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Chapter 12: Managing Food Production Systems for Resilience 
Rosamond L. Naylor1 
 
 
Introduction 
 

Managing food production systems on a sustainable basis is one of the most critical 

challenges for the future of humanity, for the obvious reason that people cannot survive 

without food. Ecosystem health is both a “means” and an “ends” to resilient crop and 

animal production. Being fundamentally dependent on the world’s atmosphere, soils, 

freshwater and genetic resources, these systems are among the most essential ecosystem 

services on the planet. They are also the largest global consumers of land and water, the 

greatest threats to biodiversity through habitat change and invasive species, significant 

sources of air and water pollution in many locations, and major determinants of 

biogeochemical change from local to global scales (Vitousek et al. 1997, Matson et al 

1997, Naylor 2000, Smil 2000). The inherent interplay between human welfare, food 

production, and the state of the world’s natural resources underscores the need to manage 

these systems for resilience—to anticipate change and shape it in ways that lead to the 

long-run health of human populations, ecosystems, and environmental quality. 

The production of crops and animals for human consumption epitomizes the 

social-ecological connection developed throughout this volume. This chapter differs from 

the other chapters in that food production systems are by definition human-created. They 

are not natural ecosystems whose function is merely affected by human activity. The tight 

coupling of social and ecological processes for food production has been complete for at 

least ten thousand years since the early domestication of crops and animals (Smith, 

1998). Few “wild” systems exist today, in which humans hunt and forage for food. A 
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major exception is the fisheries sector, but even there, the fish species in greatest demand 

for human consumption have long been enhanced through hatchery production, and 

aquaculture (fish and shellfish cultured in confined systems) is rapidly becoming the 

dominant source of global fish supplies (Naylor et al. 2000; Naylor and Burke 2005; 

FAO 2006). 

Food production systems are also unique in terms of their economic, institutional, 

and cultural contexts. Markets link demand and supply of food commodities throughout 

the world.  This linkage is strong within commodity groups (e.g., the wheat market in 

China is coupled economically to the wheat markets in the U.S., Argentina, and 

Australia), between commodity groups (e.g., an increase in the price of maize causes the 

quantity demanded for substitute food crops, such as wheat, to rise), and between sectors 

(e.g., the demand for maize as a livestock feed or feedstock for bio-ethanol affects the 

price and demand for direct consumption of maize as a food grain). In almost all cases, 

agricultural and food markets tend to be influenced heavily by policy involvement within 

countries. Culture also plays a role in the design and management of food production 

systems. In the words of Anthelme Brillat-Savarin (circ. 1825), "Tell me what you eat, 

and I will tell you who you are." 

How food production systems are designed, managed, and redesigned throughout 

the world depends on a myriad of social and ecological factors, such as soil type, climate, 

water availability, pests and pathogens, genetic advances, economic incentives driven by 

market forces and policy, and cultural influences including tastes, traditional practices, 

and urbanization.  A key question to be addressed before any discussion of sustainable 

management can begin is: What are we trying to sustain? Food supplies and adequate 

nutrition per capita over time? The environmental quality of farm systems and 

ecosystems affected by food production practices? The cultural integrity of farming 

communities? Food quality, diversity, and safety? In a directionally changing world, with 

continually rising demand for agricultural products driven by population and income 

growth pressing on a finite land base, tradeoffs among these sustainability goals often 

occur. These tradeoffs are likely to become more acute in the future as the demand for 

biofuels adds to the already large and growing global demand for food and animal feed, 

and as climate change limits agricultural productivity growth in certain locations.  
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The Agricultural Enterprise in Perspective 
 
What makes food production systems interesting—and challenging—to study is their 

wide diversity throughout the world.  Maize is produced with high-yielding, hybrid seeds 

in mechanically dominated systems on thousands of hectares in the US.  Maize is also 

produced with local seeds on small plots of sloping land by farmers in Central America, 

and by poor farmers on marginal lands in East Africa using few external inputs apart 

from family labor. Rice is grown in irrigated, lowland fields in China; it is also grown in 

deepwater, flooded systems of Bangladesh and Thailand, on dryland, hillside plots of 

Cambodia and Laos, and in integrated rice-fish ponds in Malawi. It is not uncommon to 

see rice grown on quarter-hectare plots in rotation with vegetables and cassava in 

Indonesia, and on thousand-hectare plots with no rotation apart from the winter fallow in 

the US. Hogs are raised in confinement in large industrial systems in Mexico and in small 

numbers in backyard pens, and even inside houses, in many Asian countries.  Some 

agricultural regions are dominated by cash crops for export; others are devoted to staple 

crops for domestic consumption. Large private companies play a major role in the 

development of agricultural technology, trade, and policy of most industrial nations, 

whereas agribusiness involvement directly in farming is minimal in the world’s poorest 

countries. Some countries subsidize agricultural production, while other countries tax it. 

These example simply illustrate the diversity in agricultural systems seen 

throughout the world, and should not be considered as the typical agriculture of any 

particular region. For example, industrial livestock systems are also found throughout 

Asia, and high-productivity lowland rice is grown in Bangladesh, Thailand, Cambodia, 

and Laos. The US grows staple crops both for export and for domestic consumption of 

food, feed, and fuel. Laos exports cassava through Thailand to China for feed and fuel. 

There is a message to this madness: lessons on resilience and sustainability from one 

location do not necessarily apply to other areas with similar biophysical systems. And 

lessons are not easily transferred across scales of production. The global food production 

system is complex. 
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Intensification 

 

Despite the heterogeneity in food production systems worldwide, there are important 

aggregate trends worth noting. The rising global population—now at 6.5 billion people 

and headed toward 8 billion or more by the middle of the 21st Century (UN 2008)—

coupled with steady urbanization and increasing demand for animal protein with income 

growth, has created the need for more high-yielding production systems. Over the past 40 

years, roughly 80% of the growth in agricultural output has resulted from intensification; 

that is, the move toward high-yielding crops with adequate water availability, soil quality, 

and nutrients (including synthetic fertilizers) to achieve significant increases in yields 

(Conway, 1997; Evans, 1998; MEA Synthesis Report 2005). Shifting cultivation for 

subsistence still represents a large share of global cropped land—particularly in the 

tropics—but many of these systems are experiencing declining productivity with human 

population pressure (see Box 12.1). The need to intensify all systems is likely to increase 

over time. 

Investments in irrigation, improved crop cultivars, and animal breeding have 

resulted in impressive growth in global food production—around 260% between 1961 

and 2003 (FAOSTAT, 2007). Cereal output grew by 2.5-fold during this period, and 

poultry, pork, and ruminant production rose by 100%, 60%, and 40% respectively.  

However, these changes have occurred at the expense of natural ecosystems. During the 

past half-century, intensive food production systems have contributed substantially to 

anthropogenic emissions of greenhouse gases (particularly methane and nitrous oxide) 

and pollution mainly in the form of nitrates, nitric oxide, and a wide range of pesticides 

(Tilman et al. 2002). The three largest staple crops—maize, rice, and wheat, which 

provide 45% of the calories consumed by the human population—are grown on almost 

half of the total arable cultivated land and account for over half of the synthetic nitrogen 

fertilizer applied to agriculture worldwide (FAOSTAT 2007; Cassman et al. 2003). 

On a global basis, agricultural lands extend over 5 billion ha (34%) of the earth’s 

terrestrial surface (Figure 12.1).  Agricultural land area expansion averaged 7.3 million 

ha per annum on a net basis between 1990-2005, after taking into account urban 

expansion, conversion of rural lands to non-agricultural uses, and degradation 
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(FAOSTAT 2007). The rate is falling over time; between 2000-2005, net land area 

expansion was only 2.6 million ha per annum. Although rates of area expansion have 

been declining over the past quarter-century, growth often occurs in natural habitats with 

high biodiversity value, such as the Amazonian rainforest (Myers et al. 2000). Given the 

limits on net land area expansion, maintaining yield growth in food and feed production 

will be essential in order to meet the expected global demand increase of 70-85% 

between 2000 and 2050 as the human population and incomes continue to rise (MEA 

2005). Even greater growth will be needed if significant cultivated area is used for 

biofuels and if climate change reduces productivity in many regions.  

