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SYMPOSIA

Efficiency in use of natural resources has been central to agri-
cultural practice for over 10,000 yr. Ever since humans inter-

vened in natural ecosystems to gather food, there has been interest in 
raising the effi  ciency of agro-ecosystems. If effi  ciency is simply the 
level of output per unit of input, “eco-effi  ciency” targets this simple 
notion toward the production of food and fi ber products relative to 
the ecological resources used as inputs, mainly land, water, nutrients, 
energy, or biological diversity. Such focus should not be considered 
in isolation of the critical human and economic dimensions of labor 
and capital nor ignoring outputs such as environmental loads on 
wider ecosystems—nutrient, salt, acid, or sediment losses to terres-
trial, aquatic, or marine ecosystems, greenhouse gas emissions to the 
atmosphere—or other ecosystem services that might be positively or 
negatively infl uenced by agricultural practice. It is generally consid-
ered that the term eco-effi  ciency was coined by the World Business 
Council for Sustainable Development around the 1992 Rio Earth 
Summit (WBCSD, 2000) to provide a concept for the engagement 
of the private sector. During the past decade the concept has been 
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applied more directly to agriculture and specifi cally eco-effi  -
cient agriculture for the rural poor (CIAT, 2009).

Yield per unit land area is the simplest and most widely 
used eco-effi  ciency measure for fi eld crops. However, 
there are inevitably multiple effi  ciency measures at play 
at the same time, such as water use effi  ciency (yield per 
unit of water used, e.g., rainfall, stored soil moisture, and/
or irrigation), nutrient use effi  ciency (yield per unit nutri-
ent uptake or nutrient supplied), radiation use effi  ciency 
(biomass produced per unit radiation intercepted), labor 
effi  ciency (production per unit labor invested), return on 
capital (profi t as a fraction of capital invested), and so on.

Even within these simple ratios, there are multiple ways 
that effi  ciency can be measured. For example, nutrient use 
effi  ciencies can be defi ned in a number of diff erent ways: 
crop yield per unit of nutrient applied (partial factor pro-
ductivity); crop yield increase per unit of nutrient applied 
(agronomic effi  ciency); nutrient in harvested crop per unit 
of nutrient applied (partial nutrient budget); or increase 
in above-ground crop uptake per unit of nutrient applied 
(recovery effi  ciency). Additionally, nutrient use effi  ciency 
calculations may only consider nutrient inputs derived from 
chemical fertilizers or may include contributions from the 
mineralization of nutrients in soil organic matter, crop resi-
dues, or manures and over several crop cycles. Such calcula-
tions could also be undertaken in terms of economic return 
per cost invested to quantify the fi nancial benefi ts to farm-
ers of enhancing nutrient use effi  ciency.

Broadly, eco-effi  ciency can cover the interrelation-
ships and trade-off s among a host of production, con-
servation, economic, and social values at landscape scale 
(e.g., Groot et al., 2007). In this context, some effi  ciency 
measures can relate two or more system outputs, such as 
harvested product per unit nutrient lost by leaching or per 
unit of habitat loss or biodiversity impact or value per unit 
greenhouse gas emissions.

In this paper we fi rst review the eco-effi  ciency concept as 
it applies to agriculture today, its multidimensionality, and its 
relevance over diverse spatial and temporal scales. Second, we 
examine contemporary food production challenges through 
the eco-effi  ciency lens. What role will effi  ciency of natu-
ral resource use need to play in addressing emerging global 
challenges around food security for our growing population? 
Finally, we look for guidance for agricultural science. How 
can we better diagnose the nature of resource use ineffi  ciency 
in the diverse agricultural systems of the world, and what 
agro-technical solutions are likely to have greatest benefi t for 
human development and food security?

MULTIDIMENSIONALITY 
OF ECO-EFFICIENCY

Eco-effi  ciency is invariably infl uenced by multiple 
factors interacting on growth and development processes 
in nonlinear and nonadditive ways. In a classic paper on 

“Resource Use Effi  ciency in Agriculture,” C.T. de Wit 
(1992) explores the interactive nature of diff erent produc-
tion factors in terms of Liebig’s Law of the Minimum, 
Liebscher’s Law of the Optimum, and Mitscherlich’s Law 
of Constant Activity. All these yield response functions 
refl ect, ceteris paribus, decreasing returns to increases in 
the supply of one production factor. While these response 
curves diff er in the way multiple growth factors interact to 
determine growth or yield, de Wit concluded that Lieb-
scher’s Law of the Optimum best described the observed 
growth responses: “It may be concluded, with some reservations 
regarding the control of pests, diseases and weeds, that no produc-
tion resource is used with any less effi  ciency and that most produc-
tion resources are used more effi  ciently with increasing yield level 
due to further optimizing of growing conditions.”

