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Abstract

The concept of eco-efficiency is explored, in terms of its history of use, its bio-physical meaning, and
its utility as a concept in the pursuit of enhanced productivity, profitability, and sustainability of
agricultural practice. Eco-efficiency is a multi-dimensional concept relating the efficiency with which a
bundle of desired outputs is produced from a bundle of inputs, with minimal generation of undesired
outputs. An analysis framework based on efficiency frontiers relating outputs to inputs (or where
relevant, outputs to risk) is presented and this framework is used to identify six pathways for system
improvement—all addressing some dimension of eco-efficiency. The paper concludes with an
analysis of how climate change impacts and adaptation can be factored into this eco-efficiency

framework.
Introduction labor by changing their location, diet, and hunting
and gathering practices to match seasonal and
The notion of “efficiency” has always been a force spatial patterns in food supply. Early cultivation
shaping the world’s food and fiber systems. practices evolved in ways that made the most
Hunter-gatherer societies sought efficiencies in efficient use of labor, enabling human society to
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direct time and energy into creative and practical
activities beyond securing a sufficient food supply.
As settled agriculture evolved, seeds were
selected, land was cultivated, and crops were
managed to further enhance the efficiency with
which limiting resources were deployed. Human
labor has been a dominant limiting resource for
much of agriculture’s history. Animal traction and,
more recently, mechanization off the back of fossil
fuels relieved the human labor constraint and the
efficiency focus has shifted to the efficiency by
which a complex set of land, labor, capital, energy,
nutrients, and water resources are combined to
produce economic products in a sustainable way.

This paper proposes a conceptual and
analytical framework to support the desired goals
of enhanced eco-efficiency in agricultural systems
and of economic and ecological drivers
considered at a range of decision scales. While
the challenges and opportunities to improve
eco-efficiencies under the threat of climate
change are considered, particularly for
smallholder production systems, the paper
focuses on the bio-physical dimensions of
eco-efficiency. Social and political drivers strongly
influence agricultural decision-making and so will
influence the eco-efficiencies that can be attained
in each agricultural system.

The Eco-Efficiency Concept

Eco-efficiency in the context of agriculture grows
out of the deep historical pursuit of efficiency in
the world’s food and fiber systems, but places
particular focus on economic (productivity and
profitability) and ecological (environmental
sustainability) drivers of efficiency.

The World Business Council for Sustainable
Development claim first use of the term “eco-
efficiency” in the lead-up to the 1992 Rio Earth
Summit (WBCSD, 2000). In that setting, the
intent was to develop synergies between the
private sector or business world’s focus on
efficiency with wider concepts of sustainable
development and ecological integrity. In simple
terms the focus was on “creating more goods and
services with ever less use of resources, waste,
and pollution” (WBCSD, 2000). The World
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Business Council saw eco-efficiency as a
management philosophy that encouraged
business to search for environmental
improvements that yielded parallel economic
benefits. They acknowledged that the term and
concept did not capture all the issues relevant to
sustainable development.

An early application of eco-efficiency in an
agricultural research context comes from CIAT in
setting their research and development goals in
terms of eco-efficient agriculture for the rural
poor. CIAT’s Medium-Term Plan (CIAT, 2009)
states:

“Eco-efficient agriculture increases
productivity while reducing negative
environmental impacts. Eco-efficient
agriculture meets economic, social, and
environmental needs of the rural poor by
being profitable, competitive, sustainable, and
resilient. It harmonizes the economic,
environmental, and social elements of
development, and strives toward solutions
that are competitive and profitable, sustainable,
and resilient, and generate benefits for the
poor. Eco-efficient agriculture cannot
effectively address the needs of the poor
without taking into account the particular
needs of women.”

Keating et al. (2010) noted that eco-efficiency
was not a tightly defined concept—instead it was
highly multidimensional. As such, there is unlikely
to be a single measure that characterizes the
eco-efficiency performance of an agricultural
system. Instead, a set of measures are likely to be
relevant in particular circumstances and these are
likely to change in relation to differences in the
most limiting set of biophysical, economic, or
human resources (Park et al., 2010).

Eco-Efficiency Metrics

Any measure of eco-efficiency involves some
measure of outputs (desired or undesired) related
to some measure of inputs or alternative
independent variables against which outputs are
assessed. Figure 1 presents a set of output—input
relationships, nominally representing crop and
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environmental responses to increasing nitrogen
supply. The shape of these response functions,
their intercept, and scale, will depend on the
measures being used and the responses observed
under the spatial and temporal drivers of
variability (e.g., climate).