 

Insert Figure 12.1: global agricultural land use 

 

The availability of water through rainfall and irrigation is another important 

determinant of yield growth and agricultural productivity throughout the world. Irrigated 

crop systems account for about 40% of global food production, but less than 20% of the 

world’s cultivated land is irrigated (Gleick 2002). Irrigated systems are abundant in Asia, 

whereas over 90% of Sub-Saharan African agriculture is sown on rainfed lands. Most of 

the “easy” irrigation investments were made in the second half of the 20th Century; the 

annual rate of increase in irrigated area is currently below 1% due to costs and to 

environmental and social protests (FAO, 2004; Khagram 2004). Unfortunately, many 

irrigation systems were built without proper drainage systems, and now an estimated 20% 

(45 million ha) of irrigated land suffers from salinization and waterlogging (Ghassemi et 

al 1995, Postel 1999, 2001). Roughly 70% of the available surface water withdrawn for 

human activities globally is used for agriculture (Postel 1993, Gleick 2002). The 

diversion of surface water for irrigation often comes at the expense of surrounding 

natural ecosystems. 

 

Hunger 

 

Despite growth in productivity of food systems in many parts of the world during the past 

40 years, over 800 million people still live in chronic hunger (Chen and Ravallion, 2007; 
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MDG 2007). A set of Millennium Development Goals were adopted by the United 

Nations General Assembly in 2000, which included halving the world’s undernourished 

and impoverished by 2015. Today, more than halfway through this target period, virtually 

no progress has been made toward achieving the dual goals of global hunger and poverty 

alleviation. The persistence of global hunger among such a large number of people is 

particularly disturbing in light of the widespread economic and technological progress 

experienced in many parts of the world, and the growing problem of obesity in industrial 

and middle-income countries, most notably the U.S. 

 

The Challenge Ahead 

 
The challenge for the 21st Century is thus clear: to develop food production systems in a 

way that will support rural incomes, enhance yield growth, utilize inputs efficiently 

(particularly water and added nutrients), minimize environmental impacts, and provide 

healthy diets for the human population (Conway, 1997; Power 1999; Tilman et al, 2002; 

Robertson and Swinton, 2005). Given the outlook for future global food demand, there is 

no question that the productivity of food production systems must continue to increase in 

order to achieve any definition of sustainability. But it is not at all clear that the goal 

should be to maintain or augment productivity on existing systems in all cases. Instead, 

the goal should be to redesign systems to promote genetic and crop diversity, stability in 

the face of future shocks (e.g., climate change and associated pest-predator impacts), and 

food security as defined by access to affordable food for all people at all times. In order 

to achieve this goal, efforts should be directed toward both small-scale farming systems 

that primarily meet local and regional demands, and large-scale surplus systems that meet 

national and global demands (Robertson and Swinton 2005). A framework of structural 

dynamics for the agricultural sector is presented below to help conceptualize the 

opportunities for—and constraints on—advancing resilience-based management of food 

production systems. 
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Structural Dynamics of Food Production Systems 

 

Resilience-based management of crop and animal production requires a focus on the 

dynamics of both demand and supply.  Humans play a dominant role in these dynamics, 

fundamentally shaping the agricultural landscape in an effort to meet local, regional, and 

global demands for food, animal feed, and fuel. At a broader scale, humans shape the 

agricultural landscape in order to generate incomes, employment, and in some cases 

ecosystem services (e.g., pollination, pest control, watershed management) that have 

positive impacts on the agricultural system itself and on surrounding areas. Human 

behavior plays a more intrinsic role in the dynamics of food production systems than is 

the case for most other ecosystems. Agriculture is by definition a human artifact—

starting with the initial selection of genetic material and encompassing genetic 

manipulation, breeding, the deployment of new crop varieties and animal breeds, farm 

management, and food processing to meet consumer demand (Evans 1998; Smil, 2000; 

Pretty 2002; Manning 2004). 

 

Determinants of Demand and Supply 

 
Growth in demand is a function of population increases, per capita income growth, 

urbanization, and cultural preferences.  Per capita income growth and urbanization, in 

particular, typically lead to diversification of diets. Two empirically based rules in the 

agricultural development field—“Engel’s Law” and “Bennett’s Law”—have held up well 

over space and time (Timmer et al. 1985). Engel’s Law states that as incomes grow, the 

share of household income spent on food in the aggregate declines. Although food quality 

rises with income growth, there are fundamental limits of food intake (the law of the 

stomach), which lead households to spend an increasing share of incremental income on 

non-food items such as education, housing, health, and material goods and services. 

Engel’s Law holds over time (the share of household income spent on food declines as 

countries develop) and over space (households in poor regions spend a greater share of 

their income on food than do households in wealthier regions). Bennett’s Law states that 

the caloric intake of households is dominated by starchy staples at low levels of income, 
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but is characterized by a diversified diet of fruits, vegetables, and animal products with 

income growth. 

Urbanization creates another shift in demand; households tend to eat food that is 

easier to prepare at home or that is sold at restaurants and food stalls.  The demand for 

meat products often rises in urban settings, as does the demand for products such as 

cooking oil used by street vendors.  The process of urbanization and suburbanization also 

supports the rise in national and multinational supermarket chains and other large retail 

operations (e.g., WalMart and Cosco), which favors producers who are connected to 

these marketing chains and certain products over others (e.g., farmed salmon over wild 

salmon because the former can be supplied consistently in large volumes throughout the 

year) (Reardon et al. 2003; Eagle et al. 2004). Finally, income growth leads to higher fuel 

energy demand, including demand for motorized fuels, which creates new linkages 

between the energy and agricultural sectors through biofuels when fossil fuel prices are 

sufficiently high (Naylor et al. 2007a).   

The ability of crop and animal production to meet these various demands depends 

critically on factor market conditions in individual locations—that is, on the dynamics of 

labor, land, and credit markets—and on the state of infrastructure (e.g., roads, irrigation 

networks) and natural capital (water availability, climate, soils, genetic resources). 

Individual production activities are aggregated to create regional or national supplies, 

which are either consumed domestically or traded internationally. Technology also plays 

an important role regionally and globally in terms of genetic manipulation (e.g., 

improved crop cultivars and animal breeds), labor saving mechanization, and tools to 

maximize input use efficiency (e.g., nitrogen sensors, machines designed to incorporate 

residues in low-till systems, drip irrigation technology). Producers throughout the world 

have a complicated set of decisions to make each season, particularly given inherent 

uncertainties in output price, weather, and pests and pathogens at the beginning of each 

production cycle, and the long pay-off times for many technological investments. Most 

farmers strive to maximize expected profits given a set of constraints that includes, for 

example, factor availability, agroclimatic conditions, technology, and infrastructure 

(Timmer et al. 1983).  Other farmers—particularly in very poor regions—strive to 

minimize variability in production systems that are used mainly for subsistence. 
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Short-Run Adjustments 

 
There are several ways in which food production systems adjust in the short run to equate 

demand and supply at different spatial scales. The most obvious adjustment mechanism is 

the market, as depicted in Figure 12.2.  If demand exceeds supply in a given period, 

prices rise and provide an incentive for producers to increase supply in subsequent 

periods.  Alternatively, if supply exceeds demand, prices fall, causing consumption to 

rise, production to drop, and stocks in storage to be drawn down. Market equilibration 

does not occur instantaneously due to the length of crop and animal production cycles, 

marketing chains, and policy disincentives to change. As a result, market adjustments can 

have serious impacts on consumers when supplies are short, stocks are low, and prices 

are high. The consequences of price hikes are particularly serious for the world’s poorest 

consumers who typically spend 50-75% of their incomes on food (Banerjee and Duflow 

2007). Similarly, sharp price declines due to excess supplies can have devastating effects 

on producers, especially those who do not have diversified income sources, insurance, or 

savings. 

Substitution plays a key role in producers’ and consumers’ responses to price—a 

concept that is often neglected in discussions of carrying capacity in food production 

systems. For example, when the price of rice rises in Asian markets, consumers may 

switch to wheat or cassava as the staple in their diets. When the price of maize is 

relatively high, farmers in the Midwest U.S. may alter their crop rotation from soy to 

maize. Substitution in production often occurs with a lag, particularly when major assets 

(e.g., large farm machinery) cannot be transferred across crops. It is worth noting that 

although substitutions occur throughout the world in all income classes, extremely poor 

consumers and producers tend to be more limited in their options. 

 

Insert figure 12.2: Market dynamics of agricultural demand and supply 
 

Four other important adjustment processes may also come into play in response to 

fluctuations in price. The first is through the draw down of stocks of grain, which are 

typically carried as a reserve from one crop year to the next. Another adjustment 
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mechanism is through livestock; when cereal and other feed prices rise, animals may be 

sold or butchered as a direct response. A third, and much starker, short-run adjustment to 

high prices is human starvation. Hunger results mainly from the lack of income to buy 

food, not from physical food shortages alone. Finally, natural ecosystems may be the 

primary adjusters during high commodity price periods, as reflected in agricultural 

expansion into pristine rainforests or wetlands, excessive pumping of groundwater 

resources, and pollution to surrounding ecosystems. 

