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ABSTRACT

There is widespread recognition of the global environmental impact of agricultural production on greenhouse gas
emissions, but evidence is sparse regarding the impact in the Middle East and North Africa (MENA) region. In this
study, we treat agricultural emissions as an undesirable output from agricultural production and apply the
directional distance function to measure environmentally-adjusted technical efficiency, defined as environmental
efficiency in agricultural production, in six countries in the MENA region (Algeria, Egypt, Israel, Jordan,
Morocco, Tunisia) during the period 1980-2016. The results show that all six countries have clear scope to
improve their environmental efficiency. Agricultural production is greener in Jordan and Israel, while envi-
ronmental efficiency is currently lowest in Egypt and Morocco. Estimated relative shadow price of agricultural
emissions is —1.002, implying that the ‘cost’ of removing agricultural emissions is almost equal to the value of
producing one unit of good output. These findings suggest there is a trade-off between agriculture emissions and
production, which should be considered in efforts to enhance the sustainability of agricultural production in the

MENA region.

1. Introduction

The Middle East and North Africa (MENA) region is a hotspot and
fragile world area in terms of achieving the United Nations Sustainable
Development Goals (SDGs) and mitigating negative environmental im-
pacts. The MENA countries are extremely vulnerable to food insecurity
and climate change effects, with critical water scarcity hampering
expansion of agriculture and large numbers of undernourished people
needing food. Apart from supplying food in challenging climate condi-
tions, agriculture also provides employment for many people in the
MENA region. To promote agricultural production and boost food sup-
ply, MENA countries have begun to adopt improved crop genotypes and
have increased their use of fertilisers, pesticides and other agricultural
chemicals (Albanito et al., 2017). However, these interventions have
been coupled with marked increases in greenhouse gas (GHG) emissions,
particularly of nitrous oxide (N2O) and methane (CHy4). The dominant
sources of N2O emissions are fertiliser application, irrigation, soil tillage
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and other farming activities and management practices, while the main
sources of CH4 emissions are enteric fermentation, livestock manure and
irrigated rice cultivation. For instance, between 1980 and 2016, com-
bined agricultural emissions (mainly N2O and CHy) in Algeria, Egypt,
Israel, Jordan, Morocco, and Tunisia grew by 56%, 146%, 94%, 207%,
20% and 94%, respectively.! It is projected that GHG emissions per
capita in the MENA region will continue to increase (Portner et al.,
2022). These human-induced climate change drivers will intensify water
scarcity, reduce agricultural productivity and exacerbate food insecurity
in the MENA region, making the current situation much worse. There-
fore, it is important that researchers and policymakers examine the
environmental outcomes of agricultural production and farming activ-
ities in this densely populated region, in order to achieve food security
goals while adapting to climate change and minimising the contribution
of the agricultural sector to GHG emissions.

Analyses of agricultural production performance and associated
GHG emissions in countries in the MENA region have received limited

** Corresponding author. The Nordic Africa Institute, Box 1703, Uppsala 75147, Sweden.
E-mail addresses: wei.huang@slu.se (W. Huang), assem.abu-hatab@nai.uu.se (A. Abu Hatab).
1 According to authors’ calculation based on data from World Development Indicators (WDI) database of the World Bank.

https://doi.org/10.1016/j.jenvman.2022.116820

Received 9 May 2022; Received in revised form 2 November 2022; Accepted 15 November 2022

Available online 29 November 2022

0301-4797/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:wei.huang@slu.se
mailto:assem.abu-hatab@nai.uu.se
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2022.116820
https://doi.org/10.1016/j.jenvman.2022.116820
https://doi.org/10.1016/j.jenvman.2022.116820
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2022.116820&domain=pdf
http://creativecommons.org/licenses/by/4.0/

W. Huang et al.

research attention to date. In recent decades an emerging strand of
research has applied country-cross analyses to evaluate environmental
outcomes of agricultural activities by modelling ‘undesirable’ outputs
(referred to as “bad outputs” or “bads” in some studies) from agricultural
production (e.g. GHG emissions). For example, Vlontzos et al. (2014)
and Exposito and Velasco (2020) examined the environmental efficiency
(EE) of the European agriculture sector and found large variation in EE
scores, leading to the conclusion that there is significant scope for EU
countries to improve their EE. Agostino (2016) investigated the agri-
cultural and environmental performance of OECD member countries
and found that the rank index of these countries and their environmental
performance index were quite insensitive to weighting for GHG emis-
sions. Tang et al. (2016) estimated the marginal abatement costs of
on-farm GHG emissions for a broadacre farming system in the Great
Southern Region of Western Australia. However, there is a dearth of
studies on EE in developing countries, although the relationship be-
tween agricultural production and environmental impacts may be much
more intense in this context due to low agricultural input efficiency
(Clark and Tilman, 2017; Yang et al., 2017; Expdsito and Velasco, 2020;
Tang and Ma, 2022). Even fewer studies have explicitly assessed the EE
of agricultural production in MENA countries. Lin et al. (2016) evalu-
ated the potential impact of agricultural emissions on production in five
African countries (South Africa, Egypt, Nigeria, Kenya, DR Congo) be-
tween 1980 and 2012, and identified a need for context-specific in-
terventions to minimise emissions from agriculture and maintain
sustainable development. Only two studies have examined this topic in
MENA countries. Zamanian et al. (2013) investigated agricultural pro-
duction efficiency in 21 MENA countries in the period 2007-2008, but
did not consider ‘bad outputs’, ie. agricultural emissions. Mazrou
(2021) estimated EE for 10 Arab countries in the period 2007-2017 and
compared the cross-country differences in EE. They found that all
sampled Arab countries had potential for a significant increase in pro-
duction and EE.

