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Global agriculture is confronted by a number of substantial challenges, with some
of them being existential. The principal challenge is climate change, which threatens
desertification, with attendant increases in salinity, insect and animal infestations, and
floods (as well as droughts). These impacts will remove some areas from cultivation
at a time when the global population is projected to increase from 7.2 billion persons
today to 9.7 billion persons in 2050. The agricultural sector in developing countries and
less-developed countries is a source of employment and livelihood for the majority of
the population, a major foreign exchange earner and supplier of raw materials to local
industry, and has important potential for the economic development of those countries.
However, the sector has been weak. It has not succeeded in ensuring secured income to
small farmers and food security at national and household levels, or in supporting other
sectors and serving as a basis to boost socio-economic development. The reasons behind
this include the use of agricultural technologies and practices that have been transmitted
from generation to generation with no or little improvement; storage and transportation
difficulties; and structural problems with the marketing of agricultural products.

Significant sustainable agricultural innovation is required to deal with these challenges.
Intellectual property rights (IPRs) may be of crucial importance for modern agriculture.
They serve to make R&D in agriculture attractive by encouraging investment in new
technologies and generating tradeable assets. The principal IPRs relevant to agricultural
innovation are: (i) patents, which protect inventions; (ii) plant variety rights, which protect
the breeding of new and distinct plant varieties; and (iii) trademarks and geographical
indications, which facilitate the marketing of products by providing protection for the
symbols of their manufacturing or geographic origin. Also relevant, but of lesser signifi-
cance, are: (iv) layout designs of integrated circuits, which are relevant to smart agricultural
technologies; (v) confidential information law, which protects know-how or trade secrets;
and (vi) copyright, which protects works of cultural creativity, such as books, articles,
scientific papers, and arrangements of data.

Through patenting, genetic sequences which enable plants to withstand agricultural
stresses have been identified and protected. Plant variety rights protection encourages
the breeding of new varieties which can also meet contemporary agricultural challenges.
Trademarks and geographical indications can be used to identify the sources of agricultural
products, which can reassure consumers by their traceability. The protection of layout
designs of integrated circuits can encourage the investment in digital farming technologies,
which allow for the monitoring of inputs such as water, fertilizers and herbicides in order to
harmonize them with changing climatic conditions. Confidential know how is particularly
important in applying proprietary technologies to agriculture. Finally, copyright protects
a wide variety of works which can have an agricultural application. These range from
scientific books, articles, and research papers through to questionnaires, surveys, training
manuals, and even to computer programs encompassing algorithms which are used to
monitor crops in the field.

The significance of IPRs in encouraging sustainable agricultural innovation is slowly
being recognized. The World Intellectual Property Organization (WIPO), which is the
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United Nations’ specialized agency dealing with IPRs, has adopted a ‘Development Agenda’
which takes into account the Sustainable Development Goals (SDG) of the United Nations.

This Special Issue of Sustainability on agricultural innovation and sustainable develop-
ment contains a number of case studies on the impacts of climate change upon agriculture
and on the adaptive agricultural practices which have been adopted to deal with agricul-
tural stresses in a number of key countries.

The vulnerability of energy and food source crops to climate change impacts has led a
search for sustainable new and orphan crops. Rahiel Hagos, Abdulwahab Saliu Shaibu, Lei
Zhang, Xu Cai, Jianli Liang, Jian Wu, Runmao Lin and Xiaowu Wang look at the available
literature about Ethiopian mustard as an alternative energy source and its sustainable
economic importance as a new promising Brassicacea crop. The literature suggests that
Ethiopian mustard has many advantages and can be adopted to replace crops that are
susceptible to adverse environmental conditions (although the focus has been largely on
it as an energy source). The authors suggest a shift of focus to Ethiopian mustard edible
oil varieties, in which case further agronomic, quality, and genomic studies on oilseed
nutritional traits for efficient breeding and utilization are required (Contribution 1).

China has carried out remarkable work in feeding 22% of the world’s population
with only 9% of the world’s arable land, but it has paid a huge environmental price with
problems such as water eutrophication, soil acidification, air pollution, and the reduction
of biodiversity. China has realized the need to coordinate the relationship between agricul-
tural development and environmental protection and promote the green transformation
of agriculture. Different methods have been adopted in different provinces in the process
of agricultural green development with varying degrees of effectiveness. Hongpeng Guo,
Shuang Xu and Chulin Pan, focus on the spatial complexity of agricultural green develop-
ment (AGD) in different regions. They construct an evaluation index system for the level of
AGD from four dimensions: social development, economic benefits, resource input, and
ecological environment. The article uses an improved entropy weight method to evaluate
the level of AGD with panel data of 31 provinces in China from 2007 to 2018. Their study
provides a reference for understanding the status of China’s agricultural green develop-
ment level and policy recommendations on how to improve the level of agricultural green
development. The results imply that some effective policy measures, such as prompting
the integrated development of the three major industries and optimizing the industrial
structure, should be taken to coordinate “green” with “development” from national and
regional perspectives (Contribution 2).

Phenological variables are closely correlated with rice (Oryza sativa L.) yields, as they
play important roles in influencing and controlling the carbon allocations between plant
organs. However, their impacts on rice yields and their relative importance compared
with climatic variables have not yet been investigated thoroughly. Yahui Guo, Wenxiang
Wu, Yumei Liu, Zhaofei Wu, Xiaojun Geng, Yaru Zhang, Christopher Robin Bryant, and
Yongshuo Fu assess the impacts and the relative importance of climatic and phenological
variables on the yields of early mature rice using the trial data from 75 agricultural stations
across China, spanning from 1981 to 2010. They found that phenological variables were
the dominating influencing factors on rice yields at 63% of the sites, suggesting that the
relative importance of phenology to rice yields may be even higher than that of climate. The
climatic variables were closely correlated with rice yields. However, their results highlight
that phenology should be precisely evaluated in crop models to improve the accuracy of
simulating their response to climate change, and that due to the limited understanding
of phenological processes, manipulative experiments are urgently needed to improve
our understanding of rice phenology and rice yield response to ongoing climate change
(Contribution 3).

The per capita food output in sub-Saharan Africa (SSA) has declined considerably,
exacerbating food and income insecurity. With climate change, there has come an increase
in pests and diseases. In the SSA region, the propagation system is characterized by
both formal and informal plant material supplies. For bananas (Musa spp.), the majority
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of smallholder farmers depend on the informal supply (including home-saved material
from previous season harvests) and propagating material sourced from friends, neighbors,
relatives to either expand or establish new banana plantations. The high prevalence of
pests and disease in this material has necessitated research to increase the use of high-
quality, formal supplies of plant material. One such effort is the development of tissue
culture (TC) planting materials, which are always free of pests and diseases. Lucy Mulugo,
Florence Birungi Kyazze, Paul Kibwika, Bonaventure Aman Omondi, and Enoch Mutebi
Kikulwe utilize the Double-Hurdle model on cross-sectional data of 174 banana farmers in
Central Uganda to analyze the drivers for uptake of TC banana plant materials. Their study
demonstrates that seed security factors, along with farmer competencies, social influence,
and socioeconomic factors, influence farmer decisions on uptake of TC technology for
banana production. Their findings emphasize the need for more involvement of extension
services and research institutions in the education and promotion of TC plants in farming
communities with attention given to banana varieties that are acceptable and adaptable to
the environmental conditions confronting farmers (Contribution 4).

The United Nations Intergovernmental Panel on Climate Change has suggested that
the cultivation of traditional crops might have something to offer in encouraging adap-
tation to climate change. Rice cultivation is significant for a substantial proportion of
the world’s population. However, traditional rice cultivars and cultivation are in decline
in most rice-growing areas (mainly as a result of their low productivity). Packed with
nutritionally, environmentally, and locally superior qualities, traditional cultivars hold the
key for sustainability in rice cultivation. Jayasree Krishnankutty, Michael Blakeney, Rajesh
K. Raju, and Kadambot H. M. Siddique explored the dynamics of traditional rice cultivation
in Kerala, India. They examined the economic, institutional and socio demographic factors
involved in the production and marketing of traditional rice. They found that holding
size and institutional support were the main factors governing the marketing behavior of
farmers. The study also found that traditional farmers are ageing, have a lower education,
and use limited marketing channels. However, the majority of them were satisfied with
their farm enterprise. By streamlining market support mechanisms and processing facilities,
traditional rice would most likely gain momentum in key areas (Contribution 5).

Although traditional agriculture has a contribution to make to climate adaptation, it is
characterized by the low adoption of new agricultural technology. This may be due to the
expense and the unwillingness of farmers to try it due to the risk it entails. The Tanzanian
government’s strategy to bring about greater efficiency in the agricultural sector includes
strengthening various agricultural development strategies and technical cooperation with
local and international development partners to increase awareness and make technology
easier to access. George Mgendi, Shiping Mao, and Fangbin Qiao analyzes the effect of
training programs on the yield of smallholder rice farmers in the Mvomero district of
Tanzania. The results indicate that the yield outcome among trained and non-trained
farmers with water access for irrigation was significantly more than double. However, the
yield difference between trained and non-trained farmers was insignificant in non-irrigated
plots. These findings have policy implications for agricultural development in developing
countries where training programs alone may not be a panacea for smallholder farmers’
productivity improvement. Therefore, respective governments, policymakers, and other
agricultural stakeholders should consider both farm and non-farm factors altogether, which
may increase agricultural training effectiveness to address the challenges of low yields
(Contribution 6).

As a kind of infrastructure that enables production of both food and energy, dams are
a key component of climate change adaptation. They are meant to improve agricultural
productivity and reduce vulnerability to droughts. In semi-arid regions experiencing deser-
tification, water management infrastructure for food and energy production is necessary to
sustain a growing human population and promote economic development in a changing
climate. However, dams face many criticisms, ranging from cost overruns and population
displacement to ecosystem disruption and increased transmission of infectious disease.
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Andrea J. Lund, David Lopez-Carr, Susanne H. Sokolow, Jason R. Rohr and Giulio A. De
Leo propose four agricultural innovations for promoting equity, health, sustainable devel-
opment, and climate resilience in dammed watersheds: (1) restoring migratory aquatic
species; (2) removing submerged vegetation and transforming it into an agricultural re-
source; (3) restoring environmental flows; and (4) integrating agriculture and aquaculture.
They conclude that as investment in dams accelerates in low- and middle-income countries,
appropriately addressing their livelihood and health impacts can improve the sustainability
of agriculture and economic development in a changing climate (Contribution 7).

The Asian rice-wheat cropping system feeds billions across the globe. However,
the productivity and long-term sustainability of this system are threatened by stagnant
crop yields and greenhouse gas emissions from flooded rice production. The negative
environmental consequences of excessive nitrogen fertilizer use are further exacerbating the
situation, along with the high labor and water requirements of transplanted rice. Residue
burning in rice has also severe environmental concerns. Under these circumstances, many
farmers in South Asia have shifted from transplanted rice to direct-seeded rice and reported
water and labor savings and reduced methane emissions. Aman Ullah, Ahmad Nawaz,
Muhammad Farooq, and Kadambot H. M. Siddique argue that there is a need for adopting
the precision agriculture techniques for the sustainable management of nutrients and
that allelopathic crops could be useful in the rotation for weed management, the major
yield-reducing factor in direct-seeded rice and that legume incorporation might be a viable
option for improving soil health. This is particularly the case as governments in South Asia
have imposed a strict ban on the burning of rice residues. They argue that the soil/climatic
conditions and farmer socio-economic conditions must be considered while promoting
these technologies in the rice-wheat system in South Asia (Contribution 8).

The challenge of sustainable agriculture development in light of population growth,
resource shortage, ecological deterioration, and climate change has led many governments
to support agricultural science, technology, and innovation (ASTI). However, innovation
performance is dependent not only on the available innovation resources but also and
maybe most importantly on their efficient and productive use. Innovation efficiency, which
is the ability to translate inputs into innovation outputs, has become very important and
attractive to scholars and governments. The limited attention to innovation efficiency
at the national level could be a potentially significant omission from a policy-oriented
perspective, since measuring the ASTT efficiency helps to both identify the best innovation
practitioners for benchmarking and propose ways to improve efficiency by pinpointing
areas of weakness. The agriculture of the G20 countries account for 60% of global arable land
and 80% of global agricultural trade, thus having a significant effect on global agriculture
development. An efficiency-oriented innovation analysis will enhance the understanding
of the operational quality related to the transformation process of limited innovation
investments for improving innovation outputs. Xiangyu Guo, Canhui Deng, Dan Wang, Xu
Du, Jiali Li, and Bowen Wan sought to measure the static-dynamic efficiency of agricultural
science, technology, and innovation (ASTI) and identify the efficiency determinants across
the G20 countries. The empirical results indicated that: (1) the efficiency range of the G20
developing countries was relatively larger than the G20 developed countries; (2) the total
factor productivity change (TFPC) of ASTI showed an alternating trend of “decline-growth—
continuous decline-growth recovery”, where the G20 developed countries experienced
“growth-decline-growth” and the G20 developing countries underwent a fluctuating
upward trend; and (3) The G20 developed countries usually had advantages in capacity,
while the G20 developing countries performed better in efficiency (Contribution 9).

Digital technologies offer a potential solution to improve the economic, social, and
environmental sustainability of agri-food systems around the globe. While developed
countries have led the innovation and adoption of digital agriculture, the potential im-
pact in developing countries, including in the Middle East and North Africa (MENA)
regions is very substantial. Rachel A. Bahn, Abed Al Kareem Yehya, and Rami Zurayk
synthesize existing evidence to review the potential and current contribution of digital
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technologies to the agri-food sectors in MENA. They conclude that digital agriculture
shows promise in addressing the key challenges facing the agri-food sector across MENA
countries, particularly facilitating improvements in primary production, supply chain and
logistics performance, and optimized use of scarce natural resources. They note that the
available evidence shows that adoption of digital agriculture is at early stages, generally
led by high-value agricultural production targeting domestic markets in Gulf countries
and export markets in Mashreq countries. They suggest that public policies should not
only foster the adoption of digital technologies in MENA but also ensure equity of access,
transparency of use, data protection, and labor protection and that policymakers should
move beyond traditional, production-centric views to privilege social and environmental
sustainability (Contribution 10).

Farmers” adoption of agricultural practices and technologies that contribute to achiev-
ing sustainable intensification, sustainable development, and food security require some
degree of risk taking and risk management by farmers. The risks confronted by farmers
include those associated with climate change as well as market input and output price
fluctuations and inadequate access to insurance. Despite smallholder farmers usually being
thought to have homogeneous risk averse attitudes, Omotuyole Isiaka Ambali, Francisco
Jose Areal, and Nikolaos Georgantzis point out that there is evidence that this is not the
case. Thus, they stress that identifying and understanding the heterogeneity in farmers’
risk preferences is crucial to guide policy formulation and implementation on risk man-
agement and investment decisions concerning the adoption of technology, the adoption
of new crop varieties, or the adoption of sustainable agricultural practices. While existing
studies have identified the socio-economic factors driving farmers’ risk attitudes, spatial
variables that may correlate with decisions have often been ignored in the risk models
due to the difficulties involved in their measurement. The authors studied unobserved
spatial heterogeneity in farmer’s risk preferences by incorporating spatial dependency into
a farmer’s risk preference model using data from a survey conducted with Nigerian farmers
between March and May 2016. They found that unobserved spatial heterogeneity (e.g., soil,
topographic farmers emulating each other) was present in farmer’s risk preferences (along
with socio-demographic variables such as age, gender, marital status, and religion and
farm characteristics such as farm size and road quality), and that these results are relevant
for policy decision-making processes (Contribution 11).

Serena Mariani seeks to investigate the role of EU legislation in shaping innovation
in cereal varieties. The research focuses on intellectual property and agricultural law. Her
paper looks at the role played by European Community plant variety protection and EU
legislation on the marketing of seed and plant propagating material in shaping innovation and
stimulating plant breeding of new cereal varieties. She adopts a focus on cereal varieties due to
the substantial socio-economic impact of innovation in this field, as well as strategic scientific
and environmental implications. Her study concludes that it is necessary to simplify the
existing legal framework by coordinating intellectual property and agricultural law, providing
for legislative review and better coherence in order to effectively shape innovation and meet
the changing demands of society and the sustainability challenges (Contribution 12).

The agricultural challenges that were outlined at the beginning of this editorial is tren-
chantly illustrated by the food security of Bangladesh which is largely depends on rice
production (92% of the total food grain production). Although the country’s agro-climatic
conditions are perfect for cultivating rice all year, the national average rice yield (2.60 t/ha)
is much lower than the potential national yield (5.40 t/ha). The population of Bangladesh
is currently 162.7 million and projected to be 189.85 million by the year 2030, requiring an
increase of the current rice yield to 3.74 t/ha to keep the production of rice in line with the
growing population of the country. Inefficient and often imbalanced fertilizer use impedes
farmers from achieving expected yields. Thahamina Bagum, Md. Kamal Uddin, Salim Has-
san, Nitty Hirawaty Kamarulzaman, Md. Zulfikar Rahman, and Ahmad Numery Ashfaqul
Haque explore the contribution of selected factors that influence farmers” work performance
and determine the highest contributing factors on farmers” work performance towards fertil-
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izer application in rice. They used a multistage simple random sampling method to select
355 farmers from twenty-one rice production areas of Bangladesh. Data, collected using a
structured questionnaire, were subjected to multiple linear regression analysis to explore the
contribution of selected factors and identify the highest contributing factors towards farmers’
work performance. The results of their study revealed that the motivation of farmers was
found to be the highest contributing factor, followed by knowledge influencing their work
performance and concluded that farmers need to be equipped with essential knowledge
and motivation crucial to strengthening their work performance as this will increase rice
production (Contribution 13).
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Abstract: Energy and food source crop demand claims to be vulnerable to climate change impacts.
The new and orphan crops, which in the past have received only limited research attention but
are sustainable to environmental systems, are needed. In this review, we summarize the available
literature about Ethiopian mustard as an alternative energy source and its sustainable economic
importance as a new promising Brassicacea crop for new opportunities in the face of producing
sustainable environment and energy development. Ethiopian mustard has many advantages and
can be adopted to replace crops that are susceptible to adverse environmental conditions. Ethiopian
mustard is becoming a new promising Brassicaceae crop with the current global energy demand
increases. However, researchers have only focused on energy source production which has resulted in
developing high erucic acid varieties. This results partly in limited studies on developing Ethiopian
mustard edible oil varieties. The adoption and scaling-up of this promising crop as an oilseed crop in
developing countries and Mediterranean conditions can sustain the impact of climate change with
the demand for food and energy debate concepts. Indeed, further agronomic, quality and genomic
studies on oilseed nutritional traits for efficient breeding and utilization are needed.

Keywords: alternative energy source; Ethiopian mustard; sustainability

1. Introduction

Ethiopian mustard (Brassica carinata A. Braun) is mainly originated in the highlands of Ethiopia [1].
It is locally known as “Gomenzer” (“Yehabesha Gomen”) and “Hamli Adri” in Amharic and Tigrigna
languages, respectively. It can well be adopted in the Mediterranean climate areas [2] and it is a
drought and heat tolerant oilseed crop [3,4]. It is used as a food and oilseed crop [5], especially in the
arid and semi-arid areas [6].

Nowadays, Ethiopian mustard has disseminated to most semi-arid climate countries, such as
European and South Asian countries and is used as an alternative energy crop in marginal lands. It is
used for biofuel, bio-industrial processes and soil remediations. This is because different Ethiopian
mustard breeding programs are elucidated to develop and adopt a candidate variety for better
adaptability and oil yield production [7,8] in different arid and semi-arid areas.
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Biochemically, Ethiopian mustard has high erucic and linoleic acids [2] with less saturated fatty
acids. Hence, having these characteristics makes it a desirable oilseed crop that can be processed
into biofuel [8-10]. Additionally, the oil extracted from the Ethiopian mustard is considered as a
nonfood oil because of the high concentration of erucic acid (35-51%) [11,12]. Therefore, the crop has
the potential to supplement part of the renewable energy demand without displacing feed and food
crops as recently used by some countries, such as the USA, Canada, Italy and Spain. For example,
it is used as a bio-industrial crop and biofuel for jets (air-crafts) [6], and hence different researchers
stated that the crop can be used for smart agriculture “from the seed to sky” or “from the field to flight”
platforms [9,13].

Therefore, this review aims to elucidate the status of Ethiopian mustard, as one of the Brassicacea
species used as alternative energy sources and sustainable crops, and the benefits associated with its
adoption as a new and promising crop for energy sources in new vulnerable agricultural systems.
The review also tends to motivate researchers working on other underutilized edible oilseed crops so
as to develop environmental sustainability to face the impact of energy source imbalances at the globe.

2. Ethiopian Mustard as a Preference Crop

Nowadays, many growers and researches are actively searching and prefer a more resilient
oilseed Brassica species [14], such as the Ethiopian mustard which can withstand in highly vulnerable
environmental conditions even no other crops growing areas (i.e., marginal lands) [8,15]. Therefore,
it is one of the most interesting Brassicaceae crops, which can be used currently for energy purposes in
the Mediterranean regions [2,16] and can also be considered as suitable for marginal and contaminated
areas, as it is a strong candidate for phytoremediation properties [6,17]. It is also found that the crop has
better agro-ecological adaptability and productivity than canola (Brassica napus) and Indian mustard
(Brassica juncea) under unfavorable environmental conditions and even in low cropping systems [2,18].
This is preferred because producers can cultivate the crop without difficulty with the production cost
and can indirectly develop an environmentally sustainable business.

Ethiopian mustard is now a new promising energy crop for most Mediterranean, arid and semi-arid
climate countries [6,16]. Indeed, the presence of high yield levels requires fewer inputs, and the ability
to adapt and resist abiotic and biotic stresses [19] makes it appreciated in terms of agronomy and
energy balances. For instance, its adaptation has considerably expanded and increased its production
in some drier areas of the USA (California) [8,20,21], Canada [6,19], Italy [18,22], Spain [23] and South
Asian countries [24], due to the increasing demand for bioenergy and oilseed productions in these
countries [2,12,19,25] and the incidence of global climate change effects on sustainable agricultural
production and environmental systems.

3. Cultural Practices of Ethiopian Mustard Effects on Environmental Sustainability

Ethiopian mustard is suitable for crop rotation and intercropping with food crops, such as
wheat [26], chickpea [27], barley and sorghum [28]. Mulvaney et al. [8] reported that neither row
spacing nor seeding rate affected the Ethiopian mustard oil concentration, seed and yield traits.
It also has a role in the low farming systems as a potential rotational crop for cereals and pulses [29].
It is noteworthy that the crop is widely used as biofumigant to break soil-borne diseases and pests;
this is why farmers in Australia and New Zealand used it as a rotating crop during crop husbandry
systems [9,30]. Ngwene et al. [31] also reported that health-related phytochemicals of Ethiopian
mustard can be modified by intercropping with nightshade, an African indigenous vegetable crop.
The benefits of growing Ethiopian mustard as a winter crop has two advantages over other crops:
first, it can increase the income generation of farmers [8,32] and second, it helps in environmental
sustainability [26]. For instance, in honeybee production, it decreases the use of plenty of herbicides
and maintains soil biotypes. Therefore, growing the Ethiopian mustard followed by summer crops
and pastures has an advantage on the sustainable development for many producers, such as a
livestock feed [8,30], soil amendments and biofumigation, and it is also likely to be used as a source
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of food for insect pollinators. In addition, Ethiopian mustard when cultivated as a winter crop,
for instance, in Canada helps as a cover crop (green manure) to reduce soil erosion, herbicide use and
to balance nutrient losses [9,33,34]; it then later increases soil organic matter, maintains soil biotypes
and crop diversification.

The traditional practices of mixed cropping systems involving Ethiopian mustard have gained
admiration in recent years in the form of intercropping with suitable modification in planting patterns.
The intercropping of Ethiopian mustard with chickpea in the semi-arid tropics of India, has improved
the consumptive use, moisture use efficiency (MUE) and moisture extraction pattern, and when
combined with moisture conservation practices (MCP) and proper phosphorus (P) and sulfur (S)
nutrients, better significant results have been obtained [27].

On the contrary, reducing the mechanical operation of Ethiopian mustard with minimum tillage
and low production inputs has no significant impact on yield production and seed oil content [18,35].
Indeed, Debiase et al. [36] found that the replacement of conventional tillage and mineral fertilizer
with minimum tillage and sewage sludge can be sustainable for the cultivation of Ethiopian mustard
without significant changes in heavy metal concentrations in the Mediterranean environments. It can
be emphasized that Ethiopian mustard can be grown under limited environmental conditions with
minimum cultural practices and a lower cost of production. Furthermore, it has been shown that
seeding rate does not affect the yield and nutritional properties of Ethiopian mustard [8].

3.1. Responses of Ethiopian Mustard to Heavy Metal Contaminated Soils

The major environmental factors that currently reduce plant productivity are drought, salinity
and nutrient imbalances [37-39]. Saline soil types are one of the abiotic stresses that influence food and
energy imbalances [40,41], which causes a formidable global challenge to existing crop production.
Therefore, identifying plant species and cultivars that can contend with such environmental challenges
is a key remedy for establishing a sustainable food and energy balance with climate change [42].

The genus Brassica species have significant importance to resist contaminated soils and can be
used for phytoremediation purposes [26,43-45]. For instance, Akhtar et al. [46] studied the effect of
salinity in four Brassica species: mainly, Ethiopian mustard, Indian mustard, Chinese cabbage and
rapeseed. As a result, rapeseed and Ethiopian mustard were more tolerant and yielded better than
Indian mustard and Chinese cabbage for seed yield, stem diameter, plant height, number of siliques
and 1000 seed weight per plants.

The Ethiopian mustard has shown a high tolerance index and adaptability in multicontaminated
soils with zinc (Zn), nickel (Ni), lead (Pb), manganese (Mn) and cadmium (Cd) [1743].
Gezahegn et al. [47] also reported the highest accumulation of heavy metals in leafy vegetables
of Ethiopian mustard than cabbage, cauliflower, lettuce and Swiss chard. On the other hand, they found
no accumulation of Pb and arsenic (As) metals as compared to other leafy vegetables. Likewise, a pot
culture experiment was also used to test the phytoextraction of Zn, copper (Cu), Ni and Pb from a
contaminated soil among five Brassica species (Indian mustard, rapeseed, Ethiopian mustard, oilseed
rape (canola) and black mustard) [17]. Accordingly, they found that among these Brassica species,
the Ethiopian mustard has shown the highest concentration (mg kg™!) as well as uptake (pg pot™)
of Ni and Pb at maturity, and it is a promising phytoextractor for Zn, Ni and Pb when compared to
Indian mustard.

3.2. The Response of Ethiopian Mustard to Plant Pests and Diseases

Ethiopian mustard is reported to be resistant to many diseases affecting crucifers in Canada,
such as blackleg (Leptosphaeria maculans; [48]), white rust (Albugo candida; [49]), alternaria
(Alternaria brassicae; [50]), sclerotinia stem rot (Sclerotinia sclerotiorum (Lib.) Massee) and aster yellows
(Candidatus phytoplasma asteris) [51]. However, it is less susceptible to insect herbivores than oilseed rape
(canola). However, it is also susceptible to clubroot (Plasmodiophora brassicae), a soil-borne fungus-like
pathogen [52], but it has been widely reported for its ability to reduce soil-borne plant pathogens better
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than other Brassicaceae species. In addition, the biological control methods through environmentally
sound and effective means of reducing or mitigating pests using natural enemies for the Ethiopian
mustard volunteers have not yet been developed [53].

In the USA, it has been evaluated further for weed risk assessment; nevertheless, it has low or
no weed risk assessment. However, it can germinate and grow as a contaminant from discarded
birdseed and bird-seed screenings due to the presence of uncertainty in seed dormancy. Taking these
into account, Ethiopian mustard needs further research and breeding to protect from diseases such as
sclerotinia that happens when it rotates with other energy crops [28] to obtain a better yield.

4. Economic Sustainability of Ethiopian Mustard

4.1. As Sources of Secondary Metabolites (Glucosinolates)

Different Brassica species have shown their allelopathic potential against noxious weeds of
agroecosystems and are considered as a sustainable tool for integrated weed management [54].
The leaves of Ethiopian mustard are rich in glucosinolates, that is, a secondary metabolite that has
been identified in Brassicaceae and is a volatile sulfur-containing compound that has antimicrobial
and allelopathic effects [55,56] (Table 1).

Glucosinolates can also prevent microorganisms and insect infestation and nematode invasion
in the roots through a process known as biofumigation. The presence of glucosinolate in seed cake
is a limiting factor in Ethiopian mustard, although it is used as high protein feed for animals [57].
However, glucosinolates are also repellants to most insect pests due to their presence in the volatile
oils released from Brassicaceae [30], of which Ethiopian mustard is used as a trap crop (an alternative
pest management strategy) for massive butterfly infestation in Indian mustard by utilizing the pests’
preference for these plants [58]. Additionally, Odongo et al. [59] and Martinez-Valdivieso [60] reported
that the leaves and seeds of Ethiopian mustard are also rich in nutrients and health-promoting
secondary plant metabolites, i.e., glucosinolates, especially 2-propenyl glucosinolate (sinigrin) as well
as phenolic compounds. However, the concentration was different based on the plant parts used, stage
of maturity and growth conditions.

Table 1. Secondary metabolites (allelochemicals) reported in Ethiopian mustard.