 

Longer-Run Adjustments 

 

Crop and animal production systems also adjust in fairly predictable ways over the 

medium to long run. There is a continuous process of bottleneck breaking in these 

systems (Evans 1998). For example, when the brown plant hopper became a major pest in 

intensive rice systems of Indonesia in the 1970s—as described in more detail in the 

Indonesian case study—the government scaled back pesticide subsidies (because the 

pests had become resistant to the pesticides), farmers adopted integrated pest 

management practices (including crop rotations), and plant biologists continued to 

engineer cultivars that were more resistant to the pest. The process of bottleneck breaking 

can also occur on the demand side. For instance, when maize surpluses in the 

international market caused prices to fall and farm incomes to drop in the U.S. in the 

latter half of the 20th Century, food processors launched the maize sweetener industry, 

and technology for the maize bio-ethanol began to be developed—both of which added 

new layers to overall maize demand. The federal government also implemented food aid 

programs to dispose of surplus grain (Falcon, 1991). Although bottleneck breaking 

increases the resilience of local food production systems, its net effect on regional or 

global resilience depends on interactions with other sectors. 

 The decline in maize prices noted above came as no surprise and reflects a second 

long-run adjustment in food production systems. Investments in infrastructure and 

technology, such as irrigation, genetic improvements, or planting and harvesting 

equipment, lead to increased supplies over time. Agricultural productivity growth is often 

linked to income growth, particularly in agrarian societies. But as Engel’s Law states 
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above, income growth leads to a relative decline in expenditures on food over time. High 

growth in agricultural output with declining rates of growth in demand eventually results 

in excess supply in a closed economy setting. There are several ways to break free from 

this insidious feedback, including migration, reducing resource use in agriculture, 

promoting international trade (exports), and creating new forms of demand. The ongoing 

expansion of crop-based biofuels presents an interesting example, because energy 

demand tends to rise in lockstep with income growth and thus helps “fuel” the demand 

for agricultural commodities, even when relative expenditures on food are declining 

(Naylor et al. 2007a). Political support for biofuels in the U.S. and EU is motivated to a 

large extent by the goal of revitalizing rural economies, not just by the goals of expanding 

and diversifying fuel supplies. 

 A third adjustment process that occurs over the longer run is referred to as 

induced innovation—innovation that arises in response to price increases for scarce 

factors of production (Ruttan and Hyami 1984). For example, in Asia where arable land 

is scarce relative to labor, high-yielding seed varieties have been introduced as a land-

saving technology. In the U.S. and Canada, where the opposite holds (agricultural labor is 

scarce relative to arable land), labor-saving innovations, such as planting and harvesting 

machinery and herbicides, have been introduced. The same principle can be applied to 

natural resource inputs for food production systems. The scarcity of water in relation to 

other factors of production has led to the design of water-saving innovations such as drip 

irrigation or desalinized water systems. In agricultural areas with high soil erosion, soil-

saving technologies such as conservation tillage or cover crops have come into play. Like 

land- and labor-saving technologies, resource-saving innovations tend to be adopted 

when they are deemed economically profitable over a relevant time frame. Such 

calculations often involve present value accounting with discounting of future benefits—

a process that can be controversial depending on the time horizon and which discount rate 

is used (Kolstad 1999; Portney and Weyant 1999).  The basic point is that investments in 

new technologies or management practices require some sort of analysis—ranging from 

sophisticated calculations to more rudimentary weighting schemes—of alternative uses of 

limited natural and financial capital by current and future generations.   
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Role of Policy 

 
Market forces shape the typical feedback mechanisms described above for food 

consumption and production. However, government policies are also important in 

influencing the dynamics of demand and supply, and often override the market system. 

The food production sector is exceptional in terms of its heavy policy involvement 

(Naylor and Falcon 2008). In most countries, governments have a hand in the agricultural 

sector via direct input subsidies, price or income supports, output taxes, credit programs, 

or land reform measures. The agricultural sector may also be affected significantly by 

government policies implemented for non-agricultural purposes, such as controls on 

financial capital or exchange rate adjustments. Trade policies, such as tariffs and quotas 

on agricultural commodities or bio-ethanol, can similarly have direct and indirect impacts 

on food production and consumption. The list goes on. The main message is that the 

dynamics of crop and animal systems throughout the world are influenced by policies 

designed for a wide range of constituents and political purposes—including but not 

confined to the food and agricultural sector. The historical development of one policy 

overlaid by another, for reasons ranging from rural revitalization to energy self-

sufficiency, is an underlying cause of social and environmental problems in food 

production systems in many countries. 

 

Implications for Resilience-Based Management 

 
Understanding the dynamics of food production systems raises some interesting 

dilemmas for resilience-based management. In many situations, market feedbacks help 

keep these systems on track, either by eliminating crops or production practices that are 

inferior or no longer valued by society, or by improving the efficiency of input use and 

resource allocation. Problems arise, however, when non-market consequences are 

involved—such as hunger, the destruction of pristine environments, and damages to 

human health and ecosystems from pollution—because the feedback mechanisms are less 

direct. In addition, policy often overrides market signals and biophysical responses that 

might otherwise enhance resilience. For example, government subsidies for irrigation 

lead to inefficient water use practices and excessive groundwater pumping in many 
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locations, obscuring obvious biophysical signals of scarcity and thus delaying appropriate 

action until large or irreversible changes may have occurred. Similarly, prolonged 

government support for a particular crop, such as irrigated wheat in the Sonoran desert or 

alfalfa in Southern California, leads to continued investments in that crop despite its 

inappropriate fit with natural and human resource base (Naylor and Falcon, 2008). 

Market and policy incentives might help a particular food production system recover 

from external shocks such as drought, pest infestations, war, and oil price spikes, as 

shown by the “high resilience” arrow in Figure 12.3.  But the underlying question 

remains: Is the original trajectory of that system designed for resilience, given the full 

scope of biophysical, economic, and cultural factors needed to ensure sustained 

production, consumption and environmental quality over time? 

 

Insert figure 12.3: resilience figure 

 

Case Studies on the Resilience Challenge 

 

Answering the question of whether food production systems are on a resilient trajectory 

requires a focus on the biophysical dynamics of the systems as well as the social and 

economic determinants of change. Many crop and animal systems are managed primarily 

for a single ecosystem service—the production of a consumable or marketable 

commodity (Robertson and Swinton 2005). Yet several other ecosystem services can also 

be provided by these systems, including soil stability, nutrient balance, pest and weed 

control, hydrological cycling, biodiversity protection, climate regulation, clean air and 

water, cultural value, and human nutrition (Daily 1997; Conway 1997). Unfortunately, 

the goal of managing crop and animal production for a variety of ecosystem services that 

support ecological resilience in the long run is often overridden by social and economic 

priorities in the short run—for example, to support political constituents, respond to 

global market opportunities, reduce poverty, or meet external demands for food, feed and 

fuel. A de-coupling of food production systems from the ecological systems on which 

they fundamentally depend diminishes their resilience (Robertson and Swinton 2005), as 

shown in the case studies that follow. With a continually rising global demand for food, 
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feed, and fuel, it will become increasingly important to identify and promote policy and 

institutional mechanisms to couple or re-couple agricultural and environmental systems. 

 

Case I: Managing for Pro-Poor Growth in Indonesia 

 
Indonesia is an interesting case study because it is the world’s fourth most populous 

nation (~230 million people) and is extremely diverse culturally, with more Muslims than 

any other country but also with Catholics, Protestants, Hindus, Buddhists, and animists. 

The Indonesian archipelago has about 9000 inhabited islands, 400 language groups, and 

cropping systems that vary from Bali’s manicured irrigated rice systems, to Nusa 

Tenggara Timor’s (NTT’s) rainfed corn and sorghum-based systems, the Maluka’s 

rainfed cassava systems, Borneo’s oil palm plantations, and Papua’s sago palm and sweet 

potato systems.  Rice is the main staple food in most, but not all, parts of the country. 

Monoculture is not typical except for flooded rice during the monsoon season on some 

islands. As Wallace’s Line (a zoographic boundary between Asian and Australasian 

faunas) splits the country just east of Bali, the country contains wide geographic 

disparities not only in soil, rainfall, flora, and fauna, but also in agriculture, rural 

incomes, and income growth. 

 Despite its inherent diversity, Indonesia is second only to China in terms of its 

success in poverty reduction during the past 50 years, advancing from about 70% below 

the poverty line in the late 1960s to 15% in the 21st Century. Although early land reform 

and a variety of later fiscal transfers (such as school vouchers and health benefits) have 

been tested for poverty alleviation over the past half-century, agricultural development 

focused on pro-poor growth has demonstrated the only sustained success (Timmer 2005). 

