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Abstract

Global grain production has increased dramatically during the past 50 years, mainly as a
consequence of intensified land management and introduction of new technologies. For
the future, a strong increase in grain demand is expected, which may be fulfilled by
further agricultural intensification rather than expansion of agricultural area. Little is
known, however, about the global potential for intensification and its constraints. In the
presented study we analyze to what extent the available spatially explicit global
biophysical and land management-related data are able to explain the yield gap of
global grain production. We combined an econometric approach with spatial analysis to
explore the maximum attainable yield, yield gap, and efficiencies of wheat, maize, and
rice production. Results show that the actual grain yield in some regions is already
approximating its maximum possible yields while other regions show large yield gaps
and therefore tentative larger potential for intensification. Differences in grain
production efficiencies are significantly correlated with irrigation, accessibility, market
influence, agricultural labor, and slope. Results of regional analysis show, however, that
the individual contribution of these factors to explaining production efficiencies

strongly varies between world-regions.

Keywords: Grain production, yield gap, land management, intensification, inefficiency,

frontier analysis
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1 Introduction

Human diets strongly rely on wheat (Triticum aestivum L.), maize (Zea mays L.), and
rice (Oryza sativa L.). Their production has increased dramatically during the past

50 years, partly due to area extension and new varieties but mainly as a consequence of
intensified land management and introduction of new technologies (Cassman, 1999;
Wood et al., 2000; FAO, 2002a; Foley et al., 2005). For the future, a continuous strong
increase in the demand for agricultural products is expected (Rosegrant and Cline,
2003). It is highly unlikely that this increasing demand will be satisfied by area
expansion because productive land is scarce and also increasingly demanded by non-
agricultural uses (Rosegrant et al., 2001; DeFries et al., 2004). The role of agricultural
intensification as key to increasing actual crop yields and food supply has been
discussed in several studies (Ruttan, 2002; Tilman et al., 2002; Barbier, 2003; Keys and
McConnell, 2005). However, in many regions, increases in grain yields have been
declining (Cassman, 1999; Rosegrant and Cline, 2003; Trostle, 2008). Inefficient
management of agricultural land may cause deviations of actual from potential crop
yields: the yield gap. At the global scale little information is available on the spatial
distribution of agricultural yield gaps and the potential for agricultural intensification.

There are three main reasons for this lack of information.

First of all, little consistent information of the drivers of agricultural intensification is
available at the global scale. Keys and McConnell (2005) have analyzed 91 published
studies of intensification of agriculture in the tropics to identify factors important for
agricultural intensification. They emphasize that a plentitude of factors drive changes in
agricultural systems. The relative contribution of them varies greatly between regions.

This problem was confirmed by a number of studies that have investigated grain yields,
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and tried to identify factors that either support or hamper grain production at different
scales (Kaufmann and Snell, 1997; Timsina and Connor, 2001; FAO, 2002a; Reidsma
et al., 2007). These studies also indicate that most of these factors are locally or
regionally specific, which makes it difficult to derive a generalized set of factors that
apply to all countries. A second reason for the absence of reliable information on the
global yield gap is the limited availability of consistent data at the global scale.
Especially land management data are lacking. When it comes to quantifying potential
changes in crop yields often only biophysical factors, such as climate are considered
while constraints for increasing actual crop yields are often neglected or captured by a
simple management factor that is supposed to include all factors that cause a deviation
from potential yields (Alcamo et al., 1998; Harris and Kennedy, 1999; Ewert et al.,
2005; Long et al., 2006). Finally, lack of data also leads to another difficulty. Many
yield gap analyses have in common that they apply crop models for simulating potential
crop yields which are compared to actual yields (Casanova et al., 1999; Rockstroem and
Falkenmark, 2000; van Ittersum et al., 2003). Potential yields, however, are a concept
describing crop yields in absence of any limitations. This concept requires assumptions
on crop varieties and cropping periods. While such information is easily attainable at the
field scale it is not available at the global scale. Moreover, different simplifications of
crop growth processes exist between the models. This may result in uncertainties of
globally simulated potential yields, and makes an appropriate model calibration
essential for global applications. Comparing simulated global crop yields to actual
yields therefore bears the risk of dealing with error ranges and uncertainties of different
data sources (i.e., observations and simulation results) which might even outrange the
yield gap itself.

Consequently, available knowledge about the yield gap is rather inconsistent and

regional and global levels of agricultural production have hardly been studied together.
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The aim of this paper is to overcome some of the mentioned shortcomings by analyzing
actual yields of wheat, maize, and rice production at both regional and global scale
accounting for biophysical and land management-related factors. We propose a
methodology to explain the spatial variation of the potential for intensification and
identifying the nature of the constraints for further intensification. We estimated a
stochastic frontier production function to calculate global datasets of maximum
attainable grain yields, yield gaps, and efficiencies of grain production at a spatial
resolution of 5 arc minutes (approximately 9.2 x 9.2 km on the equator). Applying a
stochastic frontier production function facilitates estimating the yield gap based on the
actual grain yield data only, instead of using actual and potential grain yield data from
different sources. Therefore, the method allows for a robust and consistent analysis of
the yield gap. The factors determining the yield gap are quantified at both global and

regional scales.

