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ABSTRACT. In this article we perform production efficiency analysis for the 40 countries with largest

value added by agricultural sector in 2005. Under the assumption of a nonparametric frontier and produc-

tion observations satisfying a statistical model including both random and inefficiency errors, we estimate

an agricultural production function using DEA measures of efficiency with output orientation and variable

returns to scale. We found evidence that the set of countries investigated could increase their total value

added by agricultural sector for at least 53.9% without increasing input usage with the prevailing techno-

logy. This result has a direct impact on issues related to the recent food crisis.
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1 INTRODUCTION

The world has been affected lately (2006 to 2008) by dramatic rises in food prices, generating a
global crisis and causing political and economical instability and social unrest in both poor and
developed nations.

Systemic causes for the worldwide increases in food prices continue to be the subject of debate.
Initial causes of the late 2006 price spikes includes unseasonable droughts in grain producing
nations and rising oil prices. Oil prices further heightened the costs of fertilizers, food transport,
and industrial agriculture. Other causes may be the increasing use of biofuels in developed
countries and an increasing demand for a more varied diet (especially meat) across the expan-
ding middle-class populations of Asia. These factors, coupled with falling world food stock-
piles, have all contributed to the dramatic worldwide rise in food prices. However, to explain
the recent crisis, it is not possible to elect a specific guilty.
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Long-term causes remain a topic of debate. These may include structural changes in trade and
agricultural production, agricultural price supports and subsidies in developed nations, diversi-
ons of food commodities to high input foods and fuel, commodity market speculation, and cli-
mate change. In this context it is worth mentioning Nicholson & Esseks (1978), Dyson (1994),
Food and Agriculture Organization of the United Nations (2008a), Organization for Economic
Co-operation and Development (2008), OXFAM International (2008), Rosegrant (2008), World
Bank (2008a, b), World Economic Forum (2008), International Food Policy Research Institute
(2008), Abbott et al. (2008), Asian Development Bank (2008), Dawe (2008), Ivanic & Mar-
tin (2008), Valdés & Foster (2008), and Von Braun et al. (2008). Other lines of research use
total factor productivity indexes to investigate the effects of contextual variables. Examples
are Fulginiti & Perrin (1997), Nin et al. (2003) and Thirtle et al. (2003).

Our main interest is not to investigate the causes of the food crisis, but the assessment of the
actual world potential to increase the supply of agricultural goods. In this context we use a new
Data Envelopment Analysis – DEA approach based on the work of Banker & Natarajan (2004,
2008) in the presence of contextual variables. Using projections onto the frontier, with possible
corrections for random effects, we show that the food crisis can be minored substantially if the
economies become more efficient relative to the technology available. Hence, this article has two
main contributions: a new approach for the assessment of contextual variables using two stage
DEA models incorporating two error components, and a suggestion of a security food policy via
reduction of production inefficiencies.

This paper does not intend to propose solutions for the food crisis. Instead it provides a dia-
gnostic that may be useful for policymakers to propose measures contributing to agricultural
development via incentive policies to reduce the inefficiency of production of agricultural goods.
To resolve the food crisis we understand that it is necessary a coordination of global policies to
reduce the scarcity of food. In this context firstly it is necessary to define a rough diagnosis of
the potential capacity of world producers.

Based on methods of efficiency analysis it is possible to rank countries via efficiency scores.
The score of each country is the ratio of the frontier output to actual output. The frontier out-
put is not necessarily achievable, since there are difficulties to compare countries with different
technologies, land qualities, labor, capital etc. However, projections on the frontier are useful to
pinpoint countries where, in a first approximation, it would be possible to increase production
without demanding additional inputs. For example, we will see in this paper that many large
producers of agricultural goods are classified as very inefficient, i.e., with a score of efficiency
lower than the median. This result suggests that the agricultural production of these countries
can be substantially improved, reducing substantially the world agricultural output gap.

The potential capacity is the output projection onto the frontier, and the output gap is the diffe-
rence between the frontier output and current agricultural production. The efficiency frontier is
a proxy for the world agricultural potential capacity, despite of all restrictions on estimation due
to aggregation across countries.
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Once potential inefficiencies have been identified, policy makers may provide a closer look on
inefficient producers with the intent to create mechanism designs envisaging those producers to
become more efficient.

