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Abstract
The process of global deforestation calls for urgent attention, particularly in South America where
deforestation rates have failed to decline over the past 20 years. The main direct cause of deforestation
is land conversion to agriculture, while the underlying drivers include economic growth, population
growth and other technological and institutional factors. As world population is expected to reach 9
billion by 2050, the scientific and policy communities are placing significant emphasis on technological
innovation and agricultural intensification in order to address the food security issue without further
impacting on existing forests. In this article we combine data from the FAO and the World Bank for 7
Southern American countries over the period 1970-2006 estimate an econometric model which
accounts for various determinants of agricultural land expansion and use elasticities to quantify the
effect of the different independent variables. In particular we investigate whether, after accounting for
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various socio-economic factors and corruption control, an increase in agricultural productivity behaves
unexpectedly by strengthening the incentives to expand agricultural area, therefore leading to a “Jevons
paradox”. Our results show that when corruption control is strong a Jevons paradox begins to emerge
for high levels of agricultural productivity. We also find that agricultural expansion is positively related to
the level of service on external debt, agricultural exports and population growth. Finally, the
Environmental Kuznets Curve hypothesis for agricultural area, suggesting that GDP growth initially
promotes agricultural expansion but ultimately leads to a reduction in agricultural land, is not supported
by the data. Instead the effect of per-capita GDP on agricultural land is highly non-linear but ultimately
leads to an increase in agricultural area.

Introduction
The FAO has documented how over 2000-2010 more than 50 million ha of forest have been lost globally,
with an annual loss rate of -0.13%. At the global level the process of deforestation has slowed down,
from 1990-2000 when forests were being lost at a rate of -0.20% per annum, but this overall trend hides
important regional differences. Central and South America account for over 20% of the world’s forest
extension. The annual rate of deforestation over the decades 1990-2000 and 2000-2010 has been 1.56% and -1.19% for Central America, while it has remained constant at -0.45% for Southern American
(FAO, 2011). These rates, although seem to be slowing down (at least in Central America), remain
substantially higher than those observed at the global level. In order to properly understand the process
of deforestation in Southern America (and elsewhere), it is important to distinguish two different
causative mechanisms: proximate and underlying causes (Millennium Ecosystem Assessment, 2005;
Geist & Lambin, 2002). Proximate causes refer to activities or actions at the local level. Evidence
suggests that the main proximate cause of deforestation in tropical regions is agricultural expansion,
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followed by infrastructure expansion and commercial wood extraction (Grau & Aide, 2008; Bawa &
Dayanadan, 1997). Underlying causes reflect fundamental socio-economic, technological and
political/institutional factors which drive the local proximate causes. With respect to the socio-economic
factors, some of the determinants of agricultural expansion include high cash-crop prices, low
production costs and the need to generate foreign exchange earning in order to service external debt
(Geist & Lambin, 2002; Shandra et al., 2008; Bawa & Dayanadan, 1997). The effect of an increase in percapita GDP has been investigated at length, particularly to test the hypothesis that an initial increase in
GDP will stimulate agricultural expansion only up to a certain point beyond which a further increase in
income will lead to a reduction in agricultural area (Barbier and Burgess, 2001; Barbier, 2004a,b). Such a
hypothesis, known as Environmental Kuznets Curve in the environmental economic literature, is very
attractive as it suggests that a country can “grow” itself out of environmental degradation. The effect of
population increase on the expansion of agricultural area has also been ascertained (Bawa &
Dayanadan, 1997; Barbier and Burgess, 2001; Barbier, 2004a,b), plausibly because of its effect on food
demand (Von Braun, 2007; Deutsche Bank, 2009). With respect to the role of political-institutional
factors, it has been shown how better corruption control and increased political stability are associated
with agricultural expansion (Barbier and Burgess, 2001; Barbier, 2004a,b). Lower corruption improves
bureaucratic efficiency and facilitates land credit and policy which stimulate the conversion of forests to
agriculture (Lopez, 1998).
As the world population is expected to reach 9 billion by 2050, food security has become a priority issue
on the international political agenda. Given the prominent role played by agricultural expansion on
tropical deforestation an intense scientific debate has emerged on how to feed an increasing population
without further damaging existing forests. In this context the debate over the role of technological
innovation, relieving some of the pressures associated with agricultural expansion, has been mainly
framed with regard to the benefits of sustainable intensification (Royal Society, 2009) and the
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phenomenon of “land-sparing” (Ewers et al., 2009). These are certainly powerful ideas, and part of their
attractiveness is related to their simplicity: if one can produce more per unit of land then one certainly
needs less land (Meyfroidt & Lambin, 2007). From a theoretical point of view, it has been noted that the
land-sparing effect of agricultural intensification is likely to emerge if the demand for agricultural
products is inelastic, as the increased production will significantly lower prices, reduce revenues and
weaken the incentives for further land conversion (Bashaasha et al., 2001). However, it has also been
noted how intensification and yield increase may produce a “Jevons paradox” and strengthen the
incentives to further expand agricultural area (Lambin & Meyfroidt, 2011; Rudel et al., 2009; Coxhead et
al., 2001; Kaimowitz & Smith, 2001).
The remainder of the paper is structured as follows. After the present introduction, we discuss the data
and the methods employed in the analysis. Subsequently we present and discuss our results. Finally, we
draw the conclusions.