2 Methodology

2.1 The Stochastic Frontier Production Function

Stochastic frontier production functions originate from economics where they were
developed for calculating efficiencies of firms (Aigner et al., 1977; Meeusen and
Broeck, 1977). Since agricultural farms are a special form of economic units this
econometric methodology can also be used to calculate farm efficiencies and
efficiencies of agricultural production in particular. In our global analysis, the

agricultural production within one grid cell (5 arc minute resolution) is considered as
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one uniform economic unit. The stochastic frontier production function represents the
maximum attainable output for a given set of inputs. Hence, it describes the relationship
between inputs and outputs. The frontier production function is thus “a regression that is
fit with the recognition of the theoretical constraint that all actual productions lie below
it” (Pesaran and Schmidt, 1999). In case of agricultural production the frontier function
represents the highest observed yield for the specified inputs. Inefficiency of production
causes the actual observations to lie below the frontier production function. The
stochastic frontier accounts for statistical noise caused by data errors, data uncertainties,
and incomplete specification of functions. Hence, observed deviations from the frontier
production function are not necessarily caused by the inefficiency alone but may also be

caused by statistical noise (Coelli et al., 2005).

The frontier production function to be estimated is a Cobb-Douglas function as
proposed by Coelli et al. (2005). Cobb-Douglas functions are extensively used in
agricultural production studies to explain returns to scale (Bravo-Ureta and Pinheiro,
1993; Bravo-Ureta and Evenson, 1994; Battese and Coelli, 1995; Reidsma et al.,
2009b). If the output increases by the same proportional change in input then returns to
scale are constant. If output increases by less than the proportional change in input the
returns decrease. The main advantage of Cobb-Douglas functions is that returns to scale
can be increasing, decreasing or constant, depending of the sum of its exponent terms.
In agricultural production decreasing returns to scale are common. The Cobb-Douglas

function is specified as following:

In(qi) = R1X; + Vj- Uj Equation 1
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where In(q;) is the logarithm of the production of the i-th grid cell (i=1, 2,...N), X; is a
(1 x k) vector of the logarithm of the production inputs associated with the i-th grid
cell, B isa (k x 1) vector of unknown parameters to be estimated and v; is a random
(i.e., stochastic) error to account for statistical noise. Statistical noise is an inherit
property of the data used in our study resulting from reporting errors and inconsistencies
in reporting systems. The error can be positive or negative with a mean zero. The non-
negative variable u; represents inefficiency effects of production and is independent of

v;. Figure 1 illustrates the frontier production function.

Insert Figure 1 here

Stochastic frontier analyses are widely used for calculating efficiencies of firms and
production systems. The most common measure of efficiency is the ratio of the

observed output to the corresponding frontier output (Coelli et al., 2005):

Ei= 4 _Op(XBrvizu) exp (—u) Equation 2
exp (X" il + vi) exp (X" iR + vi)

where E; is the efficiency in the i-th grid cell. The efficiency is an index without a unit
of measurement. The observed output at the i-th grid cell is represented by g; while x’i3
is the frontier output. The efficiency E; determines the output of the i-th grid cell
relative to the output that could be produced if production would be fully efficient given
the same input and production conditions. The efficiency ranges between zero (no

efficiency) and one (fully efficient).

Kudaligama and Yanagida (2000) applied stochastic frontier production functions to
study inter-country agricultural yield differences at the global scale. However, that

7



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

study disregards spatial variability within countries, which can be very large. To our
knowledge, our study presents the first application of a stochastic frontier function to
grid cell specific crop yield data at the global scale. At the national and regional scale a
number of authors have applied frontier production functions to calculate both
efficiencies of grain productions and frontier grain productions (Battese, 1992; Battese
and Broca, 1997; Tian and Wan, 2000; Verburg et al., 2000). Each of these studies
contribute significantly to the understanding of variation in grain yields and agricultural
production efficiencies. However, most of these studies lack a comprehensive analysis
and discussion of the spatial variations of the yield gap and production efficiencies

within the region considered.

2.2 Global level estimation of frontier yields and efficiencies

We applied a stochastic frontier production function to calculate frontier yields, yield
gaps, and efficiencies of wheat, maize, and rice production. Thereby, we integrated both
biophysical and land management-related factors. In our analysis the actual grain yield
is defined as observed grain yield expressed in tons per hectare. The frontier yield is
indicative for the highest observed yield for the combination of conditions. Global data
on actual grain yields were obtained from Monfreda et al. (2008). These datasets
comprise information on harvested areas and actual yields of 175 crops in 2000 at a

5 arc minute resolution and are based on a combination of national-, state-, and county-
level census statistics as well as information on global cropland area (Ramankutty et al.,

2008).

The vector of independent variables in the frontier production function contains several

crop growth factors. Crop growth factors can be classified as growth-defining, growth-
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limiting, and growth-reducing factors (van Ittersum et al., 2003). According to

van Ittersum et al. (2003) growth-defining factors determine the potential crop yield that
can be attained for a certain crop type in a given physical environment.
Photosynthetically Active Radiation (PAR), carbon dioxide (CO;) concentration,
temperature and crop characteristics are the major growth-defining factors. Growth-
defining factors themselves cannot be managed but management adapts to these
conditions, for example by choosing the most productive growing season. Growth-
limiting factors consist of water and nutrients and determine water- and nutrient-limited
production levels in a given physical environment. Availability of water and nutrients
can be controlled through management to increase actual yields towards potential levels.
Growth-reducing factors, such as pests, pollutants, and diseases reduce crop growth.
Effective management is needed to protect crops against these growth-reducing factors.
The interplay of growth-defining, growth-limiting, and growth-reducing factors

determines the actual yield level.