S.N. Type of Allelochemicals Activities References

Health promoting effect,

1 2-propenyl-glucosinolate (Sinigrin) antimicrobial effects [12,59,61]

2 Flavonoids Antioxidant activity [59]

3 Carotenoids Antioxidant activity [59]
Insecticidal activity; weed

4 Allyl Isothiocyanate suppresses (reduces the use [59]

of synthetic chemicals)

Ethiopian mustard has a larger sinigrin content (5.83 mg~g‘1) [61] than cabbage (0.26 mg~g_1),
Chinese cabbage (0.77 mg-g~1), Broccoli (0.33 mg-g~!) and Korean leaf mustard (5.56 mg-g™1) [62],
which is the predominant glucosinolate content in the leaves of the crop. On the other hand, the presence
of high erucic acid [12,63], makes Ethiopian mustard have an antinutritional effect such as tannins
and sinigrin. Increasing the processability of orphan-crop entails focusing on the aspects of chemical
composition that affect their products. Therefore, improved processability means decreasing the
presence of antinutritional compounds that are present in the edible portions of crop plants [64].
However, through different breeding programs, there are few Ethiopian mustard varieties developed
with zero erucic acids [11,13,65] and a high content of glucosinolates (100-200 pmoles g_l)—almost
exclusively sinigrin [66]. Therefore, farmers, private companies and researchers can use these improved
varieties based on their agronomic performance and the need for sustainable research preferences.
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4.2. As an Alternative Source of Energy Crop

Among the botanical species yielding high quantities of erucic acid, the Brassicaceae species is the
most important genus in the production of this oil per hectare, particularly rapeseed and Ethiopian
mustard species [7,67]. In the 1990s, European countries such as Italy searched and collected Ethiopian
mustard lines from India, Germany and the Netherlands to screen for better agronomic performance
and high potential oil productivity in winter conditions and marginal soils. Meanwhile, the Ethiopian
mustard cultivar “Sincron” has been found as a candidate biodiesel production oilseed crop in Italy [7].
Likewise, the North Florida Research and Education Center (NFREC) has also developed a new
commercial variety of Ethiopian mustard called AAC A120, which has a high yielding performance (i.e.,
both in seed and oil production), is disease resistant, early maturing and well adapted in the southeast
USA. Hence, this variety may increase diversification, generate revenue and improve ecosystem
sustainability. However, the target was pick up to develop region-specific agronomic traits and targeted
for double crop production in the southeastern USA [9]. There are also other improved new promising
Brassicaceae species adopted as supplementary oilseed crops (Table 2).

Increasing the demand for high erucate oils for industrial feedstocks, enforce researchers to
develop high erucic acid (HEA) Brassicaceae cultivars with increased proportions of erucic acid and
very-long-chain fatty acids (VLCFAs) to fulfill the industrial oil market needs [6,19,63]. Although more
research and development for food and industrial use has been conducted using canola and Indian
mustard has been practiced for food and industrial use, other Brassicaceae relatives such as camelina,
Ethiopian mustard and Sinapis alba have also shown promise as potential Hydrotreated Renewable
Jet fuel (HR]) feedstock [2,20]. Therefore, the advocating and development of Ethiopian mustard as
an alternative biorefinery and bio-industrial oil platform using traditional and molecular breeding
techniques and tools is essential. Currently, Ethiopian mustard is also considered as a new molecular
farming platform for delivering bio-industrial oil feedstock [2,19] that is improving through genetic
modifications to produce more very long-chain fatty acids and oil contents in seeds of the crop.

In East Africa, particularly in Ethiopia, the Ethiopian mustard is cultivated as a leafy vegetable
crop with limited commercial oil production. However, it is more commercially adapted as an
alternative energy source and biofuel product in developed countries. This is why the interest of
the crop is changing nowadays from more food (leafy vegetable) to more sustainable biodiesel crop
production [20] for bio-industrial processes, as bio-energy sources increase from time to time in
developed countries [25,28], which started in the mid-1980s [53].

Most governmental and nongovernmental organizations such as European countries,
the University of Florida, North Florida Research and Education Center (NFREC) in Quincy, in South
Eeastern USA and Agrisoma Biosciences Inc. company (i.e., the world’s largest Ethiopian mustard
breeding program company located in the University of Saskatchewan, Canada) have developed
varieties for energy sources [9]. Meanwhile, researchers in the USA, such as California and Florida,
Canada and European countries, have emphasized Ethiopian mustard as an alternative energy source
(jet fuel) crop and bio-industrial feedstock, i.e., for more biodiesel crop production.

On the other hand, the oil extracted from Ethiopian mustard can be utilized as vegetable oil, later
converted into jet fuel and biodiesel such as other oilseed crops via the existing technologies [20].
For instance, in 2018, Australian Qantas Airways, together with Canadian agritech company Agrisoma
Biosciences, flew the first dedicated biofuel-powered flight between Australia and the USA, using a
jet biofuel produced from the Ethiopian mustard oilseed [9]. Therefore, the Ethiopian mustard is an
excellent raw material for the sustainable production of biofuels. It is becoming an interesting new
complementary source of biofuel and industrial feedstock to mitigate the impact of global climate
change effects on sustainable agricultural development by hindering the pollution that happened due
to the use of excess petroleum gasoline in developed countries.

11
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4.3. As a New Promising Crop Offer for New Opportunities

Ethiopian mustard as a unique energy feedstock crop is preferable added to crop rotation by
growers because they are unable to grown other crops due to the vulnerability of agricultural production
to vulnerable environmental conditions. Thus, Ethiopian mustard attracts the interest of researchers in
many countries, such as Canada, Spain and Italy, because of its good agronomic qualities. Impressively,
this has been introducing Ethiopian mustard as a sustainable, scalable and economic oilseed and
feedstock crop in other unfavorable environmental conditions. It is noteworthy that a crop with
excellent agronomic traits will perform well in stressful conditions and has a ready market demand [13].

It has been proven that the crop residue of the Ethiopian mustard (straw) has a potential option
for energy production (i.e., biofuel or for electricity and heat cogeneration), especially in the rural
areas of developing countries that could increase the income of farmers. Besides this, the Ethiopian
mustard pellet made from crop residues has been found to be modestly suited for energy use in terms
of pellet quality compared to a wood pellet; it is then possible to sustain the valuable outputs of
local agro-energy chains [16]. Additionally, the meal remaining after oil extraction is also protein rich
(30-45%) and used as sources of protein in livestock feed [8], poultry, swine and aquaculture industries
(if its glucosinolate level is reduced) or as an organic fertilizer [5,11,30]. These concepts can make the
crop a new promising crop and have further benefits to adapt in unfavorable environmental conditions
to support growers, consumers and researchers’ perspectives of the chance to use the good agronomic
characteristics of this crop for sustainable development.

As aforementioned, Ethiopian mustard has many advantages and dual purposes. Therefore,
the cultivation of Ethiopian mustard can overcome problems in intensive nonrotational farming
practices which have an impact on environmental sustainability. Indeed, not only this, but it has
also been used for bioremediation effects as a traditional medicine to treat ailments and diseases
such as analgesic activity [30] and anticancer activity [59]. Besides this, Ethiopian mustard has more
production potential than rapeseed both under low-input and adverse environmental conditions [2,22],
and it is usually cultivated as an alternative energy source and is well-indicated for biofuel production,
such as in Italy [16].

4.4. Future Prospects of Ethiopian Mustard

Conventionally, Ethiopian mustard is propagated by seeds and can hybridize successfully with
other Brassicaceae species [68,69], which makes it an alternative oilseed crop for most Mediterranean,
arid and semi-arid climate countries. For instance, the Ethiopian mustard genotypes demonstrate a
potential as a winter biofuel crop in South East USA. There are essential traits to enable the adoption of
Ethiopian mustard as a sustainable winter crop without interrupting the normal cycle of cultivation.
Therefore, the inclusion of Ethiopian mustard as a winter crop will help bring underutilized fallow
land under cultivation thereby potentially adding additional revenue streams for the producer while
providing ecosystem services [70].

Ethiopian mustard as compared to other Brassica species has useful genes for the resistance to
abiotic and biotic stresses and, therefore, has been used to intercross with other counterparts as a
recurrent parent for the introgression of genes to improve and widen the gene pool of Brassica species
germplasms for further breeding programs [71,72]. On the other hand, there is a limited genetic
improvement due to the narrow genetic variation [73] of this crop, which has not been studied at a
genomic level to date and lacks sufficient literature [74]. Indeed, the presence of a narrow genetic base
shapes the population structure and linkage disequilibrium in Ethiopian mustard [75].

Based on the information reviewed, around 1308 Ethiopian mustard germplasms have been found
in different gene banks of the world. As we have contacted different institutes, the majority of the
germplasms are found in the Ethiopia Biodiversity Institute (http://www.ebi.gov.et); World Vegetable
Center (https://avrdc.org); European Search Catalogue for Plant Genetic Resources (https://eurisco.ipk-
gatersleben.de/apex/f?p=103:1:::); Plant Gene Resources of Canada (http://www.agr.gc.ca/pgre-rpc);
and the US National Plant Germplasm System, Germplasm Collection Gene Banks, (http://www.ars-
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grin.gov/npgs), with the total number of 653, 386, 139, 92 and 38 accessions, respectively, and are
available in gene banks (personal communication, 2018). With these genetic resources, it is possible
to conduct further research on molecular breeding and variety improvement. Khedikar et al. [75]
reported that the assessment of genetic diversity, population structure and linkage disequilibrium in
the worldwide Ethiopian mustard collection will enhance future crop improvement programs.

The six Brassica species and their closest relative species of Radish except Ethiopian mustard
(Brassica carinata A. Braun) have been well sequenced by different researchers [76-80]. These species
obviously promoted their genetic dissection of agronomic traits and were used for variety development.
Bearing this in mind, to avoid Ethiopian mustard being neglected, it is important to start research on
genomic sequencing and genome-wide association study (GWAS) as well as phylogenetic analysis to
improve this sustainable oilseed Brassica species and also improve the nutritional quality for better
economic and sustainability use.

5. Conclusions

Ethiopian mustard is native to the central highlands of Ethiopia and adjoining east African
countries. In Ethiopia, it has been consumed as a food (leafy vegetable) and oilseed crop since ancient
times. It can adapt in the arid and semi-arid conditions, and it is used as an alternative energy
(biofuel and industrial oil) source crop with the current vulnerable climate change in crop husbandry
systems. Indeed, there is a huge demand for a suitable crop that can be a clean energy source without
competing for land use with food crops. Ethiopian mustard has emerged as one of such low-cost
candidate crops with multiple desirable agronomic traits. Nowadays, it is becoming a new promising
Brassicaceae vegetable, and it can be used for multiple purposes, such as increasing farmers’ income
and environmentally sustainable business. The leaves are used as a source of phenolic compounds and
glucosinolates, and the seeds are used as an alternative energy source. However, researchers have
mainly focused on energy production in terms of improving high erucic acid varieties rather than
developing edible oil varieties. As a result, the production of edible oil from the Ethiopian mustard
is neglected from crossbreeding improvement techniques. With this framework, Ethiopian mustard
has the potential for many applications in food, energy and environmental sustainability. This creates
interest in studying the agro-economic performance of cereal-based rotations and understanding the
genetic architecture controlling these traits. It is also noteworthy that Ethiopian mustard can be a
resilient crop for sustainable ecological services on oilseed production as it can tolerate biotic and
abiotic stresses effectively more than other Brassicaceae crops. However, further study on leaf and
seed nutritional compositions using genomic approaches is needed in order to enhance its use as an
alternative oilseed crop for sustainable edible oil production with diversified crop rotations.

Cross-crop knowledge application can be further supported by the unification of advanced
breeding-method designs, novel gene-editing approaches to generate new genetic variation and
innovative participatory domestication models that facilitate stakeholder input. The adoption and
scaling-up of this promising crop as a sustainable and alternative energy source crop in developing
countries and Mediterranean conditions can create a resilience to the impact of environmentally
unsustainable crop production systems with the demand for food and energy (fuel) debate concepts.
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Abstract: The article focuses on the spatial complexity of agricultural green development (AGD) in
different regions. The article first constructs an evaluation index system for the level of AGD from
four dimensions: Social development, economic benefits, resource input, and ecological environment.
Then, the article uses an improved entropy weight method to evaluate the level of AGD with
panel data of 31 provinces in China from 2007 to 2018. Finally, on the basis of Moran Index and
the Spatial Durbin Model, the article analyzes the spatial heterogeneity of the factors that affect
the green development of agriculture in China. The results show that: (1) From 2007 to 2018, the
overall level of AGD shows a fluctuating upward trend in China, and there are differences among
provinces. The level of AGD in the three major regions presents the characteristics of Eastern >
Central > Western; (2) China’s provincial AGD level has an obvious positive autocorrelation in spatial
distribution, showing significant spatial agglomeration characteristics in space; (3) the four factors of
urbanization level, agricultural mechanization level, scientific and technological R&D investment,
and arable area, have different effects on the level of AGD in three major regions. This study provides
a reference for understanding the status of China’s agricultural green development level and policy
recommendations on how to improve the level of agricultural green development. The results imply
that some effective policy measures, such as prompting the integrated development of the three
major industries and optimizing the industrial structure, should be taken to coordinate “green” with
“development” from national and regional perspectives.

Keywords: agricultural green development; entropy weight method; spatial heterogeneity; spatial
spillover effect; China

1. Introduction

Agriculture plays a central role in sustainable development, which determines the relationship
between the global economy, society, and the natural world [1]. Since China implemented the reform
and opening policy in 1978, China’s agriculture has developed rapidly, producing considerable
economic benefits and meeting the growing food demand of people [2,3]. China has done remarkable
work in feeding 22% of the world’s population with only 9% of the world’s arable land, making an
important contribution to international food security [4]. At the same time, China has also paid a
huge environmental price. Environmental problems such as water eutrophication, soil acidification,
air pollution, the reduction of biodiversity, etc., have become increasingly prominent, which greatly
hinders the green and sustainable development of agriculture [5-7]. Therefore, China needs to
coordinate the relationship between agricultural development and environmental protection urgently
and promote the green transformation of agriculture.

Sustainability 2020, 12, 9259; doi:10.3390/su12219259 19 www.mdpi.com/journal/sustainability
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In recent years, China has realized the importance of agricultural green development.
Different ways have been adopted in different provinces in the process of agricultural green development,
which have achieved varying degrees of effectiveness. However, how to realize the sustainable
utilization of resources and sustainable development of agriculture while protecting the environment
is still an urgent problem to be solved.

Agriculture Green Development is the future development direction of agriculture for China
and the world [8-10]. In order to achieve green development in agriculture, it is necessary to make a
quantitative evaluation of the current agricultural development level. In previous studies, in order to
evaluate the sustainable agricultural development, many scholars have constructed different evaluation
index systems for sustainable agricultural development around three dimensions, including society,
economy, and ecology, evaluating the sustainable development of agriculture from the perspectives of
farms, regions, and countries [11-16]. In recent years, under the background of green transformation of
agriculture, scholars have studied from different perspectives on the construction of evaluation index
system and evaluation methods of agricultural green development. For instance, Wei et al. selected
14 indicators from four dimensions of resource conservation, ecological conservation, environmental
friendliness, and quality efficiency to construct China’s agricultural green development index, then
evaluating the level of agricultural green development in China [17]. Gong et al. selected 10 indicators
from three dimensions of low-carbon economy, economic growth, and safe supply to construct a
development index to evaluate the level of agricultural green development [18]. More scholars
have used principal component analysis [19], entropy weight method [20-22], or analytic hierarchy
process [23] to evaluate the level of agricultural green development in different provinces of China.

The overall objective of Agriculture Green Development is to coordinate “green” with
“development” to realize the transformation of current agriculture with high resource consumption and
high environmental costs into a green agriculture and countryside with high productivity, high resource
use efficiency, and low environmental impact [10]. However, the resource and environment cost of
agricultural production in China is too high. Irrational fertilization leads to serious acidification of
croplands, which poses a threat to agricultural production and hinders China’ s green development of
agriculture seriously [5,24,25]. In areas with scarce water resources, the quality and safety of agricultural
products cannot be guaranteed, which will also hinder the green development of agriculture [26].
Tu et al. pointed out that the green development of agriculture is not only reflected in the low
agricultural non-point source pollution, but also in the high efficiency of agricultural production [27].
Inconsistent agricultural development conditions, different ecological environments, and different
resource endowments in various regions have an impact on agricultural production and the level
of agricultural development [28,29]. In addition, changes in institutions and policies, the level of
urbanization, and the level of science and technology also have an impact on agricultural production
efficiency [30]. Among many influencing factors, technological progress has been regarded as the main
driving factor of agricultural production [31]. Meanwhile, the green development of agriculture puts
forward higher requirements for technological progress, which requires the integration of multiple
disciplines and technological innovation to realize the green development of agriculture [32,33].

Through reviewing literatures, since the concept of agricultural green development is relatively
new, most studies mainly focus on two aspects: The first is the construction and level measurement
of the evaluation index system of agricultural green development, and the second is the driving or
restrictive factors that affect agricultural green development. The research on the spatial characteristics
of agricultural green development and its influencing factors is still blank. Therefore, this article
first evaluates the status of agricultural green development level in China through improved entropy
weight method to measure the level of agricultural green development. Then, in order to study the
spatial correlation and heterogeneity of agricultural green development in China, the article conducted
an empirical analysis on the influencing factors of agricultural green development with panel data
from 31 provinces in China. This study provides data support and empirical basis for the proposal and
formulation of agricultural green development policy in different regions of China.
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2. Materials and Methods
2.1. Materials

2.1.1. Construction of Evaluation Index System for Agricultural Green Development Level

According to the definition of the level of agricultural green development and the research of
other scholars, this article selects 16 indicators from four perspectives, including social development,
economic benefits, resource input, and ecological environment to construct an evaluation index system
for the level of agricultural green development in China, as shown in Table 1. All data are derived
from the China Statistical Yearbook, China Rural Statistical Yearbook, China Environment Statistical Yearbook,
and Provincial Statistical Yearbook from 2008 to 2019.

Table 1. Evaluation index system of agricultural green development level.

Primary . . P Indicator
Indicators Secondary Indicators Units Description Source Attribute

Agricultural financial
%o investment/total government [21,34] +
expenditure

Agricultural financial
investment rate

Social . N .
. . Environmental protection financial
Development Environmental protection o .
. % investment/total government [35] +
investment rate :
expenditure
Agricultural mechanization Wiha Tota.l power of agricultural [22,34,36] .
level machinery/sown area of crops
Irrigation level of farmland %o Effective lrr\gatlaorr;aarea/arable land [20,21,34,37] +
Land Multiple Cropping Index %o Sown area of crops/arable land area [21,22,38] +
. Total agricultural output .
Economic Land yield rate yuan/ha value/sown area of crops [21,34,39] +
Benefits Food consumption expenditure of
Rural Engel coefficient %o rural residents/total consumption [34,36] -
expenditure
Per capita disposable income " Per capita disposable income of
of rural residents 107 yuan/person rural residents [20,34-56,38] *
Pesticide application intensity t/kha Total pesticide input/total sown area [20-22,34-36,38,39] -
N Fertilizer application intensity t/ha Total fertilizer input/total sown area [20-22,35,36,38,39] -
Resource Input N s X s
Agricultural plastic film Total agricultural plastic film ,
I . t/kha . [20-22,34-36,38,39] -
application intensity input/total sown area
The level of agricultural labor Total agricultural labor/arable land
N persons/ha [34] +
input area
The amount of domestic garbage
Harmless lrgatment rate of o treated in a harmless. manner/the 34,37,38] .
. domestic garbage amount of domestic garbage
Ecological i
Environment . senerationt
Centralized treatment rate of o The amount of centralized sewage 34,37,38] N
sewage ° treatment/total sewage generation R
Forest cover rate %o Forest area/land area [20,21,34-38,40,41] +
Disaster area rate % Disaster area/affected area [20,21,39] -

2.1.2. Influencing Factors of Agricultural Green Development

This paper used the level of agricultural green development in each province as the explained
variable, and urb, mech, rnd, and land as the explanatory variables to analyze the impact of each variable
on the green development of agriculture. The specific meaning is as follows:

urb: A variable that represents the level of urbanization, which is reflected by the proportion of
urban population in the total population. On the one hand, urbanization can gather social resources in
a certain space and accelerate the transformation and upgrading of industrial structure. On the other
hand, the improvement of urbanization level can increase the emission of environmental pollution and
inhibit the green development of agriculture [42,43].

mech: A variable that represents the level of mechanization, which is reflected by the total power
of agricultural machinery. The improvement of the level of mechanization is conducive to improving
the efficiency of agricultural production and has a positive impact on the green development of
agriculture [27].

rnd: A variable that represents the investment in scientific and technological research and
development, which is reflected by the scientific and technological expenditure. The investment
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in scientific research and development can promote technological progress, improve agricultural
production efficiency, and promote the green development of agriculture [30,44].

land: A variable that represents the area of arable land, which is reflected by the arable land area.
Arable land is an indispensable element in agricultural production. For one thing, arable land area
represents the resource endowment of a certain area, which can increase crop yields and promote the
green development of agriculture. For another, the area of arable land decreases year by year while
the utilization and output rate of arable land are increased, which has a positive impact on the green
development of agriculture.

2.2. Entropy Weight Method

In the application of comprehensive evaluation methods, there are multiple evaluation methods,
which can be divided into subjective weighting method and objective weighting method when
determining the weight of each index. Subjective weighting methods tend to rely on subjective
judgments and lacks certain objectivity, which makes the evaluation result subjectively random.
The objective method uses the value of indicators to calculate the weight without considering human
factors. Entropy weight method determines each index’s weight on the basis of amount of information.
Among the objective methods, entropy weight method has been widely used in many fields, which
will make the evaluation more accurate when dealing with large amounts of data.

Therefore, we selected the entropy weight method of objective weighting methods to determine the
weight of various indicators through information entropy, and then made a comprehensive evaluation
of the level of agricultural green development in China. Data selected were panel data containing
both time series and cross-section. In order to guarantee the comparability among different years,
time variable was introduced to improve the entropy weight method. The formula of improved
entropy weight method is expressed as Equations (1)—(8) [45].

Step 1 Construct the original index matrix data: assume there are h years, n provinces, and m indicators,
then the original index matrix is X = {x/‘if}h*n»m(l <A<h1<i<n1<j<m), where XAij
represents the index j of province 7 in year h. In this article, &, n and m are 12, 31, and 16.

Step 2 Range standardize and dimensionless processing of each indicator in the index system, as is
shown in Equations (1) and (2).

Standardization of positive indicators:

X1ij = Xmin
Zyij= ———— 1
v Xmax ~ ¥min ™
Standardization of negative indicators:
Xmax — Xij
Zuyj= L @
Xmax ~ Xmin
Step 3 Normalization of indicators, as is shown in Equation (3):
Zjij
Prij = — 3
Y X Zyj
A=1i=1
Step 4 Calculate the entropy of each indicator, as is shown in Equations (4) and (5):
h o n
Ej= —kz Z Py InPy;j @)
A=1i=1
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1
k= (7 x 1) ©)

Step 5 Calculate the redundancy of the entropy values of each indicator, as is shown in Equation (6):
D;=1-E; (6)

Step 6 Calculate the weight of each indicator, as is shown in Equation (7):

D;j
W= )

m
Y. D
=1

Step 7 Calculate the level of agricultural green development in each province in each year, as is shown
in Equation (8).
Cai = Zpij x W (8)

2.3. The Spatial Autocorrelation Analysis Method

2.3.1. Global Spatial Autocorrelation

Before studying the spillover effects of agricultural green development level in China, it is
necessary to test whether there exits statistical spatial correlation among the provincial agricultural
green development level. It is common in the literature to measure the global spatial autocorrelation
with Moran’s I index. The formula of Moran's I is calculated in Equation (9) [46].

i:l _il w,']‘(x,‘ - E)(xj - f)
Moran’s I = — 1 i — ©)
Y (x-%)° Y Y wij

i—1 i=1j=1

where x; denotes the observed value of the agricultural green development level in province 7; x;
denotes the observed value of the agricultural green development level in province j; X denotes the
mean of observed values of the agricultural green development level; n denotes the total provincial
number; w;; denotes the spatial weight matrix. We used 0-1 adjacent space weight matrix as the spatial
weight matrix in this article. The definition is shown in Equation (10).

1, province i adjacent to province j .
i
,

= =12 i i=12 - 1
Wi {0, otherwise 1ot et (10)

Moran’s [ index ranges from —1 to 1. The Moran’s I index shows a positive spatial autocorrelation
if it is between 0 and 1, which represents that the “high value” is adjacent to the “high value”, and the
“low value” is adjacent to the “low value”. The Moran's I index shows a negative spatial autocorrelation
if it is between —1 and 0, which represents that the “high value” is adjacent to the “low value”. There is
no spatial autocorrelation if the Moran’s I index is 0 [47].

2.3.2. Local Spatial Autocorrelation

The meaning of the local Moran index is similar to that of the global Moran index, which is
expressed as Equation (11). If Moran’s [; > 0, it means that the “high(low) value” in region i is
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surrounded by the “high(low) value”. Otherwise, if Moran’s I; < 0, it means that the “high(low) value”
in region 7 is surrounded by the “low(high) value” [47].

Moran’s [; =

(1n)

It
o
Red

|
=|
2

N
™
™
E
:

2.4. Spatial Panel Data Model

Spatial econometric models mainly include Spatial Durbin Model (SDM), Spatial Autoregressive
Model (SAR), and Spatial Error Model (SEM). The SDM model is more general, which is a general
model including SAR model and SEM model. The model is expressed as Equation (12) [44].

Y = pWY + XB+ OWX + ¢ (12)

where p represents the spatial autocorrelation coefficient, W represents the spatial weight matrix, X
represents the explanatory variables, WX represents the spatial lag of explanatory variables,  represents
the regression coefficient of the explanatory variables, and ¢ represents the random error term.
When 0 = 0, the SDM model will be simplified to the SAR model. The model is expressed as
Equation (13).
Y =pWY+XB+e¢ (13)

When 0 + pp= 0, the SDM model will be simplified to the SEM model. The model is expressed as
Equations (14) and (15).
Y=XB+u (14)

u=AWu+e (15)
3. Empirical Results and Discussion

3.1. Calculation of Agricultural Green Development Level

According to the basic principle of entropy weight method, the article calculated the index weight
of each index step by step, and then calculated the level of agricultural green development of 31
provinces (cities and municipalities) from 2007 to 2018 through weighted calculation. The results are
shown in Table 2.

It can be seen from Table 2 that from 2007 to 2018, the overall level of agriculture green development
in China shows a slow upward trend. The average national level of agricultural green development
fluctuated from 0.429 to 0.468, with an average annual growth rate of 0.76%. Provincial level of the
agricultural green development shows an upward trend, but there exist differences among provinces.
Among the top 10 provinces in terms of average level are 8 provinces in the eastern region, while among
the bottom 10 provinces in terms of average level are 7 provinces in the western region. It can be seen
that the provinces with a higher level of agricultural green development in China are concentrated
in the eastern area, and the provinces with a lower level of development are concentrated in the
western region. The three major regions have significant regional differences in the level of agricultural
green development, showing the spatial characteristics of Eastern > Central > Western on the whole.
In addition, the range of provincial agricultural green development level decreased from 0.341 to 0.274,
indicating that the gap of agricultural green development level among provinces in China is decreasing.
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3.2. Spatial Correlation Analysis

3.2.1. Global Autocorrelation Test

The results of the Moran’s I index are shown in Table 3. It shows that the Moran’s I index of
provincial agricultural green development level in China is positive at the significance of 5% from
2007 to 2018. It indicates that provincial agricultural green development has an obvious positive
autocorrelation in the spatial distribution. The level of provincial agricultural green development
presents a spatial agglomeration effect. A positive spatial correlation means that the characteristics of
adjacent provinces are similar, that is, provinces with higher level tend to be close to those with higher
level, or provinces with lower level tend to be relatively close to those with lower level. Therefore,
there is a spatial correlation between the provincial level of agricultural green development in China
on the whole, which means that the level of agricultural green development shows significant spatial
agglomeration characteristics in space.

Table 3. Global Moran’s I of AGD level during 2007-2018.

Year I E D Sd (D zZ p-Value
2007 0.501 -0.033 0.107 4.422 0.000
2008 0.482 -0.033 0.107 4.223 0.000
2009 0.505 -0.033 0.108 4.529 0.000
2010 0.536 -0.033 0.107 4.686 0.000
2011 0.504 -0.033 0.107 4.479 0.000
2012 0.531 -0.033 0.107 4.689 0.000
2013 0.553 —0.033 0.107 4.760 0.000
2014 0.544 —0.033 0.107 4.823 0.000
2015 0.610 -0.033 0.107 5.407 0.000
2016 0.642 -0.033 0.107 5.735 0.000
2017 0.636 —0.033 0.108 5.456 0.000
2018 0.612 —0.033 0.108 5.371 0.000

3.2.2. Local Correlation Test

In order to further test the spatial relationship of agricultural green development in China and
investigate the distribution characteristics of agricultural green development in local areas, the article
draws the local Moran index scatter plot of some years (2007, 2011, 2015, 2018) based on the 0-1
adjacent spatial weight matrix, as is shown in Figure 1a—d. The presentation of Moran scatter plot is
to divide the space into four quadrant units, and different quadrant units represent the relationship
between the local spatial unit and its adjacent spatial unit. Specifically, the first quadrant is a high-high
(H-H) agglomeration area, which means that the region with a high level is surrounded by regions
with high level. The second quadrant is a low-high (L-H) agglomeration area, which means that the
region with a low level is surrounded by regions with high level. The third quadrant is a low-low (L-L)
agglomeration area, which means that the regions with a low level is surrounded by regions with low
level. The fourth quadrant is a high-low (H-L) agglomeration area, which means that the region with a
high level is surrounded by regions with low level.
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Figure 1. Local Moran index scatter plot of AGD level.