While de Wit (1992) argues that the totality of 
resources are utilized most effi  ciently when their sup-
plies are all close to yield-optimizing levels, the reality of 
a response curve for any single factor is that the highest 
increments in output are achieved for the fi rst increments 
in inputs and effi  ciency declines thereafter. The phenom-
enon of decreasing effi  ciencies with increasing inputs is 
well illustrated for yield response to N fertilization. At a 
global scale, N fertilizer use on cereals increased by sev-
enfold between 1960 and 1995, cereal yields more than 
doubled, and the N fertilizer effi  ciency (partial factor 
productivity: cereal yields divided by N fertilizer inputs) 
declined from over 70 to around 25 kg grain per kg N 
(Tilman et al., 2001).

Eco-effi  ciency can also be examined at diff erent spa-
tial scales. At the cellular level, the effi  ciency with which 
solar radiation drives the transformation of atmospheric 
CO

2
 to carbohydrates can be expressed in terms of pho-

tosynthetic rates, which in turn are infl uenced by ambient 
CO

2
 concentrations, climatic conditions (such as light and 

temperature), and genetic factors (such as photosynthetic 
metabolic pathways) as well as other growth factors (such 
as water or nutrient stress that directly infl uence the eff ec-
tive functionality of the cellular photosynthetic appara-
tus). At the crop level, dry matter production is frequently 
expressed as the product of radiation intercepted and 
“radiation use effi  ciency”—the latter being a key compo-
nent of many crop simulation models—and an effi  ciency 
function that is infl uenced by other environmental stresses 
(Sinclair and Muchow, 1999). Also at the crop level, har-
vested yield can be interpreted in terms of effi  ciency of 
water transpired, water lost via evapotranspiration, or 
water supplied as rain or irrigation (Sinclair et al., 1984). 
Likewise nutrient use effi  ciencies frequently express yield 
per unit of nutrient taken up or supplied (Baligar et al., 
2001; Asseng et al., 2001).

At the farm level, eco-effi  ciency might be represented 
in terms as diverse as the food output per unit labor, the bio-
diversity benefi ts provided by retention of natural habitat 
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by economic, social, and institutional factors. One of the 
most commonly analyzed gaps is the yield gap between 
typical farms and best farms or research stations (Even-
son et al., 1996). Through successful agricultural research 
even greater effi  ciencies are continually sought for a given 
level of input (the third highest curve in Fig. 1). Generally 
such production or effi  ciency functions exhibit the dimin-
ishing returns curve displayed in Fig. 1.

In most agricultural output–input relationships, how-
ever, there is a probability distribution of responses driven 
by sources of variability, primarily climate but also due to 
the inherent diversity in biological systems and diff erent 
management across farms and years. The higher the climate 
variability the more pronounced will be the risk dimension 
of any eco-effi  ciency enhancing strategy. One approach to 
exploring relationships between risks and returns has been 
the concept of “mean-variance (E–V) space” (Anderson et 
al., 1977; Parton and Carberry, 1995). For any system, a 
scatter plot of expected or mean economic returns against 
their associated variance over a range of input levels will 
elicit an effi  ciency frontier of outermost points where mean 
returns can be maximized for any given level of variance in 
returns. The statistical variance (or standard deviation) in 
returns is used as a surrogate for risk.

An eco-effi  ciency diagnosis framework, based on the 
return–risk approach, is presented in Fig. 2. This frame-
work provides for the notion of an “effi  ciency frontier” 
whereby the return with existing knowledge and tech-
nology is maximized for diff erent levels of risk, defi ned as 
the variance of output. The curve in Fig. 2 joining points 
C–D–A is a styled example of such a frontier based on cur-
rently known technologies and practices adapted to local 
circumstances. This curve shows returns (profi t or yields) 
approaching a plateau while risks of increased investment 
(due to variability or some other measure of risk such as 
rates of crop failure, rates of economic loss, or in some cases 
level of environmental damage) continue to rise. Note that 
is it not generally possible to map input level and risk one-
on-one because of system nonlinearity and thresholds.

Based on both the input–output space in Fig. 1 and 
the return–risk space in Fig. 2, we can explore three spe-
cifi c pathways to address productivity improvement:

(i) Moving along the effi  ciency frontier (moving from 
C to D toward A) but with associated increase in 
inputs and riskiness;

(ii) Addressing system ineffi  ciencies through best prac-
tice for a certain level of input and risk (moving from 
B to D); and

(iii) Breakthrough technologies or practices to redefi ne 
a new effi  ciency frontier (from D to F onto a new 
frontier C–F).

These simple input–output and return–risk frame-
works can be employed to diagnose the most promising 

per unit food production, or the aggregate food output 
per unit water or fertilizer applied. Regional level analy-
ses might target diff erences in the relationships between 
agricultural inputs and outputs associated with a diverse 
range of impacts on the natural resource base. At the global 
scale, the ultimate measure of eco-effi  ciency of agriculture 
emerges from the complex interrelationships among global 
food supplies to meet human needs, avoidance of land deg-
radation to sustain long-term productivity, provision of 
ecosystem services beyond agriculture such as biodiversity 
conservation, healthy waters, and atmosphere.