In this paper, we examine the EE of agricultural production in MENA
countries, taking into account GHG emissions from agricultural pro-
duction (N3O and CH4 emissions) in the period 1980-2016. We define
environmentally adjusted technical efficiency using production function
as EE, which is in line with previous studies of EE (Reinhard et al., 2000;
Huang and Bruemmer, 2017). Based on data availability, our empirical
analysis focuses on six of the 19 countries” in the MENA region: Algeria,
Egypt, Israel, Jordan, Morocco and Tunisia. Specifically, we develop a
directional distance function with agricultural emissions as an undesir-
able output in agricultural production and then calculate EE.

The rest of the paper is structured as follows: Section 2 presents the
theoretical foundation, method and empirical model specification.
Section 3 describes the data. Section 4 reports the results of the empirical
analysis, and finally Section 5 summarises the study and outlines policy
implications.

2. Theoretical background, methodology and empirical model
specification

A multi-input, multi-output directional distance function incorpo-
rating agricultural emissions as the undesirable output to measure
environmentally adjusted technical efficiency (EE in this paper) is pre-
sented, where a higher EE value implies greener technical efficiency of
agricultural production in a country. The directional distance function
allows for a directional efficiency measurement, i.e. non-simultaneous
proportional reductions in inputs or expansion of outputs. Directional
distance analysis is commonly used for modelling technologies that
produce pollution as a by-product, such as air pollution for electric

2 Algeria, Bahrain, Egypt, Iran, Iraq, Israel, Jordan, Kuwait, Lebanon, Libya,
Morocco, Oman, Palestine, Qatar Saudi Arabia, Syria, Tunisia, United Arab
Emirates and Yemen.
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utilities from producing electricity, dairy farms producing polluted
runoff (Njuki and Bravo-Ureta, 2015; Sauer and Latacz-Lohmann, 2015)
or grazing pressure in the agricultural sector (Huang and Bruemmer,
2017). The directional distance function including a hyperbolic distance
function has become a popular method for dealing with undesirable
outputs in recent years (Huang and Bruemmer, 2017; Serra et al., 2011).
In modelling technology producing undesirable outputs or by-products,
two axioms are required for defining output, namely null-jointness and
weak disposability (Fare et al., 2005). Null-jointness implies that a good
output can only be produced if some undesirable output is produced.
This can be also interpreted as no undesirable output produced means no
good output produced. Empirically, this is the case for agricultural
emissions, which are released when agricultural outputs are produced.
Weak disposability requires simultaneous reduction of good output and
undesirable output to be feasible, i.e. there is an abatement cost in
decreasing the undesirable output. Theoretically, the role that agricul-
tural emissions play in agricultural production meets the regularity
conditions of undesirable output. Therefore, it makes sense both theo-
retically and empirically to incorporate agricultural emissions as an
undesirable by-product of agricultural production.

The output-oriented directional distance function has the advantage
of expanding the desirable output and contracting the undesirable
output, while leaving inputs unchanged (Chambers, 2002; Fare et al.,
1993, 2005). Assuming the decision-making unit (DMU) improves pro-
duction along the directional vector g = (g, —g), i.e. adding 9g, to
desirable output y while subtracting 9g, from undesirable output b, then:

—

D, (x,y,b;8,,—g) =sup{9: (y+9g,,b—9g,) €P} m
While satisfying the translation property, equation (1) can be written

as:

— —

D, (x,y+98,,b— 98518y, —85) = Do (x,,b38,,—8) — 9 @

We parametrically estimate the directional distance using stochastic
estimation methods following Kumbhakar and Lovell (2000), where the
empirical stochastic specification form is written as:

—
—8;= D, (x,y+9gy,b— 98 8y, —8) + Vi — u; 3)

In the present case, we impose these restrictions by choosing 9 = b;
and assume g = (g,,—g) = (1, — 1). The quadratic form of the empirical
specification for agricultural production is then:

4 4
— 1
—bi=D, (x,y+b,0)+vi —u; = ;akxk +py ) ;akk(xk)z
= - 4)
1 L 4 (
+ 5P 0"+ Z Z QuxeX;+ ) VXY +vi — i
o1 STk =

where y* = y+ b, y describes the desirable output of agricultural pro-
duction, denoted by the agricultural value added each year; b denotes
the undesirable output, agricultural emissions; X is the vector of inputs
where x; is agricultural land, x; is agricultural labour , x3 is agricultural
machinery and x4 denotes fertiliser; v; is a random error term, intended
to capture events beyond the control of the government; and v; is a non-
negative random error term, intended to capture technical inefficiency
in agricultural production.