In the literature there are several studies using efficiency analysis and output frontier across
countries with the intent to provide support for prescriptions of public policies.

Arcellus & Arocena (2005) carry out a computational analysis of the tradeoffs between a good
output and the CO2 emissions or bad output of the production process across OCDE countries
via a DEA formulation. The authors compute potential frontier CO2 reduction and compare their
results with targets defined by the Kyoto protocol emission limitations. Based on their findings
they provide possible negotiation strategies for the various countries in their effort to reach a
pollution control agreement.

Tyagi et al. (2009) evaluate the performance of 19 academic departments of different areas, in
India. They use DEA and suggest the improvement of performance via projections on the input
and output oriented frontiers.

Sharma & Thomas (2008) examine the relative efficiency of the R&D process across a group of
22 developed and developing countries using DEA. The R&D technical efficiency is examined
using a model with patents granted to residents as an output and gross domestic expenditures
on R&D and the number of researchers as inputs. The emergence of some of the developing
nations on the efficiency frontier indicates that these nations can also serve as benchmarks for
their efficient use of R&D resources. The inefficiency in the R&D resources usage highligh-
ted by this study indicates the underlying potential that can be tapped for the development and
growth nations.

We follow here a similar line of investigation. We define the problem, use a method of efficiency
analysis, compute the efficient frontier, point out the inefficient DMUs, and provide helpful in-
formation to policymakers to identify which countries can improve their agricultural production
performance via inefficiencies reduction.

The Brazilian literature on the subject of measuring agricultural efficiency at world level is
scarce, as described in Gomes (2008). On this theme, we can cite the papers of Headey et
al. (2010), Reimer & Kang (2010), Rezitis (2010), Coelli & Rao (2005), Gorton & Davidova
(2004), Thiam et al. (2001), for example. There are some important studies related to agricultu-
ral productivity at region, state and county levels in Brazil. In this context it is worth to mention
the works of Souza et al. (2010), Nogueira (2005), Baptista et al. (2004), Vicente (2004), Otsuki
et al. (2002), Pereira et al. (2002), among others.

The article proceeds as follows. Section 2 is on methodological aspects, where we specify the
statistical model and the selection of participating countries. Section 3 analyzes efficiency and
statistical results and proposes a world policy increase in agricultural supply. In Section 4 we
present final comments and summarize the main findings of the article.
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2 METHODOLOGICAL ASPECTS

2.1 Output, Inputs and Contextual Variables

The countries considered in this article are listed in Table 1. They comprise a universe of the 40
countries with the largest value added by agricultural sector. Together they were responsible, in
2005, for roughly 80% of the world agricultural sector.

The production system in our analysis involves one output and four inputs. As a proxy for the
agricultural output we use value added by the agricultural sector, in 2005, in 109 dollars at cons-
tant prices. Value added is the net output of a sector, after adding up all outputs and subtracting
intermediate inputs. This information is available in World Bank (2008c).

Inputs are land, labor, fertilizers and capital. The source for the input data is Food and Agricul-
ture Organization of the United Nations (2008b).

For land we use agricultural area, which 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, (b) permanent crops (land cultivated with crops that occupy the land for
long periods and need not be replanted after each harvest, and (c) permanent pastures (land
used permanently for herbaceous forage crops, either cultivated or growing wild (wild prairie or
grazing land). Data are expressed in 1,000 hectares. We follow Coelli & Rao (2005).

The economic active population in agriculture defines labor. This variable is defined as the agri-
cultural labor force, i.e., that part of the economically active population engaged in or seeking
work in agriculture, hunting, fishing or forestry. Data are expressed in 1,000 people, in 2005.
We follow Fulginiti & Perrin (1997) and Coelli & Rao (2005).

For fertilizer we used the total fertilizer consumption, in 2005. It’s the quantity of fertilizer
consumed in agriculture expressed in tonnes of plant nutrients. It’s represented by the sum
of the consumptions of nitrogen (N total nutrients), phosphate (P2O5 total nutrients) and po-
tash (K2O total nutrients). This procedure is in accordance with Food and Agriculture Orga-
nization’s statistics regarding fertilizers consumption. Data are expressed in tonnes of nutri-
ents. We follow the studies of Hayami & Ruttan (1970), Fulginiti & Perrin (1997) and Coelli
& Rao (2005).