Farming system eco-effi  ciency can vary with time. 
A farming system that is mining soil nutrient reserves or 
depreciating the productive capacity of soils through phys-
ical or chemical degradation may appear highly effi  cient 
at the outset but progressively deteriorates as degradation 
intensifi es. Agro-ecological systems are generally nonlin-
ear and subject to relatively rapid change when thresholds 
are breached. Classic examples of such thresholds include:

· rising water tables or irrigation leading to salinization 
in dryland (McFarlane and George, 1992) or irri-
gated systems, often long after shifts in water balance 
fi rst occurred;

· acidifi cation of soils due to nitrate leaching and cation 
removal in harvested products; this can reach thresh-
olds where plants can no longer adapt, thus further 
intensifying degradation (Tang et al., 2000); and

· a farming system that depletes soil nutrients (De Jager 
et al., 2001) or exposes the soil to degradation via 
wind or water erosion may pass a soil health or fertil-
ity threshold that quickly switches the system from 
profi t to fi nancial loss.

AN EFFICIENCY FRONTIER FRAMEWORK
Eff ective application of the eco-effi  ciency concept 

requires an understanding of the production functions 
that relate agricultural outputs to the level of resource 
and other inputs (Dillon, 1977). Figure 1 illustrates three 
production functions that relate production to inputs at 
any spatial or temporal scale. The lowest production func-
tion depicts the current effi  ciencies observed on farms 
in a particular agro-ecological or farming system setting 
and may represent the performance of the best managed 
farms across a range of input usage. While effi  ciency is 
the ratio of the output achieved to the input applied, the 
slope of the function represents the marginal effi  ciency 
gain from moving along the production function. The 
second higher function represents the achievable effi  cien-
cies through the deployment of the best known technol-
ogies for that setting. This function is a styled example 
of such a frontier based on currently known technolo-
gies and practices adapted to local circumstances. The 
gap between the observable farm effi  ciencies and those 
obtainable with known technologies is caused in the main 
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pathways for intervention into agricultural systems to 
improve their performance.

EXAMPLES OF CURRENT 
ECO-EFFICIENCIES IN AGRICULTURE

Soil Fertility in Africa
In Africa, there is compelling evidence that food pro-

duction systems are constrained by overwhelmingly low 
soil fertility (McCown et al., 1992; Giller et al., 2006; 
Sanginga and Woomer, 2009) and unless ways are found 
to relieve this constraint, eco-effi  cient use of other natural 
and human resources will remain low. This is consistent 
with de Wit’s (1992) conclusion that resource use effi  ciency 
is maximized when the level of all inputs is close to their 
optima and confi rmed by Bindraban et al. (2008), who 
have analyzed temporal trends in crop yields in Africa.

There would appear to be two linked pathways for 
action immediately with soil fertility and smallholder agri-
culture in Africa. One path is to move along the effi  ciency 
frontier (from C to D in Fig. 2) through farmers taking on 
additional risk in terms of nutrient inputs (from fertilizers, 
manures, legumes, or a combination of all three), with 
the prospect of higher long-term returns but also higher 
variability of returns. Another path is to identify agro-
nomic practices that currently cause crop performance to 
fall below the technically feasible effi  ciency frontier (i.e., 
moving from B to D in Fig. 2).

In terms of increasing returns while taking on greater 
(but acceptable) risk, the work of Keating et al. (1991), 
McCown et al. (1992), Dimes et al. (2003), Robertson et 
al. (2005), and Twomlow et al. (2008) illustrate the pos-
sibilities arising from small amounts of carefully targeted 
fertilizer inputs. Some important facts emerge from this set 
of interrelated studies conducted on African smallholder 
farms, supplemented with modeling analyses over the last 

25 yr. First, the soil fertility constraint is often a dominant 
ecological factor constraining productivity at any given 
level of moisture availability. In Africa, N is almost uni-
versally limiting and phosphorus and other nutrients are 
limiting in many situations. Within-farm variability is 
high (Giller et al., 2006) and many farms have only small 
areas of higher nutrient supply, usually associated with 
household areas and livestock containment yards.

Rainfall variability is often extreme, yet seemingly 
attractive responses to fertilizer are still possible. In particu-
lar, there are high returns possible from small amounts of 
targeted fertilizer additions (Twomlow et al., 2008). Some 
gains in reducing risk associated with fertilizer inputs have 
been identifi ed through the use of various forms of climate 
information, including seasonal forecasts (Keating et al., 
1991; McCown et al., 1992), but a major hurdle remains 
in the lack of access to fertilizer by smallholder farmers. 
Poor agronomic practices (such as late sowing, weed com-
petition, and suboptimal plant populations) reduce fertil-
izer use effi  ciency. Nevertheless, signifi cant gains in maize 
yield (50–80%) can be achieved from open pollinated vari-
eties and small inputs of fertilizer by smallholder farmers 
(Twomlow et al., 2008). Further modest gains are possible 
using improved maize varieties (Bänziger et al., 2000). 
However the African “green revolution” will need to be 
fi rst a revolution based on improved soil fertility, albeit sup-
plemented and reinforced by new germplasm development 
and agronomy for improved water management.