Economic Biological
optimum optimum

Desired
outputs
(e.g., yield)

Maximum
productivity

or
Undesired
outputs

(e.g., N loss,
GHG loss)

Inputs
(e.g., nutrients, water, labor, agrochemicals, energy)

Figure 1. Output-input relationships relating desired
and undesired agricultural outputs to the
level of resource supply of soil nitrogen (N).

Desired output measures might typically
include some measure of harvested product,
some measure of profit or return on investment,
or some measure of the security of a food system.
Measures could extend beyond food quantity and
include measures of quality in meeting nutritional
needs. A broader suite of “ecosystem services”
can also be considered as desired outputs, such
as services around biodiversity conservation,
carbon sequestration, freshwater flows, pest

$ returns

management, or pollination services (Costanza et
al., 1997). Markets are emerging for some such
ecosystem services whereby they would represent
direct opportunities for economic return (Herzog,
2005). This is most developed in the carbon-
sequestration domain (Hamilton et al., 2007).
Other services are encouraged through non-
market policies such as agri-environmental
stewardship payments (Hajkowicz, 2009), while
yet other services remain outside an institutional
mechanism.

Input measures typically involve a unit of land
but equally importantly could be expressed in
terms of nutrients, water, energy, labor, or capital
investments (Figure 1). Production functions
relate agricultural outputs to the level of resource
and other inputs (Dillon, 1977) and, at one level,
are a measure of eco-efficiency. In analyzing
production response curves to multiple inputs,
de Wit (1992) argued that the resources are
utilized most efficiently when their supplies are all
close to yield-optimizing levels.

Importantly, while eco-efficiency carries the
notion of “more with less” (Keating et al., 2010),
there is the risk of this being misinterpreted to
mean only higher outputs with lower inputs. This
is too narrow an interpretation, as at least four
different scenarios can be envisaged for raising
eco-efficiency (Table 1).

Table 1. Eco-efficiency scenarios expressed in input/output terms.

Input/output descriptor

More desired outputs
and/or less undesired

outputs with less inputs Australia (Smith, 2008)

A lot more with a little

Explanation and example(s)

Reducing over-fertilization, such as N-fertilizer use on cereals in China (Ju et al.,
2009), or over-irrigation such as with irrigation volumes on sugarcane in north-west

Raising production levels through careful targeting of production inputs such as

more “micro-dosing” maize or sorghum with N fertilizer in southern Africa (Twomlow et al.,

2008)

More with the smarter use = Raising the effectiveness of current agricultural inputs through better targeting

of the same

these inputs in space, such as via precision agriculture (Bramley, 2009), or time, for

example with a seasonal climate forecast (Ash et al., 2007)

Less with much less

Lowering production in those regions or systems where inputs are not efficiently used

(e.g., for climatic or soil reasons) and redirecting resources to areas of greater eco-

efficiency (Oliver et al., 2010)



Agriculture produces a range of products
(food, fiber, bioenergy, medicines, etc.) but not
without broad and, at times, unsought
consequences for land and society. Thus,
alongside the desired outputs from agriculture are
possible undesired outputs such as biodiversity
loss, greenhouse gas (GHG) emissions, nutrient
or soil loss, and other forms of land degradation.
These undesired outputs often are also a function
of relevant input levels (Figure 1).

The range of outputs from agriculture, both
desired and undesired, can be assessed in
trade-off relationships (Groot et al., 2007), often
where production outputs are counterbalanced
against the state of a system in environmental or
social terms (Kelly et al., 1996). When represented
graphically (Figure 2), an outer efficiency frontier
can be drawn to represent the outermost
desirable system outputs for the range of known
(undesired) system states. Any point under the
efficiency frontier represents room to move, with
resultant wins and/or losses for both production
and environmental outputs (Figure 2).

Environment penalty

Win-win

Desired
outputs
(e.g., yield)

Production penalty Lose-lose

Undesired outputs
(greenhouse gases, nutrient leaching, etc.)

Figure 2. Example of a trade-off relationship between
a desired output and an undesired output
(points) resulting in an efficiency frontier of
outermost points (line).

An Eco-Efficiency Framework

Keating et al. (2010) introduced an eco-efficiency
diagnosis framework drawing on the types of
relationships represented by production functions
and trade-off relationships. A return-risk space
formed the supporting analytical structure to
assess system performance—mean economic
returns are plotted against their associated
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variance, used as a measure of riskiness. An
efficiency frontier of outermost points was
envisaged where mean returns are maximized for
any given level of variance in returns. This eco-
efficiency diagnosis framework is represented in
Figure 3. Keating et al. (2010) and Carberry et al.
(2010) used the stylized return-risk framework to
propose four pathways to improve system
performance; two more are added here in Figure 3.