The stochastic frontier production function was composed in such a way that the
frontier grain yield is defined by growth-defining factors, precipitation and soil fertility
constraints. Hence, frontier yields may be below potential yields because they consider
growth-limiting factors for their calculation. Factors that determine the deviation from
the frontier grain yield, and hence lead to the actual grain yield, are called inefficiency
effects and are considered in the inefficiency function u;. According to our definition
this yield gap is caused by inefficient land management. The stochastic frontier

production function to be estimated for each grain type:

In(qi) = R + Baln(temp;) + BaIn(precip;) + RsIn(par;) + B4In(soil_const;) + v; - u;
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Equation 3

where g is the actual grain yield, specified per grain type. The most important crop
growth-defining factors are PAR (par;) and temperature. The relation between
temperature and grain yield is not log-linear as it is implied by the Cobb-Douglas
stochastic frontier model. Increasing temperature first leads to an optimum grain yield
before the yield declines again. We therefore defined the variable temp; as the deviation
from the optimal monthly mean temperature. The optimal monthly mean temperature is
the mean monthly temperature at which the highest crop yields are observed according
the observed actual crop yields. CO, concentration, another growth-defining factor, was
not included in our production function because only slight CO, concentration
differences exist between the Northern and Southern Hemisphere and local CO;
concentrations show hardly any spatial variability. Precipitation (precip;) and soil
fertility constraints (soil_const;) represent growth-limiting factors, which can be
controlled by management. Rather than using annual averages for each climatic
variable, monthly mean temperature, precipitation, and PAR data were integrated over
the grain type specific growing period (Table 1). The growing period is defined as the
period between sowing date and harvest date which differs between grain type and
climatic conditions and thus location. Using growing period specific climate data allows
us to account for only those climate conditions which contribute significantly to grain
development. A similar approach is also used in many crop modeling approaches (for
examples see Kaufmann and Snell, 1997; Jones and Thornton, 2003; Parry et al., 2004;
Stehfest et al., 2007). Empirical data on growing season were available for irrigated rice
(Portmann et al., 2008), while we obtained grain specific growing period information
for wheat and maize from the LPJmL model (Bondeau et al., 2007). Cropping periods

for rice are based on irrigated rice and the same growing period was applied for both

10
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irrigated and non-irrigated rice production areas because data on non-irrigated rice were
not available. A full sensitivity analysis of the effect of cropping period choice was

beyond the scope of this paper. A description of all variables used is given in Table 1.

The influence of land management on the actual grain yield was considered in the
inefficiency function u;. Several regional and global studies have identified factors
which determine land management and intensification (Tilman, 1999; Kerr and Cihlar,
2003; Keys and McConnell, 2005; Reidsma et al., 2007). Only a few of these factors are
available as spatially explicit global datasets. Therefore, proxies of these factors for
which global datasets are available were used instead as determinants of land

management. The inefficiency function is specified as:

ui = o1(irrigy) + o»(slopej) + ds(agr_pop;) + ds(accessy + os(market;)

Equation 4

Irrigation (irrig;) as a traditional management technique for improving actual grain
yields was taken into account. Slope (slope;) might restrict actual grain yield because it
hinders accessing land with machinery, leads to surface runoff of (irrigation) water, and
supports soil erosion which limits soil fertility. Nevertheless, adverse slope conditions
can, to a certain extent, be offset by effective management and were therefore
considered in the inefficiency function. The importance of labor as determinant of
agricultural production has been discussed and analyzed in several studies (Battese and
Coelli, 1995; Mundlak et al., 1997; Hasnah et al., 2004; Keys and McConnell, 2005). A
proper consideration of agricultural labor at the global scale remains, however,

challenging with limited data availability as a major obstacle. For this reason we used

11
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non-urban population data as proxy for agricultural population and hence labor
availability (agr_popi). Market accessibility (access;) gives an indication of the
attractiveness of regions for grain production in terms of the time-costs to reach the
closest market. We considered the accessibility of the nearest markets, including large
harbors, which are the door to distant markets as well. A proxy for the market influence
(market;) was included in the inefficiency function as it is assumed that regions with
stronger markets are better suited for investments in yield increases of agricultural
production than regions with less strong markets. Market; and access; are at the same
time proxies for the availability of fertilizers, pesticides and machinery.

Fertilizer application, one of the most important management options to increase actual
grain yields (Tilman et al., 2002; Alvarez and Grigera, 2005) could not be included in
the inefficiency function due to lack of appropriate data. Globally consistent and
comparable fertilizer application data are only available at the national scale. We
obtained grain type specific fertilizer application rates per country from the
International Fertilizer Industry Association (IFA) (FAO, 2002b). A correlation analysis
to identify the relationship between fertilizer application and efficiency of grain

production was done with these data at the national level.