In order to understand the agglomeration or dispersion of provinces more intuitively, the data of
each quadrant were summarized and presented in the form shown in Table 4. From the perspective of
time dynamics, the level of green agricultural development in various provinces has changed, but in
the selected four years, most of the provinces are located in the H-H and L-L agglomeration areas. From
a long-term perspective, the provinces located in each quadrant have relatively little change. Provinces
located in the H-H agglomeration area for a long time are mostly provinces in the eastern coastal area,
while the provinces located in the L-L agglomeration area are mostly provinces in the western region.
It indicates that agricultural green development in China exists as a local spatial correlation, and the
level of agricultural green development in different provinces exists spatially heterogeneously.

Table 4. Local Moran index province distribution of AGD level.

2007 2011 2015 2018
Beijing, Tianjin,  Beijing, Shanghai, Beijing, Tianjin, ]Bi zﬂmsi Szh}?;‘il;a‘
Hebei, Shanghai, Jiangsu, Zhejiang, Shanghai, Jiangsu, Ar%hu; Fu']ian &
. Jiangsu, Zhejiang, Anhui, Fujian, Zhejiang, Fujian, . o ruan,
H-H agglomeration g o . R ) . Jiangxi, Shandong,
X Anhui, Fujian, Jiangxi, Shandong,  Jiangxi, Shandong, .
(the first quadrant) . . . . Henan, Hubei,
Jiangxi, Shandong, Hubei, Hunan, Hubei, Hunan, Hunan
Hunan, Guangdong, Guangdong, Guan doh
Guangdong Hainan Guangxi Guangxig Haii an
L-H agglomeration Hubei, Guangxi, - . Anhui, Ha'man, Tianjin, Chongging,
(the second . . Tianjin, Guangxi Chongging, :
Hainan, Guizhou R Guizhou
quadrant) Guizhou
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Table 4. Cont.

2007

2011

2015

2018

Shanxi, Inner

Shanxi, Inner

. Mongolia, Shanxi, Inner Shanxi, Inner
Mongolia, o s . .
. . . Liaoning, Jilin, Mongolia, Mongolia,
Liaoning, Jilin, K . . . . . . .
K . Heilongjiang, Liaoning, Jilin, Liaoning, Jilin,
. Heilongjiang, R K . . s
L-L agglomeration Chonedin Chongging, Heilongjiang, Heilongjiang,
the third quadrant) Yunnar%qTibge, f Sichuan, Guizhou, Sichuan, Yunnan, Sichuan, Yunnan,
Shaanxi ’ Gan51; Yunnan, Tibet, Tibet, Shaanxi, Tibet, Shaanxi,
g . Shaanxi, Gansu, Gansu, Qinghai, Gansu, Qinghai,

Qinghai, Ningxia,
Xinjiang

Qinghai, Ningxia,

Ningxia, Xinjiang

Ningxia, Xinjiang

Xinjiang

H-L agglomeration
(the fourth
quadrant)

Henan, Sichuan Hebei, Henan Hebei, Henan Hebei

3.3. Spatial Econometric Analysis

3.3.1. Model Test and Selection

Before the spatial econometric regression, it is necessary to analyze the panel data with the
ordinary least squares (OLS) model. First, we used F test to compare the fixed effect model with the
mixed effect model without considering spatial correlation, and the result showed that the fixed effect
model was better than the mixed effect model. Then, we used the Breusch and Pagan (B&P) test to
compare the random effect model and the mixed effect model, and the result showed that the random
effect model was better than the mixed effect model. Finally, we used Hausman test to compare the
random effect model and the fixed effect model, and the result showed that the fixed effect model was
better than the random effect model. The test results are shown in Table 5. Through the above three
tests, we found that the fixed effect model is more suitable. Therefore, the fixed effect model was used
for further spatial econometric model selection to analyze the influencing factors of agricultural green
development level in China.

Table 5. Panel data related effect diagnosis results.

Test F Chi2 p-Value
F test 56.10 0.0000
B&P test 1023.21 0.0000
Hausman test 20.14 0.0012

Considering the spatial correlation, we used LM test and Robust LM test to compare the Spatial
Autoregressive Model (SAR) with the Spatial Error Model (SEM), as is shown in Table 6. It can be
seen from the LM results that the LM statistics of both the SAR model and the SEM model are at
the significance level of 5%, rejecting the null hypothesis that there is no spatial lag term and spatial
error term. The result indicates that the two models can be used to analyze the influencing factors of
agricultural green development. From the perspective of robust LM test results, the SAR model failed
to pass the significance test, indicating that the SEM model is better than the SAR model.
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Table 6. LM test results.

Test Statistics Df p-Value
Spatial error:
Lagrange multiplier 229.836 1 0.000
Robust Lagrange multiplier 213.301 1 0.000
Spatial lag:
Lagrange multiplier 17.272 1 0.000
Robust Lagrange multiplier 0.736 1 0.391

In order to make the estimation results more accurate, based on the fixed effect model estimation
results of Spatial Durbin Model (SDM), we used Wald test and likelihood ratio (LR) test to determine
whether the SDM model with fixed effect needs to be simplified to SAR model or SEM model. The test
results are shown in Table 7, where the null hypothesis of test 1 is 0= 0, and the null hypothesis of
test 2 is 0= —ppB. From the test results, we can see that the statistics of the two tests are both at the
significance of 1% and reject the null hypothesis. The results mean that there may be bias when only
using the SAR model or the SEM model to analyze the spatial spillover effect of influencing factors of
agricultural green development, and the SDM model is the suitable spatial econometric model.

Table 7. Model comparison test results.

Chi2 (4) Prob > Chi2
Test 1 21.85 0.0002
Test 2 18.40 0.0010

In this article, we listed the regression results of the fixed effect model under the SDM model,
the SAR model, the SEM model, and the OLS model for comparative analysis, and the results are
shown in Table 8. According to the results in Table 8, compared with the SAR model, the SEM model,
and the OLS model, the SDM model considering spatial lag effect terms and spatial error effect terms
has the best fitting effect, indicating that spatial geographical factors cannot be ignored when analyzing
the influencing factors of agricultural green development level. After comparing the significance of
each variable, the significance of spatial effect, and the Log-likelihood, it is found that the spatial
effect of the three spatial econometric models is at the significance of 1%. However, the independent
variable coefficient of the SDM model is more significant, and the Log-likelihood value is the largest,
which further confirms that the SDM model is the optimal estimation model.

In order to clarify the type of the selected model, we made a further test on the fixed effect model
under the Spatial Durbin model, exploring the choice of spatial fixed effect model, time fixed effect
model, or spatial and time double fixed effect model, as is shown in Table 9. According to the results in
Table 9, although the fitting effect under the time fixed effect is lower than that under the spatial fixed
effect, the coefficient of each variable of the estimated result under the time fixed effect is significant.
Therefore, this article selected the time fixed effect model under the Spatial Durbin Model for analysis.
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Table 8. Model comparison estimation results.

SDM SAR SEM OLS
b 0.2325 *** 0.0407 0.1093 * 0.0388
(0.0719) (0.0535) (0.0602) (0.0574)
Inmech 0.0901 *** 0.0803 *** 0.0892 *** 0.0853 ***
(0.0196) (0.0157) (0.0171) (0.0168)
I 0.1925* 0.0181 ** 0.0162* 0.0263 *+*
nn (0.0111) (0.0087) (0.0093) (0.0090)
Inland —0.2373 *+ ~0.1407 *** -0.1649 *** —0.1499 **
(0.0747) (0.0513) (0.0589) (0.0550)
—0.4328 **
WxlInurb (0.1002)
-0.0333
WxInmech (0.0324)
0.0366 **
WxInrnd (0.0144)
0.2180 **
WxInland (0.1039)
0.2574 % 0.2252 *+
P (0.0644) (0.0633)
N 0.2706 ***
(0.0676)
a2 0.0018 *** 0.0020 *** 0.0019 ***
sigma (0.0001) (0.0001) (0.0001)
R2 0.2920 0.2539 0.2540 0.2573
Log-likelihood 639.8792 629.3011 630.7409

Note: Standard errors in parentheses * p < 0.10, ** p < 0.05, *** p < 0.01.

Table 9. Estimation of fixed effect types results.

Spatial and Time Fixed Effect

Spatial Fixed Effect Time Fixed Effect
. 0.2325 *** 0.2051 *** 0.2597 ***
(0.0719) (0.0361) (0.0701)
Tumech 0.0901 *** 0.1682 *** 0.0870 ***
(0.0196) (0.0145) (0.0188)
Inrnd 0.1925 * 0.0700 *** 0.0086
(0.0111) (0.0081) (0.0111)
Infand —0.2373 *** —0.1652 *** —0.2338 ***
(0.0747) (0.0146) (0.0718)
—— —0.4328 **+ —0.2738 *** —0.5617 ***
(0.1002) (0.0572) (0.1156)
Wlnmech -0.0333 —0.2203 *** -0.0159
(0.0324) (0.0286) (0.0369)
Wlnrnd 0.0366 ** 0.0793 *** —0.0034
(0.0144) (0.0147) (0.0179)
Wnland 0.2180 ** 0.1218 *** 0.1269
(0.1039) (0.0270) (0.1119)
0.2574 *** 0.2795 *** 0.0755
e (0.0644) (0.0645) (0.0727)
L, 0.0018 *** 0.0076 *** 0.0017 ***
sigma (0.0001) (0.0006) (0.0001)
R? 0.2920 0.2292 0.0199
Log-likelihood 639.8792 377.5491 659.0086

Note: Standard errors in parentheses * p < 0.10, ** p < 0.05, ** p < 0.01.
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3.3.2. Results and Discussion

Due to the vast territory of China, there are obvious differences in agricultural resource endowments
and supporting policies in different provinces. Therefore, there are obvious regional differences in
the factors that affecting the level of agricultural green development. In order to analyze the spatial
characteristics and spatial spillover effect of the factors affecting the level of agricultural green
development in different regions, China can be divided into three areas based on the geographical and
administrative location, i.e., the eastern, central, and western areas, as is shown in Table 10 [48]. In this
study, 31 provinces (municipalities, autonomous regions) were considered exclusive of Hong Kong,
Macao, and Taiwan for the data absence.

Table 10. The regional classification in China.

Regions Provinces (Municipalities, Autonomous Regions)

Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong,
Guangdong, Hainan
Central area Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, Henan, Hubei, Hunan
Mongolia, Guangxi, Chongqing, Sichuan, Guizhou, Yunnan, Tibet, Shaanxi,
Gansu, Qinghai, Ningxia, Xinjiang

Eastern area

Western area

The article constructs the Spatial Durbin Model with time fixed effect on the influencing factors of
agricultural green development in the nation, the eastern area, the central area, and the western area
for analysis, and the estimated results are shown in Table 11.

Table 11. Estimation of the Spatial Durbin Model (SDM) model of influencing factors of AGD level.

Nation Eastern Central Western
Inurb 0.2051 *** —0.4919 *** —0.3015 *** 0.1775 ***
(0.0361) (0.1299) (0.1044) (0.0374)
Inmech 0.1682 *** 0.0800 ** 0.0315 0.1821 ***
(0.0145) (0.0359) (0.0266) (0.0319)
Inrnd 0.0700 *** 0.1225 *** 0.0249 0.1447 ***
(0.0081) (0.0157) (0.0164) (0.0152)
Inland —0.1652 *** —0.1719 *** —0.2492 *** —0.2242 ***
(0.0146) (0.0447) (0.0282) (0.0247)
Wlsurb —0.2738 *** —-0.0964 —0.2603 —0.3382 ***
(0.0572) (0.2098) (0.1980) (0.0592)
Wdlnmech —0.2203 *** —0.1627 ** —0.2768 *** —-0.0309
(0.0286) (0.0658) (0.0522) (0.0756)
Wdlnrnd 0.0793 *** 0.0315 —0.0459 ** 0.0439
(0.0147) (0.0244) (0.0216) (0.0438)
Wlnland 0.1218 *** 0.1223 —0.0931 ** 0.0316
(0.0270) (0.0991) (0.0375) (0.0570)
0.2795 *** 0.1203 —0.1041 —0.0661
e (0.0645) (0.0968) (0.1007) (0.1322)
sigma? 0.0076 *** 0.0062 *** 0.0021 *** 0.0033 ***
(0.0006) (0.0008) (0.0003) (0.0004)
R? 0.2292 0.1181 0.3336 0.1681
Log-likelihood 377.5491 148.1407 160.2003 207.1059

Note: Standard errors in parentheses ** p < 0.05, *** p < 0.01.

From the national perspective, the four influencing factors of urbanization level, agricultural
mechanization level, scientific and technological R&D investment, and arable land area have significant
impacts on the level of agricultural green development in China at the significance level of 1%. Among
the four factors, urbanization level, agricultural mechanization level, and scientific and technological
R&D investment have a positive impact on the level of agricultural green development, while arable
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land area has a negative impact on the level of agricultural green development. Meanwhile, the factors
in the adjacent regions have a significant impact on the provincial agricultural green development level.
Among the four factors, the urbanization level and agricultural mechanization level in the adjacent
provinces have a significant negative impact on the provincial agricultural green development level,
while the scientific and technological R&D investment and arable land area in the adjacent provinces
have a significant positive impact on the provincial agricultural green development level.

From the regional level, the impact of various factors on the level of agricultural green development
in different regions is different, and the impact direction is also different. Therefore, we adopted the
horizontal comparison method to analyze each variable in the eastern, central, and western areas to
illustrate the spatial heterogeneity.

Considering the impact of the variable “Inurb” on the level of agricultural green development,
the urbanization level has a significant impact on the green development of agriculture in the eastern,
central, and western areas at a significance level of 1%, but there are differences in the impact direction.
The coefficient of “Inurb” is significantly negative in the eastern and central areas and is significantly
positive in the western area. The eastern and western areas have superior geographical location and
are economically developed. The improvement of urbanization level releases the surplus labor force
in rural areas to engage in the secondary and tertiary industries, which increases the emission of
environmental pollution, thus restraining the green development of agriculture. The urbanization
level in the western area is in the initial stage, and the improvement of urbanization level gathers
some social resources, which is conducive to accelerating the promotion of the green development
of agriculture.

Considering the impact of the variable “Inmech” on the level of agricultural green development,
the impact of agricultural mechanization level on the green development of agriculture in the eastern
and western areas is positive at the significance level of 5% and 1%, respectively. In the process
of agricultural production, agricultural machinery can improve agricultural production efficiency,
improve land productivity, save labor, and promote the green development of agriculture.

Regarding the impact of the variable “Inrnd” on the level of agricultural green development, the
impact of scientific and technological R&D investment on the green development of agriculture
in the eastern and western areas is positive at the significance level of 1%. Investment in
scientific and technological research and development can effectively promote technological progress,
and technological progress provides guarantee for the entire process of agricultural production, as well
as improving the agricultural production efficiency in the meantime, which can promote the green
development of agriculture.

With regards to the impact of the variable “Inland” on the level of agricultural green development,
the impact of arable land area on the green development of agriculture in the eastern, central,
and western areas is negative at the significance level of 1%. In recent years, with the acceleration of
industrialization and urbanization, the arable land area has a trend of continuous decrease, but the
increase of the utilization rate and output rate of arable land has played a significant positive role in
the green development of agriculture.

Considering the impact of the variable “WxInurb” on the level of agricultural green development,
the urbanization level in adjacent provinces is significantly negative in the western area at a significance
level of 1%, indicating that the regional spillover effect of urbanization on agricultural green
development is negative. The improvement of urbanization level in adjacent provinces has a
restraining effect on the local green development of agriculture for the western area. The possible
reason is that the development of urbanization in the western area can attract agricultural surplus
labor in adjacent provinces, which has led to a decline in the level of agricultural development in the
local area.

Concerning the impact of the variable “WxInmech” on the level of agricultural green development,
the agricultural mechanization level in adjacent provinces is significantly negative in the eastern and
central areas at a significance level of 5% and 1%, respectively, indicating that the regional spillover effect
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of agricultural mechanization level on agricultural green development is negative. The improvement
of agricultural mechanization level in adjacent provinces has a restraining effect on the local green
development of agriculture for the eastern and central area.

Regarding the impact of the variable “WxInrnd” on the level of agricultural green development,
the scientific and technological R&D investment in adjacent provinces is significantly negative in the
central area at a significance level of 5%, indicating that the regional spillover effect of scientific and
technological R&D investment on agricultural green development is negative. The increase of scientific
and technological R&D investment in adjacent provinces has a restraining effect on the local green
development of agriculture for the central area.

Finally, with regards to the impact of the variable “WxInland” on the level of agricultural green
development, the arable land area in adjacent provinces is significantly negative in the central area at a
significance level of 5%, indicating that the regional spillover effect of arable land area on agricultural
green development is negative. The increase of arable land area in adjacent provinces has a restraining
effect on the local green development of agriculture for the central area.

4. Conclusions and Policy Implications

4.1. Conclusions

Firstly, we evaluated the level of agricultural green development in China from 2007 to 2018, and
the results showed that the level of agricultural green development in China presented a fluctuating
upward trend, and there are differences among provinces. On the whole, the level of agricultural green
development in the three major regions presented the characteristics of Eastern > Central > Western.

Secondly, we explored the spatial relationship of the level of agricultural green development
among provinces in China. The results showed that China’s provincial agricultural green development
(AGD) level has an obvious positive autocorrelation in spatial distribution, showing the significant
characteristics of spatial agglomeration in space

Finally, the Spatial Durbin Model was used to analyze the influencing factors of agricultural green
development in China. The results showed that, from the national perspective, the urbanization level,
agricultural mechanization level, scientific and technological R&D investment, and the arable land
area had significant impact on the level of agricultural green development in the local and adjacent
areas. From the regional perspective, in the eastern area, the four factors had a significant impact on
the local green development agriculture, and the agricultural mechanization level in adjacent areas
had a negative significant impact on the local green development of agriculture. In the central area,
the urbanization level and arable land area had a significant impact on the local green development of
agriculture, and the mechanization level, scientific and technological R&D investment, and arable land
area in adjacent areas had a negative significant impact on the local green development of agriculture.
In the western area, the four factors had a significant impact on the local green development of
agriculture, and the urbanization level in adjacent areas had a significant negative impact on the local
green development of agriculture.

4.2. Policy Implications

On the basis of the above results, several relevant policy implications can be derived, as follows:

First, agricultural green development is a systematic and complex issue. Therefore, China should
introduce an authoritative and scientific agricultural green development level evaluation system and
strengthen the monitoring of various data such as agricultural resources and the environment. In this
way, China can make dynamic evaluation of agricultural green development in various provinces,
which is helpful for the timely issue policies to promote the green transformation of agriculture.

Second, China should accelerate the integration of urban and rural areas, promote the integrated
development of the three major industries, and optimize the structure; in addition, paying more
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attention to the preference for agriculture, so as to realize green efficiency in agricultural production
and stable growth of farmers’ income.

Third, China should increase the scientific and technological R&D investment in the whole process
of agricultural production, including agricultural machinery, agricultural intelligent equipment, and
water-saving and energy-saving equipment, etc.

Fourth, the stability of the amount of arable land resources is the most basic element to ensure national
food security. It is necessary to establish a strict protection system to protect the red line of 1.8 billion
mu of arable land. While ensuring the quantity of arable land resources, the quality of soil should also
be improved to ensure the stability and quality of arable land.

5. Limitations and Future Work

There are some limitations in this article. First, this study focuses on the estimation of the
agricultural green development and its influencing factors in China based on the static Spatial
Durbin Model, but the long-term dynamic association may be different or more complex. Therefore,
the dynamic Spatial Durbin Model with time series is also worth discussing. Second, the spatial
heterogeneity of China’s agricultural green development is only divided into three regions of the
eastern, the central, and the west, therefore there may be a spatial spillover effect bias problem in this
article. If the geographical regions of China are divided into more regions, the influence of various
factors on different regions may be changed.

In the future research, additional aspects should be considered. First, we will incorporate the
time series factor into the model and discuss the time and spatial heterogeneity of agricultural green
development in China with the dynamic panel data under the consideration of time and space. Second,
we will subdivide the geographical regions of China from three major regions into six geographical
regions to make the research conclusions more accurate.
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Abstract: Phenological variables are closely correlated with rice (Oryza sativa L.) yields as they play
important roles in influencing and controlling the carbon allocations between plant organs, but their
impacts on rice yields and their relative importance compared with climatic variables are not yet
well investigated. In this study, the impacts and the relative importance of climatic and phenological
variables on the yields of early mature rice were assessed using the trial data from 75 agricultural
stations across China, spanning from 1981-2010. We found that both daily maximum (Tmax) and daily
minimum (Tmin) temperatures during the growing season (from transplanting to maturity) increased
significantly, while sunshine duration (SD) and precipitation (Prep) did not change significantly.
The average transplanting date was advanced by 3.18 days/decade, and the heading (maturity) dates
were delayed by 2.47 (4.55) days/decade, with yields significantly increased by 9.65 g/m3 per decade
across all sites. Partial correlation coefficients between most phenological variables and rice yields
were negative, whereas most of the climatic variables were positively correlated with rice yields.
The average of partial correlation coefficients between transplanting, heading, and maturity dates
and rice yields were —0.10, —0.15, and —0.01, respectively, and the average of coefficients between
Tmax, Tmin, SD, and Prep and rice yields were 0.08, 0.02, 0.12, and —0.05, respectively. Interestingly
enough, phenological variables were the dominating influencing factors on rice yields at 63% of
the sites, suggesting that the relative importance of phenology to rice yields may be even higher
than that of climate. The climatic variables were closely correlated with rice yields as they are
fundamental growth materials for crops, and phenological variables strongly influenced the growth
and development of rice. Our results highlight that phenology should be precisely evaluated in crop
models to improve the accuracy of simulating their response to climate change. Furthermore, due to
limited understanding of phenological processes, manipulative experiments are urgently needed to
comprehensively improve our understanding of rice phenology and rice yield response to ongoing
climate change.

Keywords: rice yields; climate change; phenology; relative contribution; partial correlation
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1. Introduction

The average global temperature has increased by roughly 1 °C since 1950, and such warming and
associated climatic changes have been demonstrated to influence agricultural growth, limiting potential
production and threatening global food availability and stability [1-4]. The Intergovernmental Panel
on Climate Change (IPCC) has released a special report on the impacts of global warming of 1.5 °C
above preindustrial levels between 2030 and 2050 [5-9]. Many studies have shown that a warming
climate could reduce agricultural yields by accelerating development and shortening the growth
duration of crops [10-13]. Meanwhile, phenological shifts are also important ecological indicators
that influence crop growth and determine agricultural yields [14-16]. Phenological variables are very
important indicators for rice yields as they occupy fundamental roles in dominating and controlling
the carbon allocation between plant organs [17-20]. However, the impacts of phenological variables on
crop yields and their relative importance compared with climatic variables are seldomly evaluated or
investigated. Therefore, it is essential to quantitatively study the response of crop phenology, yield,
and agricultural productivity to climate change and to quantify the relative importance of phenology
and climate on crop yields. Meanwhile, it is of great importance to improve our understanding of
how to acknowledge crop development, optimize field management, and take adaptive measures to
mitigate the negative effects under an ongoing changing climate.

The impacts of climate change on agricultural production may be more apparent in developing
countries because of their greater reliance on agriculture and the lack of advanced management
practices [21-23]. Guo et al. simulated the yields of rice from 2016 to 2099 in Zhejiang province, China,
and the results implied that the rice yields would be inevitably reduced by the warming climate [24].
Xu et al. modeled the spatial and temporal change of rice yields in the Sichuan Basin, China, and the
results indicated that adaptive measures should be adopted in the near future to countermeasure
the negative impacts of the warming climate [25]. Peng et al. investigated the trends of arable
land, consumer demand, and climate change in China during the past decades and found that new
technology should be adopted to improve rice production to meet future food demand in the 2030s [26].
Liu et al. found that the change of phenology of spring and winter wheat in China was closely
influenced by climate change [27]. As the largest developing economy, China feeds 22% of the world’s
population with only 9% of the world’s arable land [28]. A warming climate has been detected here
and is expected to continue for decades; thus, investigating and understanding the mechanisms of
climate change and phenology on agricultural production in China should be a high priority [29-33].

Studies based on large-scale analyses have tried to investigate the mechanisms of climate change
on crop growth and yields using process-based simulation models. However, these models are
commonly limited by the uncertainties in predictions of the overall conditions of crop growth, and they
cannot incorporate all circumstances, such as pest control and extreme weather [34—41]. In addition,
crop models can simulate the impacts of climate change only with defined cultivar characteristics,
management practices, soil properties, and initial conditions. Moreover, the crop models can hardly
simulate all circumstances under the changing climate, such as changes in sowing dates, crop varieties,
and management practices. Crop trial data usually contain crop cultivars, phenology dates, yields,
and management practices, as well as weather information [42]. Over the past few decades, statistical
approaches, integrated with the long time series of high-quality crop trial data, have been applied to
understand the impacts of climate change variability on crop growth and yields [43,44]. The statistical
approaches have been quite suitable for investigating how both climate change and phenology have
affected crop growth and yield by removing the impact of other influencing variables [45]. Thus,
the high-quality data, combined with the statistical approaches, have provided a chance to explore the
inner mechanism of impacts of climate and phenology on crops. Tao et al. assessed the impacts of
climate change on rice using partial correlation analysis and found that growth duration was prolonged
by changing rice cultivars and the rice yields were significantly influenced by climate change [46].
Wang et al. calculated growing degree day (GDD) data and evaluated the impacts of climate change
on rice; then, the linear regression method was conducted to explore the constraints factors to rice
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yields [47]. Pirjo et al. explored the coincidence of changes in yields of rice and variations of climate
in Europe using statistical methods, including linear regression analysis and random coefficient
regression [48]. Although previous studies have explored the impacts of climate change on rice growth
and rice yield using statistical approaches with long-time trial data, their research only focused on
the impacts of climate on agricultural production. The influences from phenology were ignored, and,
therefore, the results can hardly reveal the real mechanisms of climate change or phenology impacts on
agricultural production. In agriculture, phenology represents an important indicator that controls crop
growth, which will further impact agricultural production [49-51]. However, almost no studies have
calculated the relative importance of phenological variables on rice yields rather than that of climatic
variables. Therefore, some concerns need to be explored, such as the impacts of phenology on rice
yields, and the relative importance of phenological variables (transplanting, heading, and maturity
dates) to rice yields compared with climatic variables (temperature, precipitation, sunshine durations).
Since the phenology impacts on agricultural production are unknown and the relative importance
between phenology and climate is unknown, it is of vital importance to improve the understanding of
the potential correlation relationships between phenology and agricultural production.

In this study, long-term trial data, including climate, phenology, and yields of early mature
rice spanning the years from 1981 to 2010 from 75 agricultural meteorological stations across China,
were adopted for data analysis. The stations are evenly distributed across two major rice cultivation
regions in southern China. Climatic data from weather stations included the temperature, sunshine
duration, and precipitation. Phenology data contained the transplanting, heading, and maturity dates.
The yield of early mature rice was observed and recorded in the format of kg/ha by professional
technical workers. We aim here to (1) explore spatial and temporal changes and trends in phenology,
climate, and yield of early mature rice over the past three decades; (2) quantify the relative importance
of phenological and climatic variables to yields of early mature rice using partial correlation analysis.

2. Materials and Methods

2.1. Rice Trial Data and Climate

The study area included two major early-mature rice production regions in China, of which one is
in the middle and lower reaches of the Yangtze River (YZ) and the other is in the Pearl River Delta (PRD).
The YZ region contains Anhui, Jiangxi, Zhejiang, Hubei, and Hunan provinces (49 sites), and the PRD
region contains the Guangdong and Guangxi provinces (26 sites; Figure 1). These agro-meteorological
experimental stations are maintained by professional agricultural technicians following standardized
observation criteria and strictly prescribed procedures under the control of the Chinese Meteorological
Administration (CMA) [52].

The long trial data of early mature rice contains the information of rice cultivars, transplanting
dates, heading dates, maturity dates, yields, and management practices at each site. Therefore,
these data provided us with a unique chance to match weather variables with farm-specific planting
and harvesting dates and rice growth phases for every year. At the same time, the data were all very
valuable for investigating the impacting mechanisms from climate change and phenology on rice
yields. The average transplanting and maturity dates of the sites were, respectively, 114 and 175 (day of
year, DOY) for early mature rice. The rice was well irrigated and fertilized during the growth periods,
with strict pest control. The detailed phenological records of transplanting, heading, and maturity
dates in DOY format at 75 sites from 1981 to 2010 were selected as the phenological events to be
investigated for determining the relationships between phenology and the yields of early mature
rice. The climate data containing daily maximum (Tmax) and daily minimum (Tmin) temperatures,
sunshine duration (SD), and precipitation (Prep) of each site during the growing seasons from 1981 to
2010 were obtained from the China Meteorological Data Sharing Service System (http://data.cma.cn/).
The climatic data were applied for investigating the impacts of climate on rice yields and its relative
importance compared with phenology.
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Figure 1. Spatial distributions of agro-meteorological experimental stations across China. Note: The blue
dots refer to agro-meteorological experimental stations; the thick lines represent the boundary of the
nation and the thin lines represent the boundaries of the provinces; the shaded areas indicate the
proportion of rice cultivation.

2.2. Data Analysis Method

The agro-meteorological experimental stations with more than five years of records of crop growth
and weather parameters were selected for further data analysis. The rice growth period (RGP) was
defined as the days between transplanting dates and maturity dates of early mature rice; the average
values of the climatic variables (Tmax, Tmin, SD, and Prep) during RGPs of all sites were calculated.
Then, the linear regression method (LRM) was applied to investigate the change of climatic variables
during RGPs from 1981 to 2010 [53-55]. Similarly, to identify the temporal changes in phenology and
yields of early mature rice during the past decades, the average dates of the phenological variables
(transplanting dates, heading dates, and maturity dates) and yields of all sites were calculated as well.
Meanwhile, LRM was also applied to show the temporal changes.