As a proxy for capital we use the capital stock in agriculture that refers to a value that is atta-
ched to the total physical capital capacity available for repeated use in the production of other
goods, in existence at specific point in time in the economy of agriculture sector. As stated in
Food and Agricultural Organization of the United Nations (2008b), the estimates of investment
in agriculture have indirectly been derived by the FAO Statistics Division using physical data
on livestock, tractors, irrigated land and land under permanent crops etc., and the average prices
for the year 1995. These data enabled the derivation of the capital stock in agriculture which
is the gross; the annual change in the latter is taken to reflect investment in agriculture. Capital
expenses are not available for 2005. The most recent estimate for capital available in our sources
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is for 2003. As a proxy for capital in 2005 we take the ratio capital/output observed in 2003 and
multiply it by the output level in 2005. Data are expressed in US$ at constant 1995 price.

Production data is shown in Table 1, where HDI and R1, R2, R3, R4, R5, R6, R7 appear
as contextual variables. HDI is the Human Development Index (United Nations Development
Programme, 2006), a proxy for income and development. The HDI is taken for the year 2004
to avoid contemporaneous correlation with 2005 residuals. R1-R7 are dummies representing
countries’ geographical regions, as in World Bank (2008c).

Some interesting approaches integrating HDI and DEA may be seen in Mahlberg & Obersteiner
(2001) and Despotis (2005a, b). Specifically using HDI as a contextual variable we cite the work
of Antunes et al. (2006).

The approach employed here uses a production function with output and input aggregations by
countries to perform production efficiency analysis. This approach is commonly used in the
literature as can be seen in Ray & Desli (1997), Maudos et al. (1999), Kumar & Russell (2002),
and Arcelus & Arocena (2005).

The raw data was screened for the presence of outliers using regression methods as follows.
Let w = (1, y, x1, x2, x3, x4, R1, . . . , R6) be the matrix formed with observations on output
y and inputs xi plus a column of ones and regional dummies. It is a standard procedure in
regression analysis (Kutner et al., 2004) to consider values greater than two times the average of
the diagonal elements of the matrix w(w′w)−1w′ as outlying observations. Such observations
were identified by a dummy contextual variable ‘outlier’. These were Australia, China, Japan
and United States. This variable did not show statistical significance in the second stage.

2.2 Statistical Production Model

The production analysis is carried out considering a nonparametric model. We assume that
observations on production follow the statistical model (1),

y j = g
(
x j

)
+ v j − u j j = 1 . . . n (1)

where g(∙) is a continuous production function defined on the compact convex set K in the
nonnegative orthant of R4, with nonempty interior, satisfying:

1. x, w ∈ K , ∀t ∈ [0, 1], tg(x) + (1 − t)g(w) ≤ g(t x + (1 − t)w).

2. x, w ∈ K , x ≥ w, g(x) ≥ g(w).

3. g(∙) shows variable returns to scale.

The random variables v j and u j represent random and inefficiency errors respectively. Fol-
lowing Banker & Natarajan (2004, 2008) we assume that the random errors have a two sided
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continuous distribution concentrated on
(
−V M , V M

)
. The inefficiency error component is posi-

tive. It follows (2).
y j = g

(
x j

)
+ V M − (V M − v j + u j )

y j = g̃(x j ) − ε j

(2)

The component ε j is strictly positive. Following Banker (1993), Souza & Staub (2007), and
Banker & Natarajan (2004, 2008), assuming, for example, a gamma family of distributions for
the ε j , it is possible to use DEA, output oriented and under variable returns to scale, to con-
sistently estimate g̃(x). Identical distributions are not required and one may let the mean μ of
the inefficiency distribution be dependent on a linear function δ′z of covariates or contextual
variables. Following Simar & Wilson (2007), we considered a two stage statistical model to es-
timate δ using only the inefficient firms. For this purpose, we fit a gamma distribution 0(p, λ j )

with mean μ j = p/λ j , where λ j = exp(−δ′z j ), by maximum likelihood, to DEA residuals

ε̂ j =
(
φ∗

j − 1
)

y j . The empirical production function defined in (3), where the sup is restricted

to vectors γ for which
∑

j γ j = 1, consistently estimates g̃(x) for x ∈ K ∗. For input data
points x j , ĝ(x j ) = φ∗

j y j . The covariate of main concern here is HDI.