Despite what appears to be a strongly attractive tech-
nical opportunity to signifi cantly raise yields on Afri-
can smallholder farms, large-scale uptake and growth in 
fertilizer use remains painfully slow. Recently a major 
government intervention in Malawi provided support 
for fertilizer use and yields responded accordingly, but 

Fig. 1. Production functions that relate agricultural outputs to the 

level of inputs for observed farm performance (—), for current best 

technologies (—), and for foreseen new technologies (--).

Fig. 2. A stylized return–risk framework for the diagnosis of system 

state and opportunities to enhance eco-effi ciency. Points A, C, 

and D are representative points on the effi ciency frontier for 

current best technologies (—) and point F is a specifi c point on the 

effi ciency frontier for a hypothesized new technology (--). Point B 

represents a position below the effi ciency frontier.
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institutional and budgetary challenges around such inter-
ventions do not confer confi dence that they are sustain-
able (Ricker-Gilbert et al., 2009). The small but growing 
role of private and nongovernmental organization (NGO) 
sector networks in input/output markets holds promise for 
breaking the cycle of low inputs, low outputs, and food 
insecurity (Rusike and Dimes, 2004). Government policy 
needs to evolve to be supportive of this emerging sec-
tor and there is a role for the research and development 
community to consider how they will build the two-way 
information fl ows from research knowledge and technol-
ogies to application in a local context.

While the technical challenges around soil fertility 
in African smallholder agriculture are reasonably well 
defi ned by the work referenced above and other reports 
(World Bank, 2008), the solutions may lie outside the 
farm household at the level of input/output markets and 
the institutions governing them. In developed country 
agriculture, strategies to enable farmers to better under-
stand and manage risks (in particular climate-related risks) 
associated with input use have been shown to greatly assist 
in this transition (Hochman et al., 2009b). In developing 
country agriculture, particularly in Africa, this pathway is 
more complex than simply improved knowledge support-
ing a farmer’s decision to take on higher risks (Meinke et 
al., 2006). In many situations, the input/output markets 
are poorly developed or distorted to the point that even 
very modest inputs that could be highly eff ective have 
not been possible (Rohrbach, 1998). The emergence of 
private sector and/or NGO sector markets for agri-inputs 
and -outputs holds great promise for African smallholder 
agriculture to break out of the vicious cycle of soil-fertil-
ity-constrained low productivity.

Nitrogen Use in the United States and China
Recent U.S. experience demonstrates that signifi -

cant improvements in fertilizer use effi  ciency are possible. 
For U.S.–grown maize, the ratio of crop yield per unit 
of applied N fertilizer (i.e., the partial factor productivity 
for N fertilizer) has increased by 36%, from 42 kg kg−1 in 
1980 to 57 kg kg−1 in 2000 (Cassman et al., 2002). The 
drivers of this improvement would appear to reside in the 
combination of continuing yield improvement through 
technological change and fl at N fertilization rates since 
the concerns over environmental consequences of excess 
fertilizer use emerged in the 1980s. Such changes are clear 
evidence that agricultural research has continually created 
new effi  ciency frontiers (from D to F in Fig. 2).

In contrast in China, a problem of low eco-effi  ciency is 
generated through excess use of fertilizers, particularly N, 
on cereal crops, leading to heavy costs to the economy and 
environment (Liu and Diamond, 2005; Ju et al., 2009). The 
national average in N fertilizer use effi  ciency in China is 
around 20 kg kg−1 N (Zhu and Chen, 2002; Ju et al., 2009). 

From 1977 to 2005, grain production in China increased 
by 71% (from 283 to 484 million tonnes). Over this same 
period, N fertilizer application increased by 271% (from 
7.07 to 26.21 million tonnes) ( Ju et al., 2009) encouraged 
by strong policy support. This overuse of N fertilizer is fur-
ther exacerbated by high levels of organic N inputs from the 
atmosphere, water supplies, animal manures, and legume 
sources. Nitrogen inputs from atmospheric and irrigation 
water sources in the range of 89 to 104 kg N ha-1 yr-1 have 
been measured in two study regions ( Ju et al., 2009). Here, 
ineffi  ciencies in system performance have widened the gap 
between farmer practice and the attainable effi  ciency fron-
tier (between B and D in Fig. 2).

The excess N applied to cereals in China may be in 
the order of 11.8M tonnes. This fi gure is based on an aver-
age N rate of 250 kg N ha-1, a cereal cropping area of 
104 M ha, and rates of overfertilization in the range of 
30 to 60% (average 45% used in these estimates) ( Ju et 
al., 2009). The solution to the overuse of N fertilizer in 
China might be a reform of fertilizer pricing policies or 
other institutional arrangements (OECD, 2003; Zhu et 
al., 2006). This appears to be an area under active policy 
review with the recent cessation of price controls on fer-
tilizers, despite retention of production subsidies, and the 
expanded eff orts to improve fertilizer use effi  ciency (The 
Economist, 2008).