This development process was tied primarily to the Green Revolution in rice production 

and illustrates a classic case of induced innovation. In most Asian countries including 

Indonesia—and particularly the island of Java, one of the world’s most densely populated 

areas—land is scarce relative to labor. On Java, it is not uncommon to see a farmer 

working a quarter-hectare plot of land, or to see thirty unskilled workers show up to help 

harvest this farmer’s plot in exchange for a share of their individual harvest output 

(Naylor 1994). Forty years ago, human pressure on this limited land area was so severe 
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that Clifford Geertz (1963), a great anthropologist and agricultural development 

specialist, coined the term “agricultural involution” to depict a fragile balance of 

existence between humans and the rice ecosystems on which they survived. 

The scarcity of land in relation to labor—and the extreme poverty it created in 

many parts of Asia—induced the Green Revolution in rice and wheat in the late 1960s 

and early 1970s. In simplest terms, the Green Revolution consisted of the design and 

dissemination of high-yielding seed varieties for the major cereal crops; because the 

seeds are scale-neutral, farmers on small and large plots alike could adopt the technology 

(Conway 1997). The new varieties contained dwarf genes, had shorter maturities and an 

absence of photoperiod sensitivity, which allowed a shift in crop patterns from one or two 

rice crops per year to three crops (or five crops over two years) without rotation or 

fallow. Annual productivity of rice thus increased substantially. However, a reliable 

water source and added nutrients were also required to maximize the potential of the new 

crop varieties, and, as a result, the greatest early successes were seen in irrigated areas 

where farmers also had access to credit, affordable inputs (particularly synthetic 

fertilizers), and transportation infrastructure.  

In Indonesia, the Green Revolution for rice was promoted as part of a pro-poor 

growth strategy. High-yielding seed varieties were adopted and disseminated in the late 

1960s and throughout the 1970s, along with nitrogen fertilizers and improved irrigation 

infrastructure (mostly “run of the river” systems). Policy incentives to enhance adoption 

of the new technology were created, such as the “farmer’s formula” in 1972 that linked 

very cheap fertilizers to the price of paddy to enhance profitability (Mears 1981; Timmer 

1975). Improved micro credit programs came 15 years later. The rice sector served as the 

engine for rural economic growth throughout the 1970s and 1980s, and led to steady 

increases in real wages and incomes for unskilled labor (Naylor 1991, 1994).  During this 

period, poverty reduction also resulted from expanded education (important especially for 

girls), better rural health and family planning practices, and a macro policy that did not 

stifle agriculture or agricultural exports (Timmer 2005). 

The introduction of the Green Revolution and the implementation of pro-poor 

growth strategies in Indonesia caused rice prices to fall for net consumers and lifted a 

large number of people out of poverty. But the relevant question for this chapter is: Did it 
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lead to a resilient agricultural system—one that can withstand shocks and provide 

multiple ecosystem services for long-term benefits to the human population and the 

environment? The answer is “not completely”. For example, there has been a marked 

decline in the diversity of rice varieties used by farmers over the decades (Fox 1991). 

One of the most successful early varieties, IR36, was released in Indonesia in 1977. By 

1982 it was planted on 40% of total rice acreage, and in East Java it was planted on 77% 

of the wet season and 85% of the dry season acreage. Between 1975 and 1985, rice 

output grew by almost 50% in Indonesia. But unfortunately IR36 was susceptible to some 

major rice pests such as the brown plant hopper and grassy stunt, and by 1985 the variety 

began to fail. Substantial yield losses in IR36 led to the release of an improved cultivar, 

IR64, whose use grew even more rapidly than IR 36. This classic case of bottleneck 

breaking led to productivity gains in the short- and medium-term. But the rapid 

dissemination of IR64 has caused the country's field and landscape level genetic base for 

rice to become even more slender (Fox 1991), potentially lowering the resilience of the 

rice sector in the long run. 

To add to the loss of genetic diversity seen in farmers’ fields, pest problems 

associated with IR36 led to the introduction of policies to subsidize pesticides (up to 80% 

of the retail cost) and encourage prophylactic spraying in the 1970s and early 1980s. This 

pesticide policy was a clear case of bad science, because it soon led to resistance within 

the brown planthopper population and greater pest infestations over large areas. 

Moreover, the policy was driven by corruption, as a senior agricultural official was the 

principal owner of the pesticide plant. Once the subsidy policy was dismantled, integrated 

pest management (IPM) became a more popular and successful practice—in conjunction 

with the development of new host plant resistance and limited spraying of chemicals—for 

stabilizing yields. The IPM practices reestablished crop rotations, although rice remains 

the dominant crop in the monsoon season in many areas, particularly on Java. 

The agricultural sector now faces a new set of challenges, such as crop 

diversification, urbanization and rising labor prices, new demands and marketing 

arrangements with the rise of supermarket chains, and global climate change (Timmer 

2005; Naylor et al. 2007b). It will be important for farmers and policymakers to preserve 

genetic diversity, minimize the use of harmful chemicals (including particular herbicides 
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as chemical weed control replaces hand weeding with increased labor costs), and balance 

incentives for productivity growth and rural poverty alleviation. The resilience of the 

Indonesian rice sector in biophysical, economic, and cultural terms will thus continue to 

be tested. 

 

Case II: Managing for Globalization in the Yaqui Valley, Mexico 

 

The story of the Yaqui Valley in Sonora, Mexico, also pertains to the Green Revolution, 

but in a very different context. The Yaqui Valley, located in Northwest Mexico along the 

Gulf of California, was actually the home for the Green Revolution in wheat in the late 

1960s. Because the region is agro-climatically representative of 40% of the developing 

world wheat growing areas, it was selected as an ideal place for the early wheat 

improvement program. It was here where Norman Borlag, an agricultural scientist who 

was later awarded a Nobel Peace Prize, introduced the first high-yielding dwarf varieties 

of wheat (Matson et al. 2005). Using a combination of irrigation, high fertilizer rates, and 

modern cultivars, Yaqui farmers produce some of the highest wheat yields in the world 

(Matson et al. 1998; FAO 1997). The Valley consists of 225,000 ha of irrigated wheat-

based agriculture, and is considered to be one the country's most productive breadbaskets 

(Naylor et al. 2001). However, its agricultural productivity has been threatened 

repeatedly in recent decades by drought, pests and pathogens, increased salinization, 

price shocks, and policy forces (Naylor and Falcon 2008), making it an interesting case 

study for resilience. 

Although the Yaqui Valley has some similarities with Indonesia in terms of the 

high-yielding seed technologies used, the story differs on at least four counts. First, the 

Valley is located in the Sonoran desert and depends fundamentally on irrigation from 

reservoirs, and to a lesser extent from groundwater pumping, for its intensive agricultural 

production. Second, while there are a large number of poor farmers in the region—

mainly in the ejido (collective agriculture) sector (Lewis 2002)—the Valley is 

increasingly characterized by larger, more wealthy farmers who operate over 50 ha 

apiece, and in some cases hundreds of hectares. Third, Yaqui farmers use high rates of 

chemical inputs; nitrogen applications for wheat, in particular, are among the highest in 
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the world and result in major losses to the environment through various biogeochemical 

pathways (Matson et al. 1998). Finally, the main economic and policy determinants of 

change for Yaqui Valley farmers originate at national and international scales and are 

often exogenous to production practices in the region (Naylor and Falcon 2008). 
With a semi-arid climate and variable precipitation rates, the Valley has relied on the 

development and maintenance of irrigation reservoirs for agricultural intensification. By 1963 

three major dams had been constructed supplying irrigation water to 233,000 ha (Naylor et al. 

2001). However, the construction of these reservoirs did not eliminate the region’s sensitivity 

to climatic extremes. For example the prolonged drought during 1994-2002 led to dramatic 

declines in total reservoir volume, increases in well pumping, and reduced water allocations to 

farmers, resulting in less than 20% of the total area in production in 2003 (Matson et al 2005). 

By this time, Valley farmers had completely drained the 64 km2 reservoir from the Rio Yaqui. 

Increased dependence on ground water from wells—water that tends to be more saline than the 

high-quality fresh water from reservoirs—in turn raised the risk of salinization, a problem that 

affects roughly one-third of the soils in the Valley. Rains returned to the region by 2005 and 

provided water to the reservoir once again, but policy incentives supporting the production of 

crops that are not drought or salt-tolerant continue to weaken the resilience of this desert agro-

ecosystem system. 