ĝ(x) = supγ

{∑
j γ j y j ;

∑
j γ j x j ≤ x, x ∈ K ∗

}

K ∗ =
{

x ∈ K ; x ≥
∑

j γ j x j , γ j ≥ 0,
∑

j γ j = 1
} (3)

We obtain information on the constant V M assuming that the efficient units are producing on
the technological frontier. In this context an optimum estimate would be V̂ M =

∑nl
l=1 μ̂l/nl ,

where μ̂l is the maximum likelihood estimate of μl and the sum is over the efficient units. The
maximum likelihood estimate of μl is computed from the inefficient units. This is a subtle
modification on the methods proposed by Banker & Natarajan (2008). The use of the gamma
distribution and the adaptation of the procedures of Simar & Wilson (2007) is also original.
In this context another possibility to model the inefficiency distribution would be given by the
truncation at zero of the normal with mean μ j and constant variance. This alternative did not
fit well in our instance.

3 EMPIRICAL RESULTS

Table 1 shows the estimates of efficiency computed under the assumption of variable returns to
scale. The nonparametric one sided test of Wilcoxon rank sum (Conover, 1998) point to marginal
significance for the difference between the assumptions of variable and constant returns. For this
reason, our choice was the less restrictive variable returns to scale model.

We notice that for each country o, the output oriented efficiency measurement is a solution of
the linear programming Max ϕ subject to the restrictions Yγ ≥ ϕyo, Xγ ≤ xo, γ ≥ 0, γ 1 = 1.
The vector (xo, yo) is the pair input-output for country o, and Xand Y are the matrices formed
with inputs and outputs for all countries in the analysis, respectively. Also ĝ(xo) = ϕ∗

o yo, where
ϕ∗

o is the solution of the linear programming problem. Efficiency quantities in Table 1 are inver-
ted to bring their values to (0, 1].
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The distribution of efficiency scores depicted in Figure 1 has no outliers, but seems to have two
models. The median efficiency is 0.466. The first quartile is 0.298 and 30% of the countries
are fully efficient.

Figure 1 – Distribution of efficiency scores.

Some interesting considerations may be drawn from the efficiency scores in Table 1 (Annex).
Among G-7 countries, France, Japan, USA and Canada are efficient, while UK, Italy and Ger-
many show greater efficiency levels than the median. Other countries of high income, Nether-
lands, and middle income, Greece, Korea Republic, Venezuela and Saudi Arabia are efficient as
well. At least, three countries of low income are also efficient: Algeria, China and Sudan.

Nine of the twenty countries with the largest output have efficiency scores lower than the
median. These countries are Brazil, Indonesia, Turkey, Mexico, Pakistan, Russian Federation,
Egypt, Iran and Argentina. This result suggests that the value added by the agricultural sector
of these countries can be substantially improved reducing substantially the world agricultural
output gap.

The gamma distribution fitted to non-efficient units produced Table 2. Regional dummies R5 and
R7 were removed, since they are not represented in the regression. The base for the dummies R1-
R4 represented in the analysis is R6. We see that the coefficient –b1 is negative and statistically
significant, indicating that an increase in HDI causes an increase in efficiency. The regional
dummies coefficients indicate that R6 and R4 are equivalent and efficiently superior to the other
three regions.
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Table 2 – Maximum likelihood estimates of inefficiency errors.

Underlying gamma distribution has shape parameter p and scale

exp(−b0 − b1x1 − b2x2 − b3x3 − b4x4 − b5x5), where x1 is the

HDI, x2 is R1, x3 is R2, x4 is R3, x5 is R4 and b0 is R6.

Parameter Estimate Error DF t value Pr > |t |

b0 (intercept) -5.2817 1.0801 28 -4.89 < 0.0001

b1 (HDI) 5.4182 1.8210 28 2.98 0.0060

b2 (R1) -1.3355 0.5915 28 -2.26 0.0319

b3 (R2) -1.3691 0.6626 28 -2.07 0.0482

b4 (R3) -1.3515 0.6556 28 -2.06 0.0487

b5 (R4) -0.8676 0.5547 28 -1.56 0.1290

p 2.9779 0.7555 28 3.94 0.0005

Based on the maximum likelihood estimation and using efficient units, one obtains V̂ M = 0.462
with a standard error of 0.055. United States and Canada were removed from this calculation
since they were definite outliers for the values for which the V̂ M mean is computed.