We computed a globally consistent grain yield frontier under the assumption of globally
uniform relations with the growth-defining, growth-limiting, and growth-reducing
factors. This consistency allows us to directly compare estimated frontier yields,
efficiencies and yield gaps between grid cells across the globe. Only 5 arc minute grid
cells with a cropping area of at least 3% coverage of the particular grain type were
considered in the analysis to prevent an overrepresentation of marginal cropping areas.
From these grid cells a random sample of 10% with a minimum distance of two grid

cells between each sampled grid cell was chosen to allow efficient estimations and

12
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reduce spatial autocorrelation, which may have been caused by the characteristics of the
data that were derived from administrative units of varying size (Monfreda et al., 2008).
We tested the robustness of this 10% sample to verify the appropriateness of the sample
size. Maximume-likelihood estimates of the model parameters were estimated using the

software FRONTIER 4.1 (Coelli, 1996).

Insert Table 1 here

2.3 Regional level estimation of frontier yields and efficiencies

The importance of the variables explaining the efficiencies is hypothesized to be
different between world-regions. For example, the conclusion that slope is a
determining factor for efficiencies of global wheat production does not rule out the
possibility that in some world-regions slope does not influence efficiency of wheat
production while other variables do. To uncover such differences, we conducted a
second analysis at the scale of world-regions. World-regions consist of countries with
strong cultural and economic similarities. We distinguish 26 world-regions for the

regional analysis.

If frontier yields and efficiencies are calculated for each world-region individually
inconsistencies may be introduced since some world-regions may not contain grid cells
with actual yields close to the frontier yields. Such analysis can lead to an
underestimation of the frontier yield. Efficiencies were therefore calculated at the global
scale to retrieve globally comparable frontier yields. However, in this case efficiencies
were calculated without synchronously estimating the inefficiency effects contrary to

the global approach in section 2.2. The applied stochastic frontier production function

13
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remains the same (Equation 3); however, the inefficiency effects are not synchronously
estimated. In our regional analysis, forward stepwise regressions were applied to
identify the statistically significant inefficiency effects (independent variables) and to
determine their relative contribution to the overall efficiency of grain production

(dependent variable) per world-region (Equation 5).

In(effi) = Bp + By (irrig;) + B2(slope;) + Rz(agr_pop;) + Ra(access;) + Bs(market;)

Equation 5

where eff; is the efficiency in each grid cell. Again, efficiency in our study is defined as
the actual yield in relation to the frontier yield. The percentage of grain area within a
grid cell was used as weighting factor. The natural logarithm was calculated for the
efficiency in order to account for non-linear relations. The variance inflation factor
(VIF) was calculated to ensure independence amongst the variables. Variables with a

VIF of 10 or higher were removed from the analysis.

3 Results

3.1 Global frontier yields and efficiencies

All coefficients in the stochastic frontier production function are significant at 0.05 level
(Table 2). The deviation from optimal monthly mean temperature (temp) has a negative
coefficient for all grain types, meaning that the frontier grain yield decreases with an

increasing deviation from the optimal monthly mean temperature. The relationship is

14
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strong indicated by the large t-ratios (Table 2). Precip and soil_const also determine a
significant share explaining the frontier production. The positive coefficients for precip
for all three grain types indicate that with an increased precipitation sum the grain yield
increases. The negative coefficient for par for all three grain types may be related to
cloudiness which is closely related to precipitation. Another reason for the negative
coefficient for par may be that the higher PAR (and consequently energy influx), the
higher potential evapo-transpiration, which causes water stress and might therefore
decrease frontier grain yields. Furthermore, a relationship between the temperature sum
over the growing period and par for all three grain types (Pearson correlation coefficient
r>=0.67) is potentially causing multicollinearity. While frontier yields of maize and
rice are negatively correlated to soil_const, a positive coefficient for soil_const for
wheat is obtained. Highest actual wheat yields are found in countries with highly
mechanized and capital intensive agriculture, such as Denmark and Germany. Soil
fertility constraints in these countries can be reduced by an effective land management,
especially fertilizer application. Hence, soil fertility constraints are only up to a certain
level not an obstacle for wheat production in those countries. Because these countries
supply a large share of global wheat production this may explain the positive coefficient

for wheat. It is unlikely that there is a causal relation underlying this observation.

In the inefficiency function, a positive coefficient indicates that the respective variable
has a negative influence on efficiency. Irrig and market have negative coefficients for
all grain types. Hence, the absence of irrigation and a low market influence reduce
efficiency. The coefficient for slope is positive for wheat and maize but negative for
rice. Steeper slopes indicate lower efficiencies in wheat and maize production. The
negative coefficient for rice may be explained by the large amount of global rice that is

produced on terraces in sloped areas, especially in the core production regions in South-
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East Asia. The production on terraces is very intensive and may explain high actual
yields and efficiencies. Furthermore, in many hilly regions rice is produced on the
valley bottoms. Due to the limited spatial resolution of the analysis these locations are
represented as sloping, leading to a possible negative association with inefficiency. The
positive coefficients for access are all as expected. Hence, the more hours needed to
reach the next city, the lower the efficiency of grain production. According to the theory
of von Thuenen (1966), who concludes that crop production is only profitable within
certain distances from a market, crop production becomes less productive and less
efficient in more remote regions. Somewhat surprising results are achieved for agr_pop.
While the coefficient for wheat is negative as expected it is positive for maize and rice.
It can be argued that for many less developed countries the more labor is available the
lower is the technology level and, therefore, the efficiency. This applies for many rice
and maize growing countries as shown with our results. Furthermore, the percentage of
agricultural population as part of the non-urban population tends to be smaller nearby
urban agglomerations. In those regions agricultural activities provide often only a small
contribution to the non-urban household income whereas off-farm activities are the
primary income source, which tends to be associated with lower agricultural efficiencies
(Verburg et al., 2000; Goodwin and Mishra, 2004; Paul and Nehring, 2005).