To investigate the correlations between phenological variables and climatic variables during
RGPs and annual yields across all sites, the yields and phenological variables were linearly detrended
to counter the effects that were due to the differences in rice cultivars and management practices.
The climatic variables of Tmax and Tmin were accumulated during RGPs at each site over the
study period, and the climatic variables of SD and Prep were averaged. Partial correlation analysis
was applied to investigate the relationship between the detrended yields and the three detrended
phenological variables (transplanting, heading, and maturity dates) and the four detrended climatic
variables (Tmax, Tmin, SD, and Prep) during the period 1981-2010, respectively. The absolute values
of coefficients of the partial correlation analysis were calculated, and the coefficients (phenological or
climatic variable) with the highest absolute value were confirmed as the main influencing factor for
each site. For each site, there was only one dominating influencing factor that was most correlated with
rice yields, and the spatial distribution of the main influencing factor for each site was obtained. Then,
the relative importance of phenological and climatic variables was calculated using the percentage of
the number of total dominating phenological variables (climatic) of all sites.
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3. Results

3.1. Change and Trend of Climatic Variables during Rice Growth from 1981-2010

The average values of the climatic variables (Tmax, Tmin, SD, and Prep) at all sites during RGPs
from 1981-2010 are shown in Figure 2. The ratios of the equation using LRM were 0.052 and 0.040
for Tmax (p < 0.01) and Tmin (p < 0.01), which meant that the average daily temperatures increased
significantly during RGPs over the study period, and the increasing trend of average daily Tmax
was a slightly higher than Tmin. The increasing temperature may indicate that a warming climate
is occurring in most of the sites in China, which may have influenced the yields of early mature
rice. In contrast, decreasing trends in SD and Prep were detected using LRM, but the p-values were
not significant.
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Figure 2. Trends of daily maximum temperature (Tmax), daily minimum temperature (Tmin), sunshine
duration (SD), and precipitation (Prep) across all sites during the study period 1981-2010. Note:
(a—d) represents Tmax, Tmin, SD, and Prep, respectively.

3.2. Averages and Trends of Phenological Variables of Rice

The average dates of the phenological variables (transplanting, heading, and maturity dates) and
yields of early mature rice at each site during the study period were obtained (Figure 3). The average
transplanting date was 114.94, 110.19, and 123.63 day of year (DOY) for all sites, YZ, and PRD,
respectively. Similarly, the average heading date was 175.38, 172.94, and 181.26 DOY for all sites,
YZ, and PRD, respectively, with the average maturity date being 197.89, 193.74, and 205.20 DOY,
respectively. It can be concluded that the phenological variables of all sites in PRD were commonly
later than those in YZ. The average value of yields was 910.59, 806.78, and 580.61 g/m3 for all sites, YZ,
and PRD, respectively. The average yield at sites in YZ was generally higher than those in PRD.

Using LRM, the trends of phenological variables and yields of all sites during the study period
were calculated (Figure 4). The average trends of transplanting dates for all sites, YZ, and PRD were
—3.18, =3.11, and —3.15 days/decade, respectively. The average trend of heading dates for all sites, YZ,
and PRD were 0.58, 0.76, and 0.78 days/decade, respectively. The average trend of maturity dates for
all sites, YZ, and PRD, were 2.47, 5.39, and —0.63 days/decade, respectively. The average trends of
yields for all sites, YZ, and PRD were 4.55, 3.90, and 9.65 g/m? per/decade, respectively. The spatial
results in Figure 4 indicate that transplanting dates at most sites had advanced, while all heading dates
and maturity dates were delayed over the study period.
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Figure 3. Average transplanting dates, heading dates, maturity dates, and yields across all sites during
1981-2010. Note: (a) represents the transplanting dates, (b) represents the heading dates, (c) represents
the maturity dates, and (d) represents the rice yield.
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Figure 4. Spatial trends of transplanting dates, heading dates, maturity dates, and yields across sites
during the period 1981-2010. Note: (a) represents the transplanting dates, (b) represents the heading
dates, (c) represents the maturity dates, and (d) represents the rice yield respectively.
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3.3. Partial Correlation Analysis

Since the impacts of three phenological variables (transplanting, heading, and maturity dates) and
four climatic variables (Tmax, Tmin, SD, and Prep) were relatively large, these seven variables were
selected to confirm the main influencing factors using the method introduced in the Methods section.
The detailed results are shown in Figure 5, in which the dominating phenological (climatic) variables
are shown in green (red) to show the different main influencing factors, respectively. Since there
had been misalignments of the phenological variables, climatic variables, and yields, only 44 sites
were chosen for the final results in this analysis. The phenological variables painted with green
are the dominating influencing factors compared with climatic variables painted with red, which
correlate with the yields of early mature rice. Thus, the phenological variables (transplanting, heading,
and maturity dates) played important roles in influencing rice yields at most sites in China during the
study period. When undertaking a deeper investigation, sites in PRD were found to be most impacted
by phenological variables, while sites in YZ were impacted by both phenological and climatic variables.
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Figure 5. Spatial distribution of partial correlation coefficients between phenological and climatic

variables and rice yields.

The average partial correlation coefficients between phenological variables, climatic variables,
and yields were calculated (Figure 6). For all sites, the calculated coefficients of transplanting, heading,
and maturity dates were —0.10, —0.15, and —0.01, respectively. The transplanting date had advanced
at most sites, and the negative relationship may indicate that the transplanting date would have
increased rice production. Meanwhile, the delayed phenological variables of heading and maturity
dates and their negative relationships imply that they would have reduced rice production. In contrast,
the average coefficients of Tmax, Tmin, SD, and Prep were 0.08, 0.02, 0.12, and —0.05, respectively, which
implied that most climatic variables positively influenced rice yields and increased rice production.
The average value of the coefficients was different for the two regions, and the phenological variables
were all negative for YZ; the heading date was the only factor that was negatively correlated with
yields for PRD. Thus, the influencing mechanisms of phenological variables on rice yield appear to be
different for YZ and PRD. The influencing mechanisms of climatic variables on rice yield were also
different, and the impacts of Tmax, SD, and Prep were all positive to rice yields, while Tmin was in a
negative relationship with rice yields. Tmax was in a positive relationship with rice yields, perhaps
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because Tmax had not reached the highest temperature threshold for rice growth and development.
SD and Prep promoted rice production, while Tmin may have reduced the yield of early mature rice by
putting stress on sites in YZ. Tmin and SD were both in positive relationships with rice yields in PRD,
indicating they had increased rice yields, while the negative Tmax may indicate the yield here was
affected by stress from high temperatures and lack of water. In total, the phenological indicators played
important roles, which were even greater than those of climatic variables, in affecting rice yields.

0.3

Transplanting

Heading

Maturity

Tmax

Tmin

SD

Prep

All sites YZ PRD

Figure 6. Average partial correlation coefficients between phenological and climatic variables and rice
yields across all sites, Yangtze River (YZ), and Pearl River Delta (PRD), respectively.

To better investigate and confirm the dominating influencing factor on rice yields at each site,
the absolute values of the coefficients of all variables were calculated and their relative importance
was obtained. In order to better present relative importance, the results were classified into two
categories: phenology and climate (Figure 7). The green color represents the phenological variables,
while the red color represents the climatic variables. It can be clearly acknowledged that the sum of
phenological variables was almost equal to the sum of climatic variables for all sites. However, for the
two regions, the situations were significantly related to different influencing mechanisms. Phenological
variables were the dominating influencing factors that actually played more important roles than
climatic variables in YZ, while climatic variables were the dominating influencing factors that were
more important than phenological variables in PRD.
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Figure 7. Relative importance of phenological variables and climatic variables on the yields of early
mature rice.

4. Discussion

4.1. Spatial Changes of Phenological Variables and Impacts on Early Mature Rice during 1981-2010

Detailed trial data of early mature rice from the past three decades have been analyzed to
investigate the impacts of multiple phenological variables on yields during these past decades under
the changing climate. In this study, the rice at all sites were all transplanted after seeding at most sites;
thus, the phenological variables have played important roles in affecting rice growth and rice yields.
The change of phenological variables at 75 sites were used for the analysis, and it was found that
the average transplanting date had advanced by 3.18 days/decade for early mature rice. This finding
was consistent with previous studies that had also detected the advance of transplanting dates [49].
However, delayed dates in heading and maturity for early mature rice were also detected in this
research; these dates were not consistent with previous studies. The difference may be related to the
inconsistent total number of sites and the inconsistent length of study periods. The advancement of
transplanting dates may primarily reflect manual intervention, and the delayed heading and maturity
dates may be due to the adoption of high-yielding rice varieties of rice cultivars, which rely more on
the cumulative effect of growing degree days (GDDs) compared to the previous commonly adopted
rice cultivars.

The partial correlation coefficients between phenological variables and rice yields showed that
phenological variables had relatively important impacts on the yields of early mature rice. Phenological
variables were the dominating influencing factors for the yields of early mature rice in nearly 63%
of the sites. The results of this study are in line with previous studies, where the phenological
variables are important indicators that control the carbon allocation between plant organs, and the
phenological events are different forms that represent vegetative growth and reproductive growth
periods [56]. Phenological variables divided the whole growth period of rice into several different
stages, and the carbon allocation of total organic matter to organs varied at different phenological
durations. The negative impacts of earlier phenological variables on canopy radiation capture, biomass
production, and grain yield for early mature rice were found, which were consistent with previous
studies [57,58]. We further investigated the impacts of three important phenological events on rice
yields and found that the phenological variables were negatively correlated with yields at most sites.
The transplanting dates had advanced; in other words, the transplanting dates were earlier than in
normal practice. Thus, it was likely that the earlier transplanting dates increased the potential risk of
cold damage during rice reproduction stages, and the rice may have suffered from cooler temperatures
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during the growing periods of early mature rice. This result is consistent with a previous study on
northern Japan, where cold stress on rice was found and negative impacts were also detected [59].
The delayed heading and maturity dates meant that these two phenological dates were mostly later
than in normal practice. On the one hand, both Tmax and Tmin had increased significantly (p < 0.05),
whereas the heading and maturity dates were prolonged rather than advanced. This may be due to
an improvement of management practice and a change to new and advanced rice cultivars that have
longer development periods [60]. The delayed heading and maturity dates may indicate that the rice
may suffer from high-temperature stress during the important growth stages of early mature rice.

Even though partial correlation analysis was applied to exclude the effects of climatic variables
when analyzing phenological impacts on rice yields, there were still uncertainties regarding
management practice, weather variability, insects, and disease that could modify the trend and
correlation analyses. It was quite difficult to isolate the influence of a single factor from the phenological
variables that have influenced rice yields. For example, crop yields may have increased because of
the increased usage of modern cultivars and technology during the study period. If so, the estimated
decreases (increases) in crop productivity may be larger (smaller) than our estimates. Although there
were limitations, we found that the phenological variables were all negatively correlated with the rice
yields of early mature rice and the phenological variables had significantly affected the growth and
yields of early mature rice. Since uncertainties still remain as to the method of statistics, we suggest
that control experiments should be conducted to better investigate the causal mechanisms between
climate, phenology, and rice yields in future related studies.

4.2. Spatial Changes of Climatic Variables and Impacts on Early Mature Rice during 1981-2010

Tmax and Tmin were significantly increased during the rice growth periods at all sites, and the
detected ratio of Tmax was about 1.3 times of the corresponding Tmin during 1981-2010. Our finding
was consistent with previous studies, where the increased rate of minimum temperature was found to
be less than twice the increased rate of the corresponding maximum temperature during 1981-2000 and
general warming trends were found during all growth periods across most sites [61]. Partial correlation
analysis using data from all sites showed that both Tmax and Tmin were positively correlated with rice
yields for all sites. Figure 1 shows the detailed locations of YZ and PRD, where YZ is in the subtropical
region, while PRD is in the tropical region. The meteorological information shown in Figures A1l
and A2 implies that there were different basic climatic variables and different trends in those two
regions (YZ and PRD) during the study period. The results displayed in Figure 6 showed the Tmax
was positively correlated with rice yields in YZ, while it was negatively correlated in PRD. This can be
explained by the fact that the most suitable temperature interval for rice growth is from 27 to 32 °C,
whereas the average Tmax in YZ was 22.07 °C; thus, Tmax was far from the threshold of maximum
temperature for rice growth. Since rice is a thermophilic crop, a suitable temperature in daylight will
benefit rice growth and accumulate dry matter [62]. For Tmin, there is evidence that when Tmin of
pollen mother cells in the meiosis stage (microspore stage and meiosis fine line stage) is lower than
15-17 °C, it causes the degeneration of spikelets, inducing an increase in false grains and resulting in the
delay of heading. The average Tmin of YZ (14.17 °C) was below the minimum threshold of temperature
that can maintain the growth of early mature rice. The mechanism of temperature influence on rice
yields was totally different in PRD because the basic temperature of PRD was about 5 °C higher than
that in YZ; Tmax here was 26.15 °C and probably higher than the threshold of maximum temperature
that rice can stand during the whole growth period of one single year. The rice in YZ was mostly
influenced by the cold stress of Tmin, while the rice in PRD was mostly influenced by the heat stress of
Tmax. This is consistent with a previous study, where the negative impacts on rice yields from cold
stress were detected despite the consideration of CO, fertilization effects [63]. The mechanisms of
Tmax and Tmin in influencing rice growth and rice yields are totally different. Further investigations
of the effects of temperature (Tmax and Tmin) on the physiological processes governing rice growth
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and the impact on rice yields should be adopted; further analysis of adaptive measures should also be
equally developed.

Similar to temperature, the average and trends of SD and precipitation for YZ and PRD were
also different. Sun-loving rice is a C3 plant, and it does not have a critical light length for panicles,
which requires higher light conditions than other crops, but its photosynthesis with an increase in
illumination is not as obvious as that of C4 corn. The results of this study show that the average SD
was 4.52 and 4.48 (hours/day) for YZ and PRD, respectively, and the SDs were in positive relationships
with rice yields in both YZ and PRD. Even though the trend of SD of YZ in Figure A1 shows that the
length of SD was decreasing, there was no doubt that SD was promoting rice growth and yields of
early mature rice. As to the increasing trend of SD in PRD, shown in Figure A2, this means that SD will
constantly be conducive to rice development. There is no doubt that the SD was promoting rice growth
and rice yields in both YZ and PRD. Paddy rice wis the dominant agricultural crop in most sites,
and the average precipitation was 3.93 and 4.62 (mm/day) in YZ and PRD, respectively. Precipitation
was positively correlated with rice yields at sites in YZ because the rice here had suffered from water
stress for a short period. However, PRD is full of water, and it was not likely that the rice had a lack of
water there. More precipitation means less sunshine length at sites in this region. Thus, the impacts of
precipitation on rice yields were also different in YZ and PRD. In this study, the climatic variables were
each analyzed using partial correlation with yields; the climatic variables were highly intercorrelated
with each other. In other words, Tmax and Tmin were correlated, and SD and precipitation were also
correlated. We recommend the performance of integrated research instead of the impacts of single
factors on rice yields when analyzing agricultural applications.

5. Conclusions

In this study, a significantly increasing trend of temperature was detected at most sites, whereas the
not-significant decreasing trends of sunshine and precipitation were detected. Phenological variables,
including transplanting, heading, and maturity dates, had significantly influenced the growth and
yields of early mature rice in China. The phenological variables were actually controlling the carbon
allocation between plant organs, which further influenced rice growth. Since the phenological variables
of agriculture are controlled by both the changing climate and the improvement of management
practices, the adaptation of better transplanting dates, which are mainly controlled by farmers, should
be further explored. Climatic variables are also important as they are fundamental materials for
maintaining the growth of rice. Heat stress was detected in PRD and cold stress was detected in YZ.
SD increased the yields at most sites, and precipitation was positively correlated with rice yields in
YZ but negatively correlated in PRD. The mechanisms were different for YZ and PRD because their
basic climatic variables and trends were different. Although there were limitations and uncertainties
arising from management practices, rice cultivars, and pests, this study provides empirical evidence
that phenological variables (transplanting, heading, and maturity dates) are relatively important
compared with climatic variables as they are responsible for carbon allocation. We also propose that
more advanced statistical techniques, such as machine learning and deep learning, integrated with
mechanism approaches such as crop models and combined with additional techniques such as remote
sensing, should be used for the deeper investigation of impacts from both phenological and climatic
variables as we are supposed to raise agricultural production by adjusting management practices and
rice cultivars under the ongoing warming climate changes in temperature and precipitation.
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Abstract: Despite the promotion of tissue culture (TC) banana to curb the spread of diseases,
farmer use of such quality planting material remains low. This study utilizes the Double-Hurdle
model on cross-sectional data of 174 banana farmers in Central Uganda to analyze the drivers for
uptake of TC banana plant materials. Results show acceptability (3 = 0.74; p < 0.01), adaptability
(B =0.69; p < 0.01) and availability for farmer use ( = 1.04; p < 0.01) along with social influence,
farmer competences and socioeconomic factors positively influence farmer uptake of the TC banana
plantlets. For uptake intensity, the main drivers include acceptability ( = 0.39; p < 0.05), accessibility
(B =0.39; p < 0.01) and farmer competences. This study demonstrates that seed security factors with
farmer competencies, social influence and socioeconomic factors influence farmer decisions on uptake
of TC technology for banana production. Findings emphasize the need for more involvement of
extension services and research institutions in the education and promotion of TC plants in farming
communities. We recommend that banana TC developers and promoters focus attention on banana
varieties that are acceptable and adaptable to farmer environmental conditions.

Keywords: seed security; banana tissue culture planting material; uptake; banana farmers;
central Uganda

1. Introduction

The per capita food output in Sub-Saharan Africa (SSA) has considerably declined, thus,
contributing to increased food and income insecurity [1,2]. At the center of the debate on food
and income, insecurity is the inability of the smallholder farmer to use quality plant material void
of pests and diseases [3]. In the SSA region, the propagation system is characterized by both formal
and informal plant material supplies. For banana (Musa spp.), the majority of smallholder farmers
depend on the informal supply (including home-saved material from previous season harvests) [4].
For example, over 90% of banana farmers in East and Central Africa rely on suckers sourced from friends,
neighbors, relatives and/or their own fields to either expand or establish new banana plantations [5,6].
The high prevalence of pests and disease in the home-saved plant material, however, has necessitated
research and development of expert practitioners to increase the use of high-quality, formal supplies
of plant material [7]. Such an approach, embedded in the farmers’ social, cultural environment,
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guarantees quality banana propagation material [8]. One such effort is the development of tissue
culture (TC) planting materials (TC banana planting materials, TC banana plantlets and TC seed are
used interchangeably throughout the manuscript), which are always free of pests and diseases.

The development of banana tissue culture is a response strategy for addressing the dual challenges
of (1) supplying disease-free plant material and (2) enhancing farm-level yields in banana production.
First, banana is a major staple for more than half of Uganda’s population, and it provides a wide range
of products (animal feeds, charcoal briskets, crafts, construction materials, etc.) which significantly
contribute to food and income security of the populace and consequently to national development [9].
Despite the value and benefits derived from bananas, diseases such as banana Xanthomonas wilt
(BXW) threaten its survival in the country. Between 2002 and 2005, BXW caused losses equivalent
to 61.1 million US dollars to the country, mainly associated with the East African highland banana
(EAHB) “Matooke” (AAA-EAHB genome) and the “Kayinja” beer banana (ABB genome) [10]. As such,
farmer use of quality banana material (e.g., tissue culture plantlets) is considered a vital component for
increasing banana survival and boosting agricultural productivity in the country.

Tissue culture (TC) generated banana plants are presumed to be free of BXW and recommended
for the establishment of clean banana plantations [7]. However, the use of TC banana plantlets
remains low [11], at less than 7% of the total banana production in the country [7]. For instance,
a study by Akankwasa et al. [12] reveals that only two hundred and fifty mother gardens had been
established in Uganda, and 40,000 tissue-cultured plantlets were distributed to banana farmers. Further,
results indicate that merely 6% of banana farmers are willing to use TC banana planting material.
Existing studies [13,14] have mainly focused on extrinsic (mainly socioeconomic) factors to explain
the uptake of TC banana planting materials. However, studies that examine the role of security
factors (availability, accessibility, acceptability and adaptability) in light of the farmer environment
(competence, social influence and farmer’s socioeconomic factors still contribute to the lack of TC plant
use and necessitate further investigation.

Research is well established in root and tuber crops [15,16]. Studies on the farmer environment
to explain farmer behavior in the uptake of agricultural technologies [17-19] have been conducted,
but most of the existing research is qualitative. Research is needed to understand quantitative factors
influencing uptake of agricultural technologies such as banana TC plantlets. Particularly, quantitative
data are needed on how TC plant availability, accessibility, acceptability and adaptability combine with
the farmer environment to influence the uptake of TC banana technology. The objective of this study is
to explore the role of seed security factors and the farmer environment in the uptake of TC banana
planting materials. Results will be important in designing interventions that ensure the sustainability
of the banana crop in central Uganda.

2. Conceptual Framework, Study Area and Methods

2.1. Conceptual Framework

The uptake of agricultural technologies like TC banana planting materials is a complex, nonlinear
process influenced by multiple factors. As such, the use of a single theory to analyze farmer
decision-making in using tissue culture banana planting materials does not provide a holistic picture
of the uptake process. Thus, we developed a conceptual framework (Figure 1) that encompasses seed
security factors and the farmer environment to analyze the uptake of TC banana plantlets.
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Seed security factors Farmer environment
-Availability of TC plantlets -Farmer competences
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Farmer decisions on
Uptake of TC banana
plantlets

Figure 1. Seed security factors and farmer environment influencing uptake of TC banana plantlets
(source: developed by authors).

The seed security framework with a focus on root tuber and banana (RTB) crops [20-22] explains
that for sustained uptake of certified planting materials in a seed system (a seed system is the network
of stakeholders involved in producing and planting seed (including vegetative planting material) of
a particular crop in a certain area [15,20]), the factors:—availability, accessibility and quality are of
relevance. It has been argued that the focus of seed security factors stimulates farmer confidence in the
uptake of technologies and is of utmost relevance in identifying why uptake efforts fail (or succeed),
thus aiding in the more effective design of future efforts [21]. Studies on seed security factors exist
for potato [23,24], yam [25], cassava [26,27] banana and plantain [28,29] and sweet potato [30,31].
These studies reiterate the relevance of seed security factors in guiding programs that encourage the
uptake of newly introduced technologies.

Availability indicates a sufficient and timely supply of propagation material from existing and
functional sources to farmers [20]. Accessibility pertains to farmers’ ease of acquiring TC banana
planting material. This refers to whether farmers have the financial capital to purchase the plantlets
and the feasibility of transporting the banana planting materials from the TC sources to destined
localities [20]. Provision of information pertaining to seed technologies has also been found to be
key in aiding farmers to access seed [15,23,24]. Acceptability relates to the provision of preferred and
desirable seed varieties that are acceptable to meet farmers’ tastes and preferences [22,32]. In accordance,
Mulugo et al. [33] attest to banana farmers in central Uganda having desirable banana varieties preferred
based on taste, aroma, color and texture. Similarly, Akankwasa et al. [12] found that banana taste,
flavor, texture and color were key in determining consumers’ likelihood of purchasing hybrid banana
varieties in the four regions of Uganda.

Adaptability refers to the ability of TC banana plantlets to perform well in newly introduced
environments and farming conditions. Kilwinger et al. [5] cite prolonged drought effects on banana
productivity in central Uganda; Nyombi [34] mentions low soil fertility in the same region. However,
previous studies tend to exclude TC established plantations, whose plantlets are characteristically
fragile and sensitive to harsh environmental conditions [35]. Sinja et al. [36] confirm that farmers
will only take up a technology that is best adapted to their environment. Thus, it is imperative that
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TC planting materials adapt to the prevailing soil and environmental conditions in the study region.
For this study, adaptability measures drought tolerance capabilities of TC established.

Theories on competence development posit knowledge, attitude and skill to be important factors
that determine individual capabilities [37,38]. Competences consist of integrated pieces of knowledge,
skills and attitudes that can be used to perform a task successfully, such as the uptake of TC plantlets [39].
Scholars [39,40] have shown skills to be interwoven with knowledge and viewed conjointly as doing or
acting in practice. Meijer et al. [19] refer to knowledge as factual information and understanding of how
a new agricultural technology works and what benefits the farmers can derive from it. Ugochukwu
and Phillips [41], Kuehne et al. [42] and Meijer et al. [19] indicate that farmers’ knowledge about the
existence of a new technology extends to how to apply it and what the outcomes are in terms of
products, yield, potential benefits, risks and costs. In this regard, knowledge is operationalized in
this study to include elements of skill and technical knowledge that a farmer needs to grow TC plant
materials, as well as the application of local technical knowledge to control BXW. In accordance with
the tripartite theory, attitudes have three components- affective, behavioral and evaluative [43,44],
which are key for the uptake of agricultural technologies. The affective domain refers to the emotional
response of liking/disliking an object [45]. In this context, the TC plantlets. The behavioral component
is a verbal or overt tendency by an individual [46] consisting of actions or observable responses that
are the result of the object. The evaluative component, on the other hand, constitutes an individual’s
opinion of either belief or disbelief about a technology. For this study, attitude captures the affective
and evaluative domains that include farmers’ passion for growing TC plants and their perception of
how the use of TC plants may reflect their personality to other people in their community.

Social influence refers to the degree to which a farmer perceives that relevant people believe that
he or she should use agricultural technology [17]. Studies [47,48] attest to social influence triggering
individuals” behavioral intentions to use new technologies. Thus, for this study, social influence
captures the elements of farmer persuasion by members of farmer groups, faith-based leaders and
community elders/leaders to grow bananas using TC planting material.

Previous research [12,49,50] shows the importance of farmer socioeconomic factors or characteristics
(sex, age, education, farming experience, farm size, membership to farmer groups, and accessibility to
agricultural extension services) on farmer uptake of agricultural technologies. Thus, these factors are
incorporated into this study to evaluate whether they are critical in the uptake of TC banana plants.
It is assumed that these factors in the presence of seed security factors could differently be influencing
the uptake of TC banana seed.

2.2. Study Area

The study was conducted in Luweero and Mukono districts (Figure 2) in Central Uganda, where TC
banana planting materials have been promoted for more than a decade. The two districts experience
a high prevalence of BXW [51] despite numerous interventions to curb the disease. In each district,
villages that hosted the community-based TC nurseries—Gonve and Nambi villages were selected on
the assumption that proximity to TC nurseries enhances farmer physical access to TC banana planting
materials. Farmers in the two villages were linked to TC laboratories (from whence they obtained TC
plantlets) through farmer-managed community-based TC nurseries.
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Figure 2. Map showing the study areas.

2.3. Study Design and Sample Selection

This study employed a quantitative research design. Data were obtained through a cross-sectional
survey conducted in April and May 2018. The unit of analysis was the individual banana farmer.
A questionnaire was administered to every respondent to generate data on variables of interest.

With the help of local council village chairpersons, names of all banana farmers from the selected
villages that had been trained by The International Institute for Tropical Agriculture (II'TA) between 2008
and 2011 (comprising adopters and potential adopters of the TC banana technology) were compiled to
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generate the sampling frame with a total of 340 banana farmers (Table 1). Unlike Mulugo et al. [17],
who sampled users and non-users of the TC banana plantlets, here we selected adopters and potential
adopters of the TC planting materials. The farmers had been trained on how to grow and manage TC
banana plantlets, business and marketing and the establishment of farmer cooperatives linked to the
TC community nurseries. From a predetermined sample size of 174 banana farmers, estimated using
the method suggested by Krejcie and Morgan [52], respondents were proportionately drawn from each
of the study villages, as shown in Table 1 below.

Table 1. Number of farmers selected for the study.

Location Total Number of Farmers Listed Number of Farmers Selected

Village: Nambi

Luwero district 120 68

Village: Gonve

Mukono district 220 106
Total 340 174

2.4. Data Collection

Primary data were collected from the 174 randomly selected banana farmers using a semi-
structured questionnaire. The questionnaire was pretested for reliability and suitability and then
modified for clarity and sequencing of questions based on the pretest experiences and results. Data were
collected through face-to-face interviews with the selected banana farmers. Data were collected on seed
security factors, farmer competencies and farmer characteristics related to uptake of the TC banana
planting materials.

Measures

Availability was measured based on statements (e.g., “TC is available in sufficient quantities”).
Accessibility was measured based on 3 items (e.g., “The TC nursery operator provides information on
how to plant TC plantlet”), acceptability was measured based on 3 items (e.g., “TC banana plantlets is
of desirable banana varieties”), and adaptability was measured based on 2 items (e.g., “TC banana
plantlets thrive in all soil types”). To measure farmer competencies, 8 statements were used. Knowledge
was measured with 5 items (e.g., “I have sufficient technical knowledge to grow TC banana plants”),
and attitude was measured with 3 items (e.g., “I have enough passion for growing TC banana plants”).
The social influence variable had 3 items. A sample item reads as follows: “If I am informed about TC
by a community leader, then I can use it as banana seed”. Each item was measured on a five-point
rating scale from 1 = least and 5 = highest.

In addition, the questionnaire included demographic characteristics of the farmers: These included
age in years, the highest level of formal education in years, the gender of the farmer, farm size in
acres, experience in banana farming in years, access to agricultural extension services, membership
to farmer groups, receipt of agricultural information, land apportioned for crop production and
banana cultivation.