Data and methods
Drawing on FAO and World Bank data, here we conduct an econometric analysis to assess whether
agricultural intensification has been promoting or deterring agricultural expansion in 7 countries in Latin
America (Bolivia, Brazil, Colombia, Ecuador, Paraguay, Peru and Venezuela) over the period 1970-2006.
Agricultural intensification is quantified as the value of agricultural output (at constant prices) per ha of
agricultural land (Figure 1.a), while the dependent variable is the agricultural area in the i-th country at
time t (Figure 1.b).

[Figure 1 here]
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We also account for various socio-economic factors (per-capita GDP, agricultural exports, agricultural
value added, population and service on external debt) and corruption control and form two nested
econometric models (one including the corruption control index). The models are estimated by running
a robust panel data regression with both one-way and two-way random and fixed effects.
A panel data set consists of a repeated cross-section, involving individual units i=1….N, over a certain
period of time t=1…T. One of the main advantages of using panel data is the ability to control for a
number of unobserved factors, including time-invariant factors (i.e., that vary across individuals but not
over time) and individual-invariant factors (i.e., that vary across time but are the same for all
individuals). A detailed description of the various methods to estimate panel data can be found in
Wooldridge (2002). Here we only provide a short description of the methods employed in the article.
Given a general econometric model of the form

(1.a)
(1.b)

The existence of time-invariant individual-specific unobserved effects implies that (1.a) can be rewritten
as

(2)
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Where the constant αi varies across individuals but is constant over time. Expression (2) can be
estimated either through the one-way Fixed Effect model (FE) or through the one-way Random Effect
model (RE). The FE assumes that αi are just fixed constant. The model is normally estimated by running
an ordinary least square (OLS) regression of

on

, where

and

represent

the individual-specific mean of yit and xitk respectively, and subsequently recovering the αi intercepts.
The RE specification assumes that (2) can be expressed as
with

, where the individual-specific effects αi are stochastic. The RE model is estimated

through a Generalized Least Square (GLS) procedure. This involves running an OLS regression of
on

, which implies transforming the original data by removing a fraction θ

(this parameter is also estimated) of the individual-specific means (see Wooldridge 2002 for details).
When individual-invariant (i.e., time-specific) effects are also included (2) can be rewritten as

(3)

Where λt indicates the time-specific effect. Expression (3) can also be estimated by assuming that the
individual-specific components αi and the individual-invariant components λt are constants (obtaining
the two-way FE model) or stochastic (obtaining the two-way RE model).
The choice between ordinary least square (OLS) of a pooled cross-section against one-way and two-way
FE and RE models is performed on the basis of the (Breusch-Pagan) Lagrange Multiplier test (a large
value of this statistic argues in favor of the FE or RE models against OLS) and Hausman test (a large value
of this statistic argues in favor of the FE over the RE model).
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In order to address the question of whether in Southern America agricultural intensification has allowed
for land-sparing or on the contrary has further stimulated agricultural expansion, therefore revealing a
Jevons paradox, we start from the following general econometric model

(4)

The dependent variable in expression (4) represents agricultural land in the i-th country at time t (ALit),
while the independent variables reflect a vector of technological/intensification indicators (xit) and
socio-economic variables (zit). The next step is to incorporate corruption control into (4). First, notice
that given the limitation of public available data we consider an index of corruption control (qi) which
changes across countries but not over time. Second, we are particularly interested in analyzing the
interaction of corruption control with one of the intensification factors (xit). We then construct a new
variable wit=qi×xit to obtain the following model

(5)

In expressions (4) and (5) αi and λt represent the individual-specific and time-specific effects while γ, β
and θ are vectors of parameters associated with the corruption, technological/intensification and socioeconomic variables respectively, while vit is the independently distributed error term with zero mean
and finite variance.
7