The correlations (Pearson coefficients) for fertilizer application and the grain production
efficiency at country level are r=0.67 for wheat, r = 0.59 for maize and r = 0.27 for rice.
Countries with lower fertilizer application rates therefore achieve lower efficiencies in

grain production than countries with higher fertilizer application rates.

Results of the obtained likelihood-ratio tests are shown in Table 2. The likelihood ratio
(LR) statistics for wheat (LR = 4307), maize (LR =3695) and rice (LR = 1558) exceed

the 1% critical values of 21.67 for 6 degrees of freedom and therefore indicate high
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statistical significance (Kodde and Palm, 1986). A Wald test was conducted to test the
significance of all included variables. Results indicate that we can only explain about
half of the efficiencies in wheat production (y = 0.47). This means that the other half of
the variation cannot be explained by inefficiency effects but rather by statistical noise.
The y-values for maize and rice are much higher: 0.91 for both. Hence, a major part of
the error term is due to inefficiency rather than statistical noise. Reasons for the
remarkable differences between the obtained y-values are diverse. Statistical noise in
our study is an inherent data property possibly introduced by data errors or data
uncertainties. The large variation of sources and years of validity of the grain yield data
and the different size of the administrative units that underlie these datasets are likely to
cause high uncertainties. Input data are not validated and it can be expected that some of
them are more accurate than others with large differences between regions. Statistical
noise may also be caused by variances within the data. For example, variability of
climate within a particular month may influence crop management but cannot be
captured by mean monthly climate data. Furthermore, actual yields are likely to reflect
large inter-annual variations due to climate variation which is not captured by the long-
term average climate parameters used in this study. Uncertainties in cropping periods
may also add to the statistical noise. Furthermore, we considered only a limited number

of inefficiency effects to explain spatial variation in efficiencies.

The mean efficiencies for wheat, maize and rice are 0.637, 0.501 and 0.638,

respectively (Table 2). Hence, the highest efficiencies at global scale are obtained for

production of wheat and rice, while maize production is the least efficient.

Insert Table 2 here
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Frontier grain yields show a wide variation across the globe. Exemplary regions with
high frontier yields are Northwest Europe, central USA, and parts of China, while
central Asia, Mexico, and West Africa show low frontier yields for wheat, maize, and

rice production respectively (Figure 2).

Insert Figure 2 here

Figure 2 and 3 illustrate that some regions produce grain close to the estimated frontier
yields while others show a large yield gap. These yield gaps are an indication for the
potential to increase actual grain yields. The maximum yield gaps are 7.5 t/ha for wheat,
8.4 t/ha for maize and 6.4 t/ha for rice. If we express the global aggregated yield gap in
total production (i.e. in tons) we can show that the yield gap equals 43%, 60%, and 47%

of the actual global production of wheat, maize and rice, respectively.

Insert Figure 3 (Maps 1-3) here

3.2 Regional determinants of efficiencies

We present and discuss only the most important results of the region-specific analysis of
factors that explain efficiencies. Two world-regions per grain type, which are
characterized by a different agricultural, cultural and economical background, were
selected and are presented in Table 3. Results show that the individual contribution of
determinants of efficiencies varies strongly between world-regions and grain types

(Figure 4).

Insert Table 3 here
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The results indicate that regional efficiencies of grain production can be explained by
irrigation (irrig) in five of the six presented world-regions. The coefficients for irrig are
all positive, but the individual contributions vary between world-regions. For example,
in the Thailand region intensive irrigation is only applied in some rice growing regions,
e.g. in the surroundings of Bangkok and in the Mekong Delta while rain-fed rice
production mostly faces severe constraints in obtaining a highly efficient production.
Irrig explains most of the variance in efficiency of rice production in the Thailand
region. Market accessibility (access) can explain efficiencies of grain production in the
USA, Southern Africa, Indonesia and the Thailand region. For all regions poor
accessibility mean lower efficiency of grain production but the contribution of access
differs between world-regions. For example, the USA is the world’s main wheat
exporter and access can explain most of the variability in wheat efficiency. In the more
remote regions land prices are lower and inputs are therefore often substituted by land
leading to lower efficiencies. China’s wheat export is minor with less than 1% of its
total production (FAOSTAT, 2009) and within the densely populated wheat production
areas generally little time is needed for reaching markets. Access can therefore not
explain the variance in efficiency of Chinese wheat production. Market influence
(market), as a proxy for land rent indicating the investments in machinery, pesticides
and fertilizer, has a positive coefficient for most grain types and regions: especially for
maize production. A large part of the variance in efficiency of maize production in
Mexico and Southern African can be explained by the variation in market influence
while it can neither explain efficiencies of wheat production in the USA nor efficiencies
of rice production in the Thailand region. Agricultural population (agr_pop) as proxy
for agricultural labor has a positive contribution to efficiencies of rice production in the