2.5. Analytical Framework

Preceding the regression analysis, principal component analysis (PCA) was carried out for data
reduction and extraction of variables. Based on the criterion of eigenvalues being greater than 1 [53]
in the PCA, underlying dimensions among the farmers’ perceptions of the TC plantlets” attributes
were generated.

This study breaks the banana farmer decision-making into two stages. In the first stage, the banana
farmer’s decision is either uptake of the banana TC technology or not. In the second stage, the farmer’s
decision is on how much of the TC plant material to use (uptake intensity), which in this study is
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represented by the size of land allocated to the banana TC plantlets. Data were analyzed using Cragg’s
double-hurdle model [54] consisting of a two-stage regression in which the first stage is a probit model
to analyze factors influencing a binary decision on uptake of technology and the second stage is a
truncated model which analyzes factors that affect uptake intensity. Farmer uptake of banana TC
plantlets was analyzed in the following equation:

Y = Bo + Bi[Seed_Sec]; + B; [Farm_Envt}j +e 1)

where Y represents farmer’s decision-making for the uptake of banana TC plantlets uptake = 1;
no uptake = 0) and in the second stage, Y equals the uptake intensity. [Seed_Sec] is a vector of plant
security factors, which includes perceived acceptability, accessibility, adaptability and availability of
the plantlets. [Farm_Envt] comprises three components: (1) social influence, (2) farmer competencies,
and (3) farmer socioeconomic factors or characteristics. f is the constant while f; represent the various
coefficients of the security factors ranging 1-4. 3; are the coefficients of the farmer environment factors
ranging from 1 to 9 and ¢ is the error term. The a priori hypothesized signs of the coefficients are
shown in Table 2.

Table 2. Apriori signs of explanatory variables used in the study.

Variable Apriori Sign Reference
Availability of TC banana plantlets (+) [15,16]
Accessibility of TC banana plantlets (+) [15,16]
Acceptability of TC banana plantlets (+) [22,32]
Adaptability of TC banana plantlets (+) [22,32]
Farmer Knowledge on TC plantlets (+) [41,42]
Social Influence (+) [17,47,48]
Farmer Attitude towards TC plantlets (+) [19,43]
Gender (+) [12,50]
Age (+-) [12]
Education (+) [12,49]
Farm size (+) [12,50]
Land allocated to other crops ) [12]
Group membership (+) [50]
Extension services (+) [12,50]

3. Results and Discussion

Table 3 presents a summary of key descriptive statistics of study respondents. Results show an
equal number of male and female farmers were interviewed. About 33% of respondents have adopted
the TC banana planting materials. The average age of banana farmers in the study communities
was 43 years, with an average of eight (8) years of formal education. The average farm size for all
farmers was 4.3 acres, with an average of about 2.6 acres allocated to crops and about 1.1 acres to
banana production.
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Table 3. Description and summary statistics of respondent characteristics.

Variable Mean (SD) Min Max Percentage (%)
Sex (1 = male, 0 = female) 0.53 (0.50) 0 1 -
Age of farmer (years) 42.83 (13.63) 18 93 -
Formal education (years) 7.74 (3.45) 1 16 -
Banana farming experience (Years) 18.10 (13.10) 0 70 -
Farm size (acres) 4.27 (5.75) 0.50 69 -
Land allocated to crops (acres) 2.60 (2.41) 0.42 22.75 -
Land under banana cultivation (acres) 1.05 (1.08) 0.13 10 -
Availability of banana TC plantlets 3.07 (1.166) 1 5 -
Accessibility of banana TC plantlets 2.94 (1.027) 1 5 -
Acceptability of TC banana plantlets 3.60 (0.946) 1 5 -
Adaptability of TC banana plantlets 2.74 (0.971) 1 5 -
Farmer knowledge about TC plantlets 2.45 (1.365) 1 5 -
Farmer attitude towards TC plantlets 3.13(1.211) 1 5 -
Social influence 3.83 (0.845) 1 5 -
Farmer attitude towards TC plantlets 3.13 (1.211) 1 5 -
Banana TC users (Yes = 1) - - - 33.3
Access to extension services (Yes = 1) - - - 38.5
Receipt of agricultural information (Yes = 155
1) ) ) ) ’
Membership to groups (Yes = 1) - - - 39.7

Standard deviation (SD) is in parenthesis.

Results of the Kaiser-Meyer-Olkin (KMO) measure (0.815) and Bartlett’s test of sphericity
(x = 3804.143; p < 0.001) (Table 4) indicate sampling adequacy and suitability of the data for factor
analysis [55]. Principal component results show that seven (7) extracted factors explained 76.2% of the
total variance in the principal components. Specifically, as presented in Table 4, the variance extracted
ranged from 32.4% (for farmer knowledge) to 4.4% (TC plant adaptability). In addition, the factor
loadings for the extracted variables ranged from 0.508 to 0.925, and thus, convergent validity was
confirmed [56]. Lastly, the Cronbach’s alpha values (Table 4) range from 0.600 to 0.992, signifying
adequacy of internal consistency, and thus, confirmation of measurement validity [57] in this study.
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3.1. Factors Associated with the Uptake Decision for Farmer Use of TC Banana Plantlets

Results of the first stage analysis (probit regression) show that farmer perceived acceptability
(B = 0.74; p < 0.01) has a positive and significant influence on farmer decisions for the uptake of
the banana TC planting material (Table 5). Similarly, perceived adaptability (f = 0.69; p < 0.01)
and perceived availability (3 = 1.04; p < 0.01) had a positive and significant influence on uptake.
These findings are in agreement with other studies regarding the influence of security factors on the
uptake of improved plant materials [15,20,21]. In terms of marginal effects, TC plant acceptability
(0.062) implies that, on average, a 1% increment in farmer acceptance of banana TC plants increases the
probability of farmer uptake by 6.2%. This is likely because farmers tend to prefer introduced varieties
that are comparable to their local varieties with regard to desirable attributes. Similar results are also
reported by Mulugo et al. [33] and Akankwasa et al. [12] for the case of Uganda.

Table 5. Factors that influence farmers’ decisions regarding adoption of tissue culture banana planting
materials: results of the probit model.

Variable Coefficient Rol];l::(t)ftd. p>z A‘lliefzs‘ftes l(\/;;;‘gilxr;al
Seed security factors
Perceived acceptability of TC 0737 0276 0.008 ** 0.062
plantlets
Perceived accessibility of TC 0.302 0.229 0187 0.025
plantlets
Perceived adaptability of TC 0.688 0263 0.009 ** 0.058
plantlets
Perceived availability of TC 1.037 0.340 0.002 ** 0.087
plantlets
Farmer competences
Knowledge about TC plantlets 2.155 0.434 <0.00 *** 0.180
Attitude to TC plantlets 1.000 0.337 0.003 ** 0.084
Farmer socioeconomic factors
Social influence 0.810 0.372 0.030 * 0.068
Sex of farmer -1.377 0.562 0.014 * -0.115
Age of farmer -0.088 0.297 0.767 -0.007
Education of farmer 0.059 0.062 0.347 0.005
Group membership —-0.496 0.551 0.369 —-0.042
Access to extension services —-0.344 0.525 0.513 -0.029
Land allocated to crops 0.341 0.154 0.027 * 0.029
Experience in banana farming -0.013 0.025 0.624 —0.001
Constant -1.016 1.158 0.381
Number of observations 174
Log-likelihood ratio —25.98
Wald x? 169.56 ***
Mean VIF 1.8

*p <0.05,* p <0.01, ** p < 0.001; dependent variable: uptake measured as a binary.

For farmer perceived adaptability of TC plantlets (marginal effect = 0.058), an additional increase
in adaptability is associated with a probability of a 5.8% increase in uptake. Notably, the importance
of TC plant adaptability to drought and poor soil fertility is emphasized [5,34]. Lastly, the average
marginal effect of TC plant availability (0.087) implies that an additional TC nursery is associated with
a likelihood of an 8.7% increase in farmer uptake of TC plantlets. Related studies like Okechukwu and
Kumar [27] on availing disease-resistant varieties in Africa and Kromann et al. [23] on the provision of
quality seed in Ecuador have reported sufficient and timely availability of quality plant material to
increase farmer uptake of plant technologies.

Farmer knowledge about TC plant cultivation (3 = 2.16; p < 0.001) has a positive and significant
effect on uptake. Similarly, farmer attitude ( = 1.10; p < 0.01) posits a positive and significant effect
on uptake. These results concur with the theory that farmer competencies predict uptake [19,41,42].
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In terms of marginal effects, the result on farmer knowledge about TC plants (0.180) implies that,
on average, an increment in farmer skill and technical knowledge on how to grow TC plantlets
increases the likelihood of farmer uptake by 18%. This finding validates the study by Atieno and
Schulte-Geldermann [24] on public—private partnerships in the multiplication of plant materials in
Kenya. Specifically, knowledge sharing and training by extension agents increase farmer uptake of
new technology.

Similarly, our findings substantiate previous research about farmer attitudes towards the uptake of
introduced agricultural technologies [58,59]. Particularly, Mekoya et al. [58] found Ethiopian farmers’
positive attitude towards multipurpose fodder trees (for their feed value and contribution to soil
conservation) enhanced farmer uptake of the agroforestry technology.

Social influence ( = 0.81; p < 0.05) also had a positive and significant influence on farmer
decisions for uptake of the TC banana plants [19,60]. The average marginal effect (0.068) infers that
having an influential person inform farmers about the importance of banana TC plants increases the
likelihood of farmer uptake by 6.8%, suggesting that locally institutionalized mechanisms need to be
promoted. Similar results are also reported by Mulugo et al. [17] and Wauters et al. [61] for Uganda
and Belgium, respectively. Specific for Uganda, using faith-based leaders, political and community
leaders urge farmers to use TC banana plantlets is a significant predictor of farmer intentions to use TC
planting materials.

Contrary to most studies [12,62,63], the model estimates show that the gender of the farmer
(B =-1.38; p < 0.05) has a significant effect on the uptake decision, indicating that women were more
likely to use TC banana planting materials compared to men. A possible explanation for women'’s
interest in TC banana planting material could be attributed to the distinct role that women play in
ensuring food security for their families. Food security in central Uganda is culturally viewed as
a women'’s role, and women must ensure that their homesteads are food secure (Sanya et al. [64]).
The study finding is in line with Sanya et al. [64], who found female farmers to be 12.4% more likely to
adopt hybrid banana varieties compared to male farmers. Nevertheless, with recent developments
by the government being skewed to banana-based processing enterprises, it is likely that men will
increasingly grow bananas to boost their sources of income.

The amount of land allocated to crop production (3 = 0.34; p < 0.05) has a positive influence on the
likelihood of farmer uptake of the TC banana technology. Based on the average marginal effect (0.029),
increasing the land size by one acre increases the likelihood that farmers would try the TC planting
materials by 2.9%. A possible explanation for this finding could be that farmers with larger farms may
be more willing to take risks and devote portions of their land to growing bananas using TC plantlets,
compared with those with smaller land areas. This is in line with most adoption studies [50,65,66] that
found that farmers with larger farm sizes have more land to allocate to new agricultural technologies.

3.2. Factors Associated with Intensity of Farmer Uptake of TC Banana Plantlets

Results of second stage analysis (truncated regression) show that farmer perceived acceptability
(B =0.39; p < 0.05) and accessibility ( = 0.39; p < 0.01) of TC plants posit a positive and significant
influence on farmer decisions (Table 6). Essentially, the result specifies that if farmers perceive that the
varieties being promoted through TC match their preferred food attributes, then they are more likely to
expand their banana plantations using such a technology. Previous studies [12,33] attest to this finding.

Similarly, farmer accessibility (marginal effect = 0.058) indicates that farmers with fairly priced
plant material coupled with information on how to grow it promotes plantation expansion by 5.8%.
This finding is in tandem with studies [15,23,24] confirming accessibility in terms of affordability
and awareness creation to be crucial for use and extent of uptake of introduced plant technologies.
Specifically, access to quality potato planting material in Kenya increased farmer uptake of the planting
materials by 30-40%, leading to increased yields (5184 t/year of potatoes) and profits ($777,600) [24].
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Table 6. Factors that influence the intensity of uptake of the TC banana plantlets: results of the truncated
regression model.

. . . Robust Std. Average Marginal
Variable Coefficient Error p>z Effects (dy/dx)

Seed security factors
Perceived acceptability of TC

0.390 0.179 0.029 * 0.018
plantlets
Perceived accessibility of TC 0.392 0.119 <0.001 ** 0.058
plantlets
Perceived adaptability of TC 0.019 0.084 0.822 0.003
plantlets
Perceived availability of TC 0.049 0.086 0.566 0.007
plantlets
Farmer competences
Knowledge about TC plantlets 1.461 0.197 <0.00 *** 0.067
Attitude to TC plantlets 0.524 0.185 0.005 ** 0.024
Farmer socioeconomic factors
Social influence -0.189 0.098 0.055 * —-0.028
Sex of farmer —-0.874 0.347 0.012 * —0.040
Age of farmer —0.001 0.058 0.927 —0.001
Education of farmer 0.010 0.020 0.623 0.002
Group membership -0.119 0.175 0.497 —-0.018
Access to extension services 0.166 0.440 0.706 0.008
Land allocated to crops 0.218 0.031 <0.00 *** 0.032
Farm size 0.119 0.058 0.041 * 0.006
Experience in banana farming 0.003 0.008 0.678 0.678
Constant —-0.814 0.365 0.026
Number of observations 58
Log-likelihood ratio -34.39
Wald chi-squared 187.44 **
Mean VIF 1.88

* p< 0.05, **p < 0.01, **p < 0.001; dependent variable: proportion of land planted with banana TC seed.

Farmer knowledge about TC plant materials (3 = 1.46; p < 0.001) and farmer attitude towards TC
technology ( = 0.52; p < 0.01) both postulate a positive and significant influence on farmer decisions
to allocate more of their land to TC banana production. The findings concur with previous research
about farmer knowledge on introduced agricultural technologies to influence uptake and extent of
use of improved crop varieties [19,24,41,42]. Similarly, farmer attitude result resonates with findings
by [67] in Kenya, showing farmer attitudes to be key indicators in predicting uptake of aquaculture
technologies among smallholder fish farmers.

Surprisingly, social influence (f = —0.19; p < 0.05) had a negative influence on farmer decisions
to apportion more of their land to TC banana plantlets. This varied from the results of earlier
research [47,68], which reported positive effects of social influence on farmer uptake of agricultural
technologies. This probably is attributable to the cost implication of expanding banana cultivation
using TC plant materials, inevitably requiring farmers to purchase plantlets, inputs and follow through
with the recommended cultivation instructions that often are labor-intensive [14]. As such, it may
be important that a related study on social influence is designed in a different context to confirm the
actual impact of social influence on farmer intensity of use of agricultural technologies.

Although not a significant predictor of uptake, farm size ( = 0.12; p < 0.05) had a positive
influence on uptake intensity of TC banana planting materials.

4. Conclusions

This study shows that farmers’ decisions for the uptake of banana TC plants are positively and
significantly influenced by seed security factors. From a practical perspective, the study contributes
to results that show the importance of developers in the seed system in focusing on farmer desired
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crop attributes. Further, the study emphasizes the need for more involvement of extension services
and research institutions in education about cultivation and promotion of TC planting materials in the
banana farming communities. This involvement could incorporate the use of community role models
since social influence plays a pivotal role in increasing uptake. We recommend seed security factors
(acceptability, accessibility, adaptability and availability), social influence and farmer competence
(knowledge, skill and attitude) as variables to be considered in programs aimed at increasing farmer
uptake for seed system technologies.
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Abstract: Traditional rice cultivars and cultivation are on the decline in most rice-growing areas,
mainly as a result of their low productivity. Packed with nutritionally, environmentally and locally
superior qualities, traditional cultivars hold the key for sustainability in rice cultivation. This study
explored the dynamics of traditional rice cultivation in Kerala, India. It examined the economic,
institutional and socio demographic factors involved in the production and marketing of traditional
rice. We employed a multinomial logit model and discriminant function analysis to extract the key
factors governing farmers’ marketing behaviour, and various cost measures to study the economics
of rice enterprises. The socio-demographic factors were analysed using descriptive statistical tools.
Holding size and institutional support were the main factors governing the marketing behaviour of
farmers. Even though traditional rice farming was not found to be cost-effective in implicit terms, it
was remunerative when imputed personal labour and owned land costs were not considered. The
study found that traditional farmers are ageing, have a lower education and use limited marketing
channels. However, the majority of them were satisfied with their farm enterprise. By streamlining
the market support mechanism and processing facilities, traditional rice would most likely gain
momentum in key areas.

Keywords: traditional rice economics; institutional; socio-demographic factors; multinomial logit
model; constraints

1. Introduction

In September 2000, world leaders at the United Nations Millennium Summit recog-
nized a collective responsibility to work toward “a more peaceful, prosperous and just
world” [1]. Following this Summit, the nations of the world committed to achieving certain
goals across eight priority areas of social and economic development by 2015. Goal 1
of these millennium development goals (MDGs) was the eradication of extreme poverty
and hunger. A stocktaking on the achievement of these goals undertaken by the United
Nations Conference on Sustainable Development in Rio de Janeiro, June 2012, precipitated
a process to develop a new set of Sustainable Development Goals (SDGs) intended to carry
on the momentum generated by the MDGs beyond 2015 [2]. The SDGs sought to continue
the fight against extreme poverty, but added the challenges of ensuring more equitable
development and environmental sustainability. The UN General Assembly on 25 Septem-
ber 2015 adopted the 2030 Agenda for Sustainable Development, which in SDG2 aimed
to “End hunger, achieve food security and improved nutrition and promote sustainable
agriculture”, and recognized the inter-linkages among supporting sustainable agriculture,
empowering small farmers, promoting gender equality, ending rural poverty, ensuring
healthy lifestyles and tackling climate change, among other issues [3].
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Although promoted by the 2030 Agenda, the concept of sustainability is not a new
concept and can be traced back at least to the 1987 report of the Brundtland Commission
on Environment and Development, which defined sustainable development as that “which
meets the needs of the present without compromising the ability of future generations
to meet their own needs” [4]. This vagueness of meaning became transposed into the
definition of sustainable agriculture. This has been described as having been formulated in
a contested discourse [5] and the admitting of more than 70 definitions [6,7] suggest that it
is an exercise in “measuring the immeasurable”. Its multifarious meanings are described
as open to value-judgment and leading to many different interpretations [8,9].

For our purposes we accept Professor Swaminathan’s judgement that sustainable
agriculture must achieve productivity in perpetuity without accompanying ecological and
social harm [10] discussed in [11].

The forecast increase in the world population of up to 9.7 billion by 2050 and 10.9 billion
in 2100 [12] will require a major effort to increase food production for the additional
2.6 billion people compared to today. Disregarding problems of distribution and food
waste and loss, this would require an increase in global food production by at least one
third, with the obvious potentially adverse ecological impacts which that might have.

A vigorous contemporary debate has been conducted around the sustainable agri-
cultural strategies which might be adopted to meet the challenge of feeding the world’s
increasing population [13]. These range from precision farming [14] and the use of geneti-
cally modified crops [15-17] through to “ecogariculture” [18-21].

Declaring 2004 as the International Year of Rice, the UN General Assembly noted that
rice is the staple food of more than half the world’s population, and affirmed the need to
heighten the awareness of the role of rice in alleviating poverty and malnutrition and reaf-
firmed the need to focus world attention on the role rice can play in providing food security
and eradicating poverty (See http://www.fao.org/3/Y5167E/y5167e02.htm, accessed 7
December 2020.) During the Green Revolution of the 1960s, high yielding varieties (HYV)
of rice were developed which increased yield, reduced the cropping period and increased
cropping intensity to allow the cultivation of 2-3 crops per year, but which required the
use chemical fertilizers, pesticides, tractors, mechanical threshers and controlled water
supply to crops [22]. One of the major ecological consequences of the Green Revolution
was the significant depletion in the number of traditional rice varieties, as the HYV had a
very narrow and unstable genetic base compared with traditional varieties [23-26]. Tradi-
tional varieties have gradually disappeared as farmers have abandoned them in favour
of monohybrid crops [27] In recent years, and in the face of climate change, it has been
realised that traditional rice varieties represent a valuable gene pool for traits which may
underpin the capacity of modern varieties of rice to adapt to climate change [28-30].

This article considers the contribution which the cultivation of traditional rice varieties
can make to sustainable agriculture, by an examination of the socio-economic situation of
farmers in traditional rice cultivation in Kerala.

Kerala lies in the south-western corner of the Indian peninsula, in the southern part of
the Western Ghats adjoining Tamil Nadu and Karnataka in the east and north-east, and
bounded by the Arabian Sea in the west. Kerala is topographically and ecologically diverse,
consisting of a mix of coastland, wetlands and plains to the west, and the foothills of the
Western Ghats to the east. The ecological conditions in the state have resulted in a consider-
able diversity of germplasm in both wild and cultivated rice [31]. It has a rich culture of
rice cultivation, where rice farming is considered a symbol of prosperity and traditional
lineage [32]. The rice requirements in this state are estimated as 3.5-4.0 million t/year.
However, Kerala produces only one-fifth of this amount. The deficit in rice production is
mounting each year, owing to the decline in the area under rice cultivation. Large-scale
conversion of paddy lands for other crops or for residential purposes has caused a serious
problem in the age-old practice of rice farming in Kerala [33].

The main reasons given for the decline in traditional rice varieties is their low produc-
tivity, longish growing duration, lack of price premium for some varieties and compara-
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tively longer cooking time [34,35]. For many farmers, these factors outweigh the nutritive
and environmental advantages of traditional rice varieties [36].

A more recent factor contributing to the decline in global rice production is climate
change. Rainfed cultivation is estimated to account for about 25 per cent of global rice
production, which makes it particularly vulnerable to fluctuations in rainfall, as well
as heat stress from high temperatures [37,38]. With the expected demand for rice to
increase in the coming years, food security will be imperilled, unless this situation can
be improved. Farmers will have to increase yields by adopting high yielding varieties,
or by utilising those traditional varieties which are suitable for marginal lands. A recent
study [39] found that the cost of cultivating high yielding hybrid varieties in Assam was
on average 29.43 percent higher than traditional rice. The higher costs were for plant
protection chemicals (85.13 percent), irrigation (63.21 percent) and seed (62.81 percent).
Under traditional rice cultivation, farmers used little or no plant protection chemicals,
which makes cultivation environmentally sustainable, as well as economical [40].

2. Materials and Methods

Sustainability of an agricultural system is a time- and space-specific concept. Its
assessment is closely linked to the context in which the specific farming system thrives [7].
Due to variations in biophysical and socioeconomic conditions, indicators used in one
country may not be suitable for other countries and can be of great subjectivity [41]. The
sustainability of traditional rice system will be analysed based on three broad dimensions
in this study, which are adopted and adapted from the following:

Economic factors, especially cost of production and profitability—[42-47].

Socio demographic factors [48,49]—area; [50] experience; [15] age; [48,49]—education.

Institutional factors—[7,51].

Apart from production levels and profitability, of late, several authors [52,53] have
postulated about their well-being as perceived by farmers, which is a derivative of their
satisfaction in life, as a substantial indicator of sustainability. Therefore, we looked
at the satisfaction level of traditional rice farmers, which will be a component to the
system’s sustainability.

With such a backdrop, the study addressed the following research questions in an
attempt to link the answers to sustainability of traditional rice farming. (a) What is the
varietial diveristy of traditional rice in the study area? (b) How profitable is this rice system
and how best the farmers market their produce? (c) What are the socio-demographic
characteristics of the farmers cultivating traditional rice varieties and how do they tell on
sustainability of the system? (d) How satisfied are the traditional rice farmers? (e) What
are the constraints experienced by traditional rice farmers?

2.1. Study Area and Sampling

This study examined the cultivation of traditional rice varieties in the principal tra-
ditional rice-cultivating districts of Kerala. Three of the fourteen districts in Kerala state,
namely Palakkad, Wayanad and Malappuram, had the largest area under traditional rice
and were selected for the study. Palakkad is known as the rice bowl of Kerala, Wayanad
is known for its hill area rice cultivation and Malappuram is rich with traditional, family
rice farms. A random sample of 100 traditional rice farmers was chosen from each district,
such that the total sample size for the study was 300. These farmers were cultivating tradi-
tional rice by choice, for consumption and marketing and were not government-supported
farmers producing traditional varieties for conservation purposes.

2.2. Data Collection and Analysis

Farmer responses were collected through personal interviews using a semi-structured
pre-tested interview schedule, focus group discussions and direct observation. The data
generated were classified, coded, tabulated and analysed using a host of statistical tools.
The socio-demographic characteristics of respondents were classified and interpreted using
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simple descriptive statistical tools, including percentages and frequency distributions.
Linear discriminant function analysis was undertaken as a multivariate test of differences
between groups to determine the minimum number of dimensions needed to describe
these differences. The influence of the explanatory variables on the marketing channel
choices of farmers was explored in a multinomial logit model. The odds ratio was used to
quantify the influence. A satiety index was developed to understand each farmer’s level of
satisfaction with traditional rice farming. Garrett’s ranking analysis was used to prioritise
farmer constraints.

2.3. Tools for Data Analysis
Cost Concepts Used in the Study

The cost concepts for farm management studies, used by the Commission on Agri-
cultural Costs and Prices (CACP) of the Government of India, were employed. Data were
collected on select physical indicators; the value of seed (purchased or home-grown), insec-
ticides and fungicides, manure (owned and purchased), fertilisers, irrigation, machinery
(own or hired machinery), human, animal and machine labour (own or hired), land rev-
enue, rent paid for leased land or rental value of own land, interest on working capital,
land revenue, depreciation of machinery and miscellaneous expenses.

The structure of different costs and their components [54] were as follows:

(i) Cost A; includes value of human labour (casual and permanent), hired bullock
power, owned bullock power, owned machine power, hired machine power, seeds
(farm produced and purchased), manure (owned and purchased), fertilizer, plant
protection chemicals, herbicides, irrigation charges, land tax (Landowners in India
pay tax to the government; the levy is based on the area owned. Land tax is paid to
the respective village office) and other taxes, depreciation on farm implements and
buildings, interest on working capital and miscellaneous expenses;

(i) Cost Ay = Cost A + Rent paid for leased land;

(ili) CostB; =Cost Aj + Interest on the value of owned fixed capital assets (excluding land);

(iv) Cost B, = Cost B + Rental value of owned land (less land revenue) and rent paid for
leased land;

(v) Cost C; = Cost By + Imputed value of family labour;

(vi) Cost C; (Cost of cultivation) = Cost B, + Imputed value of family labour;

(vii) Cost C3 = Cost C, + 10 percent of cost C, (to account for managerial input of
the farmer).

2.4. Choice of Marketing Channels

A multinomial logit model (MNL) was used to quantify the predictors of variables
that affect the marketing channels (0: consumption alone, 1: selling to friends and relatives;
2: selling to local markets; and 3: selling directly to Supplyco2 at the farmgate) of traditional
rice farmers of Palakkad, Malappuram and Wayanad. The MNL model assumes auton-
omy in the choice of conventional techniques for estimating multi-category dependent
variables [55]. The chances of alternative marketing channel choices among farmers are

shown below:
exp (/3’ jxi)

Prob=(Y;=j)= ——FF—
S (7,7)

forj=0,1,2,3 1)

where:

Y; is the probability that farmers choose market j, pr(Y; = j);

j = 0: consumption alone; 1: selling to friends and relatives; 2: selling to local markets; 3:
selling directly to Supplyco at the farmgate;

x; is the vector of households, production and marketing variables;

Bj is the vector of coefficients associated with market choice j.
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The odds ratio was estimated from the significant variables to identify the probability
of improving the marketing channel choice

Exp(B)

Odds ratio = m X

100 (2)

2.5. Farmer Satisfaction with Traditional Agriculture

Farmer satisfaction was measured by calculating the satiety index, which should act as
an indicator of the sustainability of traditional rice (Supplyco is an institutional mechanism
in Kerala operated by the government to procure produce from farmers at a predetermined
price. Supplyco is an integral part of public distribution system in Kerala) cultivation. An
arbitrary scale comprising questions on the probability of remaining in traditional farming,
opinions about profitability, prices fetched by the produce, the procurement system was
used, with the responses marked on a five-point continuum. The following formula was
used for the satiety index:

S S;
Satiety index = — x 100
Sm

where:

S; = Score obtained by the ith individual;
Sy = Maximum possible score.

The satiety index categorised farmers as dissatisfied (<50), moderately satisfied (50-75)
or highly satisfied (>75).

Furthermore, as with marketing channel choices, the MNL was used to measure the
likelihood of improving farmer satisfaction with traditional agriculture.

2.6. Constraints in Traditional Rice Farming

Constraints faced by traditional rice farmers were analysed by using Garrett’s ranking.
Farmers were asked to express the constraints experienced in traditional farming via an
open-ended question. The constraints expressed by the farmers were imputed into a
frequency table. The rank of each constraint was converted to percent position by using
the following equation:

100(R;; — 0.5)

N;

Per cent position =

where:
Rjj is the rank for ith constraint faced by the jth individual;
N; is the number of constraints ranked by the jth individual.

The rank obtained was an interval on a scale where its midpoint expressed the interval,
such that 0.5 was subtracted from each rank. The percent position was converted into a
score by using Garrett’s table [56]. By using the score obtained from each constraint, the
mean score was calculated and ranked according to the mean score.

3. Results and Discussion
3.1. Varieties under Cultivation

Despite having a government policy that does not support conversion of agricultural
land for non-agricultural purposes, paddy lands are being used for other crops and non-
agricultural purposes in Kerala state. As reported by the Kerala Bio Diversity Board, out of
the nearly 160 rice varieties of Wayanad, 55 traditional varieties are now extinct [57,58]. A
study conducted by Kerala Agricultural University and Dept of Agriculture and Farmers
Welfare identified 63 cultivated traditional rice varieties in Wayanad district [59].