In added values terms the agricultural sector could grow 53.9% using the available technology.
Table 3 shows individual outputs and projections of potential outputs resulting from efficiency
adjustments. It also shows the output gap. In absolute terms the median gap is 14, 879 × 109 and
the third quartile is 38, 192 × 109. Pakistan and Malaysia are the leading relative contributors to
potential increase in agricultural GDP since they are highly inefficient. Likewise other important
countries are Mexico, Turkey and Indonesia.

Table 3 shows the output gap in 109 dollar values. The upper quartile includes Pakistan, Malay-
sia, Mexico, Turkey, Indonesia, Iran, Brazil, Ukraine, Russian Federation and Thailand. This is
an indication that these countries may increase substantially agricultural production with proper
incentive policies.

4 CONCLUSIONS

This article assesses the efficiency of production for the major agricultural producers in the year
of 2005. We estimated the output gap due to inefficiency for each economy and concluded that
if these countries were working on the efficient frontier, the supply of agricultural GDP would
increase by 53.9%.

From the efficiency scores we depicted that among G-7 countries, only France, Japan, USA and
Canada were efficient. Nine of the twenty countries with the largest output had efficiency scores
lower than the median, including Brazil. This suggests that the value added by the agricultural
sector can be improved by reducing the world agricultural output gap.

The regression analysis showed that an increase in HDI can cause an increase in agricultural
efficiency. Regions R6 and R4 were equivalent and more efficient than the others in this model.
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Table 3 – Agricultural GDP: actual values, projections adjusted

for efficiency, and absolute output gap (×109 US$).

Country Actual Projection Gap

Algeria 6,4694 6,4694 0

Argentina 15,3570 33,1723 17,8153

Australia 14,0113 19,4479 5,4367

Bangladesh 13,1141 33,7776 20,6635

Brazil 38,6614 84,9861 46,3247

Canada 15,9097 15,9097 0

Chile 5,7741 14,3489 8,5748

China 215,5380 215,5380 0

Colombia 10,6359 16,4183 5,7825

Egypt 18,3006 44,4069 26,1064

France 33,1088 33,1088 0

Germany 23,0666 33,3850 10,3184

Greece 6,5323 6,5323 0

India 112,9020 120,8161 7,9141

Indonesia 30,1459 80,1939 50,0481

Iran 17,6081 65,7134 48,1054

Italy 26,6400 41,5717 14,9316

Japan 76,3482 76,3482 0

Korea Republic 22,5000 22,5000 0

Malaysia 9,2068 64,8295 55,6227

Mexico 23,8181 76,3900 52,5719

Morocco 7,0263 19,6938 12,6675

Netherlands 9,5458 9,5458 0

Pakistan 19,8452 81,6232 61,7781

Philippines 14,3642 29,1905 14,8263

Poland 8,8334 31,5263 22,6929

Romania 6,5587 23,9546 17,3959

Russian Federation 18,8291 61,1924 42,3633

Saudi Arabia 9,9904 9,9904 0

Spain 20,6469 42,8980 22,2511

Sudan 5,4738 5,4738 0

Syrian Arab Republic 5,7154 25,8988 20,1834

Thailand 12,2505 53,5658 41,3154

Turkey 29,1774 79,6445 50,4671

Ukraine 5,5181 48,8845 43,3664

United Kingdom 13,4277 18,3058 4,8780

United States 123,1000 123,1000 0

Uzbekistan 5,6991 33,8570 28,1579

Venezuela, RB 5,1871 5,1871 0

Vietnam 9,2290 44,2966 35,0676
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A possible implication for economic policy resulting from this article is that a way to minimize
food scarcity in the world is reducing the inefficiency of the producing units of agricultural
goods. Moreover, the statistical results also indicate that HDI is an important variable to increase
agricultural efficiency. However, if on one hand an increase of HDI in producing units induces
a decrease in inefficiency in agricultural production, and thus an increase in supply, on the other
hand, the same increase of HDI, as a proxy for welfare of population, will increase the demand
for food.

The net social benefits of the interaction between demand and supply in this context were not
studied here. Further research is needed in this direction. However a startling conclusion is
that there is space and technology to increase agricultural production in 53.9% without requiring
additional resources.
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