Policy has played an enormous role in agricultural development in the Valley, but it has 

often worked at odds with environmental quality and ecosystem health—and on occasion even 

with farm profitability (Naylor and Falcon 2008). Many of the policies affecting agriculture in 

the region have been macro-economic, focused on trade, exchange rates, interest rates, and 

national financial portfolio balances. The agricultural policies at the micro-level have been 

implemented in Mexico City for the country as a whole and not necessarily for the benefit of 

Yaqui farmers. 

During the 1980s, government involvement in almost all phases of the Mexican food 

system was pronounced. Significant price supports for agricultural products, large input 

subsidies on water, credit, and fertilizer, and major consumption subsidies on basic food 

products were justified primarily as poverty-alleviation policies. In the early 1990s the 

government under President Salinas began to withdraw government support in agriculture as 

part of a broader liberalization process that was occurring in other sectors of the economy. 
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New international trading arrangements were implemented for agriculture, mainly via NAFTA, 

which reduced trade barriers, motivated large changes in prices of many agricultural inputs and 

outputs, and thus dramatically altered relative prices to producers. Producer incentives were 

also altered by replacing price supports for wheat and other agricultural products with income 

supports—thereby de-coupling government payments from total production, which hurt 

farmers in this high-yield region of Mexico. During this period, the government reduced its 

institutional involvement in agriculture, e.g., by reducing consumer food subsidies, privatizing 

the nationalized Mexican Fertilizer Company (FERTIMEX), removing or reducing 

government credit subsidies, and largely eliminating public extension services. Finally, the 

operating authority and funding responsibilities for irrigation systems were decentralized from 

federal to local water-user groups via the Water Laws of 1992 and 1994, and a constitutional 

change in land rights (Article 27) in 1992 made possible the (legal) sale and rental of ejido land 

(Naylor et al. 2001; Naylor and Falcon 2008). 

The overall intentions of these numerous policy changes were to integrate Mexican 

agriculture into the global economy, improve efficiency of production, and increase private 

sector involvement. But Yaqui farmers were exposed to markets in unprecedented ways. They 

were also hit by a series of external shocks—pest attacks, drought, large fluctuations in world 

commodity markets, and a major devaluation of the exchange rate—that fundamentally altered 

the economic and biophysical environment in which they operated. In principle, the full suite 

of policies could have led to greater input use efficiency (e.g., water and nitrogen), resulting in 

“win-win” solutions for farm profitability and the environment. However, despite higher 

marginal costs, farmers did not reduce fertilizer and water applications until forced to do so 

with the drought (Manning 2002; Addams et al. 2008). Moreover, Mexico’s main agricultural 

trading partner—the U.S.—continues to subsidize its wheat farmers in many indirect ways, 

leaving Yaqui farmers at a competitive disadvantage unless they are also subsidized. Some 

farmers have attempted to diversify production into high-valued crops, livestock, or 

aquaculture, but the economic and biophysical risks of doing so remain high.   

Economic and policy changes affecting agricultural decision-making in the Yaqui 

Valley in the 1990s were largely exogenous to the farming system. However, farmers in 

this highly commercialized region of Mexico are not just “policy-takers”. They also do 

have a voice in the development of national agricultural policies. Their declining 
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competitive position relative to the U.S., coupled with the fall in international commodity 

prices in the latter part of the decade, induced an intensive lobbying effort that ended with 

the reenactment of commodity price supports in 2000 for the bulk crops such as wheat, 

maize, and cotton. Yaqui farm groups were not solely responsible for the renewed 

protection, but they had—and continue to have—a persuasive influence on other farm 

groups in Mexico and a history of political power in Mexico City. Three Mexican 

presidents came from the Valley’s main city, Cuidad Obregon, and the connection 

between large farm organizations in the Yaqui Valley and politicians in Hermasillo (the 

state capital) and Mexico City have traditionally been strong. When lobbying has not 

worked, farm groups have resorted to other tactics, such as threatening to close down the 

highway that runs through the state of Sonora to the U.S. border. 

 The policy shift back toward protection at the turn of the 21st century raises 

important questions for the future sustainability and resilience of Yaqui Valley 

agriculture. Will farmers continue to grow wheat, corn, and cotton as a result of the 

economic security stemming from policy support—despite the fact that these crops 

demand high fertilizer, pesticide, and water inputs? If so, will improvements in input use 

efficiency be sufficient to reduce the cost-price squeeze that farmers have experienced in 

the past, and to lessen the impact on the environment? Will farmers continue to band 

together in the promotion of these crops in order to preserve their “safety in numbers”? 

Answers to these questions will depend on agricultural policy dynamics within Mexico—

driven in large part by the tension between northern commercial interests versus southern 

social interests—and between Mexico, the U.S., and Europe. Managing for resilience 

thus requires the participation of policymakers outside of the agricultural system in 

question. As long as the U.S. and the EU persist in subsidizing wheat, maize, and cotton 

through various policy instruments, Mexico will likely be forced politically to subsidize 

these crops as well. The future course of commodity protection in Mexico will depend 

importantly on progress related to agricultural trade negotiations within the World Trade 

Organization, the 2007 U.S. Farm Bill, EU farm policy, and trends in international 

commodity prices. This progress will be influenced, in turn, by a set of emerging issues 

within the world food economy, including the industrial livestock revolution, the biofuels 

boom, and global climate change. 
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Emerging Issues for Resilience-Based Management 

 

A key feature of resilience-based management is to anticipate change and adjust 

accordingly in order to preserve long-run ecological function and human welfare. There 

are at least three major transitions confronting global food production systems today that 

are worth considering in this context: growth in industrial livestock systems, the rising 

use of crops for fuel, and global climate change. The first two cases can be thought of as 

demand-driven changes, while the third is primarily supply-driven. In all cases, policies 

directed toward both the agriculture and energy sectors will play a role in determining the 

resilience of food production systems. 

 

Industrial livestock 

 

Domesticated livestock have played a role in human societies and evolution for the past 

ten thousand years, providing important sources of protein, fertilizer, fuel, traction, and 

transport (Diamond 1997; Smith 1998). Traditionally, livestock have been an integral 

part of agricultural systems, raised close to their food source and used as an input (soil 

nutrients and traction) in crop production. In recent decades, however, livestock has 

become industrialized, often raised far from its feed source and traded internationally 

(Naylor et al. 2006; Galloway et al. 2007). At the heart of this transition is very rapid 

income-driven growth in meat demand, particularly in parts of the developing world such 

as China, Southeast Asia, and Latin America (Steinfeld et al. 2006). In addition, 

relatively inexpensive feeds, improved transportation, technological innovations in 

breeding and processing, concerns over food safety, and vertical integration of the 

industry have led to industrialization and spatial concentration of intensive livestock. 

Urbanization and development of large-scale retail chains further contribute to 

intensification of livestock systems (Steinfeld et al. 2006). 

 A dominant feature of the geographic concentration of livestock—and one that 

has major implications for the resilience of the sector—is the de-linking of animal 
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production from the supporting natural resource base. Feed is sourced on a least-cost 

basis from international markets, and the composition of feed is changing from 

agricultural by-products to grain, oil-meal, and fishmeal products that have higher 

nutritional and commercial value (Naylor et al. 2006; Galloway et al. 2007). Synthetic 

fertilizers as opposed to animal manure are used to fertilize crops, and machines are used 

instead of animal traction to plow the land—both contributing to higher fossil fuel inputs 

and greater greenhouse gas emissions. The pattern of industrialization is particularly 

striking for monogastric animals (poultry and hog sectors), which utilize concentrated 

feeds more efficiently than ruminants (cattle, sheep and goats) and which have short life 

cycles that favor rapid genetic improvements (Smil 2002). Pork and poultry products also 

tend to be less expensive for developing-country consumers; as a result, industrial 

livestock production is expected to meet most of the income-driven doubling in meat 

demand forecast for developing countries in the coming decades (FAO 2005). 

 Meat and other livestock products have a high income elasticity demand—that is, 

when incomes grow, expenditures on livestock products grow rapidly (Steinfeld et al. 

2006).  A classic relationship exists between incomes and direct (food) versus indirect 

(feed) demand for grains (Figure 12.4). As incomes rise, more grain and oil seed crops 

are needed to feed the human population via the livestock sector, which in turn has 

detrimental effects on global land and water resources. Through grazing and feed crop 

production, livestock is the largest global user of land resources, occupying almost one-

third of the ice-free terrestrial surface of the earth (Steinfeld et al. 2006; Galloway et al. 

2007). With industrialization, land use change associated with livestock is being driven 

increasingly by feed crop production as opposed to grazing, although grazing remains a 

major form of land use (Figure 12.1). A similar pattern holds for water resources: 

agriculture dominates global water use, and a growing share of crop production is now 

devoted to animal feeds. 