Return

Return

Return

Risk

Figure 3. A stylized return—risk framework
demonstrating six pathways to improve
system performance relative to a measure
of risk.

SOURCE: After Keating et al. (2010).
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At the field and farm scale, the position of
individual farmers relative to the efficiency frontier
is largely determined by their attitude to risk and
operational performance. To achieve the
environmental potential or maximum possible
output from a farm (Point A, Figure 3)
necessitates acceptance of maximum risk, and
thus a preference for risk-taking, as well as
exemplary management. More likely, a region’s
best farmers choose acceptable-risk investments
that return less than the potential (Point D). If
farmers are operating close to the efficiency
frontier, at their chosen level of production risk,
they are achieving the expected level of return for
the technologies deployed and the environmental
conditions experienced. However, many farmers
in a region would operate at positions below the
efficiency frontier (Point B). These farmers invest
as much in their production systems as the better
farmers but achieve poorer returns by falling short
in their agronomy and operational management.

A first and most important pathway to improve
system performance is to increase the number of
farmers performing close to attainable best
practices (Pathway 1: B—D). Their transition to
performing on a par with the better farmers will
likely require both evidence of such inefficiencies
and access to better agronomic advice. A second
pathway is to encourage farmers to move along
the current efficiency frontier to higher returns
while acknowledging and addressing the added
risks (Pathway 2: G—D). This pathway largely
consists of good farmers adopting the practices
of those farmers operating further up the
efficiency curve. Such farmers need to be
convinced that the increased investment needed
to achieve the returns of the best farmers justifies
their higher risk exposure. In a case study of
Australian wheat crops, Hochman et al. (2011)
reported that 36% of crops failed to achieve close
to their attainable yield at the rate of nitrogen
fertilizer applied and a further 21% of crops were
under-fertilized—opportunities for efficiency
improvements along pathways 1 and 2,
respectively.

Under existing production systems and relevant
efficiency frontiers, the third pathway for improved
system efficiencies is to encourage farmers to

reduce their investment in inputs where they are
overinvesting (Pathway 3: beyond A—D). Although
uncommon, excess use of fertilizers is evident in
some agricultural systems, as in nitrogen fertilizer
use in China (Ju et al., 2009).

Increasingly, more efficient resource use has
been a mainstay of agriculture’s response to the
cost—price squeeze. For a region’s better farmers,
who currently operate on existing production
frontiers, a real and ongoing requirement is to
create new efficiency frontiers that generate
similar returns for less investment and risk
(Pathway 4: D—C). Such technologies generally
enable cost savings and have no impact on
production potential. On this pathway,
technologies are sought to increase productivity
from the existing resource base by reducing biotic
constraints or to improve efficiencies in nutrient,
water, or labor use. Such technologies can be
developed through both agronomic (Bramley,
2009) and breeding approaches (Fageria et al.,
2008).

A key role for agricultural research is to help
discover the practices that will result in the next
step-change in productivity and profitability. Thus,
the fifth pathway is to create new efficiency
frontiers by increasing the production potential
and by helping farmers take this productivity step
(Pathway 5: D—F). Most see this pathway as the
hope for genetically modified crops (Phillips,
2010). In reality, furthering the frontiers of
productivity will likely evolve from the synergies
between novel plant genetics and innovative
management technologies. Moving farmers to
new efficiency frontiers will require research into
and delivery of new technologies that increase
production for much the same level of
investment.

Maintaining current levels of productivity for a
desired level of investment requires ongoing effort
to prevent situations that could substantially limit
productivity. The sixth and last pathway for
investment in research, development, and
extension is to protect against any loss of current
production systems (Pathway 6: D # E). Indeed,
significant current effort is targeted either at
preventing any breakdown in existing disease,



weed, or pest management strategies, or at
maintaining facilities to rapidly respond to future
outbreaks of exotic diseases, weeds, or pests.
Either threat could dramatically dampen the
efficiency-frontier prospects of farmers. Likewise,
practices that threaten the natural resource base
for agriculture will result in an unavoidable loss of
productivity. Issues such as soil salinity,
acidification, and nutrient rundown require
research investment to ensure productivity levels
are maintained.

