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ABSTRACT

Due to its biological nature, crop yield carries some natural variability.
However, a high yield variability leads to unstable farmer income and
may increase the vulnerability of the rural population in low income
countries. As a side effect, in some regions this uncertainty contributes
to poverty, fight and health diseases. Addressing the issue of yield
variability is the basis to reach some of the Sustainable Development
Goals (SDGs) stated by the international community in 2015 and
aiming at fighting poverty, inequality and tackling climate change.
Using national data from the FAO database for 224 countries and 141
crops, we perform a worldwide comparison of crop yield variability to
provide an analytical insight on which geographical areas and which
crops are more yield unstable. The single country-crop yield series are
first de-trended using a robust MM estimator to prevent from the
influence of the outlying observations to affect the trend estimates.
Then a summary measure of yield variability on the de-trended data is
computed for each series. Results are analyzed by Analysis of
Variances (ANOVA) for geographical country aggregates, crop
aggregates and time periods. Middle East, North Africa and Sub-
Saharan Africa appear to be the geographical areas with the highest
yield variability, which has increased by around 20% in the last decade..
Results indicate the need for the international community to urgently
intervene in these areas to address the issue of yield variability and
moving towards the SDGs.

Keywords: crop yield variability, MM robust estimation

JEL code: C13, Q10






1. INTRODUCTION

In 2015 the international community set the Sustainable
Development Goals (SDGs), 17 goals aiming at end poverty, fight
inequality and tackle climate change by a joint effort of governments,
producers and civil society. Promoting food security is the basis to
achieve many of these goals and one goal is specifically addressed to
pursue it. According to the FAO figures, the world population is
expected to increase to almost 10 billions by 2050 and agriculture
production needs to keep the pace of this growth (FAO, 2017). Over the
last 20 years, the amount of farmland at the world level has stabilized
at around 4.9 billion hectares and a future expansion is neither feasible
nor desirable. Attention must be paid to promote a sustainable increase
in yields and practices targeted to mitigate yield variability. IPCC
(2007) highlights that the increased frequency and severity of extreme
climate events will have negative consequences on food production and
security at the world level by increasing inter-annual crop yield
variability. High crop yield variability implies negative consequences
to farmers and to the whole population. Indeed, farmers operating in
countries where yield are highly variable must deal with highly unstable
income and they can hardly plan farm investment. Moreover,
population in such countries are v,ulnerable and food insecure and this
often results in poverty, fights and health diseases (FAO, 2017).
Government interventions are required in countries affected by high
yield uncertainty in order to stabilize farmers’ income, to protect local
population from food shortage and to cooperate to reach the SDGs.

While technical research should develop technologies specifically
targeted to reduce the negative consequences of extreme weather events
on farmers and local population, statistical-economic research should
shed light on yield trend and yield variability and on their drivers. Many



studies underline the relationship between yield variability and climate
change (Ray et al., 2015; Lobell, 2011) performing worldwide analysis.
In particular, Ray et al. (2015) studied the role of climate variation in
explaining yield uncertainty of corn, rice, wheat and soybean by
analyzing 13,500 political units. They found that one third of yield
variability is due to climate variation. Analysing crop yield variability
means assessing the part of crop yield that cannot be predicted
beforehand. Indeed, crop yield can be decomposed into a trend
component and a random component. While the trend component is
predictable and is due to technological progress and input use, the
random component is the part of yield that cannot be forecasted. Given
its unpredictable character, the random component represents the risky
component of yield and it is determined by weather, insects, diseases
and other factors. This random component is responsible for unstable
farmer income and food insecurity. Performing a worldwide analysis
on the yield variability allows to compare countries and larger
geographical areas in terms of yield risk and gives an analytical
indication to international organisations on where to more urgently
focus the attention and the efforts towards SDGs.

2. YIELD TREND ESTIMATION ISSUE

Assessing the risky part of yield requires a proper estimation of the
trend, as its measure is somehow based on the difference between the
observed yield and the expected yield from the trend estimates. The
aforementioned studies on the relationship between climate variation
and yield variation are focused mainly on the random component of
yield and do not pay attention to the issue posed by a proper estimation
of the yield trend. Noteworthy, a proper trend estimation is required for
an unbiased estimation of the random component of yield. Approaches
to estimate the yield trend include deterministic models (Swinton and



King, 1991; Just and Weninger, 1999; Finger 2010 and 2013) and
stochastic models (Goodwin and Ker, 1998). Several studies (Claassen
and Just, 2011; Sherrick et al., 2004; Harri et al., 2009) found that serial
correlation is not a serious issue in yield de-trending, thus supporting
the use of deterministic models. Literature on the estimation of
deterministic trend does not use comprehensive economic models,
since crop yields are simply regressed against a time polynomial. Along
the line of Enders (1995), Just and Weninger (1999) proposed to
represent the deterministic component of crop yield by a polynomial
specification of time whose degree is selected according to the data.
Although such a specification lacks an economic causal framework, it
is flexible enough to approximate the effects of the economic variables
that vary with a low frequency.