The EE is defined as ratio of observed environmentally adjusted
outputs to the corresponding potential outputs given the production
function, specified as:

EE;=e™" (5)

The environmentally adjusted technical inefficiency model is written
as:

8
u; =710 + Z Te % Zei (6)
=1
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where Z is a vector of explanatory variables determining inefficiency
effects, including foreign direct investment (z;), gross fixed capital for-
mation (zy), female labour force (z3), rural population (z4) and
employment to population ratio (zs).

As agricultural emissions not directly tradable on the market, we
follow Fare and Primont (1996) and Shepherd (2016) and derive
shadow prices of agricultural emissions in terms of agricultural value
added, to further investigate their relationships. Based on duality be-
tween the output-oriented distance function and revenue function, we
derive shadow prices for non-market goods. These shadow prices reflect
the trade-off between desirable (agricultural value added) and unde-
sirable (agricultural emissions) outputs, and can be interpreted as the
cost of abating GHG emissions (in our case) and other environmental
externalities (e.g soil pollution, environmental pressure or ecological
diversity loss) from human economic activity. The relative shadow
price, Ry, can be calculated as:

—
R r 0D,,(x.,y,b;l,—1)/0y
W= =
T aﬁ(x,y,b;l,—l)/ab

)

where ry and rj are the shadow price of output y and b, respectively. The
ratio Ry is the relative shadow price of desirable output y with respect to
undesirable output b (Rahman et al., 2010).

3. Data description and study region

The MENA region consists of 19 core countries, but a further 16
countries (including Mauritania, Sudan and Turkey) are sometimes
included in other regional groupings by international organisations,
depending on context. Our empirical analysis focuses on Algeria, Egypt,
Israel, Jordan, Morocco and Tunisia. Other MENA countries are
excluded from the empirical analysis due to data unavailability and
inconsistency, particularly lack of information regarding NoO and CHy4
emissions from their agricultural sector during the study period. Like
other countries in MENA region, the six selected countries are facing
critical natural resources constriction, but strong demand for food.
Algeria, Egypt, Jordan and Tunisia have a large agriculture sector but a
limited natural resource base, while Israel and Morocco have no im-
mediate water or agricultural land constraints (Mubarak, 1998). Due to
lack of comparable annual time-series data on N»O and CH4 emissions
from the selected countries, our dataset is restricted to a 37-year period
(1980-2016). Data on all variables included in the empirical analysis are
extracted from the World Development Indicators (WDI) database of the
World Bank. For the sub-period 1980-1990, the WDI database has
several missing values, particularly on the input variable ‘fertiliser
input’ and the output variables ‘N2O emissions’ and ‘CH4 emissions’.
Missing data on these variables are compiled from the statistical reports
of the United States Environmental Protection Agency (US-EPA) and
statistical reports and yearbooks of the national statistics agencies of the
selected countries (the Central Agency for Public Mobilization and
Statistics in Egypt, the National Institute of Statistics in Tunisia, the
National Office of Statistics in Algeria, the National Statistical Office at
the High Commission for Planning in Morocco, the Jordanian Depart-
ment of Statistics in Jordan, the Central Bureau of Statistics in Israel) and
statistical bulletins from the Arab Organization for Agricultural Devel-
opment. Detailed descriptions are given below of inputs and outputs in
the production function, and variables of inefficiency determinants in
the inefficiency model.

Output variables. We have one desirable output and one undesir-
able output. Agricultural value added represents the “good” output from
agricultural production. This variable (measured in billions of US dollars
in 2010 values) is defined as the net output of the agricultural sector in a
given country, after adding up all the outputs and subtracting interme-
diate inputs. Here, the agricultural sector is a broader sector composed
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of agriculture, forestry, animal husbandry and fishery. The undesirable
output is GHG emissions, obtained by adding the quantity of ‘agricul-
tural N,O emissions’ and the quantity of ‘agricultural CH4 emissions’,
both measured in millions metric tonnes of COz-equivalents (MMTCDE).

Input variables. Four input variables are used in the empirical es-
timations: i) agricultural land (measured in thousands of square kilo-
metres), which represents the area of arable land in each country under
permanent crops or permanent pasture; ii) agricultural machinery
(measured in thousands of tractors), which refers to the number of wheel
and crawler tractors in use in agriculture at the end of the calendar year
specified, or during the first quarter of the following year; iii) agricultural
labour (measured in millions of people), which is defined as people of
working age engaged in agricultural activities that produce goods or
provide services for pay or profit; and iv) fertiliser (measured in millions
of kilograms), which refers to the quantity of fertilisers used for agri-
cultural production, including nitrogenous, potash and phosphate
fertilisers.