Eco-Efficiency and Climate
Change

Keating and Carberry (2010) projected food
demand out to 2050 and estimated likely
increases in the order of 64-81%, with the
variation dependent on assumptions of population
growth, consumption increases, food wastage
along the value chain, and food diversion to
biofuels. The Food and Agriculture Organization
of the United Nations (FAO) estimated that food
demand will increase by 70% between 2000 and
2050 (FAO, 2009). These increases will need to
be achieved in the face of increasingly constrained
and contested land, water, nutrient, and energy
resources. The threat of dangerous climate
change also means the food-security challenge
has to be met while reducing the GHG load on
the atmosphere and in the face of uncertainties
generated by the climate change that is already
happening. These intertwined challenges
necessitate an eco-efficiency imperative for global
agriculture, where more food and fiber are
produced with more efficient use of natural
resources and less impact on the environment.

The climate-change challenge facing
agricultural land use encompasses both
adaptation to current and predicted new climates
and the mitigation of GHG through both
reductions in direct emissions and
biosequestration of carbon. Globally, agriculture,
including fertilizer production, directly contributes
10-12% of GHG emissions; and this figure rises
to 30% or more when land conversion and
emissions beyond the farm gate are added (Smith
et al., 2007). The consensus on the climate
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science is that global GHG emissions would need
to peak before 2015 and be reduced by
something in the order of 50-85% (on

2000 levels) by 2050 if dangerous climate change
(i.e., temperature rise > 2.4 °C) is to be avoided
(IPCC, 2007). The relationship given as an
example in Figure 2 depicts a trade-off between
agricultural production and GHG emissions.

A win—win outcome for agriculture and its
emissions will require eco-efficient solutions that
create new efficiency frontiers of reduced GHG
intensities of food production. These new
efficiency frontiers are required to generate similar
outputs for less emissions risk (Pathway 4,

Figure 3) or to increase production potential
without emissions growth (Pathway 5).

Agricultural production may have to intensify
efficiently on a smaller land area in order to free
up land, water, and other resources for carbon
biosequestration and environmental services
(Pretty et al., 2011). Nevertheless, there are
indeed win-win outcomes through the synergies
between agricultural productivity and GHG
mitigation by increasing soil carbon (Lal, 2004),
reducing livestock methane (Beauchemin et al.,
2008), or better managing livestock and manure
(Monteny et al., 2006). That said, Campbell
(2009) points out that win—win outcomes will not
be feasible in all cases and so winners and losers
are likely in programs such as the United Nations
Collaborative Programme on Reducing Emissions
from Deforestation and Forest Degradation in
Developing Countries (REDD+).

The challenge of adaptation to climate change
has largely focused on ameliorating the negative
impacts of climate that is likely to be drier and
hotter, although the benefits of CO, fertilization
and improved agroclimatic environments will be
evident in some locations (Howden et al., 2007).
Simple (negative) impacts of climate change are
depicted in the production response functions
shown in Figure 4 together with an indication of
the likely effect of adaptation options identified by
Howden et al. (2007) and others. Such adaptation
actions aim to maintain current production
outputs through management changes that better
respond to the new environments (Pathway 6,
Figure 3). However, in reality, all six pathways
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identified for efficiently increasing agricultural
returns will contribute to the adaptation options
for climate change—i.e., the long-held
imperatives for increasing agricultural productivity
through both incremental and transformational
research and uptake will likely lead to appropriate
responses to a future probable change in the
climate risk. Thus, the imperative for research to
help farmers to better deal with current seasonal
climate variability will likely enable them to adapt
to future climate change (Howden et al., 2007).

Without
/ climate change

P = With climate

-------
=~

Desired adaptation action
outputs With 2 C.
(e.g., yield) it

climate change

With 4 °C
climate change

Production inputs

Figure 4. Production functions under two climate
change scenarios and an adaptation
response.

The need for targeting transformational research
specifically to adaptation to future climate change
must pass the test of additionality; the notion that
such added investment should be additional to
what is already being done. Changes in frequency
and magnitude of climate extremes, and thus
agricultural systems crossing thresholds (Tubiello
et al., 2007), may be the driver for such additional
and specific response.

Explicit treatment of uncertainties in a decision-
making context is needed to ensure that adaptation
action now does not get ahead of our confidence
in locally-specific expectations for the future. In
smallholder tropical environments with large
numbers of biophysical and institutional factors
constraining development, it would be unwise to
focus on adaptation to an uncertain future climate
if it meant that certain current constraints to
agricultural development were ignored. Building a
longer-term climate-change perspective into
current efforts to raise agricultural productivity,
sustain the natural resource base, and overcome
rural poverty is, however, a wise counter to the risk
of development proceeding down maladaptive
pathways (Stafford Smith et al., 2011).