The major rice varieties grown in the study area are listed in Table 1. In Wayanad, the
surveyed famers reported the highest productivity for variety “Valichoori” (>5000 kg/ha),
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which is protected under the Protection of Plant Varieties and Farmers’ Rights (PPVRFA).
Regardless of their unique characteristics, the low productivity reported for varieties Jeer-
akasala, Gandhakasala and Navara were considered less preferred for widespread cultivation.
In Palakkad, the main traditional cultivated varieties were Chitteni, Chettadi, Thavalakkannan
and Chenkazhama, which form part of the registration of the geographical indication (GI)
Palakkadan Matta under the Geographical Indications of Goods (Registration and Protection)
Act 1999. These varieties were also grown in the Malppuram district. Most farmers in each
region were unaware of their legal status with regard to cultivating these varieties.

Table 1. Registration status and area under cultivation of traditional varieties identified in the study area.

Percentage of Total

S1 No Variety Registration Status Area (ha) Area Surveyed Year of Registration
1 Valichoori Farmer Variety Reg No 221 24.93 20.87 2015
Farmer Variety Reg No 57 2013
2 Gandhakasala Geographical Indication 215 1.80 2010
Certificate no. 34
3 Jeerakasala Farmer Var'lety Reg N.O 59 12 1.00 2013
Geographical Indication 2010
Certificate no. 34
4 Adukkan Farmer Variety Reg No 23 12.15 10.17 2016
5 Navara Geographical Indication 331 277 2007
Certificate no. 17
6 Mullankaima Farmer Variety Reg No 220 0.20 0.17 2015
7 Chomala Farmer Variety Reg No 59 0.20 0.17 2013
N Geographical Indication
*
8 Chitteni Certificate No 40 33.99 28.45 2013
9 Rakthasali 2.90 243
Geographical Indicator
10 Thavalakkannan * Certificate No 40 2.67 224 2013
11 Thondi Farmer Variety Reg No. 61 12.53 10.49 2013
. Geographical Indicator
*
12 Chettadi Certificate No 40 20.5 17.16 2013
Geographical Indicator
*
13 Chenkazhama Certificate No 40 121 1.01 2013
14 Kattamodan 0.70 0.59
15 Kochumannan 0.21 0.18
16 Vella kayama 0.21 0.18
17 Thekkancheera 0.40 0.33
Total 97.73 100

Note: * The varieties under GI Certificate 40 are together labelled as Palakkadan matta and not as their individual names.

Traditional rice cultivation is declining in Kerala, as evidenced by the total area sown
by the 300 surveyed farmers (97.73 ha). Legal and governmental measures exist to protect
and support the traditional systems, but neither appear to be making a difference for
farmers. In most cases, the farmers are unaware of the legal support mechanisms in place
for their cultivated variety. For example, one reason for the low marketing efficiency of
traditional rice is that farmers sell it as raw rather than de-husked grains because of the
lack of suitable milling facilities for traditional rice.

The 300 surveyed respondents cultivated a total area of 97.93 ha of traditional rice
(average 0.33 ha per farm), which is a true reflection of the very low area under traditional
rice cultivation. This can be indicative of the substantial decline in varietal diversity in
practice, because, by default, padasekharams (a collection of rice fields owned by different
farmers) in Kerala have at most two or three varieties. Farmers keep this uniformity for
ease and efficiency in management. Our survey results showed only 17 varieties being
cultivated for consumption or marketing in the study area. This indicates a clear and
ominous erosion of the gene pool of valuable traits.

3.2. Respondent Profile-Socio Demographic Characteristics

Table 2 shows that most of the surveyed respondents were 40-70-years-old (81%),
male (87%), and had, at most, a high school education (77%), more than 30 years farming
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experience (63%) and cultivated less than 1 ha of land. Aging of traditional farmers has
been reported in other rice-growing parts of the world. [60].

Table 2. Distribution of respondents according to socio-demographic characteristics.

Palakkad (n = 100) Malappuram (n = 100) Wayanad (n = 100) Total (N = 300)
Age
<40 2 13 16 31(10.33)
40-54 34 33 38 105 (35.0)
Frequency 54-69 49 49 38 136 (45.33)
>70 15 5 8 28(9.33)
Total 100 100 100 300 (100)
Gender
Male 84 92 85 261 (87.00)
Category Female 16 8 15 39 (13.00)
Total 100 100 100 300 (100)
Education
Primary 41 36 58 135 (45.00)
High school 32 38 28 98 (32.67)
Category SSLC and above 20 18 8 46 (15.33)
College and 7 3 6 21 (7.00)
above
Total 100 100 100 300 (100)
Experience
<15 5 14 4 23 (7.67)
15—30 37 23 28 88(29.33)
Frequency 30-45 36 44 38 118 (39.33)
>45 22 19 30 71 (23.67)
Total 100 100 100 300 (100)
Area(ha)
<0.404 57 59 41 157 (52.33)
0.404-0.809 31 33 39 103 (34.33)
Category 0.809-1.21 10 3 12 25 (8.33)
>1.21 2 5 8 15 (5.00)
Total 100 100 100 300 (100)

This picture of an ageing, less educated, experienced body of small holder farmers is
similar in most of parts of the rice cultivating world [61] and these are the farmers who
keep up traditional rice systems. This poses a serious question in terms of the sustainability
of these farming systems in eras to come.

3.3. Economics of Traditional Rice Farming

Economic viability is a major consideration for sustainable farming. The total rice area
under cultivation in 2017-18 was 75,415 ha, 7864 ha and 8026 ha in Palakkad, Malappuram
and Wayanad districts, respectively, or 47 per cent of the total rice paddy area in Kerala [62].
These three districts contribute 46.8 per cent of the total rice production in Kerala, with
production higher than the state average in Malappuram, lower than the state average
in Palakkad and Wayanad. The costs of cultivation and production in 2016-2017 was Rs.
112,862 /ha and Rs.31.40/kg, respectively (Table 3; [63].

Table 3. Area, production, and costs of cultivation and production of rice in Kerala.

Districts Area (ha) Production (tonnes) Productivity (kg/ha) Cost of Cultivation Cost of Production
(2017-18) (2017-18) (2017-18) O) (Rs/ha) (2016-17) (Rs/kg) (2016-17)
Palakkad 75415 198,626 2633
Malappuram 7864 23,571 2999
Wayanad 8026 21,792 2715
Kerala 194,235 521,310 2757 112,862 31.40

Source: Agricultural statistics 2017-18 Department of Economics and Statistics, GoK. Report on cost of cultivation of important crops in
Kerala 2016-17, Department of Economics and Statistics, GoK.

The calculation for the cost of farming of traditional rice in Palakkad, Malappuram
and Wayanad was based on three cost concepts detailed in Methods. Cost A in general
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covers the total paid up costs by the farmer, Cost B the interest and rental values, and
Cost C the imputed values and imputed managerial costs. The calculation outcomes for
each district are in Table 4. Since no land was rented in the study area, Cost A; and A,
were the same; thus, Cost A; and B; were the same as the only fixed resources was land.
The workers used their own equipment, and were paid accordingly in their wages. The
Malappuram district had the highest values for Cost C;, C;, and C3 and the Wayanad

district had the lowest.

Table 4. Cost of cultivation and cost of production of traditional rice in the study area.

Cost of Cultivation (Rs./ha)

Cost of Production (Rs./kg)

Districts/Cost ~ Palakkad Malappuram Wayanad Districts/Cost ~ Palakkad Malappuram Wayanad
Cost Aq 50,806 52,181 51,063 Cost Aq 18.51 19.31 15.39
Cost Ay 50,806 52,181 51,063 Cost Ay 18.51 19.31 15.39
Cost By 50,806 52,181 51,063 Cost By 18.51 19.31 15.39
Cost By 68,306 74,181 68,563 Cost By 25.14 27.43 20.71
Cost C; 57,374 56,525 54,622 Cost C; 22.94 21.57 17.06
Cost Cy 74,874 78,525 72,122 Cost Cy 29.57 29.69 22.38
Cost C3 82,361 86,378 79,334 Cost C3 32.53 32.66 24.62

Average yield /ha 2675 2877 3970

The cost of cultivation in all three districts was much lower than the state average
for small-holding rice (Rs 112,862 /ha, DoES, 2017) making traditional rice cultivation an
attractive option in these areas. The rental value of owned land escalated Cost C3, resulting
in a slightly higher than average value (Rs. 31.40) except for the Wayanad district.

The Malappuram and Wayanad districts had higher productivity than the state av-
erage (2757 kg/ha), Wayanad had the highest productivity and Palakkad had the lowest
(Table 4). The higher productivity in Wayanad can be attributed to the variety Valichoori
which yields >5000 kg/ /ha, as reported by the farmers.

Different measures of income were used to identify the economic viability of tradi-
tional rice farming in the Palakkad, Malappuram and Wayanad districts (Table 5). Ac-
cording to the survey response, farmers in Wayanad had the highest average gross in-
come (Rs. 85,281 /ha), while those in Palakkad had the lowest (Rs. 71,578 /ha). Similarly,
Wayanad had the highest farm business income (Rs. 34,218 /ha) and Palakkad had the
lowest (Rs. 20,772/ha). Three speciality rices—Navara (medicinal variety) and Gandhakasala
and Jeerakasala (aromatic varieties)—grow best in Wayanad, generating a higher price than
other varieties, which would explain the higher farm business income in Wayanad.

Table 5. Estimates of different measures of income (Rs./ha).

Measures Palakkad Malappuram Wayanad
Gross income (GI) 71,578 7936 85,281
Fambushesincone 077
Fami(lé Il?g(c)):tr Bizl)come 3272 5144 16,718
(GFCon O 10788 o w7
(G}i%) 0.87 0.91 107
BC éﬁliglicit 1.40 1.52 1.67

The net income and benefit:cost ratio indicated that farming was a loss-making busi-
ness for respondents in Palakkad and Malappuram if family labour and land values were
considered. In contrast, the positive net income and benefit:cost ratio in Wayanad was
attributed to the high productivity of Valichoori and the higher price fetched by varieties
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Jeerakasala and Gandhakasala. The benefit:cost ratio for explicit cost (i.e., Cost A;) was >1
for all districts, with the highest in Wayanad (1.67) followed by Malappuram (1.52) and
Palakkad (1.40).

This led us to consider the marketing behaviour of traditional rice farmers, with many
rectifiable gaps identified.

3.4. Marketing Channels

Marketing is a concern for farmers, irrespective of the crops they cultivate. A com-
mon feature of grain marketing systems in developing countries is the co-existence of a
government marketing agency (parastatal) and a parallel private marketing channel with
many private intermediaries. These parastatals are assigned to control or regulate the
system [64]. The survey revealed that most farmers sell their produce through the state-
owned procurement and distribution agency, the parastatal in Kerala, named Supplyco, for
a pre-determined price (Rs.25.3/kg at the time of the study).

In Wayand three marketing channels were identified (Figure 1A), of which Supplyco
dominated with 52.46 per cent of the marketed volume. However, Supplyco, had limited
penetration in some regions, such that farmers were forced to sell through other channels
for a lower price (Table 6). Only varieties such as Jeerakasala and Gandhakasala obtained a
higher price owing to their unique characteristics.

Friends and relatives

-

E —> Supplyco —> Public distribition w3  Consumer

l svstem
= Miller == Retailer 4]

Local Shops

Friends and relatives Nalla Bhakshana Prasthan

Farmer > Supplyco 3 Public distribution 3> Consumer

l \ system
Local Shops === Miller —— Retailer 4,

TFriends and relatives

e

Farmer —> Supplyco ——> Mﬁ;ﬁi‘:‘;’“ﬁm ——3 Consumer

\1 Miller > Retailer ]

Figure 1. Marketing channels in Wayanad, Malappuram and Palakkad.
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Table 6. The volume of rice marketed through each channel in the three districts.

Districts Marketing Channels Volume (%)

Channel 1 37.6

Channel 2 52.46

Wayanad Channel 3 9.94
TOTAL 100

Channel 1 4.04

Channel 2 22.73

Malapouram Channel 3 59.44
PP Channel 4 452
Channel 5 9.27

TOTAL 100

Channel 1 8.68

Channel 2 79.37

Palakkad Channel 3 11.95
TOTAL 100

In Malappuram, five marketing channels were identified (Figure 1B), with Supplyco
having the highest share of marketed volume (Table 6). Nalla Bhakshana Prasthanam, an NGO
work to provide “safe to eat” products, and is another rice marketing channel. Members of
the society chose this avenue, as they received a higher price than at Supplyco. Farmers
cultivating varieties such as Navara and Rakthasali were doing contract farming with a
local miller who provided the seeds and procured the produce at a higher price than the
prevailing local market price.

In Palakkad, Supplyco had the greatest marketing share of the marketed volume (al-
most 80%). The other avenues were selling to millers and friends and relatives
(Figure 1C, Table 6).

The greatest quantity of rice is transacted through Supplyco; however, its performance
had been criticised [65] since its establishment. Procurement lags and delays in payment
often put farmers under stress [66]. The farmers only receive a standard price for traditional
rice, as fixed by the agency, irrespective of the variety.

To fit the multinomial logit model, the farmers were classified into three categories
according to their marketing behavior, such as, using their produce for consumption alone,
selling in local markets and selling through Supplyco. These were considered as the
first, second and third stages (Table 7). The significant variables at each stage indicate
that they are the explanatory variables for farmers’ progress from one stage to the other.
In the first stage, age, education, area cultivated and yield were the decisive variables
for their transition to the next. Interestingly, the awareness of marketing options can
essentially promote their move from local markets to Supplyco, that is, from the second to
the third stage. Therefore, enhancing the institutional support for marketing itself can help
farmers improve their marketing. Education and production amount were identified as the
main factors governing farmers’ choice of marketing channels [67] attitude to risk, asset
ownership, institutional variables, transaction costs and market attributes [68] and age of
household, education status, credit access, off-farm income and total land-holding size [69].

To assess model fit in MLR, the most commonly used tool is the likelihood ratio test.
Significance at less than 0.05 suggests a model fit [70]. To evaluate the goodness-of-fit of
logistic models, several pseudo R-squared models have been developed. One method
that is endorsed repeatedly [71,72] is the one proposed by [73]. According to McFadden,
pseudo R? values from 0.2-0.4 indicate excellent model fit.

Marketing options will improve as institutional support improves and yields increase
as well as the area cultivated by farmers (Table 8). In other words, these three factors
differentiate the marketing behavior of farmers in the three districts, which were also
significant in the case of potato farmers [74].

80



Sustainability 2021, 13, 980

Table 7. Variables explaining farmers’ choice of marketing channels—multinomial logit model.

Marketing Channels Parameters Odds Ratio Chance of Improvement
Age 0.580 36.69
Education 0.678 40.42
0-1 Area 0.037 353
Yield 0.999 49.99
Area 0.318 24.15
=2 Yield 0.999 49.98
Age 0.587 36.98
Education 0.663 39.88
2-3 Mobility 0.621 38.29
Yield 0.999 49.98
Awareness 2.263 69.36
Model Fitting Information
Model Fitting Criteria Likelihood Ratio Tests
Model —2Log Likelihood ~ Chi-Square df Sig.
Intercept Only 708.760
Final 546.513 162.247 27 0.000

Pseudo R-Square
McFadden 0.228

Table 8. Standardized Canonical Discriminant Function Coefficients for the choice of marketing channel.

Variable Function
1
Institutional support 0.897615
Yield 0.359001
Area 0.348232

3.5. Are Farmers Satisfied?

There are concerns about the economic viability and sustainability of traditional rice
varieties. One study reported that the yields of traditional and modern rice varieties do
not differ significantly [75], while another concluded that farmers rely on modern varieties
because of their higher yields [76]. Traditional landraces are often more resilient to trying
environmental conditions and produce more reliable yields across many situations than
modern varieties [76]. We evaluated the farmers’ satisfaction with probability of continuing
with traditional rice and this was calculated as a ‘satiety index” (Table 9).

Table 9. Percentage distribution of farmers according to satiety index.

Category Per Cent (N = 300)
>50 10
50-75 66.67
75-100 26.33
Grand total 100

Of the 300 survey respondents, only 10 per cent were dissatisfied with traditional rice
farming, while 26.33 were highly satisfied, which is a promising result for the sustainability
of traditional rice cultivation. Furthermore, we evaluated the possibility of improving the
satisfaction level using a multinomial logit model and calculated the odds ratio (Table 10).

The multinomial logit model showed that age, education, years of experience, mobil-
ity (access to the market), cultivated area and yield are significantly linked with farmer
satisfaction in the first tier. Improvement in any of these variables would improve the
satisfaction level of farmers in category I (dissatisfied) to category II (moderately satisfied).
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Education, cultivated area [77], years of experience and mobility (access to transport) were
the factors responsible for maximizing the farmers’ satisfaction, i.e., in the second tier.

Table 10. Odds ratio of the satiety index of farmers in traditional rice cultivation with tables.

Satiety Index Parameters Odds Ratio Chance of Improvement (%)
Age 0.418 29.49
Education 0.591 37.16
Years of experience 1.793 64.20
1=2 Mobility 0.709 41.49
Area 1.423 58.73
Yield 1.000 50.01
Age 0.476 3225
Education 0.812 44.81
2-3 Year of experience 1.469 59.49
Mobility 0.649 39.35
Area 1.420 58.67

Model Fitting Information
Model Fitting

Model Criteria Likelihood Ratio Tests
—2 Log Likelihood Chi-Square df Sig.
Intercept Only 708.760
Final 545.697 163.063 30 0.000
Pseudo R-Square
McFadden 0.229

3.6. Farmers’” Constraints

Table 11 summerises the constraints expressed by the traditional rice farmers. Most
of them (82%) do not rely on milling because they sell the rice as raw grains. Factors
including grain shape (length:width ratio) and hardness affect milling efficiency. Round
grains (raw) with low length:width ratios are difficult to break, while slender grains with
higher ratios are easy to break. The surface hardness of the brown rice kernel is a varietal
characteristic that determines the extent to which the grain can resist the forces applied
during milling. Lower surface hardness facilitates breakage during milling, thus reducing
milled rice recovery and quality [78]. High hulling percentages increase the recovery of
rice [79]. Traditional rice varieties are more prone to breakage during milling and low
hulling percentages than modern varieties, which reduces their commercial value and
deters wholesalers from procuring traditional rice. Farmers who try to market traditional
rice alone are aware of this drawback. Subsequently, traditional rice sold to wholesalers is
mixed with other (modern) rice and sold under brand names that do not identify the rice
varieties. Most urban consumers buy this type of rice.

Table 11. Constraints faced by the respondents.

S1 No. Constraints Mean Score Rank
1 Shortage of skilled labour 64.64 1
2 Delay in payment 54.72 2
3 Shortage of water/rain 53.48 3
4 Lack of institutional support 53.09 4
5 Low productivity of labour 48.89 5
6 Transportation facility 47.53 6
7 Neighbourhood practices 46.09 7
8 Lack of milling facility 43.93 8
9 Animal attack 39.87 9

82



Sustainability 2021, 13, 980

4. Conclusions

The drivers of agricultural sustainability in developing countries has been observed
to encompass a range of demographic, natural, socio-economic, political, institutional and
management factors [80]. Traditional rice cultivation could be a case study for sustainable
agriculture. It has lower costs of cultivation than modern varieties because traditional
varieties have evolved locally and have thrived for generations, resulting in fewer pest and
disease issues and the ability to withstand climatic variations. Their medicinal, nutritive
and safety values are considerable [23]. This study shows that in explicit terms traditional
rice cultivation is less costly, which is a point of further thought for their promotion on
larger scale in developing countries of a comparable situation.

The study supports the observation of [30] that farmers” decisions are influenced
to a large extent by socioeconomic factors and that holding size, education status and
yield influenced cultivation decisions. Because of the value of traditional varieties to
sustainable agriculture and on-farm conservation, innovative government support policies
are counselled to strengthen and sustain the traditional rice system. However, as [80] have
observed, government policies to promote the cultivation of traditional rice varieties in the
Western Ghats, by the promotion of on-farm conservation of crop genetic resources has
been ineffective, because of an absence of financial incentives and education as to how these
varieties satisfy their livelihood concerns, such as avoidance of risk, yield maximization,
input suitability, yield stability and tolerance to environmental stress and marketability.
The current study echoes those results in counselling educational extension activities by the
agricultural authorities [81]. It highlights the need for consistent and timely institutional
support in marketing.

Holding size and institutional support were the main factors governing the marketing
behaviour of farmers. These promoted them to look for profitable marketing avenues. Even
though traditional rice farming was not found to be cost-effective in implicit terms, it was
remunerative when imputed personal labour and owned land costs were not considered.
For the farmers involved in traditional rice cultivation, the strict economic validations
of these factors did not matter so much, as they held their farming as more of a cultural
heritage. The study also found that traditional farmers are ageing, have lower education
and use limited marketing channels. But still, the majority of them were satisfied with their
farm enterprise, which poses a positive note on sustainability. The reason for this might be
that most traditional rice growers were also traditional in nature. The concept of the relative
advantage in growing a potential high value crop seems to be lost on them and this is one
area where concentrated awareness generation is necessary, as many of the respondents of
the study said that they raised the traditional varieties only as a continuation of ancestral
practice. This reality prevails in other Asian rice cultivating countries which see an erosion
of young generation from rice farming, especially traditional rice farming. Thus, this
study calls for a continuing dialog between the extension, research and policy systems,
which should lead to the next generations being educated and supported in holding up the
intrinsic value of these heritage crops and their sustainability at a time of climate change.
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Abstract: The article aims to analyze the effect of training programs on the yield of smallholder
farmers. The empirical analysis employed a sample of data collected from a rice farming household
in the Mvomero district of Tanzania. The results indicate that the yield outcome among trained and
non-trained farmers with water access for irrigation was significantly more than double; however,
the yield difference between trained and non-trained farmers was insignificant in non-irrigated
plots. Our findings have policy implications for agricultural development in developing countries
where training programs alone may not be a panacea for smallholder farmers’ productivity im-
provement. Therefore, respective governments, policymakers, and other agricultural stakeholders,
should consider both farm and non-farm factors altogether, which may increase agricultural training
effectiveness to address the challenges of low yields.

Keywords: China-Africa cooperation; agricultural program; agricultural training; technology adoption

1. Introduction

The majority of the world’s poor and undernourished people live in rural areas of
developing countries. Often these people depend on agricultural activities for most of their
lives. Agriculture plays an important role, not only as a source of food and household
income, but also in contributing to economic development. In Tanzania, the agricultural
sector contributes about 27% of Gross Domestic Product (GDP) and 67% of total employ-
ment [1]. However, despite an average growth rate of 4.4%, the country’s agricultural
sector is still characterized by traditional agriculture and its methods that cannot bring real
change in contributing to more significant wealth creation and poverty reduction [2].

The low adoption of new agricultural technology may be linked to various factors,
such as new technology not being profitable in the farmers’ context, infrastructures that
are not supportive, lack of enough money to purchase technology (even if it is profitable),
or unwillingness of farmers to try due to risk it entails [3,4]. Still, the need for upscaling
agricultural technology in Tanzania can never be undervalued because technological
change is necessary for the development process [5]. The Tanzanian agricultural sector
needs to grow at an average growth rate of around 6 to 8% to play a significant role in
poverty reduction and increasing wealth [6,7].

The Tanzanian government’s strategy to bring about greater efficiency in the agri-
cultural sector includes strengthening various agricultural development strategies and
technical cooperation, with local and international development partners to increase aware-
ness and make technology easier to access. Tanzania is among the African countries that
benefited from constructing the Agricultural Technology Demonstration Center (ATDC)
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between 2009 and 2013. The ATDC is a Chinese-funded program to promote agricul-
tural technology and share Chinese farming experiences with Africa. Approximately
USD $130 million was funded through a China-Africa cooperation to facilitate the con-
struction of about 23 ATDCs across Africa to improve agricultural production and food
security in rural areas. The program benefited Tanzanians with one ATDC located at
Dakawa, which was constructed from 2009 to 2011, and cost about USD $6 million.

The demonstration, based on Chinese expert perspectives, implies doing on-station
comparison studies and pilot research, generally within the compound of ATDC, to present
how Chinese technology may perform in an African context [8]. In the initial trial of
experimental plots in the station, the rice yields with Chinese hybrids were four times
higher than that of local varieties [9]. However, the Chinese hybrid varieties were then
neither locally reproduced nor disseminated to farmers due to intellectual property rights,
seed regulation, and phytosanitary procedures [10]. Besides, experiment trials revealed that
Chinese farm technology alone could contribute 20% to 30% of productivity improvement
for the local rice varieties than traditional methods [11]. Thus, the actual rice technology
received by farmers from ATDC was limited to their recommended rice management
practices from seeding to harvesting, disseminated via training, and demonstration in
helping farmers improving rice productivity in Tanzania

Nevertheless, Tanzania has continued to increase agricultural production and reduce
food insecurity in recent years, but much more needs to be done. The country ranks second
in rice production in Eastern and Southern Africa after Madagascar, and in the country, rice
is the second staple food and commercial crop after maize. Nevertheless, rice productivity
in Tanzania is still unsatisfactory. While Senthilkumar [12] reported the rice yield gap as
high as 87%, the Food and Agriculture Organization of the united nations (FAO) statistic
data indicate that the rice yield per hectare is lower (1.6-2.7 MT/ha) because most of
the harvest is still dependent on rainfall during the growing season. In contrast to the
few areas available for irrigation schemes, higher average yields (5-6 MT/ha) have been
found [13]. Yet, nearly 71% of produced rice within the country relies on rainfall cultivation
by smallholder farmers, constituting about 80% of the country’s farmers. These small
farmers usually cultivate an average of 0.2 to 3.0 hectares. However, they are experiencing
weather variability while facing limited long-term strategies and investment in agricultural
production due to the lack of financial capacity of the farming households. They therefore
continue to experience limited technology that prevents them from achieving high yields.

Many farmers nowadays still relying on traditional methods that may be ineffective
for rice production, and, thus, they continue to be small-scale producers, mostly to feed
their families, and what remains is sold to generate income. However, improving rice
production remains the government priority in the rice industry strategy, by which Tanzania
is visioning to become a significant rice exporter in Africa. Achieving rice production
growth is an essential requirement that necessitates the technology transfer process and
smallholder farmers’ adoption of rice yield increasing technology. However, researchers
have shown that under the best condition, potential rice yields in Tanzania range from 4 to
6 MT/ha for uplands and 6 to 10 MT/ha for lowlands irrigated ecosystems of cultivation.
Still, these levels of harvests always depend on the type of rice varieties and the level of
management practices [13]. Therefore, agricultural training and advice are essential in
enabling rice producers to realize potential productivity by giving them the proper tools,
knowledge, and skills necessary.

To date, several national and international partners have been collaborating with
the government to address this issue of low rice productivity of smallholder farmers in
Tanzania. Agricultural training on rice cultivation practices has reached farmers through
various extension services, such as village extension services under the district govern-
ment office, the ministry of agriculture, agricultural research, training institutions, and
Non-Governmental Organizations (NGOs). The field extension services are based on per-
sonal or group visits, scheduled farmers meetings, the use of key farmers (model farmer),
farm demonstration plots, and lately, information and communications technology (ICT)

88



Sustainability 2021, 13, 1527

application. It is argued that, in comparison to conventional farmers’ practices, with a
set of good agricultural practices (GAP) in a participatory farm trial in 2013 and 2014,
concerning growing seasons in representative irrigated and rainfed fields of Kilombero
valley in Tanzania, farmers achieved a yield increase of 1 MT/ha in 2013 and 2.7 MT/ha
in 2014 when farmers followed these rice cultivation practices. However, under rainfed
conditions, the GAP impact on yield was not significant [12].

A five-year household-level panel data from 2008 to 2012 in Tanzania’s Ilonga irriga-
tion scheme supports the finding that technology adoption increases immediately after
training. Furthermore, non-trained farmers may catch up belatedly. In the case of technolo-
gies disseminated by Japan International Cooperation Agency (JICA) through project for
supporting rice industry development in Tanzania (TANRICE) training, the paddy yield of
the key farmers increased from 3.1 to 5.3 MT/ha, while ordinary farmers’ yield increased
from 2.6 to 3.7 MT/ha (Nakano et al., 2018). Such findings indicate the effectiveness of
training programs to increase the productivity of smallholder farmers.

Nevertheless, while literature considered the low adoption rate of high-yielding
technology, and inputs (such as fertilizer) as barriers to a “Green Revolution” in sub-
Saharan Africa [14-16], the impact of ATDC on farmers’ yield has not been evaluated
empirically to bring insight into whether international agricultural technical assistance
through the establishment of ATDCs may be an effective way to overcome these obstacles.
At times, technology transfer is characterized by significant reticence and environmental
sensitivity—this is worth considering for international agriculture technology transfer [17].
For instance, backward areas may require adaptive investments in the process of technology
introduction and transfer to suit local agricultural production conditions. As such, this
study is designed to understand the effectiveness of training, by the Chinese Agricultural
Technology Demonstration Center, to improve yields of smallholder farmers in Tanzania.

Tanzania’s farmers have benefited from training and demonstration program on rice
cultivation technologies provided by the Chinese Agricultural Technology Demonstration
Center (ATDC) since 2011. The ATDC program aimed to improve food security in recipi-
ent countries by transferring Chinese technology via demonstration in farms, extension,
and training from Chinese experts [18]. However, little is known regarding the effect of
ATDC training in addressing the productivity of communities that participated in the
projects. Previous studies on ATDC have focused on the concept of establishment of ATDC,
situation, performance, and challenges, but the farmers’ side, as beneficiaries, required
further investigation [8,10,19-24]. Thus, understand the impact of the ATDC program on
beneficiaries yield improvement may assist with setting priorities, provide feedback to
research programs, and guide policymakers and stakeholders involved in the process of
technology transfer.