Determinants of inefficiency. Five variables are introduced to
capture the effects of key factors that may influence the inefficiency of
agricultural production in the selected countries: i) foreign direct invest-
ment (FDI), which refers to direct investment equity flows in the
reporting country, calculated as the sum of equity capital, reinvestment
of earnings and other capital, measured in billions of US dollars (2010
values). FDI is an important proxy to indicate trade openness with
suggested potential to improve agricultural efficiency through innova-
tion in EU countries (Hart et al., 2015), but it has not been determined
whether it improves agricultural performance in MENA countries; ii)
gross fixed capital formation (billions of US dollars), which refers to outlay
on additions to fixed assets (e.g. construction of roads, railways, and
commercial and industrial buildings) in the economy and net changes in
the level of inventories. Physical investment in agriculture in a country
often brings sustained improvement in agricultural performance (Le
et al., 2019); iii) female labour force (%), which is the proportion of fe-
male labour in each country’s total labour force. Gender inequality in
the agricultural sector in developing countries has been raised recently
(Teklewold et al., 2019) and thus we look to obtain empirical evidence
on the role of female labour in influencing EE in the MENA region; iv)
rural population ratio (%), which refers to the percentage of people living
in rural areas as defined by the national statistics offices of the countries
studied; and v) employment to population ratio, which represents the
civilian labour force currently employed relative to the total
working-age population of the country, calculated by dividing the
number of people employed by the total number of people of working
age. Descriptive statistics for all variables included in the econometric
estimations are given in Table 1. Fig. 1 shows trends in agricultural N,O
and CH4 emissions from the six countries studied in relation to agri-
cultural value added during the period 1980-2016. Together, the results
in Table 1 and Fig. 1 indicate that agricultural value added in the six
countries during the period went hand in hand with total emissions from
their agricultural sector during the study period.

4. Results and discussion
4.1. Parametric estimation of directional distance function and elasticities

Table 2 presents the estimation results of the one-step approach for
both the directional distance function of environmental efficiency and
the inefficiency model using maximum likelihood. In order to avoid
magnitude bias and measurement unit differences, all input and output
variables are normalised by dividing by their sample mean. Most co-
efficients are statistically significant, in particular those related to the
good output y. According to the restrictions implied by the translation
property, 0*(D, (x,y,b;1, — 1))/db* = &*(D, (x,y,b;1, — 1)) /dydb =
P11, P11 is estimated to be —0.001 (significant at the 1% level). We
calculate the input elasticity and output elasticity to investigate the
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Table 1

Summary statistics.

Jordan Overall

Israel

Tunisia

Morocco

Egypt
Mean

Algeria

Measurement unit

Symbol

Variable

SD Mean SD Mean SD Mean SD Mean SD

Mean

SD

SD

Mean

Output variables

7.75
8.62

7.30
7.85

0.28
0.22

0.67
0.74

0.72
0.39

2.73
1.81

0.87
0.60

2.63
3.40

3.19
1.17

8.10
9.62

6.99
6.77

21.00
24.73

4.85
9.

8.67
6.82

1 billion US$
MMTCDE

y1, good output
y2, bad output

Agricultural value added
Agricultural emissions
Input variables

36

15.50
255.00

140.85

0.53

10.65
5.13
5.78

0.25
0.90
1.41
8.69

31.62 4.81 301.76 5.79 94.06 5.06 5.49
66.10 5. 6.02

12.16

401.50

1000 km?

X1

Agricultural land

190.00

1.84
0.74

17

213.00
6.07

220.00

40.75

93.90
24.09
457.00

689.00

80.07

0.30

155.00

1 million persons

1000 tractors
1 million kg

X2

Agricultural labour

102.83

54.840
363.00

26.25
82.40

6.50

33.05

227.10
27.10

143.16
4.

X3

Agricultural machinery

Fertiliser

455.00

245.00

335.00

29.70

512.00 196.00 89.10

1160.00

97

X4

Characteristic variables

0.03 0.10

0.01
0.03

3.

0.01
0.07

0.11 0.23

0.01
0.02
2.47

5.25

0.01
0.09

0.01
0.06
0.92
5.62
5.54

0.01
0.21

0.05
1.31
1.78
0.43
3.21

0.06
1.14

0.01
1.41
2.73
8.42
2.14

01
37

0.

1 billion US$
1 billion US$

Z1
%

Foreign direct investment (FDI)
Gross fixed capital formation

Female labour force

20.20
9.95

76
23.95
36.26

39.3

48.40
4.48
0.95
4.61

13.70
42.24
9.10

1.

Z2

09

13.70
22.83

24.00
38.92
39.56

26.30
48.08
38.95

23.50
56.79
37.74

13.95
41.85

34.14
37

Z3

16.93
7.86

8.32
3.37

Z4

Rural population ratio

31.75

53.65

0.97

Zs

Employment to population ratio

Number. Of observations

222

37

37

37

37

37

Note: SD = standard deviation. MMTCDE is the abbreviation of 1 million metric tonnes of CO, equivalents. The variables FDI, agricultural value added and gross fixed capital formation are measured in US dollars. The

reference base for CPI indexes is 2010 = 100.
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ural value (MTCDE/100USS)
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T T
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year

Fig. 1. Changes in agricultural emissions per unit agricultural value added, by
country (1980-2016). Notes: The unit of agricultural emissions per agricultural
value is metric tonnes of CO2-equivalents (MTCDE)/100 US$.

complementary/substitutionary relationships within inputs and out-
puts, respectively, for the six MENA countries. Elasticities of the sample
mean are presented in Table 3.