Drawing on FAO data on agricultural land for 7 Latin American countries (Bolivia, Brazil, Colombia,
Ecuador, Paraguay, Peru and Venezuela) over the period 1970-2006, the dependent variable in
expressions (4) and (5) is formed as the logarithm of agricultural land in the i-th country at time t. In
order to construct a vector of technological/intensification variables we use FAO data on the value of
agricultural output (at constant prices) and divide it by the corresponding agricultural land indicator to
obtain a measure of value of agricultural output (at constant prices) per unit of land (AOHAit). The
elements of the vector

used for the empirical analysis include

and

. To

form a vector of socio-economic factors, we rely on data from the World Bank concerning population
(POPit), per-capita income at constant 2000 US$ (GDPCit), agricultural value added as a share of the total
GDP (AVAit), service on external debt as a share of the GDP at current prices (PEDSit) and FAO data on
export quantity index (EXit). The elements of the vector
,

,
,

,
,

,

used for the empirical analysis include
,

,

,

,

.

In order to account for the level of corruption, we use the World Bank corruption control index. The
index, which varies between -2.5 (no corruption control) and +2.5 (high corruption control) is available
for all the countries included in our analysis but only starting from 1996. As we need a measure of
corruption control which could be applied to the entire horizon covered by our dataset (1976-2006) we
compute the country-specific (and time-invariant) average of the corruption control index over the
period 1996-2006 (CORCi) and use it to form the vector

. Finally, to test whether the level of

corruption interacts with agricultural intensification we form the vector wit as

.

Our sample initially contains 37×7=259 observations, but after dropping missing values we are left with
217 observations. The descriptive statistics are presented in Table 1.
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[Table 1 here]

From expressions (4) and (5) we obtain the following pair of nested models (subsequently referred to as
model 1.a and 1.b respectively)

(6.a)

(6.b)

Results
Given the functional specification adopted, most of the parameters reflect elasticities. In fact, this
measure is the most appropriate when the independent variables are expressed in different units
(Cariboni et al., 2007). Given a function
defined as

the elasticity with respect to the k-th variable is

and indicates the % change in the dependent variable for a 1%

change in the k-th independent variable. The presence of logarithm products among the explanatory
variables in expressions (6.a) and (6.b) implies that the elasticities are not constant. The use of this kind
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of logarithmic specification is common in the environmental-economic literature, particularly with
reference to the Environmental Kuznets Curve hypothesis (e.g., Stern 2010; Stern and Common, 2001).
The estimation of the models is performed by running a robust panel data regression with both one-way
and two-way random and fixed effects. The main results are illustrated in Table 2.

[Table 2 here]

The performance of the nested models (6.a,b) is assessed on the basis of the likelihood ratio test
with

, where m indicates the number of

additional variables in model B, and the Akaike Information Criterion (AIC). We obtain LR=22.307 and
m=1 (p<0.001). This implies that model (6.b) performs significantly better than (6.a). However, when the
AIC is used, we cannot easily discard the results associated with (6.a). As reported in Table 2, the lowest
AIC is associated with expression (6.b), which corresponds to model (1.b) in the table. Burnham and
Anderson (2002, p. 70) have noted that when differences between the AIC of various models and the
minimum AIC (i.e., the one associated with model 1.a in our case) is less than 2, then none of the models
estimated can be deemed to be superior. In our case, given the very small differences between the AIC,
we believe that all models should in general be considered valid.
Consider the model without the corruption control index first (models 1.a in Table 2). The model
explains a significant portion of the overall variation. The elasticity of agricultural land with respect to
agricultural intensification is

. In model (1.a) β1=-0.401 (p<0.001) while β2

is not significantly different from zero, implying that εAOHA is constant and negative and that
intensification always promotes land-sparing (figure 2). As for the effects of the various socio-economic
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variables we find that in general the coefficients in model (1.a) have the expected sign. The elasticity
with respect to population is

with θ1=0.756 (p<0.1) and θ2 not significantly

different from zero. This suggests that an increase in population is likely to promote agricultural
expansion, a result which is in line with previous findings (Lambin, Geist and Lepers, 2003; Bawa and
Dayanadan, 1997). The elasticity of agricultural land with respect to per-capita GDP is
. The estimated value of the relevant parameters are θ3=59.519
(p<0.001), θ4=-7.882 (p<0.001) and θ5=0.347 (p<0.001) in model (1.b).