Thailand region, Indonesia, and wheat production in the USA and China, while its
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contribution is negative for maize production in Southern Africa. For both Indonesia
and the Thailand region these results can be traced back to the labor intensity of rice
production with large number of people engaged in rice production and post-production
activities including processing, storage, and transport. Also Chinese cereal production is
well-known for being labor intensive. Farmers try to substitute capital and land with
labor which explains the positive coefficient as also confirmed by Tian and Wan (2000).
Slope explains most of the variability in efficiency of Chinese wheat production. Actual
wheat yields in China are significantly higher in flat areas (yellow river valley) as these
areas are easier to access and allow for better use of machinery. China’s rapid
urbanization has, however, forced wheat farmers to also produce in less productive, for
example more hilly regions to meet the food demand (Chen, 2007; Xin et al., 2009).
Slope coefficients are also positive for rice production in Indonesia and the Thailand
region and for Mexico. Mexican maize is largely produced in the highlands of Mexico.
However, slope adds less to the explanation of efficiency of maize production than most

of the other inefficiency effects.

Insert Figure 4 (Maps 1-3) here

4 General discussion

4.1 Evaluation of data and methodology

Agricultural production efficiency, yield, and intensification are closely linked (de Wit,

1992; Matson et al., 1997; Cassman, 1999; Reidsma et al., 2009b). In this paper we

have shown how to disentangle actual grain yields from production efficiencies by using

stochastic frontier production functions. The strength of our approach lies in its
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integration of biophysical and land management-related determinants of grain yields.
Kaufmann and Snell (1997) showed that climate variables alone account for only a
minor part of the variation in US maize yield while socio-economic variables, such as
farm size, technology, and loan rates, account for the main part of yield variation. This
example underpins the necessity to include socio-economic variables when exploring
crop yields. The selection of land management-related factors included as inefficiency
effects in our analysis was, however, heavily restricted by data availability. Additional
aspects related to agricultural production that may be considered are for example
stimulation of alternative management options, applied technology, land ownership,
farm size, and land degradation. All these factors may affect the yield gap but their
consideration was beyond the scope of our study as consistent spatially explicit data are

not available at the global scale.

The presented approach combines econometric methods with concepts applied in crop
sciences. The Cobb-Douglas function implies a log-linear relation between dependent
and independent variables. This may, however, be inappropriate to present the relation
between yield, growth-defining, and growth-limiting factors as some of these factors
may not have such a relationship. Yet, the data did not provide an indication that
another functional form would be more appropriate.

A big advantage of the frontier production approach is the consistent use of one dataset
of observed yields. Observed grain yield data were derived from different national
censuses and partly show constant values for each grid cell belonging to the same
administrative unit (Monfreda et al., 2008). We minimized this effect (that causes
spatial autocorrelation of observations) by excluding all minor cropping areas from the
analysis and using a sample with a minimum distance between the sampled grid cells.

Alternatively, observed yields may be compared to simulated potential yields. However,
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only few model results of potential yields at the global scale are available. A simple
comparison of published maps of potential yields originating from different models
indicates large deviations between the simulated potential yields. The deviation between
simulated potential yields is often larger than the yield gap itself, which makes a reliable
yield gap analysis impossible based on these simulated yields (MNP, 2006; Bondeau

et al., 2007).

4.2 Closing the yield gap

Potential yields were explored in many studies. One of the first studies carried out at the
global scale was published by Buringh et al. (1975) who assessed maximum grain
production per soil region. The authors calculated the highest total production levels for
Asia and Africa with up to 14.000 Mio tons/ yr but did not explore variability of grain
yields within each soil region. In recent studies, Reidsma et al. (2009a) has simulated
water-limited potential maize yields for Europe and observes a gradient from the
North-East of Europe to the South-West. Our frontier yields confirm this trend, although
the gradient is weaker and the frontier yields tend to be higher than the model results.
The same is observed for frontier wheat yields for the North China Plain which are
tentative higher (up to 10 tons/ ha) than potential wheat yields simulated by Wu et al.
(2006) which do not exceed 8 tons/ ha. Peng et al. (1999) have conducted several field
level experiments and conclude potential rice yields of about the 10 tons/ ha for the
tropics. We can, however, not confirm such high frontier rice yields for the tropics,
those we have only estimated for Central China where hybrid rice technology has been

widely adopted (Cassman, 1999).
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We define the process of closing the yield gap as intensification. To increase actual
grain yields through intensification a catalyst is needed to initialize the intensification
process. Lambin et al. (2001) have identified three trigger of agricultural intensification:
1) land scarcity, 2) investments in crops and livestock, and 3) intervention in state-,
donor-, or non-governmental organization (NGO)-sponsored projects to further push
development in a region or economic sector. For exploring potential temporal dynamics
of intensification it is essential to know whether these triggers exist and how these
interact with local constraints. The results of our analysis have confirmed that the
factors explaining inefficiencies in production widely vary by region. Furthermore,
factors explaining efficiencies are related to complex social, economic, and political
processes. Taking this into account it is debatable to what extent the calculated yields
gaps can and will be closed. Particularly developing and transition countries often lack
capital investments, infrastructure, education, and effective agricultural policies and
agricultural expansion is practiced instead to increase grain yield (Reardon et al., 1999;
Swinnen and Gow, 1999; Coxhead et al., 2002). The presented frontier yields illustrate
what currently could be achieved while breeding improvements may lead to higher
yielding varieties in the future. Several authors have discussed the role of technological
development to further increase potential crop yields (Cassman, 1999; Evans and
Fischer, 1999; Huang et al., 2002) but its specific contribution remains difficult to

determine (Ewert et al., 2005).