It is sobering to refl ect on the thought that if this 
“excess” N fertilizer used in China was instead used in sub-
Saharan Africa, it represents an average annual N fertiliza-
tion rate of 68 kg N ha-1 over 174 million ha of cropland. 
If nutrients of this magnitude were available (and rebal-
anced to address other nutrient needs), the studies refer-
enced above (McCown et al., 1992; Twomlow et al., 2008) 
would suggest a potential doubling of cereal production in 
sub-Saharan Africa. In other words, fertilizer use of this 
order could lay a very solid foundation for Africa’s “green 
revolution.” Of course there is no direct link between over-
fertilization in China and underfertilization in Africa, but 
the comparison places the African challenge in perspective. 
Modest fertilizer inputs, carefully targeted and matched 
with other soil enrichment strategies involving legumes and 
manure, are not beyond the realms of possibility for Africa.

Water Use in Australia
In many environments, water supply is a major source 

of variability in crop yields (Ritchie, 1983). Total water 
use or total evapotranspiration by a crop can vary sub-
stantially due to variable soil water and rainfall. It can also 
vary as a result of variation in crop transpiration result-
ing from management such as nutrient supply (Shepherd 
et al., 1987) and sowing time (Connor et al., 1992) or 
from use of diff erent species (Gregory et al., 1992) or cul-
tivars (Richards and Townley-Smith, 1987). The seasonal 
water use of a crop consists of both crop transpiration and 



S-114 WWW.CROPS.ORG CROP SCIENCE, VOL. 50, MARCH–APRIL 2010

soil evaporation (French and Schultz, 1984), with the lat-
ter varying between 14% (Angus et al., 1980) and 75% 
(Cooper et al., 1987) of total water use. The ratio between 
grain yield and evapotranspiration, the generally accepted 
defi nition of water use effi  ciency (WUE) for grain pro-
duction, can be an important parameter defi ning the pro-
ductivity of crops in water-limited environments (Fischer 
and Turner, 1978; Tanner and Sinclair, 1983).

In the dryland wheat systems of southern Austra-
lia, on-farm monitoring and systems simulation model-
ing have been eff ectively deployed to benchmark farms 
and fi elds relative to a rainfall-driven effi  ciency frontier 
(Hochman et al., 2009a; Carberry et al., 2009). The 
uniqueness of these studies lies in their eff ort to directly 
measure accurately the soil water resource available to 
commercially-managed crops and relate this to both actual 
crop performance and management.

Hochman et al. (2009a) measured the actual WUE 
(in kg grain ha–1 mm–1) of 334 commercial wheat crops in 
Australia and compared their performance to the APSIM 
model (Keating et al., 2003). They found an average WUE 
of 15.2 kg grain ha–1 mm–1 for harvested crop yields while 
APSIM simulated a higher WUE of 16.9 kg grain ha–1 
mm–1 for these same crops. The diff erential is attributed 
to factors infl uencing the actual crop that are not simu-
lated by APSIM (e.g., weeds, pests, diseases, and impacts 
of severe weather). APSIM was used to explore if these 
crops could have achieved higher WUE through changed 
management, such as higher sowing rates, earlier sowing 
time, or high input levels. A maximum WUE of 21.4 kg 
grain ha–1 mm–1 is suggested as the potential WUE for this 
dataset of crops. Their study demonstrates opportunities 
for these farmers to improve WUE using two pathways of 
the stylized return–risk framework introduced earlier (Fig. 
2). Clearly there is some opportunity to further close the 
average “yield gap” of 1.7 kg grain ha–1 mm–1 and move 
crop yields up onto the effi  ciency frontier by better con-
trolling biotic stresses. And second, there are options for 
farmers to move along the effi  ciency frontier and increase 
WUE by 4.5 kg grain ha–1 mm–1 with a yield-maximizing 
strategy. In this latter case, each suggested intervention 
would require farmers to increase their investment risk 
either by increasing inputs (seed and/or fertilizer) or the 
chance of crop failure (sowing early increases the risk of 
frost damage during grain fi lling).

In fact, the study of Carberry et al. (2009) suggests 
that the better farmers in Australia are quite close to the 
effi  ciency frontier for crop yields and so are performing at 
their best for the level of investment risk they are willing to 
accept under current market circumstances. For over 700 
commercial crops grown under a wide range of environ-
mental and agronomic conditions from all cropping regions 
of Australia, APSIM simulations showed close agreement 
to measured commercial yields. This shows that the best 

Australian farmers have a very low yield gap, and it appears 
that most of their crops are not seriously aff ected by yield-
reducing factors such as weeds, pests, and diseases or poor 
agronomic management. This study suggested that the sup-
ply of water and N can account for most of the variation 
in crop yield, while farmers are mostly controlling other 
yield-limiting factors such as weeds and diseases. If true, 
then the only pathways for these farmers to increase pro-
duction are either to move along the effi  ciency frontier (and 
so increase their investment risk) or to adopt new technolo-
gies that generate a new effi  ciency frontier.