This suggests that

is

initially positive, until a first “turning point” (τ1) is reached, then becomes negative until a second
“turning point” (τ2) is reached and thereafter remains positive (figure 3). An increase in per-capita
income is initially associated with an expansion of the agricultural area, subsequently a further income
increase leads to a reduction in the agricultural area, but after crossing the second turning point an
increase in per-capita income ultimately promotes a further expansion of the agricultural area. Previous
evidence suggested the existence of only one turning point, supporting the Environmental Kuznets
Curve hypothesis: initially the increase of per-capita income is likely to promote environmental
degradation and agricultural expansion but as a country becomes more affluent it will “grow-out” of
environmental degradation and the agricultural area will shrink (Barbier and Burgess, 2001; Barbier
2004a,b). Our results suggest that the relationship between per-capita income and agricultural
expansion could be more complex, something which has recently been pointed out with respect to
other environmental impacts (Strong et al., 2011). On the basis of the estimated parameter values, for
model (1.a) the turning points are τ1=1,312 US$ per person and τ2=2,875 US$ per person (see the
Appendix for details on their computation). These points are all internal to the sample. All the other
coefficients (except the constant) are not significantly different from zero.
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[Figure 2 here]

Consider now model (1.b), where an index of corruption control interacting with the agricultural
intensification variable is introduced among the explanatory variables. This model also explains a
significant portion of the overall variations. The inclusion of the institutional variables reflecting
corruption control and its interaction with intensification significantly affects the results. The elasticity of
the agricultural area with respect to intensification is now
. In model (1.b) we obtain γ1=0.001 (p<0.001), β1=-0.709 (p<0.001) and β2=0.073
(p<0.001). To fully appreciate these results we plot εAOHA as estimated from (1.b) for three different
values of the corruption control index corresponding respectively to the sample mean, the sample
minimum and the sample maximum (figure 2). When corruption control is low or modearate (i.e., CORC
is evaluated at the sample minimum or sample mean), εAOHA remains negative suggesting that an
increase in agricultural productivity produces a land-sparring effect. However, when the corruption
control index is high (CORC is evaluated at its sample maximum) εAOHA is increasing and for a large
enough increase in productivity it becomes positive, suggesting the emergence of a Jevons paradox. As it
has been noted before, corruption control may increase bureaucratic efficiency and therefore facilitate
agricultural expansion (Lopez, 1998). This result also implies that the land-sparing effect of agricultural
intensification should be carefully considered, on a case-by-case basis as the supporting evidence
remains mixed. The other socio-economic factors behave as expected. The effect of population growth
on agricultural expansion is clearly positive in model (1.b). The elasticity of the agricultural area with
respect to per-capita income

follows a pattern similar to the one associated with models (1.a),

signaling the existence of two “turning points” (Figure 3). Initially εGDPC is positive and an increase in
income leads to an expansion of the agricultural area, until τ1 is reached; after this point εGDPC is negative
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and an increase in income generates a reduction of agricultural area until τ2 is reached; beyond this
point εGDPC is again positive and income increase ultimately promotes the expansion of agriculture. On
the basis of the estimated parameters for model (1.b) the turning points are τ1=1,121 US$ per-capita
and τ2=3,516 US$ per-capita.

[Figure 3 here]