Another aspect to be considered when exploring grain yields is the effect of climate

change. Climate change is expected to have different impacts on agricultural yields in
different parts of the world and for different crop types (Parry et al., 2004; Erda et al.,
2005; Thornton et al., 2009; Wei et al., 2009). The presented methodology and results

may be used for assessing the impact of climate change on actual and potential grain
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yields as well as for investigating possible adaptation strategies. A negative aspect often
associated with intensification is environmental damage. Many studies have shown that
agricultural intensification may lead to air and water pollution, loss of biodiversity, soil
degradation and erosion (Harris and Kennedy, 1999; Donald et al., 2001; Foley et al.,

2005) and more and more authors emphasize the need for a more efficient use of natural

resources and ecological intensification (Cassman, 1999; Tilman, 1999).

5 Conclusions

In this study we explored factors associated to grain production efficiencies and yield
gaps of global grain production. We explained the spatial variation across the globe to
explore the potential for intensification and the nature of the constraints given the
current technological development. Results show that on average the present actual
yields of wheat, maize, and rice are 64%, 50%, and 64% of their frontier yields,
respectively. Based on these results it appears tempting to conclude a tremendous
potential for intensification of global grain production. In fact, quantitative assessment
of intensification potential remains challenging as intensification has multiple pathways
and often goes parallel with agricultural expansion. Minimizing the yield gap requires
understanding the nature and strength of region-specific constraints. From our results
we can conclude that, while some factors can explain efficiencies of global grain
production the same factors may not be relevant at the world-regional scale. Hence, the
efficiency of grain production is the result of several processes operating at different
spatial scales but the influence of each of these processes differs between the scales.
From the comparison of our global results with the regional results we can conclude that

these processes do not necessarily behave linearly across these scales. Drawing
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conclusions from the global results about factors explaining grain production
efficiencies at the regional scale would therefore be wrong. Hence, region-specific
identified constraints need to be assessed separately to provide a basis for increasing
actual grain yields. This paper has provided a first global overview of the spatial

distribution of the influence of some of these factors.
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Tables

Table 1: Variables used in the efficiency analysis.

Variable Definition Source
(measure)
Actual yield
Grain Yield of wheat, maize and rice (Monfreda et al., 2008) and SAGE

(scale)

Frontier production function

Temp

Precip

Par

Soil_const

Inefficiency
Irrig

Slope

Agr_pop

Access

Market

Deviation from optimal monthly mean
temperature for grain specific growing
period
(scale)

Precipitation sum for grain specific growing
period
(scale)

Photosynthetically Active Radiation (PAR)
sum for grain specific growing period
(scale)

Soil fertility constraints

(ordinal)

function

Maximum monthly growing area per
irrigated grain type

(scale)

Slope
(ordinal)

Non-urban population density as ratio of
population density (below 2500 persons
per km2) and agricultural area

(scale)

Market accessibility
(scale)

Market influence
(index)

(http://lwww.sage.wisc.edu/mapsdatamodel
s.html)

Average for 1950-2000 derived from
Worldclim (www.worldclim.org) with
growing period information from Portmann
et al. (2008) and LPJmL (Bondeau et al.,
2007)

Average for 1950-2000 derived from
Worldclim (www.worldclim.org) with
growing period information from Portmann
and Siebert (2008) and LPJmL (Bondeau
et al., 2007)

Computed as described by Haxeltine and
Prentice (1996)

Global Agro-Ecological Zones — 2000
(http://www.iiasa.ac.at/Research/LUC/GAE
Z)

MIRCA 2000

(http://www.geo.uni-
frankfurt.de/ipg/ag/dl/forschung/MIRCA/ind
ex.html)

Global Agro-Ecological Zones — 2000
(http://lwww.iiasa.ac.at/Research/LUC/GAE
Z)

(Ellis and Ramankutty, 2008)

Derived from UNEP major urban
agglomerations dataset
(http://geodata.grid.unep.ch) and the
Global Maritime Ports Database
(http://www.fao.org/geonetwork/srv/en/mai
n.home)

Purchasing Power Parity (PPP) per country
derived from CIA factbook
(https://www.cia.gov/library/publications/the
-world-factbook) spatially distributed
through an inverse relation with variable
access
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Table 2: Coefficients for the parameters of the stochastic frontier production function at
the global scale (significant at 0.05 level).