PATHWAYS TO IMPROVE 
ECO-EFFICIENCY

Narrowing Yield Gaps
The term “yield gap” has often been used to describe 

the diff erence between actual yields recorded on farmer 
fi elds and the yields that are possible with known tech-
nologies and practices (identifi ed via farm demonstration 
plots or a combination of on-farm experiments and simu-
lation modeling). Yield gaps are pertinent to this discus-
sion on eco-effi  ciency because they are indicative of the 
eco-ineffi  ciency that persists in diff erent food production 
systems of the world. One well-known study of rice yield 
gaps can be found in Evenson et al. (1996), which brought 
together a series of assessments of country and regional 
level constraints (as well as priority setting) for South and 
East Asia. Wheat yield gaps and production constraints 
have been documented by Kosina et al. (2007).

In terms of the simple input–output and return–risk 
frameworks, yield gaps would generally represent the diff er-
ence between the current status and an improved situation 
(often the climate and genetic potential). They represent 
what is possible if farmers were operating on the eco-effi  -
ciency frontier and were insensitive to risk (point A in Fig. 
2). Examples of yield gaps measured for maize cropping in 
Africa and for agricultural production more generally in 
various parts of the world are estimated to be in the 40 to 
80% range (World Bank, 2008; Comprehensive Assessment 
of Water Management in Agriculture, 2007).

While yield gaps are generally large in Africa (and to 
a lesser degree South Asia), they have narrowed in other 
parts of the world such as China and in wheat and maize 
production areas of western Europe and North America 
(World Bank, 2008). The lack of inputs, in particular irri-
gation and nutrients, is the conspicuous explanation for the 
continuing large yield gaps in Africa (World Bank, 2008).

The World Development Report (World Bank, 2008) 
notes that exploitable yield gaps are especially high in 
medium- to high-potential areas and countries (i.e., in 
the higher rainfall areas of Africa) but that closing the gap 
is a matter not just of transferring known technologies 
and practices to farmers, but involves “putting in place the 
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institutional structures—especially well-functioning input and 
output markets, access to fi nance, and ways to manage risks—
that farmers need to adopt the technology” (World Bank, 2008).

When viewing these remarks of the World Develop-
ment Report on institutional arrangements, our return–
risk framework suggests to explicitly install institutional 
mechanisms to deal with risk management and reduction 
both in agro-technical as well as socio-economic terms 
when aiming to close yield gaps.

Transformational Change
Even the best farmers in a developed country context 

do not necessarily choose to operate at the point of maxi-
mum returns (i.e., point A in Fig. 2) because of the greater 
exposure to downside risk associated with the higher lev-
els of investment. Under such circumstances, the only 
real option for these farmers to increase productivity is to 
break away from the current effi  ciency frontier by creat-
ing new production systems or practices that can increase 
returns for little added risk (i.e., moving from D to F in 
Fig. 2).

Transformational technologies that improve the effi  -
ciency of resource use will generate new frontiers of return 
relative to investment risk. Historically, the large step 
gains in agricultural productivity have resulted from an 
increased use of inorganic fertilizer inputs and the devel-
opment of irrigation infrastructure on previously rain-fed 
cropping lands. Their introduction to local farming sys-
tems created new effi  ciency frontiers, and typically the fol-
lowing decades were needed for farmers to improve their 
practices in adapting irrigation and fertilizer technologies 
to approach these new productivity benchmarks (path-
way B to D in Fig. 2). And as farmer practice improved, 
more sophisticated technologies could be introduced to 
continue the steady increases in the effi  ciency of nutri-
ent and water use. For instance, fundamentally changing 
the way rice is grown can lead to drastic water savings. 
Among the promising new management practices are 
AWD (alternate wetting and drying, whereby the paddy 
is allowed to dry, but irrigation water is reapplied before 
water limitations start to impact on yields) and the aerobic 
rice systems, where specially developed rice varieties are 
grown in well-drained soil like dryland crops. This can 
save up to half of the normal water requirement, while 
with good management yields between 4 and 6 t ha−1 
can be routinely achieved (Bouman et al., 2005; Bindra-
ban et al., 2006). Other examples include biodegradable 
mulches to restrict soil water loss from evaporation or 
weeds (Shogren, 2000), nitrifi cation inhibitors to reduce 
fertilizer losses from leaching or denitrifi cation (Shoji et 
al., 2001), removing subsoil constraints such as hard pans 
(Wong and Asseng, 2007), or ameliorating subsoil acidity 
(Tang et al., 2003).