One important issue in the estimation of yield trend is the presence
of outliers that contaminate the yield series. According to Hawkins
(1980, page 1) an outlier is “an observation that deviates so much from
other observations as to arouse suspicious that it was generated by a
different mechanism”. The presence of one or more outliers in the series
can bias the coefficient estimates. In particular, while the intercept will
be affected by outliers in the middle of the series, outliers at the
beginning or at the end of the series influence the slope coefficient(s).
An estimator that is not robust to the presence of outliers is likely to
lead to a biased trend estimates when the series is outlier contaminated
and, as a consequence, to a biased yield variability' estimates. Indeed,
if a very good growing season in a year results into exceptionally high
yield in that year, the non-robust estimator results in a biased shift of
the yield trend upward. Conversely, if a very bad growing season results
into exceptionally low yield, the non-robust estimator leads to a biased

! Hereafter, the terms yield variability, yield risk, yield uncertainty and random
component of yield are used interchangeably.



shift of the yield trend downward. As the yield trend should reflect the
average tendency over the years it should be insensitive to the
exceptional value recorded in one or a few years. If the trend estimation
is not insensitive to that, the computation of the random component of
yield based on that outlier-sensitive trend results in biased values.

The application of robust regression techniques overcomes the
problem of biased parameter estimates in crop yield detrending when
the yield series is outlier-contaminated. A robust estimator is an
estimator that has a high breakdown point. The breakdown point
represents the smallest fraction of observations that may cause an
estimator to take on arbitrarily large aberrant values (Ruckstuhl, 1997).
An OLS estimator has a breakdown point of zero as one observation is
enough to lead the OLS estimator to take arbitrarily values between - oo
and + . Among the class of robust estimators, the MM estimator
(Yohai, 1987) is an efficient and robust estimator with a breakdown
point of 0.5. It means that if the outlier observations in the series are
less than 50% the MM estimator is still unbiased. Due to the
dependence on weather events and on other natural events (e.g. pest and
diseases), yield series are likely to be contaminated by outliers and thus
the use of robust techniques is recommended in the de-trending
exercise.

In this paper, we use the large worldwide database on crop yield
data of the Food and Agricultural Organisation (FAO) of the United
Nations to estimate crop yield variability at country and crop level. The
FAO database on yields is a comprehensive database where crop yield
data are registered annually at country level since 1961. Despite the
weaknesses of dealing with national aggregate data, this dataset
represents a powerful source of information for countries where farm
level yield data are not publicly available and it is the only source of
data to make worldwide comparison of yield data variability across
countries for a very large number of crops.



For each country-crop combination, we estimated a deterministic
time polynomial models for crop yields by means of a robust regression
technique, the MM estimation, which is still barely used in agricultural
economics (Harri et al., 2009 and 2011). As yield series are likely to be
affected by outliers, e.g. due to exceptional weather conditions, the MM
estimator allows to get parameter estimates for yield trend that are not
contaminated by outliers and thus it allows an unbiased estimation of
yield variability independent of the series being outliers contaminated
or not. Finger (2010, 2013) performs Monte Carlo simulations in a crop
yield detrending exercise to compare the performance of the MM
estimator with two other estimators (OLS and Theil Sen estimator). He
founds that MM estimator performs similarly to OLS estimator in case
of outliers free series and it outperforms the other two estimators when
the series is contaminated by outliers.

The deterministic model was estimated for each single country-
crop combination and the data series were de-trended based on the
parameter estimates. The de-trended yield data were then used to obtain
a measure of yield risk in each country-crop combination. Additionally,
analysis of variance (ANOVA) was performed to assess the
heterogeneity of yield variability across country aggregates and crop
aggregates as well as over time. Finally, the same analysis was
performed separately on each of the seven most grown crops at the
world level (wheat, corn, rice, soybeans, barley, sorghum, millet).

Besides the need to apply a robust regression technique, another
important issue when estimating crop yield variability is the availability
of data. Farm level yields are often available as short time series, while
some countries, such as many small developing countries, lack any
publicly available data on farm level yields. Not surprisingly, most of
the available yield trend studies focused on the US, where long series
of crop yield data at farm and county level are available. If one wants
to perform a worldwide study on crop yield variability, the use of



regional/national data is necessary in many cases. However, the use of
aggregate data is likely to underestimate the actual farm level yield
variability (Claassen and Just, 2011).