 

Insert figure 12.4: direct and indirect grain consumption 

 

 The de-linking of livestock production from the land base, and the increasing 

intensity of irrigation and synthetic fertilizer applications for feed crop production, have 
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internal and external impacts that are often obscured by the lack of appropriate market 

valuation for agricultural water use and pollution. Moreover, with international trade in 

livestock products now growing faster than production, the link between consumers and 

producers has weakened—effectively eliminating the accountability that livestock 

consumers might feel in relation to the products they eat (Galloway et al. 2007). Policies 

also play a role in promoting feed grain and industrial livestock production in many 

countries, even when factor scarcity or resource constraints might otherwise lead to a 

decline in the livestock sector. Finally, the emerging dominance of industrial livestock 

has curbed the market access for livestock producers in small scale or extensive pastoral 

systems, most of whom live in poor rural communities (Steinfeld et al. 2006). The 

intensification of livestock has increased global protein consumption in both developing 

and developed countries. However, it is essential that these systems be managed to 

strengthen economic and ecological feedbacks through improved nutrient cycling, 

efficient water use, and food safety measures. If livestock production remains decoupled 

from its supporting resource base, the resilience of food production systems at local to 

global scales remains in question. 

 

The Biofuels Boom 

   

The integration of the global agricultural and energy sectors caused by recent and rapid 

growth in the biofuels market raises even more serious questions than industrial livestock 

in terms the resilience of food production systems. Investments in crop-based biofuels 

production have risen recently around the world as countries seek substitutes for high-

priced petroleum products, greenhouse-gas-emitting fossil fuels, and energy supplies 

originating from politically unstable countries. Some countries such as the U.S. are also 

supporting crop-based biofuels production as a means of rural revitalization. Growth in 

the biofuels sector raises two important questions concerning the resilience of food 

production systems. First, can agro-ecological systems be sustained environmentally 

given the degree of intensification needed to meet biofuels production targets in various 

countries over time? And second, as greater demand pressure is placed on agricultural 

systems—and as agricultural commodity prices rise in response—can food security be 
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maintained for the world’s poorest populations? In answering these questions, a few 

trends seem clear. Total fuel energy use will continue to escalate as incomes rise in both 

industrial and developing countries, and biofuels will remain a critical energy 

development target in many parts of the world if petroleum prices remain high. Even if 

petroleum prices dip, policy support for biofuels as a means of boosting rural incomes in 

several key countries will likely generate continued expansion of biofuels production 

capacity over the next decade (Naylor et al. 2007a). 

 The rising use of food and feed crops for fuel is altering the fundamental 

economic dynamics that have shaped global agricultural markets for the past century. 

Although both energy and food demand rise with income growth, the rate of increase is 

much greater for energy, as shown in Figure 12.5.  Engel’s Law, coupled with impressive 

increases in world food production have led to a steady trend decline in real food prices 

in international markets for the past several decades. But this pattern is changing with the 

new linkages between the agriculture and energy sectors. As energy markets increasingly 

determine the value of agricultural commodities (Cassman et al, 2006; Schmidhuber 

2007), the long-term trend of declining real prices for most agricultural commodities is 

likely to be reversed and Engel’s Law overridden (Naylor et al. 2007a). 

 

Insert figure 12.5: Engel’s law figure 

 

Over the short-term this reversal, while potentially helping net food producers in 

poor areas, could have large negative consequences for the world’s food insecure, 

especially those who consume staple foods that are direct or indirect substitutes for 

biofuels feedstocks. Sugarcane, maize, cassava, palm oil, soy and sorghum—currently 

the world’s leading biofuel feedstocks—comprise about 30% of mean calorie 

consumption by people living in chronic hunger around the world (Naylor et al. 2007a). 

The use of these crops for global fuel consumption could thus increase the risk of global 

food insecurity, particularly if rural income growth is not rising in parallel. Rising 

commodity prices for feedstock crops and their substitutes (e.g., maize, soy, wheat, and 

cassava) also has a direct impact on the livestock industry, since these crops are an 

important feed ingredient, particularly for pork and poultry. 
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On the supply side, the growth in biofuels globally and regionally creates risks of 

environmental decay and resource exhaustion (Naylor et al. 2007a). For example, the 

U.S.—now one of the two largest global bio-ethanol producers along with Brazil—is 

fundamentally constrained in how much maize can be produced for fuel by both land area 

and yield potential. Although maize area has expanded at the cost of other crops such as 

soy in recent years, price feedbacks limit the amount of area substitution that will occur 

over time (Figure 12.2). Some agricultural lands that were previously removed from 

production for programs like the Conservation Reserve Program (CRP) are now being 

brought back into maize cultivation (Imhoff 2007). In the 2008 Farm Bill, the U.S. 

Department of Agriculture (USDA) is proposing to give priority on re-authorization of 

CRP contracts to whole-field enrollment for lands utilized for biomass production or 

energy (mainly cellulosic feedstocks). Unless such biomass systems include a diverse 

mixture of perennial crop species, introducing monocultures into CRP lands will likely 

have adverse effects on biodiversity and wildlife habitat—two main CRP goals. The yield 

potential for U.S. maize is also limited in terms of genetic gains (Cassman and Liska 

2007); most yield growth is likely to come from additional inputs (fertilizers, water), 

creating additional environmental stress to supporting and surrounding ecosystems unless 

input use efficiency improves dramatically (Cassman et al. 2003; Cassman et al. 2006). 

There are several other examples where crop production for biofuels potentially 

lowers the ecological resilience of food production systems worldwide (Naylor et al. 

2007a). For example, oil palm produced in the rainforests of Borneo for biodiesel and 

food can cause habitat destruction, a loss of biodiversity, degraded water and air quality, 

the displacement of local communities, and a change in regional climate. Crop production 

in low-productivity, hillside areas of China for bio-ethanol can cause soil erosion and 

flooding. The substitution of maize for soy in the U.S. can lead to increased soy 

production in the Amazonian rainforest, thus potentially causing biodiversity loss and a 

change in regional climate. The wide range of ecological, environmental, and food 

security effects of biofuels production are just starting to be measured and documented. 

Strategies for managing crop-based biofuels development for resilience need to focus on 

the implications for land use (soil erosion, biodiversity), water use (quantity and quality), 

air quality, and net energy and climate outcomes. 
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A key to enhancing the resilience of food production systems in an era of biofuels 

will be the emergence of economically and technologically feasible sources of cellulosic 

fuels that can be grown on degraded lands (Tilman et al. 2006). Current cellulosic 

biomass-to-fuel conversion processes are still under development, and large-scale 

harvesting, storage, and refinery systems are not yet cost-effective (Naylor et al. 2007a). 

Moreover, water requirements for large-scale cellulosic ethanol conversion and 

infrastructure costs also are not well understood but could be significantly higher than for 

maize bio-ethanol according to some expert estimates (Wright and Brown 2007). Due to 

these and other constraints, observers predict that mature technology for large-scale 

deployment of cellulosic biofuels production is at least 10 years away (Himmel et al. 

2007), although smaller-scale biomass systems using more rudimentary technology have 

long been viable for local fuel production. The coupling of the agricultural and energy 

sectors at regional to global scales through the development of crop-based biofuels is thus 

likely to play an important role in the resilience of food production systems for decades 

to come. 

 

 Global Climate Change 

 

A third—and arguably the most dominant—emerging influence on resilience in food 

production systems worldwide is global climate change. The fourth report of the 

Intergovernmental Panel on Climate Change (IPCC) released in 2007 presented strong 

scientific data and consensus once again that the global climate is changing, and that 

humans are both causing and will be damaged by this change (IPCC 2007). The 

agricultural sector is likely to be affected more directly than any other sector by rising 

temperatures throughout the world, sea level rise, changing precipitation patterns, 

declining water availability, new pest and pathogen pressures, and declining soil moisture 

in many regions. The agricultural sector is also contributing to climate change through 

nitrous oxide emissions from fertilizer use (denitrification) and methane release from rice 

fields and ruminant livestock (e.g., dairy and cattle) (Steinfeld et al. 2007). 

Predicting climate conditions decades in advance involves uncertainty about 

future emissions of greenhouse gases at the global scale; the sensitivity of atmosphere, 
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ocean, and terrestrial dynamics to greenhouse gas concentrations; and biophysical 

feedbacks among these systems over time. Nonetheless, there is broad consensus among 

the some 20 global climate models (GCMs, also known as general circulation models) 

considered by the IPCC on three points (IPCC 2007). First, all regions will become 

warmer. The marginal change in temperature will be greater at higher latitudes, although 

tropical ecosystems are likely to be more sensitive to projected temperature changes due 

to the evolution of species under more limited seasonal temperature variation (Deutsch et 

al. 2007). Second, soil moisture is expected to decline with higher temperatures and 

evapotranspiration in many areas of the sub-tropics, leading to sustained drought 

conditions in some areas and flooding in other areas where rainfall intensity increases but 

soil moisture decreases. Third, sea level will rise globally with thermal expansion of the 

oceans and glacial melt. 