With the exception of input x4 (fertiliser), the elasticity of distance
with regard to other inputs, namely x; (agricultural land), x, (agricul-
tural machinery) and x3 (agricultural labour), has the expected positive
sign,® implying that increasing any of these three inputs would increase
production potential substantially. A closer look at the estimated elas-
ticities of outputs in relation to those of inputs shows that ‘agricultural
land’ contributes most to agricultural production in the countries stud-
ied. Specifically, the elasticity of the directional distance with respect to
the ‘agricultural land’ input suggests that a 1% increase in land under
agricultural production in the MENA countries would boost agricultural
production potential by 1.904%. This is in line with previous findings
that agricultural production in MENA countries responds significantly to
changes in agricultural land (Soliman, 2015). In this regard, Tanyer-
i-Abur (2015) showed that agricultural land resources in MENA coun-
tries have been steadily degrading and decreasing, due to population
growth and urban sprawl, desertification, erosion, soil salinisation and
other environmental changes. This combination of demographic and
environmental pressures together with unsustainable agricultural land
use practices presents profound challenges for the productive capacity of
agricultural production systems in the MENA region, underscoring the
fundamental effect that agricultural land has in determining agricultural
output and productivity.

At country level, the results reveal that the largest elasticities with
regard to ‘agricultural land’ are in Israel (3.508), followed by Jordan
(2.697). These large elasticities are expected, because Israel and Jordan
are both countries that have traditionally faced severe land resource
scarcity. With regard to Israel, Hadas and Gal (2014) showed that the
productive capacity of Israeli agriculture faces increasing pressures from
shortages of land resources and their continuous degradation due to
environmental sociodemographic stressors. Similarly, Figueroa et al.
(2018) concluded that the major challenge to agricultural production in
Jordan is limited land (and water) resources, since of the country’s total
land area (89.3 thousand kmz), only 10% is arable. Moreover, Al-Bakri
etal. (2013) showed that Jordanian agricultural land is at increasing risk
of degradation due to inappropriate farming practices, overgrazing and
uncontrolled expansion of urban and rural settlements.

The smallest elasticities of directional distance with regard to ‘agri-
cultural land’ are in Morocco (0.657) and Algeria (0.768). These two
countries have abundant arable land resources, averaging 301.8 and

3 The monotonicity conditions require the first order derivative of the
—
directional distance function d( D, (x,y,b;1, — 1))/ox> 0.
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Table 2
Parametric estimation of directional distance function.
Variables Coef. SD Variables Coef. SD
Directional frontier Directional vector g = (1,-1) Technical inefficiency model
dep. Var.: v
X1 —2.852%%* 0.421 Usigma
Xo 0.096 Constant —23.105%** 1.876
X3 0.456 Z1 —0.180 0.127
X4 X 0.012 Zy 0.025 0.065
0.50(x1)? 0.837 0.131 Z3 —0.249 0.925
0.50(x3)? 0.053*** 0.005 Z4 6.198%** 0.524
0.50(x3)? 0.072 0.128 Zs 12.333%** 2.174
0.50(x4)? —0.002 0.009 Vsigma
X1 0Xo 0.046 Constant —9.542%** 0.557
X10X3 0.157
X10X4 0.018 E (ou) 0.132
Xo0X3 —0.211 %+ 0.082 o 0.008%%* 0.002
Xo®X4 —0.044%** 0.012
X30X4 0.060%** 0.019
y* —0.052 0.036
0.5 y*2 —0.000%** 0.000
X0y —0.168%*** 0.044 Statistics
Xoey 0.175%* 0.077 Prob > chi? = 0.0000
X3ey 0.067*** 0.011 Log likelihood = 377.977
X490y —0.129%** 0.013 Wald chi? (14) = 10,698.27
Notes: *significant at P < 0.10, **significant at P < 0.05, ***significant at P < 0.01.
Table 3
Elasticity of distance with respect to inputs and outputs.
Elasticity Algeria Egypt Morocco Tunisia Israel Jordan Overall
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Inputs 0.768%** 0.843 1.521%** 0.408 0.657%** 0.428 2.273%** 0.016 3.508%** 2.321 2.697%** 0.078 1.904*** 1.453
elasticity
Ex1
€xa 0.631%** 0.228 0.693%** 0.323 0.756%** 0.242 0.263*** 0.006 —0.567 2.415 0.14%** 0.028 0.319%** 1.093
€x3 0.355* 0.872 0.612%%* 0.111 0.128 0.084 0.776%** 0.013 0.761%** 0.920 0.875%** 0.042 0.585%** 0.578
Ex4 —0.25%** 0.180 —-0.016 0.176 —0.296 0.064 —0.102%** 0.002 0.458 1.786 —0.042%%* 0.002 —0.041 0.769
Outputs —0.021 0.709 —0.004 0.081 —0.387*** 0.091 —0.067*** 0.011 —0.002 0.006 —0.163*** 0.089 —0.107*** 0.323
elasticity
&y
£} 0.979%** 0.709 0.996%** 0.081 0.613*** 0.091 0.933*** 0.011 0.998*** 0.006 0.837%** 0.089 0.893*** 0.323