Despite this drawback, the use of regional or national level data to
estimate yield variability is an important source of information. Indeed,
this measure allows a comparison of yield uncertainty across crops and
across countries. If crop yield variability is heterogenous across macro-
regional areas, the attention of the international community should be
addressed to the most uncertain areas in order to promote mitigation
strategy and to reduce the farmer’s and population vulnerability to the
yield variability. The comparison may also be useful for insurance
companies to have a rough idea of the level of agricultural production
risk in a region when farm level data are not available. In absence of
disaggregated data, the use of regional or national data is also the only
option available to estimate the variance-covariance matrix of yields in
regional or national programming model as well as of partial and
general equilibrium model.

3. METHODOLOGY

3.1 Yield trend estimation: MM estimator

The first step in the estimation of country level crop yield
variability consists in detrending the time series of crop yield.
Following Enders (1995) and Just and Weninger (1999), we modelled

the yield series, y,,, for each country ¢ and crop i as a polynomial of

time whose degree is selected during the estimation process:

Veir = ﬁo + ﬂ1l + ﬂztz +e,
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where ¢ indicates the time variable? and e is the residual. If the

quadratic trend parameter estimate ( 3, ) was statistically significant we

concluded that the polynomial degree of that country-crop yield series

is 2. Conversely, if [, is not significantly different from zero, we

estimated the model again setting down the polynomial degree to 1.

According to the significance of £, we concluded the degree of the

polynomial to be either 1 or zero. In the latter case the expected yield
corresponds to the mean of the series.

In this detrending exercise, we apply the MM estimator, which has
been introduced by Yohai (1987) and combines the high efficiency of
the M estimator (Huber, 1964) with the highest possible breakdown
point (0.5) of the S estimator (Rousseeuw and Yohai, 1984). The idea
of the MM estimator is to use a weight function to bound the influence
of outlying observations. The MM estimator finds the vector of

parameter estimates P which minimises the function:

min " p, (B (1)
B o (o)

where p, is the loss function and o is the robust residual scale

parameter which measures the dispersion of the regression residuals.

2 We have tried to set the maximum polynomial degree at a level larger than 2.
However, several outlier observations at the end of the series benefitted from the tails
of such polynomials. Indeed, even though the MM estimator is robust to outliers the
tails of a polynomial degree larger than 2 mask the outliers at the beginning and at the
end of the series such that they are no longer detected as outliers. To overcome this
problem, we decided to allow the polynomial degree to be not larger than 2.

11



Differentiating equation 1 with respect to the vector of unknown
parameters B, we have:

Zw(—e”";“ hi=0 @)

where, y is the first order derivative of the loss function p, .

Equation (2) is solved by Iterative Weighted Least Squares
(IRWLS) (see Chapter 4 of Maronna, Martin and Yohai, 2006, for a
detailed explanation of IRWLS). The general idea of this procedure is

that robust starting values for the regression coefficients () and for

the scale (o ) are first employed, then the residuals et([Ai) and the

associated weights are computed, and finally the model is re-estimated
rescaling the residuals with the new weights. In each iteration, the
residuals and the associated weights are updated. The larger a residual
is, the lower its weight will be in the following run such that when the
procedure stops the outlying observations have a very small or even
zero weight. The procedure stops when the difference in the argument
of equation (1) between two consecutive iterations is smaller than a

predefined small number. The robust starting values for ﬁ and o which

enter the IRWLS estimation are obtained by a S estimator, which is
defined as:

TZ po(—= ’“”) 5 (3)

and

12



min o(e(p)) )

where, p, is the loss function of the S estimator and ¢ € (0,1) is the
tuning constant which determines the breakdown point of the scale

estimator ¢ . Equation (3) results in the minimum value of o for each
given value of B, while equation (4) finds the vector B that results in
the lowest o .

We employed a Tukey’s bisquare loss function in the MM
estimator which is defined as:

I-(- (/) if <k
= 5
=, it |2 k ®

where k is a tuning constant. The tuning constant for the loss

function of the S estimator ( o, ) is set to 1.548, such that the breakdown

point of the estimator is 0.5. The tuning constant for the loss function
of the M estimator ( p, ) is set to 4.685, such that the regression

estimator shows an asymptotic efficiency of 95% (Maronna, Martin and
Yohai, 2006).

The estimation is run by benefitting of the robustbase package of
the R software (Basic Robust Statistics, 2016).

We applied the MM estimator to each individual country-crop
yield series, such that the regression parameter estimates are country-
crop specific. As already stated in the Introduction, the use of an
estimator that is robust to outliers is important to get an unbiased
measure of the random component of yield in the following step.