Consider next the effects of the service on external debt. For model (1.b) we have
, with θ8=-0.118 (p<0.1), θ9 not significantly different from zero and
θ11=0.054 (p<0.005). An increase in the service on external debt promotes agricultural expansion, only in
those countries with a “sufficiently large” agricultural sector. On the basis of the estimated coefficients
we find that the service on external debt begins to have a positive effect on the expansion of agricultural
area when at least 8.9% of the GDP derives from the agricultural sector (Figure 4).This result, indicating
a sort of path dependence, is to some extent corroborated by existing evidence that suggests how
countries in which the agricultural sector plays a minor role are less prone to further expand agriculture
as a under the pressure of external debt (Shandra et al., 2008). Finally, the effect of agricultural exports
is not statistically significant.
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Conclusions
Our econometric analysis provides an assessment of the effect of agricultural intensification, alongside
other relevant socio-economic determinants, on agricultural expansion in Southern America over the
period 1970-2006. Our results show that when corruption control is not accounted for the land-sparing
effect of intensification is clearly detected. However, when corruption is accounted for, a Jevons
paradox emerges when corruption control is more intense. Drawing on this result we would like to
recommend caution when identifying agricultural intensification as the obvious mean by which to
reduce agriculture expansion in Southern America, since it may interact in unexpected ways with other
policy drivers, including those aiming at lowering corruption levels. In particular, while we recognize that
promoting agricultural intensification may be necessary to address food security, preventing the further
expansion of agricultural areas will also require a specific policy intervention, like the introduction of
some capping mechanism. The effect of population growth and service on external debt also appears to
be consistent with both expectations and previous results. As for the role of per-capita GDP, our results
reject the existence of an Environmental Kuznets Curve hypothesis and indicate that an increase in
affluence is likely to ultimately lead to a further agricultural expansion. In this respect, we also
recommend that any policy that aims at promoting economic growth as a way to limit the expansion of
agriculture should be carefully assessed.
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Figure 1: (a) the evolution of agricultural intensification, as measured by the value of agricultural output
(at constant prices) per ha (AOHA). (b) The evolution of agricultural land (AL).
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Figure 2: The graph illustrates εAOHA, the elasticity of agricultural land (AL) with respect to agricultural
intensification (AOHA), plotted against AOHA. For model (1.a) (dashed-dotted line) εAOHA is constant and
negative, revealing the existence of a land-sparring effect associated with intensification. For model
(1.b) when corruption control (CORC) is low or moderate (i.e., CORC is evaluated at the sample
minimum, dotted line, or sample mean, solid line) εAOHA is not constant but remains negative. When
corruption control is high (i.e., CORC is evaluated at the sample maximum, dashed line) a Jevons
paradox emerges.
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Figure 3: The graph shows the elasticity of agricultural land (AL) with respect to per-capita GDP (GDPC)
for model (1.a) (dotted-dashed line) and model (1.b) (solid line).
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Figure 4: The graph illustrates the elasticity of agricultural land (AL) with respect to the level of service
on external debt (PEDS) as a function of the share of agriculture on GDP (AVA).
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Table 1: Descriptive Statistics for the sample
Variable

Description Mean

AOHA

Value
of
156.580
108.796
Agricultural
Output (at
constant
prices) per
ha
Population 37933814.9 50228349.5

POP
EX

GDPC
PEDS

AVA

CORC

Index
of
Agricultural
Exports
GDP percapita
Service on
External
Debt as %
of GDP
Agricultural
Value
Added as %
of GDP
Index
of
Corruption
Control

Std

Min

Max

Cases

Source

16.536

641.725

217

FAO

2484739

187958211

217

WB

63.359

46.381

4

254

217

FAO

2525.345

1522.327

775.533

6521.484

217

WB

5.314

2.513

0.923

12.111

217

WB

14.570

8.040

4.023

37.702

217

WB

-0.571

0.431

-1.275

-0.025

217

WB
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Table 2: Regression results
Variables

Model 1.a

Model 1.b

Log(AOHA)

-0.401**
(0.160)
Log2(AOHA)
0.020
(0.015)
Log(POP)
0.756§
(0.446)
2
Log (POP)
0.005
(0.016)
Log(GDPC)
59.519***
(7.259)
2
Log (GDPC)
-7.882***
(0.957)
Log3(GDPC)
0.347***
(0.042)
Log(EX)
0.009
(0.044)
Log2(EX)
0.004
(0.006)
Log(PEDS)
-0.028
(0.064)
2
Log (PEDS)
0.001
(0.016)
Log(AVA)
-0.001
(0.050)
Log(PEDS)×Log(AVA) 0.021
(0.018)
CORC×AOHA
-

-0.709***
(0.170)
0.073***
(0.019)
1.398***
(0.452)
0.005
(0.016)
49.919***
(7.292)
-6.6111***
(0.962)
0.290***
(0.042)
0.066
(0.044)
-0.004)
(0.006)
-0.118§
(0.065)
0.003
(0.016)
-0.028
(0.048)
0.054**
(0.019)
0.001***
(0.0004)
Constant
-151.499***
-137.733***
(18.355)
(17.799)
Adj. R2
0.997
0.997
Log-likelihood
373.046
384.199
AIC
-2.913
-3.006
Hausmann
60.75***
85.08***
LM
221.17***
262.74***
Preferred Model
2-way FE
2-way FE
Dependent variable: Log(AL); §10% s.l.; * 5% s.l.; ** 1% s.l.; *** 0.1% s.l.
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Appendix – Turning points
In the main text of the article we discuss the existence of two “turning points” for the effect of percapita GDP on agricultural land. From expressions (6.a) and (6.b) the turning points can be easily
computed as

(A.1.a)

(A.1.b)
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