Projections of future regional and seasonal precipitation patterns reflect 

substantial variation (Allen et al. 2004; Chou et al. 2004; IPCC 2007). Most models 

project increased rainfall with warming in the deep tropics and at high latitudes, and 

decreased rainfall over large land areas of the subtropics—that is, regions that are 

currently wet are expected to become wetter, and dry regions are expected to become 

drier. However, the annual cycles of rainfall are unclear from the GCMs. For the tropics 

as a whole, and especially for the monsoons, the location and pattern of rainfall is less 

certain in the models. For the African continent, most GCMs predict warming and drying 

in the northern and southern countries, but the models currently depict large uncertainty 

regarding future rainfall levels and patterns in East, Central, and West Africa, including 

the Sahel (IPCC 2007). In general, there is much greater consensus regarding future 

direction of temperature changes than future precipitation changes (IPCC 2007). 

How the anticipated changes in global climate will affect agricultural productivity 

around the world and the resilience of food production systems depends on regional 

patterns of change and the ability of countries within each region to adapt over time. 

Again, there is much uncertainty in the distribution of future impacts, but some regional 

predictions can be made with reasonable confidence—ignoring, for the moment, 

adaptation. For example, sea level rise will be most devastating for small island states and 

for countries such as Bangladesh that are low-lying and highly populated. Large areas of 
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Bangladesh already flood on an annual basis and are likely to be submerged completely 

in the future, leading to a substantial loss of agricultural land area, even for deep water 

rice. Moreover, the rapid melting of the Himalayan glaciers, which regulate the perennial 

flow in large rivers such as the Indus, Ganges, Brahmaputra, and Mekong, is expected to 

cause these river systems to experience shorter and more intense seasonal flow and more 

flooding—thus affecting large tracks of agricultural land. Moderate temperature changes 

are likely to be more positive for agricultural yields in high latitudes than in mid- to low-

latitudes (Parry et al, 2007 WGII of IPCC). In addition, CO2 fertilization will benefit 

some crops in the mid-latitudes (provided that temperature changes are not extreme and 

sufficient water is available for crop growth) until mid-century—at which time the 

deleterious effects of temperature and precipitation changes are expected to offset CO2 

fertilization benefits. Food insecure populations, particularly in southern Africa and 

South Asia, will likely face greater risks of low crop productivity and hunger due to 

increased temperature; yield losses could be as high as 30-50% for some crops in these 

regions if adaptation measures are not pursued (Lobell et al. 2008). Africa as a whole is 

particularly vulnerable to climate change since over half of the economic activity in most 

of the continent’s poorest countries is derived from agriculture, and over 90% of the 

farming is on rainfed lands (Parry et al. 2004; World Bank 2007; Easterling et al. 2007). 

Despite these potential impacts, adaptation will largely influence the resilience of 

any particular agricultural system. Adaptation measures range in size and expense, with 

activities such as the shifting of planting dates or substitution among existing crop 

cultivars at the low end, to the installation of new irrigation infrastructure or sea walls at 

the high end (Lobell et al. 2008). A common assumption is that agricultural systems will 

shift geographically over time to regions with suitable agro-climatic conditions (e.g., 

crops will move northward with warmer temperatures)—resulting in little net impact on 

global food supplies in the future. However, the geographic movement of crops with 

climate will only occur with extensive genetic manipulation through breeding. Moreover, 

the ability of plant geneticists and breeders to respond to climate change will require the 

continued collection, evaluation, deployment and conservation of diverse crop genetic 

material (Naylor et al. 2007c). Because climate change will also affect wild relatives of 

plants and hence the in situ genetic stock on which the agricultural sector fundamentally 
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depends (Jarvis et al. 2008), there is an urgent need to invest in crop genetic conservation 

for resilience, particularly in cases where ex situ genetic resources (genetic material 

stored in gene banks) are scarce (Fowler and Hodgkin 2004). 

Overall, there are three important points to consider with respect to the resilience 

of food production systems under a changing climate. The first is that poor farmers tend 

to have fewer resources at their disposal than wealthy farmers—either at the household, 

community, or state levels—for adaptation. They typically do not have access to 

irrigation, a wide selection of seed varieties, knowledge of alternative cropping systems, 

credit, or personal savings (Dercon 2004; Burke et al. 2008). Second, because adaptation 

strategies that benefit the greatest numbers of producers involve large-scale investments 

(e.g., irrigation, breeding for new cultivars), there is a “public good” aspect to adaptation 

that cannot be ignored. Governments and the international donor community have a role 

to play in ensuring that adaptation can occur in both rich and poor countries to protect the 

resilience of food production systems. Finally, providing information to policymakers, 

farmers, and agro-businesses throughout the world on climate change and its potential 

impacts is needed now—particularly in poor countries where such information is often 

lacking—in order to motivate private sector solutions to the problem in both the short and 

long run. Substantial investments in education, information, infrastructure, and new crop 

varieties suited to the projected climate will be required to sustain all aspects of food 

production systems: food security, rural communities, agro-ecosystems, crop genetic 

diversity, and agricultural yield growth. Without a forward-looking vision, the resilience 

of agricultural and livestock systems will undoubtedly erode.   

 

Conclusion 

 

The 21st Century marks a new era for global food production systems along several axes. 

There has never been a time when the human population has approached 8 billion people, 

with growing demands for food and animal feeds. Nor has there been a time when the 

agricultural sector promises to be so tightly linked with the energy sector in terms of 

price level and volatility. Widespread urbanization is consuming fertile agricultural land 

and water, and at the same time is creating greater demands for food from the arable land 
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that remains in production. Globalization is leading to the integration of agricultural 

commodities, inputs, and financial markets over space and time that increasingly de-

couple consumption from production and leave farmers vulnerable to swings in factor 

and output prices and to volatility in the cost of financial capital. And perhaps most 

daunting, climate change over the course of the 21st Century will alter modern food 

production systems in unprecedented ways and threaten food security in many poor 

regions of the world. Crop yields are predicted to decline dramatically in many areas as a 

result of climate change—just at a time when rising demands from population growth, 

income growth, biofuels expansion, and urbanization require significantly higher yield 

growth than in the past. 

 Designing strategies to ensure resilience in food production systems in this new 

biophysical and socioeconomic era will require focused attention by agricultural 

scientists, policymakers, international development agencies and donors, industry leaders, 

entrepreneurs, resource managers, crop seed collectors and conservation experts, NGOs, 

and food producers and consumers throughout the world. How should agricultural 

systems be designed and managed to meet the challenges ahead? What incentives should 

be provided to farmers to guarantee a wide range of ecosystem services from agriculture 

beyond “the global pile of grain”? How can food security, food quality, and 

environmental quality be ensured for the generations to come? 

Answering these questions is not an easy task, particularly given the diversity of 

groups involved in the global agricultural enterprise and their differing priorities with 

respect to production, income, culture and environmental goals now and in the long-run 

future. Despite such complexity, the transition toward resilient food production systems 

will require three main steps (Lambin 2007). The first step involves a widespread 

recognition that the biophysical and socio-economic conditions of the 21st Century are 

markedly different than the past, and that many crop and animal production systems will 

need to be redesigned fundamentally. Some principles could help shape this process of 

redesign. For example, given the growing resource constraints on agriculture, it is time to 

focus more on adapting crops and animals to the local resource base and nutritional 

needs, rather than transforming the resource base to meet specific commodity production 

targets. Does it make sense to grow water-intensive crops in irrigated desert ecosystems 
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or erosion-prone crops on hillsides? Or does it make sense to decouple crops from 

livestock and use large amounts of fertilizers to produce feed? Should native legume-

based systems or intercropping be further encouraged in poor areas of Sub-Saharan 

Africa or South Asia where soil fertility is low, fertilizers expensive, and protein 

deficiencies high? The shift toward production systems that are more compatible with the 

human and natural resource base leads to another principle for redesign: the promotion of 

crop diversity on local to global scales. With the projected magnitude of climate changes 

to come, it will be necessary to encourage a wide range of cropping systems that are 

suitable for the future climate, not just to adapt existing crops—particularly the major 

crops of maize, rice, and wheat—to increased temperature or drought tolerance in 

existing areas. Creating a resilient path for food production systems worldwide begins, in 

the words of Wendell Berry (2005) “in the recognition and acceptance of limits”. It also 

begins with a broad understanding of the economic, social, and climate forces that are 

changing the agricultural landscape. 