Plant and animal breeding has been a traditional 
route for the creation of new effi  ciency frontiers in agri-
culture. Clearly, continued breeding eff ort is important 
for improved adaptation to current and future climates or 
enhanced resistance to biotic and abiotic stresses. Yet, for 
Africa, average yield gains of 60% are found with small 
inputs of fertilizer N used on open-pollinated variet-
ies, compared to 20% gains from improved hybrid seeds 
(Twomlow et al., 2008). Both hybrid seed and small 
inputs of fertilizer N combine positively to raise the yield 
gains toward 80%, but these smallholder farming systems 
are most in need of strategies to improve soil fertility, not 
new plant varieties. Hence, breeding alone is unlikely to 
provide the transformational breakthrough required by 
the current low productivity, low eco-effi  ciency, and food 
insecure farming systems of the most food insecure part of 
the world, particularly in Africa (Twomlow et al., 2008). 
Hence, Meinke et al. (2009) call for “adaptation science” 
as a solution-oriented, scientifi c endeavor to facilitate 
adaptation actions. In contrast to conventional, disciplin-
ary-based science, adaptation science analyses the prob-
lems in a broadly participatory mode without a predefi ned 
disciplinary lens. Adaptation science diff ers from science 
for adaptation by testing alternative solutions (often via 
simulation models) and developing adaptation pathways or 
processes as opposed to generating more data.

Gene technologies are often viewed as the source 
of the next generation of breakthrough innovations in 
agriculture. It is true that the genetically modifi ed (GM) 
cotton story can be viewed as a breakthrough story in 
the developed world and increasingly in the developing 
world. In reviewing the literature on GM crops, Brookes 
and Barfoot (2005) reported yield increases as high as 
50% for GM insect-resistant cotton in India and 10% for 
GM herbicide-tolerant canola in Canada. There were also 
a number of examples of no yield benefi ts, notably for 
GM herbicide-tolerant soybean in the United States and 
Argentina (Bindraban et al., 2009a) or for GM insect-
resistant cotton in Australia (Brookes and Barfoot, 2005). 
Nevertheless, the proponents of GM crops actively pro-
mote such technology as yield frontier breaking and sci-
ence should indeed be in pursuit of such outcomes.

ECO-EFFICIENCY 
AND CURRENT CHALLENGES

Food Security
Food security is defi ned as a state when “all people, at 

all times, have physical and economic access to suffi  cient, safe and 
nutritious food for a healthy and active life” (FAO, 2008). FAO 
(2008) have estimated that 923M people were undernour-
ished in 2007—75M more than in 2005—highlighting 
the immediate food security challenge. Both supply and 
demand side perspectives are important.
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The World Development Report (World Bank, 2008) 
estimated that cereal production will have to increase by 
nearly 50% and meat production by 85% from 2000 to 
2030 to meet projected increases in food demand. Look-
ing forward to 2050, this food security challenge will 
grow with a world population increase of approximately 
35% (6.7 billon in 2008 to 9 billion in 2050). If population 
growth is the only force acting, an increase in food pro-
duction of 35% over the next 40 yr can be expected. Eco-
nomic development trajectories (including changes in diet 
preferences toward greater protein intake) combined with 
population growth suggest an increase in food demand 
of the order of 75% between 2010 and 2050. Nonfood 
uses of agricultural products and lands (such as for bio-
fuels, carbon bio-sequestration, and urban development) 
are also growing. The demand from agriculture to supply 
the required amounts of biomass for bio-energy heavily 
depends on desired blending targets and can put a claim 
on many hundreds of millions of hectares of land (Bindra-
ban et al., 2009b). While uncertainty is high, these forces 
together suggest a likely 75 to 100% increase in demand 
for agricultural products over the next 40 yr.

Signifi cant production increases have been achieved 
in past years (e.g., Angus, 2001), but they came via a com-
bination of increased deployment of natural resources 
(land, water, nutrients, and energy) and human resources 
(labor and capital) as well as via technological advances 
(varieties and agronomic practices). Globally, average 
yields have climbed steadily for all major cereals, at least 
since the 1960s (World Bank, 2008). Worryingly, the 
yield growth rate of wheat and rice has declined markedly 
since 1995 (Dixon et al., 2009). Since 1961, around 78% 
of the increase in production has come from increases in 
yields, except in Africa where about 60% of the gains have 
come from expanding the area of cultivation (based on 
Pardey et al., 2007). The yield expansion pathway of Asia 
contrasts dramatically with the area expansion pathway of 
Africa over the last 40 yr (World Bank, 2008).

The yield and production increases of the last 50 yr 
have been achieved with a signifi cant cost to the natural 
resource base (degraded soils and ecosystem impacts) as 
well as the global atmosphere, that is, 31% of global green-
house gas emissions can be attributed to agriculture and 
forestry (including land clearing; IPCC, 2007).

How will the world achieve the production challenge 
of the next 40 to 50 yr? There appears to be little alterna-
tive answer to this question other than via productivity 
gains—in other words, eco-effi  ciency gains in terms of 
the key natural resources of land, water, nutrients, and 
energy. Fischer et al. (2005) reported on the likely sources 
of growth in agricultural production over the 2000 to 
2050 period and estimated only 7 to 12% of the projected 
growth in food production is likely to come from expan-
sion in the areas of arable land. The dominant source of 

production growth will need to come from intensifi cation 
of agriculture, either through increased cropping intensity 
(13–15%) or, more signifi cantly, yield increases (75–76%) 
(Fischer et al., 2005, 2007).