It is noteworthy that while we want to prevent the trend estimates
to be affected by outlying observations, the outliers have not to be

13



dropped from the analysis, but rather they contribute to the random part
of the yield. Indeed, while the trend can be interpreted as “the average
tendency” (and thus its estimation requires an outlier free series), the
yield variability must include all kind of variation, including the
extreme variations represented by outliers. An MM estimator allows to
have a yield trend that is not contaminated by outliers and let the outliers
effect to be completely reflected in the random component of yield.

3.2 Crop yield variability

Once each country-crop yield series was estimated, we computed
the crop yield variability at country-crop level ( yrisk,, ) by:

T
Z|ycit _E(ycit)|

risk,, == 6
P T * median, ©

where E(y,) and median, are the expected value of the

country-crop yield series from the MM regression and the median of
the series respectively and 7T is the total number of observations for the
series (the number of years when the crop yield is reported). When
computing yield variability each observation is considered equally
influential on the variability. Thus, an outlier observation that has a zero
weight in the MM trend estimation enters equally to the other
observations in the computation of the variability, such that its effect is
completely reflected in the random part of yield. The normalisation by
the median of the series allows to make this yield variability measure
comparable across countries and across crops. Indeed, the measure is
free from any unit of measurement. In addition, the advantage of
normalising by the median compared to the mean lies on the fact that
the median is an outlier-free measure and thus it reflects better the order

14



of magnitude of the series and allow the outlying observations to be
captured completely by the numerator of the formula.

As the next step was to compute the Analysis of Variance
(ANOVA) also over time, for each country-crop series we computed
the yield risk measure of equation (6) for two decades separately. Thus
each series has two measures of yield variability, one for the decade
1992-2002 and one for the decade 2003-2013. Although for many series
(78% of the total number of series considered in this study) data are
available since 1961, a rather large percentage of series (11%) started
to be reported since 1992. We, thus, preferred to restrict our ANOVA
to the last two decades of the data.

3.3 ANOVA

As the total number of country-crop combinations we consider is
8,088, it was impossible to perform pairwise comparisons of the yield

variability measure ( yrisk

. )- In order to deal with such a large number
of combinations, we performed an ANOVA, considering as
“treatments” the country aggregates, the crop aggregates and the
decades. The ANOVA allows to check the null hypothesis of no effect
of a treatment on explaining the yield risk (measured by equation (6))
against the alternative of statistically significant differences due to the
treatment. We adopted a geographical aggregation of countries
following the macro-regions classification identified by the World
Bank. In Tables A1 of the Appendix the list of countries in each macro-
region is reported. Equally we grouped crops into crop aggregates
which were used as another treatment in the ANOVA. For the list of
crops belonging to each crop aggregate refer to Table A2 in the
Appendix. The third treatment considered in the ANOVA has only two
levels (1992-2002, 2003-2013) and is represented by the two last
decades of the data.

15



According to the ANOVA, the variable yrisk, can be

decomposed into:

yrisk ., = u+a, +n,+0, (7

Where, ca is the country aggregate of country ¢, iais the crop
aggregate of crop i, d indicates the decade, u is the overall mean of

yrisk,, across all the country-crop series, «,, is yield risk explained by
belonging to the country aggregate ca , 77,, is yield risk described by
belonging to the crop aggregate ia and o, is yield risk explained by

the decade for which yrisk is computed.

The ANOVA test compares the variation of the yield risk measure
across groups (where each group is identified by country aggregates,
crop aggregates and decades) with the variation of the yield risk
measure within each group. Specifically:

a) the overall group variation is computed as:
c 1 2

SSoverall = Z Z(yriSkcid - yriSk)z (8)
e=1 i=1 d-=I

where yrisk is the overall mean of the yield risk measure across

countries, crops and decades;

b) the between group variation for country aggregates is computed
as:
c4 2 » )
SScoumryiaggregate = Z |:nca Zz(y riSkid - y ViSk ) :| (9)
ca=l1 i=1 d=l

16



where, CA s the total number of country aggregates, #n_, is the number

of country-crop series in the country aggregate ca , yrisk;: is the

average of the yield risk for crop iin decade d across all countries
belonging to the country aggregate ca ;

c) the between group variation for crop aggregates is computed
as:
14 C 2 i X
SSitemiaggregare = z niaz (yrlSkcd - yrlSk) (10)
ia=l1 c=1 d=1

where, /A is the total number of crop aggregates, 7, is the number of

ia
country-crop series in the crop aggregate ia and yrisk , is the average

of the yield risk for crop aggregate ia in decade d across all crops
belonging to the crop aggregate ia ;
d) the between group variation for the decades is computed as:

C 1
SS oot = 2-{nd22(yriski. —yrisk)z} (11

c=1 i=l

where, n,is the number of country-crop series in the decade d and

d
yrisk , is the average of the yield risk for decade d across all country-

crop series;

e) the within group variation is computed as:
S Swithin = SSovemll - SScounlry_aggregate - SScmp_aggregale - SSd@cade (12)

The ANOVA compares the above measures. More specifically:

a) the country aggregate contributes significantly to explain crop
yield variability if:

17



SS

country _aggregate

gi”_hi 2 Fa,CA—l,C-I-Z—CAH (13)
C-1-2-CA+1
b) the crop aggregate contributes significantly to explain yield
variability if :

SScrop_aggregate

Sléw;ﬂln 2 F, a,IA-1,C-12—14+1 (14)
C-1-2-14+1
c) the decade contributes significantly to explain the yield
variability if :
L*SS'S*S?’T; >2F, | croa (15)
Cc-1-2-1

For the first seven most worldwide grown crops in terms of
acreages, namely wheat, rice, barley, corn, millet, sorghum and
soybeans, we also performed the ANOVA on each crop. In this case,
the ANOVA include only two treatments (country aggregate and
decades) and analyses the influence of the country aggregate and of the
decade on yield variability for each of the seven crops separately.

3.4 Tukey HSD test

If the results of the ANOVA indicate a statistically significant
contribution of at least one of the treatment, it is interesting to perform
pairwise comparisons to shed light on which pairs of treatment levels

18



are responsible for the results of the ANOVA. As two of the treatments
we considered (country aggregate and crop aggregate) have more than
two levels the issue of multiple comparison arises. Indeed, running L
independent tests at a o significance level, the probability of accepting
the null hypothesis (assuming it is true) in all of the L comparisons is

(1-ar) Y. Thus, some correction for this multiplicity effect must be
adopted. One test which accounts and correct for the multiplicity effect
is the Honestly Significant Difference (HSD) Tukey test. The Tukey
test compares the difference between the means of group 1 and group 2

(|yrisk, — yriskz‘) with the following measure:

n +n
T=q 1S (S—2)
2n,n,

where, « is the significance level, n, is the sum of the

observations in the two groups (#n,+n,), ¢ is the studentized range

distribution and s° is the sample variance. If ‘ yrisk, — yrisk,|>T then

the two group means are statistically different.

We adopted the HSD Tukey test to perform pairwise comparisons
between pairs of country aggregates and pairs of crop aggregates. The
comparison between the two decades did not require any additional test,
as in the case of two-level treatment the results of the ANOVA directly
indicate the statistical significance of the difference between the two
levels.

19



4. DATA

Crop yield data series come from the FAO database, a large
worldwide database which collects annually national data on
agricultural production and food consumption as well as on agricultural
trade and prices, on inputs use in the agricultural sector and on some
environmental variables. The Production section of the database
contains data on production and acreages for 168 crops over 224
countries and it is the most comprehensively world database for
agricultural production data. For 78% of the 10,532 country-crop
combinations, production data are available since 1961, while for the
remaining combinations data collection starts later according to the
series (50% of the remaining series starts to be recorded in 1992). 2013
is the last year we considered in our analysis as data for 2014 were
available only for a handful of country-crop combinations at the time
the study was implemented.

In our study we considered the 141 crops belonging to the crop
aggregates: cereals, citrus fruit, fruit, nuts, oilcrops, pulses, roots and
tubers, spices, sugar and vegetables. We did not consider the 27 crops
from the fibre crops, oils, seeds and other aggregates. Following the
World Bank classifications, the geographical aggregation identified 7
groups (East Asia and Pacific, Europe and Central Asia, Latin America
and the Caribbean, Middle East and North Africa, North America,
South Asia, Sub-Saharan Africa).

We dropped from this study the 818 (8.8%) country-crop yield
series where data are reported for less than 11 years. Indeed, short time
series are likely to result in unreliable trends and measures of yield
variability.

Before estimating the deterministic trend individually for each
country-crop yield series, we detected the presence of typing errors in
the series. The observations that showed a typing error were dropped

20



from the study. The typing errors were detected by comparing each
yield value with its neighborhood values in that country-crop series. If
a yield value is ‘too far away’ from its neighbors such that it likely
belongs to a mechanism (typing errors) different from the one defining
its neighbors, then we classified that observation as a typing error. The
threshold was set equal to 6 times and 1/6 times of its neighbors. Out of
394,596 observations where yield data are available, we found only 9
observations where yield can be classified as typos leading to too large
values according to our criteria and 41 observations where yield can be
classified as typos leading to too small values. One may argue that while
a yield larger than 6 times its neighbors is not realistic and is certainly
a typing error, weather events may lead to a sharp drop in production
such that a yield lower than 1/6 of its last and next year yield may
actually happen. In order to prevent this, we checked manually all the
41 observations and, where it was clear that the yield values contained
a typing error, we dropped that observation.