Notes: T-test for elasticity different from 0, *significant at 5% level (P < 0.1), *

401.5 thousand km,”? respectively, during the study period, compared
with on average between 5.5 and 94.1 thousand km? in the other four
MENA countries studied.

The elasticity of ‘agricultural labour’ has significant estimates with
positive sign for all MENA countries studies except Israel. Overall, a 1%
increase in agricultural labour in the region would increase agricultural
production potential by 0.32%. At country level, the highest elasticity
estimates are for Morocco (0.756) and Egypt (0.693). The significant
effect of ‘agricultural labour’ on agricultural production in the MENA
region can be attributed to the prevalence of household labour (family
farming) in agricultural production in the MENA countries, representing
around 85% and 80.2% of total agricultural labour in Tunisia and
Morocco, respectively (Santos and Ceccacci, 2015). Labour, as a
household’s greatest resource, is often allocated to a mixture of on-farm
and off-farm activities, despite the importance of labour to farm output
and agricultural production. For example, the agricultural labour mar-
ket in Egypt is now at its lowest level of supply because labourers are
migrating to more competitive and remunerative sectors, such as in-
dustry and services (Hopkins and Nicholas, 2019). As the agricultural
labour supply in MENA countries continues to decline due to labour
moving out of the sector, labour productivity becomes increasingly
important.

The estimated elasticities for ‘agricultural machinery’ show that it
has a significant and positive effect on agricultural production potential
in all six countries studied. At country level, Jordan (0.875) has the

*significant at 1% level (P < 0.05), ***significant at 0.1% level (P < 0.01).

highest elasticity estimates for agricultural machinery. Soliman and
Mashhour (2012) observed that machinery is intensively used in Jor-
danian agriculture due to the scarcity of agricultural labour, which
makes increasing agricultural wages a necessity in order to attract
labourers, who tend to prefer urban jobs to farming.

All estimated output elasticities are in line with expectations and
comply with economic theory.” Overall, elasticity of desirable outputs
(ey) is —0.107 and that of the undesirable output agricultural emissions
(&p) is 0.893 (both significant at 1% level). A 1% increase in agricultural
production would reduce the distance by 10.7%, while a 1% increase in
agricultural emissions would increase the distance by 89.3%, meaning
that producers can achieve higher agricultural production output with
lower agricultural emissions. This exciting finding is estimated to be
significant for Jordan, Tunisia and Morocco. The largest directional
distance elasticity of good output is seen for Morocco (¢, = —0.387).
Compared with other countries in the Southern and Eastern Mediter-
ranean region, Santos and Ceccacci (2015) showed that Morocco has
substantially reduced the proportion of agricultural GHG emissions
within its total emissions, from 30% in 1990 to around 15% in recent
years, which is mainly attributable to a decreasing trend in the value
added generated by agriculture in terms of total GDP. The largest

4 The monotonicity conditions of the directional distance function for outputs
— —
require d( D, (x,y,b;1,—1))/dy < 0 and d( D, (x,y,b;1, — 1))/ob> 0.
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elasticity of agricultural emissions is shown for Israel (0.998), perhaps
because Israeli efforts to reduce agricultural GHG emissions are offset by
increases in its livestock production. It might also be partly attributable
to the fact that Israel does not have sector-specific policy measures for
GHG mitigation in the agricultural sector, because of the limited share of
agriculture in total GHG emissions (less than 3%) in Israel (OECD,
2022).

Across the six MENA countries studied, elasticity of agricultural
emission is significantly positive, which implies that agricultural
pollution is increasingly becoming an environmental threat to the re-
gion. The overarching goal of government policies in the MENA region is
currently to push farmers to maximise, rather than optimise, input use
and production, without proper consideration of environmental aspects.
Current use of chemical pesticides, herbicides and fertilisers is not
environmentally friendly and is resulting in contamination of water,
atmospheric pollution and release of harmful residues into soils. For
example, there are negative externalities of degradation in chemical and
physical characteristics of soil in Egypt, due to excessive use of chemical
fertilisers, especially nitrogen, irrational use of pesticides and release of
sewage and industrial waste into water canals and farm ditches (Al Said,
2011). In Tunisia, Thabet et al. (2015) pointed out that the imple-
mentation of successive agricultural policies has involved intensification
of agricultural activities, primarily through irrigation and increased use
of industrial inputs, such as fertilisers, which are supplied to farmers at
below cost price. In Algeria, the country with the largest elasticity of
agricultural emissions, the government has made considerable in-
vestments in agricultural development in order to modernise the sector.
According to Kachi et al. (2016), these investments have been accom-
panied by intensive use of nitrogen fertilisers and inappropriate farming
techniques and crop types, which has made a significant contribution to
nitrate pollution and soil salinisation in agriculture.
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4.2. Environmental efficiency scores and determinants of inefficiencies