Eco-Efficiency and Smallholder
Farmers in the Tropics

In the generally low-input, low-output situations of
smallholder farmers in the tropics, natural
resources are co-opted to meet food production
needs. Thus, while nutrient inputs may be used
most efficiently for the first unit of addition in
these systems (Twomlow et al., 2008), the
coincident inputs of land, water, and labor are
used inefficiently in many smallholder systems.
Eco-efficiency needs to be an integrating concept,
extending beyond single-factor production
functions to a measure of the efficiency with
which food production needs are met with the
least environmental impacts.

The six pathways for enhanced eco-efficiency
(Figure 3) are relevant to smallholder farmers in
the tropics. The large yield gaps identified in
tropical systems (Neumann et al., 2010) testify to
the prospects for moving overall farmer
performance closer to the attainable efficiency
frontiers (Pathway 1). However, given that
smallholder systems are often low input,
especially in sub-Saharan Africa, there is likely as
much to gain from encouraging farmers to move
along currently attainable efficiency frontiers in
order to increase returns to individual farmers and
aggregate production from smallholder farming
systems (Pathway 2) (Keating et al., 1991;
Tittonell et al., 2008). Addressing farmer
perception and management of the added risks
from such practices is a critical endeavor for
success in this pathway. Similarly, encouraging
farmers to reduce their investment in unnecessary
inputs (Pathway 3), as in nitrogen fertilizer use in
China (Ju et al., 2009), will require comparable
persuasive communication of the benefits of a
significant change to established practices.

Creating new efficiency frontiers that improve
returns, lower risks, or both (Pathways 4 and 5)
can benefit smallholder farmers by enhancing the
incentives for adoption—the Green Revolution is
the exemplar case of the impacts of these
pathways for improved productivity (Evenson and
Gollin, 2003). Certainly the needs of Green
Revolution smallholder farmers in tropical Asia
and Latin America now mirror the demands for



productivity innovations from large-scale
commercial farmers in developed countries.
Agricultural productivity in the past can be pinned
to the development and adoption of specific
technologies and practices and it is critical today
that new technologies continue to be identified,
developed, and adopted over the coming years
(Carberry et al., 2010).

In contrast to Asia and Latin America, sub-
Saharan Africa has not gained the same benefits
from the Green Revolution. Despite the
arguments for significant returns from Green-
Revolution-type investments to improve
smallholder productivity and infrastructure in
Africa (Diao et al., 2008), it is difficult to see
traction for such pathways (4 and 5) without prior
priority given to improving basic agronomic
performance and to changing perceptions of
investment risk (Pathways 1 and 2). Here, the
increasing role of the private sector and input/
output markets in Africa may hold hope for
progress (Gabre-Madhin and Haggblade, 2004).

Finally, the mitigation and adaptation
challenges of climate change and their relation to
the food security imperatives in tropical
landscapes are a mix of synergies and trade-offs
(DeFries and Rosenzweig, 2010). As argued
previously, an eco-efficiency imperative utilizing all
available pathways will need to be brought to bear.

Conclusions

We have focused on biophysical issues around the
efficiency with which natural and human inputs
are transformed into desired food and fiber
outputs and environmental services, with a
minimum of undesired outputs such as natural-
resource degradation or GHG loads on the
atmosphere. In the context of global or regional
food security in the face of climate-change
mitigation and adaptation challenges, this serves
as a useful framing for a key global challenge.
However, social and economic circumstances are
going to shape decision-making in a particular
farming situation and efficiency optima are often
going to be different for production, productivity,
profitability, or risk tolerance criteria.

Eco-Efficiency: From Vision to Reality

In a broader view of eco-efficiency, spatial and
temporal scale becomes important. In terms of
spatial scale, what might be an eco-efficient
solution at a local level may be ecologically
inefficient at national or global scale if the
production activity is more productive and less
environmentally demanding at other locations. In
terms of temporal scale, short-term efficiency in
resource use that leads to longer-term natural-
resource dedgradation will end as up ecologically
inefficient due to the longer-term negative
feedbacks to productive capacity.

The proposed eco-efficiency diagnosis
framework (Figure 3) allows these different
perspectives to be contemplated in terms of
pathways for change. The challenge for
smallholder farmers in the tropics (and for this
CIAT publication) is to turn these concepts into
practice.
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