During the estimation process 140 country-crop series (1.65%) did
not reach convergence either in the S estimator step or in the M
estimator step. This series were dropped from the analysis. We also
dropped from the analysis the 231 series (2.73%) which reported
exactly the same yield values for more than 50% of the observations.
Indeed, it is likely that in this case the reported yields are not the actual
ones but are imputed. The final number of series considered in our
analysis is 8,088.

Looking at the share of each crop aggregate across country
aggregates, the East Asia and Pacific group displays the highest share
for most of the crop aggregates considered (Table 1). The three
exceptions are represented by pulses and by spices, whose highest share
is covered by South Asia, and by sugar, where Europe and Central Asia
ranks the top. The lowest share for the crop aggregates are displayed
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either by the Middle East and North Africa group or by the North
America group.

If we consider the number of individual country-crop
combinations in each aggregate, the Europe and Central Asia group
shows the highest number of series for most of the crop aggregates, the
Sub-Saharan Africa ranks the top in terms of the number of series for
spices and roots and tubers group and the Latin American and
Caribbean group for citrus fruit. North America is the group which has
the lowest number of series for all crop aggregates among the country
groups. Vegetables have the largest number of country-crop series
(around 25% of the total series) followed by fruit (24%) and cereals
(12.5%).

Table 2 presents the acreage share at the disaggregated level of
single crop for the seven mostly grown crops in the world. While barley
and wheat are largely grown in Europe and Central Asia, the East Asia
and Pacific group represents the largest share among the geographical
aggregates for corn (24.5%) and rice (50.9%). North America ranks the
top for the acreages allocated to soybeans (41.4%). 80% of the millet
area is grown in South Asia and Sub-Saharan Africa, which is also the
first country aggregate for the area allocated to sorghum. For three of
the seven crops the Middle East and North Africa group has a share
lower than 1%.
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5. RESULTS

5.1 Order of the polynomial yield trend

As we allowed for a flexible polynomial yield trend where the
degree was selected during the estimation process, each individual
country-crop series may display a different polynomial order. Out of
8,088 single country-crop combinations, 53.8% identified a polynomial
trend of order two, 32.7% of order one and the remaining 13.5% have
no trend (Table 3). The second order trend polynomial is also the most
frequently recorded in each crop aggregate. Among the country-crop
series exhibiting a linear trend, the increasing trend is largely more
observed than the decreasing trend (from 60% to 88% of all the series
in each crop aggregate). Among the series displaying a second order
polynomial trend, the ratio between the ones with a U-shape and the
ones with an inverse U-shape is around 1.3 in all the aggregates, except
for the spices aggregate where this ratio is 1.8. The heterogeneity in the
yield trend in the series underlines the need to carefully check the shape
and the sign of the yield trend when the trend is included in larger
models such as partial equilibrium or general equilibrium models.
Additionally, it also drives the attention on potential mistakes in
estimating the yield trend on crop aggregates, which are likely to mix
crops with heterogenous trends.

If we analyse the yield trend estimates considering simultaneously
the geographical country aggregates and the crop aggregates, we notice
that the second order polynomial trend is the most frequently estimated
trend in most country aggregate-crop aggregate combinations (Table 4).
The exceptions are represented by North America, where most of the
series belonging to nuts, oilcrops, pulses and roots and tubers display a
linear trend, and by Europe and Central Asia, where the linear trend is
most frequently estimated for oilcrops and pulses. The linear trend is.
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also the most frequently estimated trend for nuts in Latin America and
Caribbean and in the Middle East and North Africa

5.2 Three-way ANOVA

The results of the ANOVA (Table 5) indicates that all the three
treatments considered in the analysis, namely the geographical country
aggregate, the crop aggregate and the decade, contribute to explain the
yield risk measure. In order to gain knowledge on which pairs of
country aggregates and on which pairs of crop aggregates are
statistically different in terms of yield risk we performed a HSD Tukey
pairwise comparison. The comparison (Table 6) indicates that the yield
risk in the Middle East and North Africa aggregates is statistically
different from the yield risk estimated in each of the other country
aggregates. As the mean of the yield risk in this geographical area is the
highest among the country aggregates (Table 8) we can conclude that
Middle East and North Africa is the most agricultural risky area. Our
measure for yield variability in this area is 73% higher than the value
estimated in North America, which appears to be the lowest risky area,
and 24% higher than Europe and Central Asia and Latin American and
Caribbean, which are the second most risky country aggregates. None
of the other pairwise comparisons result in statistically significant
differences, indicating that the yield risk in the other geographical areas
is not statistically different. This result confirms the high sensitivity of
crop yields to the weather and to other natural events in the Middle East
and North Africa region and it claims the urgency for the international
community and for local governments to take actions in this area to face
this high yield uncertainty.