In order to promote a vision of redesign operationally, two other steps must be 

taken. First, government policies influencing the trajectory of food production systems 

need to be altered in order to re-couple agriculture with its environmental support 

systems (Robertson and Swinton 2005). For example, distortionary policies that 

encourage crop or animal production that is incompatible with resource constraints 

should be discarded, and incentives to improve the efficiency of input use and eliminate 

external impacts from agriculture should be introduced. The difficulty lies in the many 

policies created without agriculture or livestock in mind (such as macro policy), which 

affect the profitability and structure of food production systems. Moreover, a wide range 

of policies initiated by different agencies with little or no overlap typically shape food 

production systems within any country, a point made clearly by the current role of energy 

policy and agricultural policy in the U.S. Given the enormous influence of policies on 

crop and animal systems throughout the world, aligning economic incentives for 

resilience is perhaps the most challenging step. 

The third and final step toward the resilience transition is to promote the scientific 

and information tool kit that enables farmers to anticipate and respond to change within 

the local cultural context. The scientific tool kit is broad and includes emerging 



 32 

knowledge from a wide range of disciplines (e.g., genetics, agronomy, biology, 

hydrology, climate science, economics) to improve management practices, breeding 

efforts, cultivar development and deployment, local adaptation to climate change, water 

availability, and options for income and nutritional enhancement. Advanced genetics will 

play a key role in identifying desired crop traits and increasing productivity of both major 

and minor crops under evolving stresses; this field extends beyond the use of genetically 

modified organisms to include marker-assisted breeding and bioinformatics (Naylor et al. 

2004). Integrated management practices that improve input use efficiency (water, 

nutrients) will be equally, if not more important for enhancing crop productivity, 

incomes, and environmental services in all areas of the world (Cassman et al. 2003). 

Finally, the use of new information technology, such as remote sensing images and 

geographic information systems (GIS) to identify yield gaps, input use efficiencies, soil 

and water constraints, and climate projections on regional scales, could help transform 

the ability of farmers in both rich and poor countries to respond to resource and climate 

changes over time (Cassman 1999; Lobell and Ortiz-Monasterio 2008). 

The main point is that efforts are needed to develop the full tool kit as an 

integrated package throughout the world, thus helping to preserve options for future 

adaptation to change (Solow 1991). Such efforts will require the institutional 

commitment of international agriculture and development agencies and donors, as well as 

the commitment of national governments, to reach farmers in all regions (Falcon and 

Naylor, 2005). Many farmers are already redesigning their agricultural systems to meet 

local needs and constraints. It is now time for the global community to embrace a vision 

of redesign of food production systems to meet human needs without compromising 

future options, cultural integrity, and environmental quality. 
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Box 12.1: Shifting Cultivation 

Food production systems have experienced an evolution from extensive to intensive 

cultivation in many parts of the world as a result of continued population growth on a 

limited land base. Yet extensive slash-and-burn production systems still exist on about 1 

million ha of the earth’s land surface, and account for 22% of all agricultural land in the 

tropics (Giller and Palm 2004; Palm et al. 2005). In these systems, land is typically 

cleared by burning and cultivated for several cycles until there is a significant loss in soil 

fertility (see Chapter 2). The land is then fallowed in order to recuperate its natural 

vegetation and nutrients. If the land is given sufficient time to recover, it can be cleared 

and cultivated again after a number of years in a sustainable fashion. However, if the land 

is farmed too long and is not given sufficient time to recover, excessive nutrient loss 

causes yields to decline and forces farmers onto more marginal lands. Under these 

circumstances, the ecosystem may not revert back to a mature forest, but instead develop 

into grassland that is much less productive biologically (Conway 1997). For this reason, 

shifting cultivation is often blamed as a primary cause of detrimental land-use change, 

most notably of tropical deforestation (Amelung and Deihl 1992; Myers 1993; Rerkasem 

1996; Ranjan and Upadhyay 1999). 

 Shifting cultivation is designed to be resilient through time rather than space (Fox 

et al. 1995). In other words, when a farmer clears, cultivates, and fallows land for 

sufficient time, the land changes—in fact its ecological structure may change 

dramatically—but as time passes, it returns to alternative stable states of high resilience. 

Soon after the land is cleared, conditions are generally good for planting; there are 

abundant nutrients from the ashes of burned vegetation, and stressors such as weeds and 

pests are low. The land can be used to farm productively for a few years before stressors 

become prohibitive, at which point it must be abandoned in order to permit forest re-

growth. Forests have natural stabilizing components such as a diversity of flora and fauna 

(that prevents sudden population swings) and long-living trees (that retain nutrients and 

maintain productivity). Given sufficient time to recuperate, forests generally represent a 

resilient system with productive soils, ample water, and resistance to pests, all of which 

are important for productive farming activities (Ewel 1999). 
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 The key to resilience in these systems is timing. It is thus important for managers 

to understand the determinants of reduced fallow periods or expansion into marginal 

land. Growth in the human population dependant on slash-and-burn agriculture is the 

leading culprit of such change; more food is demanded from the system, and there is 

simply not time to wait for full forest recuperation unless crop yields can be improved 

with some form of productive intensification. Other factors are also important; for 

example land privatization can disrupt a sustainable clear-cultivate-fallow cycle, and 

access to new markets can provide incentives to farm for profit rather than for 

subsistence, perhaps resulting in less resilient monocultures (Bawa and Dayanandan 

1997; Amelung and Diehl 1992; Angelsen and Kaimowitz 1999). The introduction of 

intensive and diverse agro-forestry systems is one avenue for resilience-based 

management in the face of continued population growth (Palm et al. 2005). The 

establishment of institutions and policies that support a transition from degraded, 

extensive systems toward more productive, intensive systems is essential as population 

pressures erode the existing land base (Box Figure 12.1, taken from Palm et al. 2005). 
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Figures 
Fig. 12.1: Global Agricultural Land Use 
Source: FAOSTAT Database, 2006. FAO, Rome. 12 Nov 2006 (FAOSTAT accessed 
Nov 27, 2007). Agricultural area refers to: (a) arable land - land under temporary crops, 
temporary meadows for mowing or pasture, land under market and kitchen gardens and 
land temporarily fallow (less than five years). The abandoned land resulting from shifting 
cultivation is not included in this category. Data for arable land are not meant to indicate 
the amount of land that is potentially cultivable; (b) permanent crops - land cultivated 
with crops that occupy the land for long periods and need not be replanted after each 
harvest, such as cocoa, coffee and rubber; this category includes land under flowering 
shrubs, fruit trees, nut trees and vines, but excludes land under trees grown for wood or 
timber; and (c) permanent pastures - land used permanently (five years or more) for 
herbaceous forage crops, either cultivated or growing wild (wild prairie or grazing land).  
 
Fig. 12.2: Market dynamics of Agricultural Supply and Demand  
Y-axis = price; x-axis = quantity.  D = demand curve;  S = supply curve.  Panel (1) – 
rising demand for maize leads to growth in supply along the curve that includes 
production at higher marginal costs.  Panel (2) – longer run shift in supply due to 
technical change induced by higher prices.  Panel (3) – higher maize prices increase 
demand for wheat in livestock markets, causing wheat prices to rise.  Panel (4) – greater 
area sown to maize reduces area planted to soy, causing soy prices to rise. 
 
Fig. 12.3: Resilience Trajectory 
The ability of the agroecosystem to maintain productivity and its income stream when 
subject to a stress or shock. 
 
Fig. 12.4: Direct and Indirect Grain Consumption  
 
Fig. 12.5: Energy and Agricultural Consumption with Income Growth 
 
Fig. Box 12.1: Land Use Intensification Pathways 
Land use intensification pathways and changes in stocks of natural capital such as carbon 
and nutrient stocks, biodiversity, and other ecosystem services, with time and increasing 
population density in the tropics (Sanchez et al. 1998). Line a represents the usual pattern 
of land degradation and eventual rehavilitation when the proper policies and institutions 
are in place, line b represents the continued state of degradation that can occur in the 
absence of appropriate policies and institutions, and line c represents the desired course 
where there is little degradation of the resource base yet improved livelihoods are 
achieved. 
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Fig. 12.3: Resilience Trajectory 

 
 
 
 
 
 
 
 
 
 
Fig. 12.4: Direct and Indirect Grain Consumption  
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Fig. 12.5: Per capita cereal consumption (black) and energy consumption (red) as a 
function of income, 2003 

 
 
 
 
 
 
Fig. Box 12.1: Land Use Intensification Pathways 
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