Calculated EE after estimation of the directional distance function is
on average 0.913 across the six MENA countries, indicating that, on
average, the environmental efficiency in these countries can be
improved by 8.7% without increasing inputs under current conditions.
This is consistent with the finding by Mazrou (2021) that there is clear
scope for MENA countries to improve agricultural performance while
mitigating ecologically damaging effects. Based on the kernel and
normal distributions of EE scores (Fig. 2), there are relatively large
differences in mean environmental performance and distribution in the
agricultural sector among the studied countries. Jordan, Tunisia, Algeria
and Israel show more efficient environmental performance, while
Morocco and Egypt have lower EE. This implies that environmentally
adjusted technical efficiencies of agricultural production are greener in
Jordan and Israel than in Egypt and Morocco. The distribution also
shows that EE in Egypt is diversified, while that in Jordan is more ho-
mogenous. Future studies should seek to formulate context-specific
policy interventions for each country.

To further explore the relationship between agricultural emissions
and environmental efficiency, we calculate agricultural emissions per
unit environmental efficiency by dividing the ratio of EE by agricultural
emissions (Fig. 3). Through this calculation, we reveal the amount of
agricultural emissions generated by one unit of EE, which can be taken
as the environmental cost of one unit of environmental performance.
The results clearly indicate an increase in emissions per unit efficiency in
all six countries between 1980 and 2016, supporting claims that there is
a trade-off between intensification of agricultural production and
increasing use of fertilisers, pesticides and other agricultural chemicals
(Albanito et al., 2017). We show that Jordan and Israel have compara-
tively lower agricultural emissions to gain one unit of EE, while Egypt
has the highest emissions.

Estimates of the environmental inefficiency model are given in the
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Fig. 3. Agricultural emissions per unit environmental efficiency by country. Notes: MMTCDE = million metric tonnes of CO, equivalents.

far-right column of Table 2. By applying inefficiency model along with
directional distance function, we can explore social-economic factors
that account for the EE gap among the different MENA countries studied.
The dependent variable in the inefficiency model is inefficiency, so a
negative parameter coefficient for the variables indicates a negative
effect on environmental inefficiency and, conversely, a positive effect on
EE. The results show that foreign direct investment (z;), gross fixed
capital information (z2) and female labour force (z3) have insignificant
effects on EE in the countries studied. In contrast, the estimates for rural
population (z4) and employment to population ratio (zs) are signifi-
cantly positive in the inefficiency model. This indicates that i) the
greater the rural population, the lower the EE, and ii) the higher the
employment ratio, the greater the inefficiency. These findings comple-
ment those presented in section 4.1 of this paper regarding the crucial
role of labour in agricultural value added in MENA countries.

4.3. Shadow price of agricultural emissions

Table 4 summarises the relative shadow prices of agricultural emis-
sions against agricultural value added. The shadow prices of agricultural
emissions can be treated as the opportunity cost/marginal abatement
cost of reducing an additional unit of agricultural emissions with respect
to agricultural production. The overall relative shadow price is esti-
mated to be —1.002 at the sample mean, i.e. the ‘price’ of agricultural

emissions exceeds the ‘price’ of one unit of agricultural production. This
may imply that there is great abatement scope for the countries studied
to increase agricultural production without increasing agricultural
emissions. Comparing the shadow prices across the six MENA countries,
Algeria has the largest absolute values, followed by Egypt. In previous
EE analyses, most shadow prices of environmental outputs have been
assumed to be negative (Fare et al., 1993), meaning that these envi-
ronmental outputs are ‘undesirable’ outputs. With an estimated My
value of —0.022 for all samples, our results confirm that these envi-
ronmental outcomes are undesirable outputs. More negative Myy values
indicate greater change in the relative shadow price of agricultural
emissions for the desirable output of agricultural value added, and thus a
greater cost to remove the undesirable agricultural emissions. Israel has
the largest absolute value of shadow price, implying that the abatement
cost for decreasing a unit of agricultural emissions in Israel is consid-
erably greater than in the other MENA countries studied. One possible
explanation for this is that Israeli agriculture faces severe water scarcity
challenges. This increases energy use for desalination of seawater and
pumping groundwater for food production, which increases agricultural
GHG emissions and makes the task of reducing such emissions finan-
cially costly (Borgomeo et al., 2018). In contrast, our results reveal that
reducing one unit of agricultural emissions would cost less in Jordan
compared with the other countries investigated. The fact that Jordan has
significantly lower abatement cost for decreasing agricultural emissions,

Table 4
Relative shadow price of agricultural emissions.
Variable Algeria Egypt Morocco Tunisia Israel Jordan Overall
- (x,y,b)/dy ~1.05614%**  —1.03122%**  —0.99406***  —0.93287%**  —0.99813***  _1.00191**  —1.002388***
Relative shadow price:m
Mp,y: Morishima elasticit; substitution of b to y —0.0002%** 0.00182 —0.00009%** —0.00014%** —0.13254 —0.00002%** —0.02186

Notes: T-test for elasticity different from 0, **significant at P < 0.10, **significant at P < 0.05, ***significant at P < 0.01.
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despite being comparable with Israel in terms of water and land resource
scarcity, could be due to its heavy reliance (more than 90% of total food)
on the international market rather than domestic production to meet the
food demands of its population (Khraishy, 2015).