The results of the pairwise comparisons between crop aggregates
indicates that crop aggregates is less responsible in explaining yield
variability compared than country aggregate (Table 7). Indeed, the only
two statistically significant differences concern sugar (the less risky
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Table 5. Results of the three-way ANOVA (geographical country aggregation)

Sum of squares Degrees of F test p-value
freedom
SScountry _aggregate 74 6 3.9 0.001***
SScrop _aggregate 6.5 9 2.3 0.015%*
SSdecade 6.7 1 21.2 0.000%***
SS,ithin 4,946.5 15,583

Table 6. Differences in the means of the yield variability measure between each
pair of country aggregates and significance level of this difference according to

the HSD Tukey test

East Asia Europe Latin Middle North South

and and American East and America Asia
Pacific Central and North
Asia Caribbean Africa

Europe 0.005"
and
Central
Asia
Latin 0.005 0.000
American
and
Caribbean
Middle 0.051* 0.046** 0.0463*
East and
North
Africa
North -0.052 -0.057 -0.057 -0.1035*
America
South Asia -0.035 -0.039 -0.039 -0.086%** 0.018
Sub- -0.013 -0.018 -0.018 -0.065%** 0.039 0.021
Saharan
Africa

~ This value is computed as the difference of the means of the yield variability measure
between the country aggregate on the row and the country aggregate on the column
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crop aggregate) with nuts and with oilcrops (the two crop
aggregates with the highest yield variability). Finally, as only two
decades are included (1992-2002 and 2003-2013), the results of the
ANOVA already indicate a significant difference in the yield variability
between the two decades. In particular, the decades with the highest
variability is the 2003-2013 showing an increase in the yield risk over
time.

5.3 Two-way ANOVA on the most grown crops

The ANOVA on each of the seven worldwide most grown crops
shows heterogenous results. The geographical country aggregate affects
the measure of yield risk in all the crops but soybeans while the decade
has an effect on corn and on sorghum yield risk only (Table 9).

For each of the seven crops we compared the yield risk between
pairs of country aggregates by the HSD Tukey test (Table 10), although
results should be taken with some cation. North America exhibits the
lowest yield risk for all the crops grown in the area (wheat, barley, corn,
soybeans). However, for none of the crops the yield risk measure in
North America is statistically different from the values estimated in the
other country aggregates. This surprising result lies on the very small
number of observations for each crop in North America, which is
composed by only three countries, namely Canada, US and Mexico.
The smaller sample size (Table 11) compared to the other country
aggregates leads to a large sample variance for the yield risk measure
in North America which in turns determines the absence of statistical
significance in the pairwise comparisons. The increase in the sample
variance due to the small sample size is also recorded for South Asia,
where the number of observations ranges between 4 and 8 according to
the crop. As a result, although for rice and sorghum the South Asia
country aggregate shows the lowest yield uncertainty, it does not
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Table 9. Results of the two-way ANOVA on each of the seven most grown

crops at world level (geographical country aggregation)

Sum of

squares

wheat 03

country _aggregate

SSdEcade 00

S, *

rice SSountryaggregate 05
SSdecade 00

S Swilhin >3

barley S country _aggregate 04
AY Sdec'ade 00

S, e

com S country _aggregate 2
S Sdec'ade 07

S Swithin 228

millet Schurm'v aggregate 04
SSder'ade 00

S Swithin 38

sorghum S country_aggregate 17
SSdEde 02

S Swithin 14

soybeans SSmunny aggregate 0%
SS it "

SS 14.7

within

Degrees of
freedom

161

F test

4.9

0.0

3.8
0.5

3.4
0.0

32
44

33
0.3

4.1
3.0

1.4
23

p-value
0.000%***

0.937

0.003***
0.493

0.003***
0.879

0.005%**
0.037**

0.008***
0.597

0.001***
0.086*

0.210
0.128
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display a statistical difference in the measure of yield variability from
the other country aggregates.