While yield gains dominate the future prospects for a 
secure world food system, the rates of gain in crop yields 
are slowing in developing countries (World Bank, 2008), 
although the same phenomenon is not apparent in U.S. 
maize yield data (Cassman et al., 2006).

Climate Variability and Change
Under the current climate, agricultural production is 

already signifi cantly aff ected by climate variability, espe-
cially in semiarid regions. Changes in climate variability 
with future climate change are still uncertain (Nicholls and 
Alexander, 2007), but rainfall variability typically increases 
as mean annual rainfall decreases (Nicholls and Wong, 1990). 
Improving the management of climate variability will have 
immediate benefi ts to improving eco-effi  ciency and could 
be a positive step toward adapting to climate change if the 
future climate becomes more variable (Meinke et al., 2007). 
For example, in water-limited environments, seasonal rain-
fall variability is one of the most important factors for fl uctu-
ations in agricultural production and risk. Perceptions about 
climatic risk and uncertainty of rainfall in the forthcoming 
season have led to the development of conservative, low-input 
management approaches, which aim to reduce the losses in 
poor rainfall seasons. However, such low-input approaches 
usually fail to capitalize on the upsides of climatic variability, 
that is, the good rainfall seasons (Meinke and Stone, 2005; 
Twomlow et al., 2008).

Crop models can assist to quantify the season- and 
site-specifi c outcomes of agricultural interventions (Mat-
thews and Stephens, 2002; Whitbread et al., 2010) and, 
when integrated with long-term historical weather data, 
allow retrospective analysis of the potential value of cli-
mate forecasts for a particular decision issue (Meinke and 
Stone, 2005; Hansen, 2002). Forecasting systems linked 
with crop simulation models have been employed to estab-
lish optimized management strategies for improved risk 
management and enabled farmers to better tailor manage-
ment decisions to the season and consequently improve 
eco-effi  ciency (Hammer et al., 1996; Hansen, 2005). Cur-
rently, global eff orts to provide a much improved, contin-
uous weather and climate service for agriculture and other 
climate sensitive sectors are expected to provide “action-
able climate knowledge” for better tactical and strategic 
management of crops and cropping systems at intersea-
sonal, seasonal, and decadal time scales.

Climate has changed signifi cantly over the last cen-
tury and proactively planned adaptation action is now 
imperative (Howden et al., 2007; Meinke et al., 2009; 
Wassmann et al., 2009). Faced with such complexity and 
uncertainty, it would appear the best strategy is to work 
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with the well-established effi  ciency constraints and test the 
diagnosis and solution pathways for resilience and contin-
ued relevance under a range of climate change scenarios.

CONCLUSIONS
The term eco-effi  ciency has emerged relatively 

recently but eff orts to increase the level of desired outputs 
from inputs of natural resources and human endeavor have 
characterized agriculture evolution for over 10,000 yr. 
What is new is the magnitude of the effi  ciency challenge 
global food systems are facing. The agricultural revolution 
over the next 40 yr has to be the eco-effi  ciency revolution, 
with 50 to 100% increases in the effi  ciency with which 
scarce resources of land, water, nutrients, and energy are 
used. Importantly, this greater output and effi  ciency has to 
be achieved without further greenhouse gases emissions 
while maintaining or restoring land, water, biodiversity, 
and agro-ecosystems.

Eco-effi  ciency is a “multi-factor” issue that—as shown 
by C.T de Wit from fi rst principles—is maximized when 
all production factors approach their optimum (Law of the 
Optimum). However, in the case of Africa and in terms 
of the journey toward such optima, it is clear the critical 
fi rst steps lie in getting small improvements in soil fertility 
in place and these fi rst increments in fertility can produce 
both effi  ciency and production gains.

The imperative needs to be accompanied with mitigat-
ing measures to reduce risks associated with increased invest-
ments. Agricultural research is the engine for developing the 
technologies and practices that can lift eco-effi  ciency while 
keeping risks low by lifting the effi  ciency frontier. Social and 
economic systems and institutions are often the necessary 
“gears” whereby improved technologies and practices can 
be embedded with constant or declining production risks. 
Food security involves both closing the yield gap (particu-
larly in Africa) and breakthrough technologies and practices 
to raise yield potential and increase effi  ciency of resource use. 
In terms of how agricultural research approaches these dual 
challenges, there is a critical role for more eff ective “systems 
diagnosis” of constraints and opportunities for technological 
and policy intervention. This need is more important than 
ever, given the poor adoption of existing technologies, the 
multiple impacts of climate change, and the decreasing avail-
ability of resources per person.

In this paper we have referred to examples where 
appropriately confi gured and validated simulation mod-
els, in conjunction with fi eld experimentation and farmer 
engagement, have proven very useful in the diagnosis 
phase of research and development aimed at raising eco-
effi  ciency in farming systems. Such approaches can be 
used to explore the likely nature of single and multifactor 
response surfaces and to explore opportunities for inter-
ventions including new farming practice, breeding strate-
gies, and agricultural infrastructure and market policies.
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