5. Policy implications and conclusion

To the best of our knowledge, no previous study has examined the
environmental efficiency of agricultural production in the MENA region,
despite the significant contribution of agriculture to overall GHG emis-
sions in the region. To address this research gap, we applied the direc-
tional distance function to estimate the environmental efficiency of
agricultural production in six MENA countries (Algeria, Egypt, Israel,
Jordan, Morocco, Tunisia) during the period 1980-2016. Based on the
empirical findings presented and discussed in the previous section, there
are a number of implications for policy formulation to improve the ef-
ficiency of agricultural production and reduce the environmental foot-
print of MENA agriculture.

First, our estimated elasticities of production inputs suggest that
agricultural land remains the single most important factor in increasing
agricultural production in the region, which calls for more effective
land-use policies and stricter government control over urban growth
boundaries, through urban spatial planning (Badreldin et al., 2019). For
protection of basic cropland, legislation is required to minimise loss of
agricultural land and maintain food production for the rapidly growing
population in the rapidly urbanising MENA region.

Second, we show that an increase in the availability of agricultural
labour in the MENA countries studied is associated with a positive and
statistically significant impact on agricultural production. This implies
that attracting and training an agricultural workforce, an issue often
neglected by policymakers, can be an effective way to overcome the
many factors currently slowing growth in agricultural productivity in
rural areas and help match the dynamics of emerging regional and
global food value chains. In particular, upgrading human capital and
reforming vocational and tertiary agricultural education and extension
services in MENA countries can be a source of productivity gains by
changing attitudes and values about agricultural production and
resource use, and promoting sustainable farming practices. To accom-
plish this, government interventions should focus on generating better
economic opportunities and improving livelihoods and incomes for
farmers and rural communities, which would make agriculture a more
attractive sector for the labour force and unlock its potential to alleviate
rural poverty and enhance the resilience of MENA agriculture.

Third, the results show that agricultural machinery has a significant
positive effect on agricultural production potential in the countries
studied. Policies to accelerate the mechanisation of agriculture and in-
crease adoption of precision agriculture are therefore clear routes to
increase agricultural productivity and output in MENA countries. In
particular, addressing factors constraining the ability of smallholder
farmers, who make a fundamental contribution to agricultural produc-
tion in the region, to use agricultural equipment and machinery and
adopt technologies is crucial for maximising outputs and reducing costs,
increasing agricultural productivity and enhancing the competitiveness
of small-scale farming systems.

Fourth, the EE values indicate that the six MENA countries studied
can improve the efficiency of their agricultural production on average by
about 9% without increasing inputs under current conditions. In paral-
lel, the estimated overall and relative shadow prices indicate that the
countries can lower agricultural emissions while increasing agricultural
production. Together, these findings suggest a need for integrated and
systematic approaches to build more sustainable agricultural production
systems in the MENA region, to enable food security and provide resil-
ient livelihoods within the environmental boundaries of each country
while protecting natural ecosystems. Our results also demonstrate that
there are trade-offs between intensifying agricultural production and
increasing use of fertilisers, pesticides and other agricultural chemicals.
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Linking agricultural policies to environmental strategies and ecosystem
protection programmes is essential to resolve these trade-offs and ensure
that food production goals are not achieved at the expense of
ecosystems.

Fifth, our results reveal large heterogeneities across the six countries
studied in relation to environmental performance and technical effi-
ciencies of agricultural production. Policymakers in the countries should
capitalise on these heterogeneities to develop cross-government ap-
proaches and create platforms for continued dialogue between countries
and stakeholders that promote experience sharing regarding the scaling-
up of sustainable technologies and practices that increase agricultural
productivity and reduce the environmental footprint of agriculture.
There are some limitations to this study. First, there is an assumption
that the quality of inputs and outputs is homogenous in different
countries. Second, with the long-term panel data used, we ignore
possible market disorders or market shocks due to natural disasters or
wars. Third, water is excluded from the model, although the water
resource is the greatest constraint for agricultural production in the
MENA region. The irrigation systems in the countries studied differ
significantly in terms of layout, irrigation methods and techniques,
characteristics of the irrigated crops and the level of water scarcity,
possible rendering comparison of country-level estimates less mean-
ingful. In future work, it would be interesting to assess how environ-
mental efficiency differs at different agricultural development stages.
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