Wheat Maize Rice

Variable Parameter coefficient* t-ratio coefficient* t-ratio coefficient* t-ratio
Frontier production function
Constant 3o 0.98 9.2 3.05 18.3 10.08 22.7
Ln(temp) 3y -0.18 -31.8 -0.03 -19.8 -0.02 -12.4
Ln (precip) R, 0.17 22.6 0.07 9.9 0.05 11.7
Ln (par) R -0.17 -11.3 -0.24 -9.9 -0.42 -20.0
Ln (soil_const) R4 0.09 14.0 -0.21 -23.3 -0.11 -10.5
Inefficiency function
Irrig N <-0.01 -10.1 <-0.01 -28.7 <-0.01 -20.0
Slope 0, 0.17 53.4 0.20 35.9 -0.05 -5.2
Agr_pop O3 <-0.01 -19.7 <0.01 10.7 <0.01 7.2
Access 04 0.02 14.0 0.01 6.2 0.01 5.4
Market Os <-0.01 -33.3 <-0.01 -54.8 <-0.01 -29.8
Variance parameters
Sigma-squared o’ 0.26 79.0 0.82 41.7 0.80 37.4
Gamma Y 0.47 48.1 0.91 166.3 0.91 134.4
Log-likelihood -8411 -9350 -5356
Likelihood ratio
statistic (LR) 4307 3695 1558
Mean efficiency 0.64 0.50 0.64

* A positive coefficient in the frontier production function indicates that the respective variable has a positive influence on
the frontier yield. A positive coefficient in the inefficiency function indicates that the respective variable has a negative

influence on efficiency.
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Table 3: Multiple linear regression results for efficiencies of wheat, maize, and rice

production for selected world-regions.

Standardized
Coefficients?

Unstandardized
Coefficients?

B Std. Error Beta
Wheat USA (r* = 0.25)
(Constant) -2.2x10"  2.1x10°
Irrig 8.2x10° 6.2 x10° 2.8 x10™"
Slope * * *
Agr_pop 1.0 x10® 3.6 x10® 6.0 x10”
Access -5.2x10°  3.3x10%  -3.5x10"
Market * * *
Wheat China (r* = 0.38)
(Constant) -1.9x10" 4.9 x10°
Irrig 1.2 x10° 1.2 x10° 2.2 x10™
Slope -1.0 x10* 8.6 x10™ -3.6 x10™
Agr_pop 3.8x10° 8.0 x10° 1.1 x10™"
Access * * *
Market 8.9x10° 1.7 x10° 1.1 x10™
Maize Mexico (r* = 0.10)
(Constant) -8.1x10" 5.0 x10"
Irrig 1.1 x10*  2.5x10™ 1.9 x10™
Slope 2.0 x10* 1.0 x10® 9.0 x10*
Agr_pop 2.3x10*  1.0x10™ 1.0 x10™"
Access * * *
Market 2.4x10° 6.1 x10° 1.7 x10™
Maize Southern Africa® (r* = 0.22)
(Constant) 7.7 x10" 4.0 x10
Irrig * * *
Slope * * *
Agr_pop -3.7x10* 1.8 x10™ -7.0 x10%
Access -2.0x10%  4.0x10° -1.6 x10™
Market 8.6 x10° 1.1 x10® 3.4 x10"
Rice Thailand region® (* = 0.21)
(Constant) -7.5x10" 2.0 x10”
Irrig 7.0x10° 4.6 x10° 4.2 x10™
Slope 2.0x10°  45x10° 1.2 x10™
Agr_pop 2.6 x10"  5.0x10° 1.4 x10™
Access -2.0x10° 6.6 x10™ -9.0 x10™
Market * * *
Rice Indonesia (r* = 0.28)
(Constant) -4.6 x10* 2.0 x10™
Irrig 1.4 x10° 3.4 x10° 1.6 x10™"
Slope 1.0x10" 3.2 x10° 1.1 x10™
Agr_pop 6.2 x10° 1.7 x10® 1.6 x10™"
Access -1.6 x10° 3.8 x10™ -1.6 x10™"
Market 5.5x10° 1.1 x10” 2.3x10"

* Not significant at 0.05 level

& A positive coefficient indicates that the respective variable has a positive influence on efficiency.

® Includes South Africa, Lesotho, Mozambique, Zimbabwe, Tanzania, Zambia, Malawi, Angola, Namibia, Botswana, and
Swaziland

¢ Includes Vietnam, Philippines, Cambodia, Burma, Laos, and Malaysia
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Figure captions

Figure 1: The stochastic Production Frontier (after Coelli et al., 2005). Observed
productions are indicated with x while frontier productions are indicated with ©. The
frontier function is based on the highest observed outputs under the inputs accounting
for random noise (v;). Further deviations of the observations are due to inefficiencies
(ui). The frontier production g; can lie above or below the frontier production function,
depending on the noise effect (v;).

Figure 2: Actual and frontier yields for wheat, maize, and rice.

Figure 3: Global yield gap for wheat (Map 1), maize (Map 2) and rice (Map 3)
calculated as the difference between actual yield and estimated frontier yield.

Figure 4: Efficiencies of wheat (Map 1), maize (Map 2) and rice (Map 3) production
with the most determining factors per world-region.
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Figure 2
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Figure 3 (Map1)
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Figure 3 (Map2)
Click here to download high resolution image
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Figure 3 (Map3)
Click here to download high resolution image
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Figure 4 (Map1l)
Click here to download high resolution image

Efficiency of .
wheat production

[ lo-02
[ ]=02-04
B -04-08
B -05-08
Bl -os-1



http://ees.elsevier.com/agsy/download.aspx?id=46439&guid=7b58ea4e-9f78-454c-b358-aa832f647b91&scheme=1

Figure 4 (Map2)
Click here to download high resolution image
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Figure 4 (Map3)
Click here to download high resolution image
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