This study, therefore, utilizes representative household data collected in 2019 to
contribute to the literature in two ways. First, it tests whether the farmer’s access to
agricultural training will enhance the agricultural productivity of small farmers. Second,
this paper examines the main factors that can encourage participation in agricultural
training and the improvement of farm yield among rice farmers.

The rest of this paper is organized as follows. Section 2 is about material and methods
used, which introduce the Tanzania ATDC program in brief, methodology, and data used
in this study. Section 3 presents estimation results on the participation of smallholder
farmers in agricultural training programs, factors affecting yields among trained and
non-trained farmers, training impact on technology adoption and rice yields of farmers,
and the spillover effect of training programs. Section 4 concludes this study with some
policy implications.

2. Materials and Methods
2.1. The Tanzania ATDC Program in Brief

The construction of Agricultural Technology Demonstration Center (ATDC) was ini-
tially announced in November 2006 at the Beijing Summit of China—Africa Cooperation,
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as a model for delivering agricultural aid. The criteria for establishing ATDC were based
on the preliminary request from the government of a host country, comments from the
Chinese embassy in a host country on the feasibility of the project, and tradition of co-
operation between China and a host country. Tanzania followed the procedures and the
protocols signed between China and Tanzania, one year after the summit, followed by the
construction stage from 2009 to 2011. The ATDC was constructed in the Mvomero district in
Dakawa, near the Tanzania Agriculture Research Institute (TARI-Cholima). The total area
of ATDC is 62 ha, which includes three sections: office and training area (2 ha), experiment
and display area (10 ha), and production and demonstration area (50 ha) with irrigation
infrastructure. The overseer of the Chinese ATDC in Tanzania is a Chinese enterprise
(Chonggqing Sino-Tanzania Agricultural Development Co. Ltd., Chonggqing, China) and
the Chongqing Academy of Agricultural Sciences in China, with the cooperation of the
Tanzanian Ministry of Agriculture, Food Security, and Cooperatives (MAFC). The primary
function of ATDC includes the research experiment of improved cultivars (hybrid and
conventional rice, maize, horticulture, and banana) and techniques, training, and demon-
stration of the technology. However, ATDC in Dakawa has focused on rice, with various
trials and demonstrations of the ten different hybrid rice cultivars from the Chonggqing
Academy of Agricultural Sciences, but also promotes agro-mechanization tools from China.
China dispatched the modern agricultural equipment, including tractors, hollows, plows,
rice harvesters, to be used in training and demonstration activities, to stimulate the interests
of farmers to purchase similar products in the future.

The establishment of the Chinese Agricultural Technology Demonstration Center
program in Tanzania may be summarized in three stages: the construction stage, technical
cooperation, and business operation stage. The construction stage refers to the establish-
ment of ATDC, held for two years (2009-2011) in Tanzania. The technical cooperation stage
followed from 2011, after the establishment of ATDC. In the technical cooperation phase,
the center began to implement the primary function of the center, which took place in
three years. The ATDC training involved a combination of classroom, on-site, and video
teaching, which aimed to spread modern agricultural knowledge on the use of new vari-
eties and apply new technologies. The skills covered in the rice-training program include
sowing and paddy seed preparation, leveling and water lodging prevention, nursery care,
transplanting techniques, management of the soil nutrients, and fertilizer application. In
the business stage, which is also known as the sustainable development phase, ATDC is
required to establish a market-oriented operation and integrated agribusiness value chain
to support ATDC operations without Chinese government grants. Currently, the ATDC in
Tanzania is in a business stage that may take up to 12 years. In the technical cooperation
and sustainable development phase, local farmers living in nearby villages have been
organized for training in the center, particularly in sowing and harvesting seasons.

2.2. Modeling the Yield Effect of ATDC Training Program

The primary purpose of this paper is to assess the rice yield effect of the ATDC
training program in a quasi-experimental setting using a cross-sectional dataset collected
in Tanzania. The main challenge of quantifying the impact of a program, such as ATDC, is
that we observe only what happens to beneficiaries who receive the training program; we
do not observe what would happen to the same farmers if they did not receive training
from ATDC. Alternatively, the program would have been introduced in a randomized
control design setting, where communities and households are randomly selected to receive
the treatments (ATDC training program), where some would receive, and the rest would
not. The households benefited from ATDC training were known as treated households;
while the rest were known as control /untreated households. Apart from a randomized
evaluation design, the study would apply a regression discontinuity design that requires
a cut-line/threshold separating treated households and untreated households. However,
a challenge that would arise is selection bias when treated households differ in some
systematic way from untreated households, which would imply that those who choose to
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participate in ATDC training projects are already more likely to have better outcomes for
reasons entirely other than their participation in the program. The randomization process
would be suitable for internal validity as it could eliminate the validity threat of selection
bias [25]. Thus, our ability to make a statement about the yield effect of the ATDC training
program rests on how well we can address these main challenges of impact studies.

The method applied in this paper needs to address several issues given program
intervention. First, we realize during the survey that the training program was dissemi-
nated to villages closer to ATDC without random distribution. Second, the ATDC model
is based on farmers’ invitation to the ATDC, to access training from Chinese experts, yet
the farming households who participated in the Tanzania ATDC program were not ran-
domly selected from the village population. Third, there were no precise quantitative or
qualitative mechanisms used in the selection of farming households that participated in the
training program. These factors may bring a challenge of disentangling the yield impact of
the ATDC program using our observational data. Yet, they make it feasible not to apply
a randomized evaluation design and a regression discontinuity design in our evaluation
analysis. Following Shiferaw et al. [26], when treatment groups are not randomly assigned
during an intervention, the yield impact is likely to be influenced both by unobservable
and observable heterogeneity, which leads to invalid estimation. Thus, we adopted proce-
dures of a matching method based on the inverse probability weighted regression adjusted
(IPWRA) technique, as applied by various impact evaluation studies [26-29].

In IPWRA application, we understand that it can only address self-selection bias due
to observable variables, but not estimation bias due to unobservable variables, such as
land quality and farmer capacity, which are common omitted variables in agricultural
productivity studies. Nevertheless, the instrumental variable method’s implementation,
such as endogenous switching regression as an alternative approach, faces minimal data
problems to be feasible, while disentangling the ATDC program’s effects against others
remain important in this paper. The farmer’s distance to the ATDC is an important factor
determining whether the farmer participates in the training program or not, which means
that the instrumental variables’ correlation condition is satisfied. Since the location where
the ATDC was constructed is not affected by the individual characteristics, the distance to
the ATDC does not affect the farmer’s productivity through any other channel than farmer
training participation, satisfying the exogeneity condition of the instrumental variable.
However, the distance to different trainings, particularly in farmers who participated in
only other programs, is missing in our data. Thus, it may be feasible to use the distance to
the ATDC from the farmer as an instrumental variable for whether or not to participate in
the ATDC project, but not in other non-ATDC projects. As such, this analysis relies on the
IPWRA matching method.

The treated and untreated samples are matched to estimate the average difference
between outcome yields by observable characteristics in the matching approach. Here, the
IPWRA implicitly compares every unit to every other, while placing higher weights on
observations with a similar likelihood of being treated or untreated, and lower weights
on dissimilar observations [28]. On the other hand, we have assumed that households
who participated in the ATDC program faced the binary choices (1 = adopt improved rice
cultivation practices that improve farm yield, 0 = otherwise). However, the decision an
individual household takes depends on certain factor/characteristic/technology attributes.
Thus, reconstructing the valid counterfactuals is essential for determining the unbiased
causal effects of the training program. The selected households for comparison should
have the same characteristics, apart from participation in the ATDC training program,
so that observed rice yield differences may be estimated as the yield impact of ATDC,
not otherwise.

The advantage of the IPWRA model facilitates the estimation of yield outcome for
each farmer twice. First, from the perspective of the weighted probability of being treated,
second, from the weighted probability of being in the untreated group. After that, the
average yield for treated and untreated households is calculated as the difference between
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the two averages. On the other hand, IPWRA is chosen for this study because it estimates
unbiased treatment effects, even when we experience confounding effects, but it also pro-
vides a consistent estimator in the presence of misspecification in the treatment or outcome
model, but not both [29-31]. The double-robust property of the IP'WRA estimator ensures
consistent results as the method allows the outcome and the treatment model to account
for misspecification in the estimation of average treatment effect for the treated (ATT).

In IPWRA, the ATT is estimated following the two steps: using linear regression and
probit regression [29,32]. A probit model predicts the participation of households in the
ATDC training program, and linear regression estimates the effects of covariates on yield
per acre of the individual household. Under the assumption that the outcome model is in
linear regression function: Y; = B; + a;x; + ¢; for i = [0,1] and propensity score: P(x; 7).
The IPWRA necessitates all covariates that affect training participation to be specified in
the treatment model, while covariates that affect the rice yield are also specified in the
outcome model, for both treated households and untreated households. In our analysis, the
households and farms covariates were used, but also, we added extension and technology
adoption variables in outcome equations to estimates their effects between treated and
control groups. Since beneficiaries were not randomly selected during ATDC intervention,
IPWRA resolve the problem by weighting regressions where the weights are derived from
inverse propensity score [28]. In the first step, the propensity score estimated as P(x; §)
using probit regression, and followed by linear regression to estimate (B, ap) and (B1,a1)
using inverse probability weighted least square as given below:

min ZIN Y; — Bo + aox;/P(x,§) if T; = 0 (Outcome model for untreated households) (1)

Bosxo

min ZIN Y; — B1 + a1x;/P(x,4) if T; = 1 (Outcome model for treated households) (2)

P11

The estimator of ATT is the difference of Equations (1) and (2) as shown in Equation (3)
ATT = — Y [(Bi — Bo) — (&1 — &o)xi] C)

where: (ﬁl, #7) and (BO, &) are estimated inverse probability-weighted parameters for
treated households and untreated households, respectively. (N) stands for the total
number of treated households.

2.3. Study Data

The data used in this study were collected from October to December 2019 from the
household survey in the Mvomero district of the Morogoro region of Tanzania. Rice and
maize are the main crops grown in this area. The study took place in two stages. First, a
preliminary survey was conducted to understanding the rice production characteristics
and training conditions in the study area. Consultations were conducted with different
stakeholders, including agricultural officials from Mvomero district, extension officers, and
workers working directly with farmers from ATDC and TARI-Cholima.

We began by including all five villages that benefited from ATDC training programs
from 2011 to 2019 to collect village preliminary information. The preliminary findings
were used to shortlist 28 villages out of 125 villages. The nine untreated villages were
randomly selected, by which four untreated villages are close to treated villages while the
other five untreated villages are far away from the treated villages. Treated villages were
not randomly selected; instead, we include all villages by which the ATDC rice-training
program was implemented. This study classified treated villages as any village in the ATDC
training program, while untreated villages are vice versa. In the treated village, about
40 treated rice farmers (participated in ATDC’s program) and 20 untreated farmers (did
not participate in ATDC’s program) were randomly sampled from village farm household
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information, while in untreated villages, 30 rice farmers were randomly selected. Finally,
we end up surveying 469 households from 14 villages using structured questionnaires.
The data were collected from rice farm households through face-to-face interviews
by our trained enumerators, familiar with rice farming systems and who speak a local
language. The study covered various information include household characteristics, rice
cultivation practices, rice farm characteristics, and agricultural training information.

3. Empirical Results
3.1. Farmers Participation in Training Programs

From our data, it was revealed that rice farmers in the study area had undertaken
various rice farming training programs between 2011 and 2019, as shown in Figure 1.
However, in 2011, 2013, 2014, and 2016, farmers participated more in the ATDC training
program, followed by other programs. In 2017-2019, most farmers were more involved in
the Ripoma/Helvetas project, with participation in ATDC training decreasing in 2019 due
to a lack of operating funds. Thus, our study has considered that various projects have been
in place in the study area. Therefore, to fulfill the purpose of this study, we classified our
analysis into four groups: (1) farmers who attended the ATDC training program only (here
after refer as ATDC only/ATDC), (2) farmers who participated in all other training pro-
grams that excluded ATDC (here after refer as other only/non-ATDC/Other), (3) farmers
who participated in both training programs, that is ATDC and non-ATDC (here after refer
as ATDC and Other), and (4) farmers who did not attend any agricultural training programs
(here after refer as non-trained /control). The distribution of the sample, according to these
groups, indicates that 70% of the sample population (ATDC only (7%), ATDC and Other
(21%), and Other only (42%)) had at least attended agricultural training, while 30% did not
attend any agricultural training program. Information about the distribution of farmers in
different training programs in treated and non-treated villages is available in Appendix A
Table A1, which indicates that about 27.3% of farmers in our sample population attended
the ATDC training program in treated villages. In comparison, 72.7% did not attend the
ATDC program in treated villages, while 45.4% of farmers from our sample population
were drawn from non-treated villages where the ATDC program was not implemented.

Rice training programs

B ATDC

B FAO & IRRI
Ripoma/Helvetas
JAICA

B USAID/NAFAKA

M Tanzania Agric. Research Institutes
(TARI)

W Village extension officers

B Agricultural University/ College

2013 2014 2015

Year

2016 2017 2018 2019

W Other NGO /institution

Figure 1. Participation of farmers in rice training programs between 2011 and 2019 in study area. Note: The abbreviations
of training programs in Figure 1 are defined—ATDC (Agricultural Technology Demonstration Center); FAO (Food and

Agriculture Organization of the united nations); IRRI (International Rice Research Institute); Ripoma/Helvetas (Rice Post-
harvest Management and Marketing project implemented by Helvetas); JAICA (Japan International Cooperation Agency);
USAID/NAFAKA (Feed the Future Tanzania-Nafaka program implemented by USAID); TARI (Tanzania Agricultural
Research Institute); Other NGO/ institution (government and non-government organizations and institutions not listed).
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3.2. Rice Farming Households Characteristics

The characteristics of the surveyed households are presented in Table 1. Results of
summary statistics were tested whether there was a significant difference between the pair
of means between trained farmers and non-trained /control farmers. Data indicate that
the farmers groups that participated in the training programs (ATDC only, ATDC and
Other, Other only, all trained) are comparable against non-trained households, mainly in
terms of household and farm characteristics. However, there are significant differences
in the association memberships of farming households, access to credit, farm sizes, dis-
tance from farm to agro-dealers, distance from household to ATDC, and extension and
adoption characteristics.

Table 1. Characteristics of surveyed households.

Mean Trained Farmers

Mean

Characteristics .
All Trained ~ ATDC ~ ATDCand Other  Other Non-Trained
Household characteristics
Household size 4.810 5.313 5122 4.574 4711
Rice experience of household head (year) 16.067 19.094 16.980 15.122 15.585
Rice experience of spouse (year) 13.947 16.208 15.361 12.965 13.018
Spouse education (year) 7.076 6.875 7.143 7.076 6.754
Household head education (year) 7.410 6.688 7.347 7.558 7.465
Age of spouse (year) 40.099 39.200 43.016 38.979 39.698
Age of household head (year) 47.171 50.906 48.694 45.807 47.099
Association membership (1 = yes) 0.700 *** 0.594 0.745 *** 0.695 *** 0.401
Access to credit (1 = yes) 0.471 *** 0.281 0.510 *** 0.482 *** 0.275
From household to ATDC 19.559 *** 13.000 *** 13.311 % 23.732 24.761
(distance in km)
Farm characteristics
Average acres cultivated rice in 2019 3.295 4.992 3.525 2.905 3.889
Cultivated rice land (acre) in 2019 1.818* 2.734 1.561 1.797 2.829
(direct seedling)
Cultivated .rice land (acre) in 2019 1471 * 2058 % 1.944 ** 1108 1.060
(transplanting)
Share of transplanting (acre) in 2019 0.487* 0.479 0.544 * 0.460 0.405
Access to water for irrigation (1 = yes) 0.609 0.594 0.561 0.635 0.500
Share of Irrigated rice farm (acres) 0.378 0.323 0.403 0.374 0.325
Irrigated rice farm (acres) 1.295 1.758 1.709 * 1.014 0.990
Non-irrigated rice farm (acres) 2.087 * 3.563 1.875 1.953 3.039
Total own land (acres) 6.152 10916 * 6.148 5.380 6.029
Paddy field own (acres) 2.689 4.328 2977 2.280 3.234
From farm to agro-dealer 3.595 * 4344 3.064 3.737 4432
(distance in km)
Extension and Adoption Characteristics

Access to farm inputs (1 = yes) 0.884 *** 0.906 ** 0.878 *** 0.883 *** 0.704
Agricultural advice in right time (1 = yes) 0.832 *** 0.844 *** 0.857 *** 0.817 *** 0.549
Access to any extension advice (1 = yes) 0.878 *** 0.813 0.888 *** 0.883 *** 0.641
Use water in seed selection (1 = yes) 0.676 *** 0.625 0.694 *** 0.675 *** 0.423
Seed pre-germination (1 = yes) 0.688 *** 0.625 0.684 *** 0.701 *** 0.465
Use of seedling bed (1 = yes) 0.740 *** 0.688 0.735 *** 0.751 *** 0.542
Land hallowing and levelling (1 = yes) 0.810 *** 0.875 ** 0.816 *** 0.797 *** 0.613
Transplanting by standardized 0.654 * 0.688 0.612 0.670 % 0.465
spacing (1 = yes)
Agrochemical usage (frequency) 1.454 1.393 1.337 1.526 1.323
Base fertilizer application (1 = yes) 0.364 *** 0.406 ** 0.398 *** 0.340 *** 0.162
(Tloz‘;r::)smg fertilizer application 0.657 *** 0.656 0.663 ** 0.655 * 0.500
Rice yield (kg/acre) 1337.372 ** 1405.382 1387.540 1301.368 1088.851
Participation (N = 469) 0.697 0.069 0.208 0.420 0.303

Note: Bonferroni multiple-comparison test *** p < 0.01, ** p < 0.05, * p < 0.1.
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Household characteristics indicate no significant mean differences between farmers
who attended ATDC only training and non-trained farmers. The results suggest that
these two groups have similar characteristics in terms of household size, rice-farming
experiences, years of education, age, association membership, and credit access. With the
mean of all trained farmers, those who participated in both projects (ATDC and Other),
and Other only, the association membership, and access to credit are significantly different
from a non-trained group. It suggests that households who participated in non-ATDC
programs (ATDC and Other, Other only) had much higher access to credit and affiliation
membership in farming-based organization than those of non-trained households and
ATDC only. Likewise, a mean distance from farmer households to ATDC was significantly
smaller in those who participated in the ATDC program (ATDC only, and ATDC and
Other), indicating they lived near ATDC.

In rice farming characteristics, there was no significant mean difference in acres of
cultivated rice in 2019 among training groups. However, the share of transplanting acres
was significantly higher in families participating in all training programs, particularly
in ATDC and Other. The direct-seedling planted acres (broadcasting method) in the
average of all trained households was significantly lower than non-trained families, with
no significant difference within each trained group (ATDC only, ATDC and Other, and
Other only). The mean transplanted acres were significantly high in all trained households,
especially those who attended ATDC training programs (ATDC only, ATDC and Other),
while the differences were not observed between other only and non-trained households.
On the other hand, households who participated in ATDC and non-ATDC training (ATDC
and Other) had a significantly larger size of irrigated farms than non-trained families, but
the share differences of irrigated farm acres were not significant among training groups.

In contrast, Table 1 shows the mean differences of irrigation farms between the trained
and non-trained households are insignificant with ATDC only, Other only, and the mean
of all trained families. Among household groups, the access to water for irrigation is
insignificantly different, implying that all farmers in irrigation areas have equal access
to water for irrigation. However, characteristics of farming and training of surveyed
households, based on access to water for irrigation (see Appendix A Table A2), suggest
that farmers with access to water for irrigation have significantly high mean irrigation
farms than others. These farmers with significant mean irrigation farms in Appendix A
Table A2 probably imply their access to well-established irrigation schemes, in which water
availability is guaranteed because irrigation facilities are well furnished. Nevertheless,
Table 1 presents that the farm size of non-irrigated rice in all trained households is smaller
than a non-trained group; however, the difference is not significant among groups (ATDC
only, ATDC and Other, Other only). Moreover, there are no significant differences between
trained and non-trained households in terms of their land allocated in paddy production
rather than in terms of total farmland owned by a farmer, where the mean difference is
more significant for households that attended only ATDC training. In the case of average
distances from farm to agro-dealers, the trained farmers are closer to agro-dealers than
non-trained farmers; however, those differences are not significant among trained groups.

Concerning extension and adoption behavior, our data indicate significant differences
between the trained and non-trained groups except in the frequency of applying agro-
chemicals. Access to farm inputs and agricultural advice at the right time of needs is more
significant in trained households than non-trained households. The mean difference is
not significant between farmers who participated only in ATDC training and non-trained
groups in terms of accessing any extension advice, water practice in seed selection, seed
pre-germination, use of seedling beds, and standardized transplanting. However, a consid-
erable difference was observed in farmers who participated in both programs (ATDC and
Other). On the other hand, the adoption of land hallowing and leveling, and base fertilizer
application was more significant among trained households, including those who attended
ATDC programs (ATDC only, ATDC and Other); topdressing fertilizer application was
more substantial in those farmers who attended ATDC and Other. Moreover, the average
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yield of rice farmers who participated in the training (ATDC only, ATDC and Other, Other
only) was higher than non-trained households, but not significantly different. Still, a signif-
icant mean yield difference is observed between trained farmers and non-trained farmers,
suggesting that the trained households gained more yield than non-trained households.

In general, Table 1 indicates that training programs (includes ATDC) work because
farmers use more technology/practices as suggested and obtained a high yield (check
the third section of Table 1). On the other hand, the farmers who participated in training
programs are like those who did not (Section 1), and their farms are not very different from
those who did not participate in the training program (Section 2). Therefore, Table 1 may
suggest that ATDC contributed to productivity growth, such as other training programs,
and there are no vast differences between ATDC/other training programs.

3.3. Participation of Smallholder Farmers in Agricultural Training Programs

Table 2 presents farmers’ participation results in agricultural training programs. The
results show that the farmers’ participation in the training program is likely to be influenced
significantly by factors, such as education years of the household head, sex, size of farmland
owned by farmers, distance from household to the training center (ATDC), association
membership, access to extension advice, credit, and irrigation farm.

Table 2. Participation model results of inverse probability weighted regression adjusted (IPWRA) analysis.

Variables ATDC ATDC and Other Other All
Household size 0.0816 0.0636 —0.0257 0.0160
(0.0661) (0.0607) (0.0453) (0.0401)
Household head education (year) —0.1360 ** —0.0090 0.0041 —0.0121
(0.0565) (0.0365) (0.0311) (0.0274)
Rice experience of household head (year) 0.0112 0.0006 —0.0030 —0.0032
(0.0116) (0.0101) (0.0071) (0.0064)
Sex of household head (1 = male) —0.5130 —0.8290 *** —0.5650 *** —0.6470 ***
(0.3460) (0.2250) (0.1870) (0.1610)
From farm to agro-dealer (distance in km) 0.0063 —0.0051 —0.0150 —0.0133
(0.0204) (0.0241) (0.0128) (0.0123)
From household to ATDC (distance in km) —0.0355 *** —0.0409 ***
(0.0137) (0.0076)
Access to farm inputs (1 = yes) 0.2490 0.1240 0.3050 0.2860
(0.4100) (0.2770) (0.2160) (0.1840)
Access to any extension advice (1 = yes) 0.7070 ** 0.8520 *** 0.5930 *** 0.6050 ***
(0.3140) (0.2870) (0.1900) (0.1660)
Agricultural advice in right time (1 = yes) 0.9010 *** 0.7630 *** 0.3850 * 0.4840 ***
(0.3460) (0.2610) (0.1970) (0.1680)
Association membership (1 = yes) 0.1380 0.6260 ** 0.5050 *** 0.5020 ***
(0.3650) (0.2630) (0.1870) (0.1630)
Access to credit (1 = yes) —0.5980 * 0.1060 0.1940 0.0654
(0.3550) (0.2500) (0.1840) (0.1620)
Access to water for irrigation (1 = yes) 0.0950 —0.3190 0.2920 0.0299
(0.3330) (0.2350) (0.1920) (0.1620)
Irrigated rice farm (acres) 0.0004 —0.0330 —0.1210 ** —0.0158
(0.0867) (0.0513) (0.0611) (0.0391)
Non-irrigated rice farm (acres) 0.0056 —0.1140 * —0.0090 —0.0215
(0.0439) (0.0627) (0.0318) (0.0296)
Total own land(acres) 0.0263 ** 0.0254 0.0264 * 0.0202
(0.0113) (0.0280) (0.0138) (0.0130)
Paddy field own (acres) —0.0343 0.0189 —0.0423 —0.0147
(0.0479) (0.0439) (0.0312) (0.0310)
Constant —0.9170 —0.5870 —0.5540 —0.2630
(0.6830) (0.5620) (0.4120) (0.3640)
Observations 174 238 341 469

Note: *** p < 0.01, ** p < 0.05, * p < 0.1, Standard errors in parentheses.
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The results indicate that access to any extension advice and timely access to agri-
cultural advice would increase participation by more than half in the ATDC program,
which suggests that a closer relationship between farmers and local extension is essential
for the success of the agricultural program. The access to any extension advice would
increase farmers’ participation in ATDC only program by 70.7% and 85.2% in the ATDC
and Other program, while other only programs would rise to 59.3%, which would make
the average participation in all training programs increased by 60.5%. Likewise, the access
to extension advice in the right time of needs would increase farmers’ participation by
90.1% in ATDC only program, 76.3% in ATDC and Other program, and 38.5% for the
non-ATDC programs (Other only), which would count the average participation of 48.4%
in all training programs implemented in the local area. On the other hand, farmers’ farms
would positively influence participation in training programs, indicating that a one-acre
increase in total owned land is associated with participation increase by 2.6% and 2.6% in
the ATDC only program and other only programs, respectively, implying that farmers with
their lands participate more in agricultural training programs than otherwise.

Moreover, the membership of farmers in an association/group would increase par-
ticipation by 62.6% in the ATDC and Other training program, while non-ATDC training
programs (other only) increases by 50.5%. The result may also indicate that most non-ATDC
training programs are disseminated via farmers’ association/groups; therefore, being a
member would increase the chance of benefiting from these training programs. This is
different from the ATDC program, where the membership factor does not significantly
influence farmer participation, which means being an association member is not a matter
for ATDC participation. This finding may suggest that both farmers, members, and non-
members in the group/association participated in ATDC training programs; however, the
membership of farmers in association significantly affects the rice yield of trained farmers
in the ATDC only program positively.

Factors, such as distance from household to the training center (ATDC), the sex and
education years of the household head, credit, and whether the farmer has access to irriga-
tion farms, would significantly decrease farmers’ probability of participating in the training
program. Results indicate that an increase of one kilometer from household to training
center (ATDC) would reduce the likelihood of farmers participating in the ATDC only pro-
gram by 3.6%, and 4.1% for those who participated in ATDC and Other, which implies that
transportation to help bring farmers to the training center during training seasons would
increase the farmers’ participation in the ATDC training program. On the other hand, the
increase in the academic year of the household head would decrease the likelihood of
training participation by 13.6% in the ATDC program, only because most farmers in the
study area have relative basic education and, therefore, those with higher education are
likely to engage in non-farm activities. While the sex of the household head (i.e., whether
the head is male) would reduce the probability of participating in the ATDC and Other
program by 82.9%, other only programs by 56.5%, and all training programs by 64.7%; it
suggests that training participation favored women than men. Therefore, women have
a higher likelihood of participating in agricultural training programs than men, because
women comprise the majority of the labor force in the Tanzania agricultural sector [33].

The access to credit would reduce the probability of participating in ATDC only
program by 59.8%, which suggests that most farmers who attended ATDC only program
had limited access to credit, which negatively affected the yield of trained farmers in the
ATDC only program. The remedy of access to credit would improve farmers’ participation
in agricultural training programs and yield. Then again, an increase in an acre of irrigated
rice farms would reduce farmers’ participation in other only programs by 12.1%, while
an increase in non-irrigated rice farms would reduce farmers’ participation in ATDC
and Other programs by 11.4%. These negative results have an important implication
that participation in the non-ATDC program (other only) favors more farmers with non-
irrigation farms because they have little access to irrigation farms; however, participation
in ATDC and non-ATDC programs (ATDC and Other) favors more farmers with irrigation
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farms. Nevertheless, Table 2 reveals that those who participated in ATDC were not far
from ATDC, while those who participated in other training programs were association
members. Yet, farmers with more land, access to any extension advice, and agricultural
advice at the right time were more likely to participate in ATDC and other programs.

3.4. Factors Affecting Yields among Trained and Non-Trained Smallholder Farmers

The IPWRA results in Table 3 indicate significant factors that negatively or positively
influenced the mean yield outcome among trained (OME1) and non-trained smallholder
farmers (OMEDO). Factors that negatively affected rice yield include household head ed-
ucation and rice farming experiences, distance from farm to agro-dealers, and access to
farm input. Likewise, the membership of farmers in farming associations and farms owned
by farmers influence positively the rice yield of trained farmers participating in ATDC
only programs. However, farm size allocated to rice farming influences yields negatively,
pointing out that land resources were not optimally utilized in Mvomero, Tanzania.

Table 3. Outcome model results of IPWRA Analysis.