Middle East and North Africa and Sub-Saharan Africa are the two
country aggregates with the highest yield variability for wheat and
barley (Table 11) and their variability is statistically different from the
ones in Europe and Central Asia which is the second-last country
aggregate in terms of variability for these two crops. The yield
variability in Middle East and North Africa is 96% and 84% higher than
the variability in Europe and Central Asia for wheat and barley
respectively, while the variability in Sub-Saharan Africa is 84% and
68% higher respectively.

Sub-Saharan Africa is also the most risky area for rice yield and
its measure is statistically different from East Asia and Pacific (104%
higher) and from Europe and Central Asia (74% higher), respectively
the second last and the third last group in terms of yield risk for rice.
Middle East and North Africa group shows the highest yield uncertainty
for sorghum, which is statistically different from all the other country
aggregates, but South Asia (due again to the small number of
observations).

South Asia is the most risky country aggregate for corn and its
measure of yield uncertainty significantly differ from all the other
countries but Middle East and North Africa (which is the second most
risky country aggregate for corn) and North America (for the large
sample variance due to the small number of observations).

The highest yield uncertainty for millet is estimated in Europe and
Central Asia, where the value is more than double of the one recorded
in East Asia and Pacific and 64% higher than the one of Sub-Saharan
Africa. No statistical significant differences are registered for the other
country aggregates.
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The pairwise comparison for soybeans confirms the absence of an
effect of the country aggregate on explaining the yield variability as
none of the pairs shows statistical significant differences.

The ANOVA indicates an effect of the decade on the yield risk for
corn and sorghum only. Looking at the mean value of the yield
variability measure for these two crops in each decade, we can conclude
that yield variability increased from 1992-2002 to 2003-2013 by 50%
for corn and by 36% for sorghum (Table 12).

6. CONCLUSIONS

Food security is one of the 17 SDGs set in 2015 by the international
community and it is the basis to reach many of the other SDGs. One of
the threat to food security is the variability of crop yield due to weather
and other natural events, which make farmer income highly unstable
and local population highly vulnerable. By assessing the yield
variability and comparing it across geographical regions and across
crops, agricultural economists provide the international community
with analytical insights on where the most urgent efforts should be
addressed.

We performed this comparison by conducting an analysis on
national yield data for 141 crops and 224 countries recorded in the FAO
database. Many yield series are available since 1961, while other series
started to be reported later. The first step of our analysis consisted in
the estimation of the yield trend for each single country-crop series by
means of a robust estimator, the MM estimator. Robust estimator
prevents the yield trend to be biased by the potential presence of
outliers, which should be completely captured by the yield variability
measure. Then, a yield variability measure was computed for each
country-crop series and the contribution of country aggregates, crop
aggregates and time on explain the yield variability was analysed by a
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three-way ANOVA. Pairwise comparison between country aggregates
and between crop aggregates was conducted through the HSD Tukey
test, which allows to correct for the multiplicity effect. Finally, the
seven most grown crops (wheat, rice, barley, corn, millet, sorghum and
soybeans), were analyzed individually by a two-way ANOVA and by
pairwise comparisons between country aggregates.

Results indicate the influence of country aggregation on explaining
crop yield variability. In particular, Middle East and North Africa
region displays the highest variability and their yield risk is statistically
higher than all the other regions. The yield risk in this area is estimated
to be 73% higher than the yield risk in North America, the lowest risky
area, and 24% higher than the second most risky country aggregates.
The yield risk measure in the other country aggregates did not result to
be statistically different from each other. In addition, the ANOVA
indicates that, from 1992-2002 to 2003-2013, , yield variability
increased by 20% at the world level .

Looking at the single crop series, for the seven most grown crops,
yield risk of all crops but soybeans is affected by the geographical area.
Middle East and North Africa and Sub-Saharan Africa are the two
country aggregates with the highest yield variability for most crops and
their variability measure is around 80-90% larger than the least risky
aggregates. The only exceptions are represented by corn, where South
Asia is the most risky country, and millet, where Europe and Central
Asia ranks first. Soybeans did not show any difference in yield risky
across country aggregates.

Although the use of national yield data to estimate yield variability
may be questionable, due to the potential underestimation of variability,
for the majority of countries they are the only available data. In
addition, we argue that the potential underestimation does not affect the
relative magnitude of the yield variability measure in one country
compared to the others.
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Based on our results, we can conclude that the collective actions
of the international community, producers and civil society ought to
urgently address the issue of yield variability mainly in Middle-East and
North Africa and for many of the most grown crops also in Sub-Saharan
Africa. High production uncertainty in these regions leads to unstable
farmer income and food shortage which result, as a side effect, in
poverty, health diseases, fight. The increase in yield variability over the
years supports the need to take actions to avoid further increases in
future decades and to move towards the realization of the SDGs.
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