboveground plant parts (open circles); and (C) increasing fertilizer-

N input increases carbon emissions with each kg of N increase giving rise to the emission of 8.29 kg 

CO2 equivalents. Adopted from Gan et al. (2014). 
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Numerous factors influence how much change in soil organic C can occur under typical 

agricultural management practices. Some of these factors include the C input from primary 

production (Liang et al., 1997), tillage intensity (McConkey et al., 2003; VandenBygaat et al., 

2008), frequency of summerfallow (VandenBygaat et al., 2003), crop rotations (Gan et al., 

2014; VandenBygaat et al., 2003) and application of animal manure (VandenBygaat et al., 

2003). For example, Liang and MacKenzie (1992) observed that an 18% increment of soil C 

levels during a 6-year period at high levels of N fertilization. The net increase in soil C from 

crop residues depends on the magnitude of the crop biomass and the proportion that is 

stabilized and retained in the soil (Liang et al., 1997). Therefore, agricultural practices that 

influence crop residue decomposition, such as fertilization and tillage practices will also 

influence the amount of residue C retained and stored in the soil.  

When crop residues are retained on the soil surface, it increases the C sequestration of 

atmospheric CO2 into the soil (VandenBygaart et al., 2003), hence reduces CO2 emissions 

(West and Marland, 2002). Moreover, the remaining crop residues can improve soil aggregate 

stability (Liu et al., 2005), efficiency of capturing rainfall, and in turn water holding capacity 

of the soil (Campbell et al., 1995). It may also improve the biodiversity in both above and 

below ground (Swift et al., 1996), enhance plant-mycorrhizae associations (McGonigle and 

Miller, 1993) and lower soil N2O emissions (Ussiri et al., 2009). When crop residues are 

incorporated deeper into the sub-soil horizons, C placed beneath the plow layer will 

decompose very slowly due to reduced exposure to oxygen and other environmental 

elements.  

 

 

5.4. Diversifying Cropping Systems to Reduce Carbon Footprints 
 

Diversification of cropping systems, particularly with the inclusion of grain legumes in 

cereal-based crop rotations enhances plant-available N in soil. Such legume fixed N2 can 

reduce inorganic N fertilizer requirement for cereal crop production (Ma et al., 2003) and also 

increase energy use efficiency (Zentner et al., 2004), decrease pest infestation (Krupinsky et 

al., 2002), and lower carbon footprints significantly (Gan et al., 2011a; Ma et al., 2012). 

Diverse cropping systems generally increased crop productivity (Tanaka et al., 2007) 

because resources can be used by individual crops more efficiently (Robertson et al., 2000; 

Zentner et al., 2004; Adviento-Borbe et al., 2007). It also reduces pest infestation (Krupinsky 

et al., 2002) and improves water use efficiency of the crop (Miller et al., 2003). Furthermore, 

diverse cropping systems can generate higher inputs of crop residual C, leading to an increase 

in soil C storage (Lal, 2004; Gan et al., 2011a), hence reducing CO2 emissions and lowering 

carbon footprint effectively (Gan et al., 2014). 

Moreover, adoption of diverse cropping systems where various crop species (oilseed, 

legume, and cereal crops) are arranged in well-defined crop sequences in rotation systems has 

great environmental advantages over conventional monoculture farming systems. Gan et al. 

(2011c) reported that durum wheat grown in diversified cropping systems had lower carbon 

footprints than monoculture wheat systems in southern Saskatchewan. Drinkwater et al. 

(1998) demonstrated that legume-based cropping systems generally reduced organic C and N 

losses from soil compared with cereal-based cropping systems. 

Another advantage with diversifying cropping systems is that weeds are subjected to a 

wider spectrum of herbicides. The changes from one crop species to another in crop rotation 
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could generate microenvironments that may not favor the establishment and proliferation of 

any one specific weed species. Therefore, crop diversification leads to reduced weed 

abundance (Westerman et al., 2005) and herbicide inputs (Harker et al., 2009), while 

increasing crop productivity (Menalled et al., 2001) and yield stability, in addition to reducing 

the carbon footprint of the product. 

 

 

CONCLUSION 
 

Sustainability of a crop production system depends on crop yield as well as the carbon 

footprint of the crop product. Nitrogen inputs are essential for higher and consistent crop 

yields that are needed to meet the increasing global demand for food, feed, fibre and fuel. 

However, more than 75% of the total carbon footprints from agricultural sector are from N 

inputs that are used in crop production systems. It is a significant research challenge to adapt 

agricultural farming systems for producing high-quality and affordable food in adequate 

quantities in such a fashion that minimize potentially negative environmental impacts, 

especially from the GHG emissions. The appropriate strategy to manage GHG emissions 

must involve ecologically intensive crop management practices that enhance nutrient use 

efficiency while continuing to achieve gains in crop productivity.  

There are notable opportunities for reducing GHG emissions and carbon footprints in 

agriculture. Some of these opportunities consisting of integrating improved farming practices 

including soil tests, use of improved cultivars, reducing summer fallow frequencies and 

adoption of diverse cropping systems where various crop species (oilseeds, legumes, and 

cereals) are arranged in well-defined crop sequences in rotation systems. However, numerous 

challenges in exploiting such opportunities are identified and those are needed to be 

overcome.  

Although scientists and policy makers promote the use of carbon footprints as a 

management tool toward responding to global warming, its use in the agricultural sector is 

still limited owing to some significant challenges. For example, the activity-specific emission 

factors are not readily available for every crop management practice. Moreover, the lack of 

sector- and region-specific emission factors for important agricultural inputs worsens the 

precision of the estimates of carbon footprints. Furthermore, standard methodologies are 

required to address the GHG emissions associated with farm equipment and other relevant 

activities, in addition to an immediate need for uniformities of techniques that are used in 

GHG estimations. These standard methods must address how to deal with alternative 

scenarios and with land use changes as well. Such methods have yet to be developed. 

Furthermore, the advanced scientific tools required for full life cycle assessment to estimate 

carbon footprint for a whole production-marketing chain or under various choices of 

boundaries are not available.  

Many agricultural mitigation opportunities have both co-benefits (improving efficiency, 

reducing cost and less footprints in the environment) and trade-offs involving potential 

negative effects. Balancing the co-benefits with potential negative effects is necessary for 

successful implementation. Moreover, due to widespread differences in agricultural activities 

all over the world, it is essential to have proper guidelines, particularly on setting the 
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boundaries which are essential for meaningful comparison of GHG emissions and 

effectiveness of remedial actions.  

Carbon footprint is considered a new farm management indicator and can be the focal 

point in the evaluation of environmental legislative actions, giving the basis to assess how 

damaging or beneficial a particular industry is to the environment. However, there is a 

knowledge gap in the subject and more research is needed to estimate carbon footprints of 

different agricultural products using standard methodology. 
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