. ATDC ATDC and Other Other All
Variables
OMEO OME1 OME0 OME1 OME0 OME1 OME0 OME1
Household size 24.04 76.62 44.47 ~12.80 11.81 —45.70 11.17 ~20.89
(39.51) (94.06) (42.46) (41.03) (39.62) (38.22) (43.05) (28.80)
Household head ~17.04 224 —9.79 ~13.30 ~16.61 —44.96* ~14.89 ~1751
education (year)
(23.32) (60.82) (24.50) (29.78) (20.45) (24.16) (21.56) (20.18)
Rice experience of
household head —1243* ~7.05 —1332% —891 —13.25 ** 0.85 —15.03 ** 0.57
(year)
(6.53) (25.87) (6.42) (7.16) (5.97) (5.75) (6.32) (5.07)
Sex of household 196.00 —732.50 * 203.90 360.20 *** 176.90 179.00 234.00 114.30
head (1 = male)
(157.70) (390.70) (163.80) (130.60) (156.60) (129.10) (157.80) (96.41)
From farm to
agro-dealer (distance ~ —11.13 150,50 *** —9.47 —21.29 1159  —40.85** —8.02  —2236*
in km)
(9.24) (36.28) (10.56) (26.18) (10.37) (9.42) (11.46) (10.08)
Access to farm 20930  —1323.00* —30550*  —292.30 —247.20 ~127.60 26380  —56.86
inputs (1 = yes)
(178.80) (587.30) (181.00) (252.30) (159.80) (167.00) (17120)  (136.10)
Access to any
extension advice -8.93 988.70 *** ~8350  —886.40**  —7539 —70.55 —13140  —243.10*
(1 =yes)
(138.80) (298.90) (144.70) (183.40) (152.10) (167.50) (160.60)  (143.40)
Agricultural advice
at the right time 103.10 —241.10 227.80 —202.40 227.10 180.40 268.90 164.20
(1=yes)
(167.00) (319.30) (184.20) (187.70) (167.30) (143.70) (179.50)  (118.20)
Association
membership ~177.70  1386.00**  —278.30 —291.50 ~219.00 31.29 —228.40 31.62
(1=yes)
(179.60) (298.10) (188.50) (210.50) (182.40) (143.00) (183.70)  (119.50)
Acc(elss: t}‘,’ecsr)ed“ 12600  —660.50*  190.50 202.20 94.08 88.74 127.70 —5.09
(172.20) (298.80) (170.30) (163.90) (158.00) (133.90) (155.60)  (101.80)
Access to water for
irrigation 390.00  —1421.00*  385.70 780.00 *** 374.20 258.20 347.00 158.90
(1 =yes)
(262.70) (599.90) (289.00) (251.10) (244.20) (212.70) (266.10)  (193.90)
Imgat(‘;cclrrels“; farm 439 260.30 69.86 ~129.10 14.38 143.10 * 0.24 137.30 *
(128.70) (283.20) (147.80) (114.40) (134.60) (73.58) (134.90) (78.15)
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Table 3. Cont.

. ATDC ATDC and Other Other All
Variables
OMEO OME1 OME0 OME1 OME0 OME1 OMEQ OME1
Non-irrigated rice 199 )gms 13890 —19880%*  —3277  —19530%* 2275 —~190.70**  —36.65
farm (acres)
(32.66) (200.60) (38.54) (75.87) (34.08) (132.10) (32.11) (78.71)
Total own —0.65 19.91 —0.46 —5.83 474 13.89 1.89 11.03*
land(acres)
(12.44) (16.62) (17.67) (28.80) (14.92) (14.15) (17.25) (6.25)
Padd(yag‘zlg own 86.59 %%  —28970**  93.40*** 14.78 89.01 ** —33.64 9837  —15.16
(26.94) (65.30) (32.40) (32.95) (28.05) (33.39) (25.83) (20.72)
Cultivated rice land
(acre) in 2019(direct  107.50 *** 182.50 88.97 ** 14720  91.54%* —55.24 80.40**  —16.61
seedling)
(21.46) (237.90) (30.73) (89.88) (23.75) (133.10) (22.13) (81.38)
Cultivated rice land
(acre) in 2019 ~79.00 234.50 ~175.20 177.20 —88.21 39.38 9426 —24.30
(transplanting)
(131.80) (222.80) (151.90) (117.90) (140.60) (78.72) (139.70) (79.06)
Usewaterinseed 59 ~186.80 30570  38140*  —198.20 50.94 ~196.50 111.10
selection (1 = yes)
(241.70) (415.40) (232.00) (161.20) (249.00) (216.20) (265.00)  (130.90)
Seed
pre-germination 277.60 956.60 ** 450.20 233.10 151.00 232.20 270.70 246.30
(1 =yes)
(314.40) (452.80) (325.70) (193.20) (354.70) (213.90) (352.00)  (149.80)
Use Off‘ie;lfsr)‘g bed 54750 388.10 38520  —40630*  367.30 12470 28340 19520
(287.50) (520.60) (317.80) (216.30) (302.70) (292.70) (307.90)  (193.30)
Land hallow and —65.13 —80.44 ~17.79 103.40 3223 421.70 ** 1735 28320
leveling (1 = yes)
(138.20) (327.00) (138.60) (168.50) (139.60) (133.90) (146.60)  (121.30)
Transplanting in
standardized 82.70 ~134.00 200.70 320.50 * 90.77 —252.30 85.91 ~170.80
spacing (1 = yes)
(237.40) (310.80) (248.90) (180.50) (254.50) (218.40) (266.50)  (155.50)
Agrochemical usage ) ) 1291 76.94 —34.01 110.10 60.03 100.40 11.62
(frequency)
(77.15) (137.80) (77.26) (86.26) (73.56) (65.31) (76.78) (53.98)
Base fertilizer 182.40 793.00 *** 308.30 397.60 ** 202.10 28410 * 27320 299.40 **
application (1 = yes)
(240.30) (254.90) (250.00) (159.60) (217.10) (151.40) (239.30)  (131.10)
Topdressing
fertilizer application ~ 134.60 187.70 65.10 211.40 167.80 401 197.70 182.30
(1 =yes)
(242.20) (463.50) (290.10) (245.80) (235.20) (164.40) (264.80)  (156.10)
Constant 812.20 ** 814.20 67630 *  1988.00 ***  900.80 ***  884.00*  879.10**  764.30 **
(343.30) (652.80) (361.20) (389.20) (312.60) (428.70) (335.10)  (305.70)
Program
(ATE)—trained vs. ~150.60 254.70 ** ~40.15 39.41
non-trained
(Kg/acre)
(290.00) (115.80) (96.95) (92.67)
Potential household
mean yield 1077.00 *** 1157.00 *** 1204.00 *** 1203.00 ***
(Kg/acre)
(77.24) (85.40) (74.59) (80.71)
Observations 174 174 238 238 341 341 469 469

Note: ***p < 0.01, ** p < 0.05, * p < 0.1, Standard errors in parentheses.
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The increase of household head education years seems to affect the rice yield of
trained farmers from other programs negatively. This result suggest that household head
engagement in rice farming jobs would shift to non-farm because farmers with high
education are more likely to engage in non-farm activities [34].

The sex of the household head, if male, affects negative the yield of participated farm-
ers in the ATDC only program, while favoring the yield of farmers participating in both
ATDC and Other program. It indicates that the rice yield of female-headed households
who participated in the ATDC training program was slightly higher than in male-headed
households, suggesting that women can perform better when accessing the training pro-
gram. However, access to productive resources is more critical, especially in the Tanzania
context, where women are more constrained in adopting and benefiting from irrigation
technologies compared to men [35]. This supports the significant coefficient of “sex of the
household head” in the ATDC and Other, as participants in this program have a substantial
share of irrigation farm (see Table 1). The FAO suggests that women are just as efficient as
men and would achieve the same yields if they had equal access to productive resources
and services; however, the limited access to resources may decrease women productivity,
up to 30% [36].

Rice farming experience of the household head significantly affected non-trained
farmers in either training program, which indicates that a one-year increase would reduce
productivity. This finding is inconsistent with other studies [37,38], which noted that
farming experience increases farmer technical efficiency and adoption of technology and,
therefore, improves farm yield. However, another study found that the awareness of
rice farming management practices was low, even among farmers with more farming
experiences; thus, they continued with conventional rice production that had lower yield
return [39]. In this case, our study’s findings may indicate that farming experience alone
is not enough to guarantee smallholder farmers’ production efficiency that can increase
significant productivity. Therefore, administering more agricultural training programs to
instill the right skills and knowledge are crucial for enhancing farming productivity.

The distance from farms to agro-dealers negatively influenced the rice yield of farmers
who participated in non-ATDC (other only) and all projects in general, which suggests an
increase in distance from farm to the agro-dealer would challenge trained farmers from
purchasing recommended farm inputs from agro-suppliers. However, distance from farm
to agro-dealers would not averse farmers participated in ATDC only program; still, access
to farm input would reduce the yield of trained farmers, suggesting that farm inputs may
not be accessible when needed at the right time of production, even if farmers are willing
to purchase. Thus, improving the accessibility of farm inputs at the right time and the
distribution of agro-dealers close to farms may play a significant role in facilitating the use
of improved farm inputs that may improve farm yields.

While supply chains can affect agricultural inputs accessibility, which may decrease
adoption of technology and rice yields, improving the availability of farm inputs, in
terms of distribution, transaction cost, and credit, may increase the possibility of attaining
potential yield. On the other hand, access to farm input may still affect yield negatively if
farmers face difficult access in acquiring inputs or inputs that are not delivered at the right
time due to poor infrastructure. This may complement the access to extension advice that
encourages farmers to acquire the right farm inputs, especially when the required inputs in
farm production are not clear to farmers. Following our results, we noted a positive relation
of access to any extension advice on rice yield of households in ATDC only programs;
however, the negative results were also noted to those who participated in both ATDC and
Other programs. The finding may likely suggest that extension advice from many sources
may likely mislead farmers and ultimately reduce their productivity. Thus, extension
advice and training should be more specific to farmers in order to guide them to the best
decision in inputs allocation and utilization. In contrast, other researchers [40-43] have
also noted the benefit of extension advice and training on adopting improved technology,
which may increase farmers’ productivity.
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Access to irrigated fields has significantly increased the rice yields of farmers trained in
non-ATDC (other only) programs and all training programs in general. Our results suggest
that there is a positive relationship between irrigated fields and rice yields. However, rice
cultivation in non-irrigated areas has significantly reduced the potential for high yields
for trained and untrained farmers in ATDC and non-ATDC programs. Farming in non-
irrigation areas means rainfed farming, whereby unpredictable rainfall usually affects
yield outcome. Similarly, limited access to water for irrigation has reduced yields for
some farmers who participated in ATDC programs only, while access to irrigation water
increases the rice yields of farmers trained at ATDC and Other. These results may indicate
that rice farming in non-irrigated farms, where water is not assured to approve better rice
farming practices, places farmers at risk of adopting the technology.

When the farming environment does not guarantee better results, if the farmer invests
in the best farming techniques, ultimately, trained and untrained farmers will continue
to use traditional practices, even after training programs, as evidenced in our results. A
positive relationship between yield and field size cultivated through direct seed, which is a
traditional practice, has been revealed among participants of the non-ATDC programs. It
shows that some farmers cultivate in non-irrigated areas (so not-transplanted), which may
suggest that technology adoption is sometimes constrained by factors beyond the farmers’
control, which needs further improvements for training to be practical.

Moreover, You [44] has noted the technology bias in agricultural research and devel-
opment (R&D) towards irrigated rice because most modern rice varieties are bred under
the irrigated conditions so that the rice seed would perform better with irrigation. Nev-
ertheless, the adoption of improved seed, fertilizer, and other improved technology in
irrigation farms will not work well independently. These technologies need to complement
each other because their combined effects are more than the sum of their individual effects.
Likewise, the benefit of access to an irrigation farm is like drought insurance, because with
irrigation, the farmer will be willing to invest in fertilizer and seed, and other technologies,
without fear of losing these pre-harvest investments in case of a drought. The argument is
also supported by our data, which indicate that the adoption of agricultural technologies
and rice yields are more significant among farmers with access to water for irrigation than
otherwise (see Appendix A Table A2). On the other hand, among farmers with limited
access to water for irrigation, there is no significant difference in yield between trained
and non-trained farmers, even if technology adoption is evidenced among trained farmers.
These results can provide micro-empirical evidence with important literature, such as the
theory of induced innovation and adaptive investment in technology transfer.

3.5. Impact of Training Programs on Technology Adoption and Yield of Smallholder Farmer

Results in Table 3 show that trained farmers groups adopted some technology, which
indicates that agricultural training programs may influence farm technology adoption and
improve smallholder farmers’ yield. For instance, the practice of seed selection by using
water significantly increased adopters’ rice yield by 381 kg/acre than those who did not
adopt among trained farmers in ATDC and Other programs, though it is insignificant for
ATDC only and Other only programs. This practice is the first crucial stage determining
the seed quality and so germination of the plant and productivity. It ensures a better seed,
which may result in a healthier seedling. Thus, the adoption of a seed selection procedure
by using water facilitate farmers to plant only the highest quality rice seed, which leads to
rice yield improvement. The finding is in line with International Rice Research Institute
(IRRI) [45], which noted that the selection of good quality seeds might improve germination
by more than 80% and increase the rice yield by 5-20%.

Seed pre-germination practice that improves seed establishment before sowing in-
creased the yield of trained farmers in the ATDC only program. It was revealed that the
yield of adopters significantly increased by 957 Kg/acre than non-adopters. This finding
supports other studies that have revealed the positive impact of pre germination practice
on yield, such as Tilahun-Tadesse et al. [46], who found planting pre-germinated rice
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seeds may increase yield advantage up to 58%, while Farooq et al. [47] noted 11-24%
yield advantage.

On the other hand, training programs also impacted the adoption of basal fertilizer.
Our research findings revealed that adopters of basal fertilizer among trainees groups
improved the yield significantly by 793 kg/acre (ATDC only), 398 kg/acre (ATDC and
Other), 284 kg/acre (other only), and 299 kg/acre (all training programs in general), which
support the study of [12], who noted yield increases of 563 kg/acre when farmers applied
basal fertilizer.

In comparison with farmers who participated in the ATDC and Other program, the
non-adopters of seedling bed practices among non-participants lose significantly about
406 kg/acre, while those transplanting following specified spacing and row gained a yield
increase by 321 kg/acre. The land hallowing and leveling practices improved the yield by
422 kg/acre and 283 kg/acre, respectively, among adopters in non-ATDC projects and all
training in general.

Above all, this study revealed that both the ATDC training program and non-ATDC
programs facilitated the adoption of improved rice practices, and, therefore, improved
the yield of smallholder farmers in the study area. The result might provide a clue to the
inconsistent finding of the impact of agricultural training programs in Africa. However, the
average treatment effect on treated, which suggests the average yield impact of the program
on beneficiaries, is neither significant for ATDC only beneficiaries nor non-ATDC only
beneficiaries. Nevertheless, the impact training is significant on farmers who participated
in both programs (ATDC and Other), suggesting that training has significantly improved
yield by 255 kg/acre.

This study indicates that training increases productivity, especially in the context of
irrigation, because farmers who participated in both ATDC and Other had the advantage of
access to irrigation farms and water for irrigation than other farmers groups (see Table 1).
Our further analysis revealed that trained and non-trained farmers with access to water
for irrigation adopted technology significantly, and yield was more than double than their
counterparts. Their yield effect estimation (average treatment effects—ATE) is significantly
higher (1131 kg/acre and 940 kg/acre, respectively) than the comparison group (non-
trained farmers without access to water) (see Appendix A Table A2). On the other hand, the
yield difference between trained and non-trained farmers is insignificant in non-irrigated
plots. In contrast, the ATE estimation on yield is a significant 862 kg /acre between “trained
and irrigated vs. trained and non-irrigated”, while in “non-trained and irrigated vs. trained
and non-irrigated” it is 751 kg/acre.

Moreover, results of ATDC only and non-ATDC only beneficiaries suggest that a
participation training program does not always improve the yield of smallholder farmers in
developing countries, where farming infrastructure are neither perfect nor the accessibility
of water for irrigation. Therefore, agricultural training programs should not be considered
the only influencing factor for accelerating smallholder farmers’ productivity. The influence
of supportive factors for enhancing the adoption of agricultural technology and yield
improvements (such as irrigation facilities, agricultural credit, farm inputs availability and
accessibility, and access to agricultural advice at the right time) should be critically analyzed
as it will ensure the best results of agricultural training programs. On the other hand, our
analysis revealed a positive impact of agricultural training programs on irrigated plots, but
not rain-fed plots. This finding might provide an answer to why a positive impact had
been found in some previous studies [5,12,48] and not in other previous studies [49-51].

3.6. The Spillover Effect of Training Programs

The agricultural training programs may benefit non-training participants through
the spillover effect of the training program, resulting from social interaction with treated
farmers. The flow of technology information from person to person within the community
networks (such as farmers’ groups/associations) may improve the adoption of agricul-
tural technology practices and yield for non-trained participants. Therefore, failure to
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recognize the spillover effect in our analysis may underestimate the effectiveness of a
training program on technology adoption and yield because its effect on untreated will go
unmeasured [52]. In this case, we decided to extrapolate whether non-participants in the
agricultural training programs were indirectly affected by training intervention through
farmers’ interaction with treated farmers. Thus, we tested the role of farmers’ social net-
works (farmers with membership in any group/association vs. those without membership)
in facilitating the spread of technology adoption from trained to non-trained farmers.

Our data suggest that being a member of any farmers” group increases the possibility
of access to agricultural training opportunities up to 49%, while not being a member reduces
the accessibility by 28%. The mean adoption of technology among training participants and
non-participants is indicated in Appendix A Table A3 based on farmers’ group membership
status. Our results show no significant differences in technology adoption between trained
and non-trained farmers who are members of groups, except in base fertilizer application
(trained vs. non-trained group member), which suggests the evidence of spillover effect
of a training program on technology disseminated to trained farmers. The mean yields
of trained farmers are higher than non-trained, although the difference is not significant.
This suggests non-trained farmers also adopted technology through social interactions by
observing and imitating trained farmers. In contrast, the significant mean difference in
technology adoption and yield between trained in farmers groups against non-trained in
non-farmers groups may suggest a lack of spillover effect between them (trained group
member vs. non-trained who are not group member). The low adoption of technology
is noted significantly among non-trained farmers who are not group members, which
suggests that farmers belong to farmers groups, adopting more technologies that result in
higher yields than other farmers.

Regarding the impact of training programs, by considering farmers’ group mem-
bership, the ATEs are insignificant. However, it indicates the training programs would
positively affect the yield of non-trained farmers who are not members of farmers groups
by 144 kg/acre, than trained farmers from farming groups. The ATE analysis between
trained and non-trained with the membership of farming groups indicates the impact
of the training program, on non-trained in farmers groups, is 252 kg/acre, which is in-
significant. These insignificant ATE results may suggest that the impact of agricultural
training programs was not significantly reflected in the yields among those who did not
benefit from such programs. However, the indirect effects of training programs may ex-
ist on technology adoption. Nevertheless, the ATE of non-trained who are in farming
groups (252 kg/acre) is higher than trained who are not in farming groups (104 kg/acre),
suggesting that the training programs have more effective results when disseminated via
farming group members, because even indirect beneficiaries within the farmers groups can
benefit more than direct beneficiaries outside farmers group. Inline, group membership
can reduce the perceived risks to invest in improved technology because, within the group,
knowledge and support are shared when applying new technology, which may indirectly
benefit other farmers within the social network. Therefore, consideration of farmers” group
members’ participation during training dissemination is important. However, the ATE
of group membership (group member vs. non-group member) is not significant, but its
positive coefficient may indicate the positive synergy effect of the group membership.

4. Conclusions and Policy Implication

Understanding properly the impact of agricultural training programs on smallholder
farmers’ productivity is crucial for ensuring food security and poverty reduction in Africa.
The Agricultural Technology Demonstration Center (ATDC) program is a Chinese tech-
nology transfer initiative established through a China—Africa agricultural cooperation
(2009-2013) to support agricultural growth and food security in Africa through training
and demonstration programs. With massive investments in ATDC through the China—
Africa cooperation, all stakeholders had high hopes for its success. Nevertheless, our results
in Tanzania case study indicates that the yield improvement of training participants with
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no access to water for irrigation was not significant. However, the yields among trained
and non-trained farmers with access to water for irrigation were significantly more than
double than the comparison group (non-trained farmers without access to water), while the
yield difference between trained and non-trained farmers was insignificant in non-irrigated
plots. The results might provide a clue to the inconsistent findings of previous studies on
the impact of agricultural training programs in Africa.

The study may hold a lesson for the architects of agricultural development programs—
that training programs should not be considered as the only influencing factors for acceler-
ating smallholder farmers’ productivity. The farming environment should be considered
necessary. Rice technologies/practices that focus on non-irrigated fields should be ad-
dressed. Training that introduces new technologies/practices, such as seed varieties with
higher yield, should consider the influence of supportive factors (such as irrigation facilities,
agricultural credit, farm inputs availability and accessibility, and access to agricultural
advice at the right time) to ensure the best results of agricultural training programs.

Additionally, the examination of social networks revealed no huge differences in
technology adoption between trained and non-trained farmers who are members of groups,
indicating evidence of a training program’s spillover effect. However, the impact of
agricultural training programs was not significantly reflected in yields. However, the
ATE coefficient in non-trained in farmers groups was still higher than trained who are
not in farming groups. This suggests that training programs have more effective results
when disseminated via farming group representative members, because even indirect
beneficiaries within farmers groups might benefit more than direct beneficiaries who are
outside the farming groups.

Above all, referring to the implementers of agricultural development programs, such
as ATDC, some recommendations might apply to make intervention more effective:

- First, the training program should be disseminated in the correct production calendar
to enhance practicability and usefulness (in the ATDC program, some farmers partici-
pated during rice harvesting festivals, which questions the extent of their participation
in the training program and the level of empowerment) [11,22]).

- Second, the close linkage of the agricultural training program to local extension
services may be essential for farmers’ participation and program effectiveness.

- Third, any agricultural program design should consider accountability and impact
assessment within the program to prepare beneficiaries to become proficient and use
proficiency in their field.

Our investigation noted that farmers experienced little consultation with Chinese
experts—there is no formal feedback system and communication language is a challenge.
We realized that there had been no rigorous monitoring and follow-up in ATDC activities
to empower farmers and trace the theory of change, which may affect the program’s
effectiveness. Moreover, there were no clear guidelines on how much effort should be
dedicated to training or commercial activities, which might incline ATDC to focus more
on business rather than capacitating farmers to improve yields. Therefore, agricultural
program architects should consider improving the program design, to enhance the farming
training program'’s effectiveness and positively impact farmers’ yields.

Moreover, further research may be required for identifying key factors that affect
technology adoption and measures to improve agricultural technology program efficiency.
The cross-section data employed in this study face limitations of capturing information in
time and space, which cannot completely explain the incidences throughout the program
intervention. Thus, the panel data may be recommended to study the impact of agricultural
training programs (e.g., ATDC). The advantage of panel data is to address the dynamic
behavior response of training program interventions that allow researchers to trace the
impact change over time.
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Appendix A

Table A1. A number of farmers participated in different training programs in treated and un-
treated villages.

In Treated Villages
In Non-Treated
Treated Farmers ~ \or-1reated Villages
Farmers

ATDC 128 128 213
FAO and IRRI 3 4 5
Ripoma/Helvetas 44 36 95
JAICA 9 7 6
USAID/NAFAKA 30 12 21
Tanzania Agric. Research
Institutes (TARI) » 7 2
Village extension officers 19 14 21
Agricultural University/College 7 1 16
Other NGO/ institution 29 21 26
Total sample (N = 469) 128 128 213

Table A2. Characteristics of irrigation farming and training of the surveyed households.

Characteristics

Mean (Access to Water for Irrigation =1)  Mean (Access to Water for Irrigation = 0)

Non-Trained Non-Trained

Trained Farmers Trained Farmers

Farmers Farmers/Control
Household characteristics

Household size 4714 4.690 4.961 4.732
Rice experience of household 16.090 15.746 16.031 15.423
head (year)

Rice experience of spouse (year) 13.400 12.439 14.904 13.630
Spouse education (year) 7.126 6.915 7.000 6.592
Household head education (year) 7.442 7.817 7.359 7113
Age of spouse (year) 39.354 37.712 41.388 41.754
Age of household head (year) 47.362 45.338 46.875 48.859
Association membership (1 = yes) 0.769 *** 0.535 *** 0.594 *** 0.268
Access to credit (1 = yes) 0.487 *** 0.324 0.445 ** 0.225
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Table A2. Cont.

Mean (Access to Water for Irrigation =1)  Mean (Access to Water for Irrigation = 0)

Characteristics Non-Trained Non-Trained

Trained Farmers Trained Farmers
Farmers Farmers/Control

Farm characteristics
Average acres cultivated rice land in

*3%

2019 4.041 3.359 2.135 4.419
Cl.lltlvated rice land (acre) in 2019 1.883 ++ 1.489 *+* 1,740+ 4169
(direct seedling)
Cultivated rice land (acre) in 2019 2158 #++ 1.870 #+ 0.402 0.250
(transplanting)
Share of transplanting (acre) in 2019 0.621 *** 0.645 *** 0.278 0.165
Share of irrigation acres 0.603 *** 0.597 *** 0.028 0.053
Irrigated rice farm (acres) 2.108 *** 1.835 *** 0.031 0.144
Non-irrigated rice farm (acres) 2.078 ** 1.845 ** 2.102 ** 4.232
Total own land(acres) 6.619 4.937 5.426 7.120
Paddy field own (acres) 3.318 2.546 1.713 ** 3.923
From farm to agro-dealer (distance in 3545 3,042+ 3.672 5801
km)

Extension and Adoption Characteristics
Access to farm inputs (1 = yes) 0.925 *** 0.817 *** 0.820 *** 0.592
;il;lculhual advice in right time (1 = 0.874 0.648 ** 0.766 *** 0451
?ecsc)ess to any extension advice (1 = 0.894 0.746 ++ 0.852 % 0535
Use water in seed selection (1 = yes) 0.869 *** 0.718 *** 0.375 *** 0.127
Seed pre-germination (1 = yes) 0.905 *** 0.803 *** 0.352 *** 0.127
Use of seedling bed (1 = yes) 0.980 *** 0.901 *** 0.367 *** 0.183
Tran§p1ant1ng by standardized 0.894 +++ 0.789 *++ 0281 * 0.141
spacing (1 = yes)
Agrochemical usage (frequency) 1.618 *** 1.577 *** 0.813 0.732
Base fertilizer application (1 = yes) 0.528 *** 0.296 *** 0.109 0.028
;l;zg)dressmg fertilizer application (1 = 0.910 *++ 0.831 0.266 0.169
Rice yield (kg/acre) 1718.784 *** 1517.547 *** 744.395 660.154
Observation 199 71 128 71

Average treatment effects (ATE) estimation on rice yield (kg/acre): nearest-neighbor matching (Mahalanobis)
Trained and irrigated vs. non-trained ~ 1131.000 ***
and non-irrigated (150.800)
Non-trained and irrigated vs.
non-trained and non-irrigated
Trained and non-irrigated vs.
non-trained and non-irrigated
Trained and irrigated vs. non-trained
irrigated
Trained and irrigated vs. trained and
non-irrigated
Non—trair}ec.i and irrigated vs. trained 750.800 *** (150.800)
and non-irrigated

Observations 270 142 199 327

940.000 *** (146.200)
102.400 (152.100)
224.100 (137.800)

862.400 *** (159.100)

Note: Mean comparison is the Bonferroni multiple test, ATE’s standard errors in parentheses, *** p < 0.01, ** p < 0.05, * p < 0.1.

106



Sustainability 2021, 13, 1527

Table A3. Adoption of technology and yield impact of training program among farmers groups.

Trained Farmer and

Non-Trained Farmer

Trained Farmer and Non-Trained Farmer

and Not
Mean Adoption of Technology Group Member and Group Member Not a Group Member 2 Group Member
Among Farmers T=1E=1 T=0E=1 T=1,E=0 T=0,E=0

Spillover Effect No Spillover

Use water in seed selection (1 = yes) 0.712 0.544 0.592 0.341 ***
Seed pre-germination (1 = yes) 0.729 0.596 0.592 * 0.376 ***
Use of seedling bed (1 = yes) 0.795 0.667 0.612 *#** 0.459 ***
Land hallowing and levelling (1 = yes) 0.812 0.684 0.806 0.565 ***
;l"lrza:n}slgéz)mtmg by standardized spacing 0.703 0.579 0.541 ** 0.388
Agrochemical usage(frequency) 1.389 1.439 1.102 0.965 ***
Base fertilizer application (1 = yes) 0.428 0.193 *** 0.214 *** 0.141 ***
Topdressini fertilizer application (1 =yes)  0.716 0.596 0.520 *** 0.435 ***
Rice yield (kg/acre) 1432.047 1164.396 1116.141 * 1038.191 **
Training participation (1 = yes) 0.488 0.209
Sample (N = 469) 229 57 98 85

Average treatment effects (ATE) estimation on rice yield (kg/acre): nearest-neighbor matching (Mahalanobis)

Trained vs. non-trained group member

252.300 (131.700)

Trained group member vs. trained who are

not group member

104.100 (120.800)

Trained group member vs. non-trained

who are not group member 143.900 (189.300)
Group member vs. non-group member 3.700 (96.600)
Observations 469 286 327 314

Note: Mean comparison is the Bonferroni multiple test, ATE’s standard errors in parentheses, *** p < 0.01, ** p < 0.05, * p < 0.1. T = Training
intervention (1 = received, 0 = otherwise), E = Member of farmers group (1 = have membership, 0 = otherwise).
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Abstract: Dams enable the production of food and renewable energy, making them a crucial tool for
both economic development and climate change adaptation in low- and middle-income countries.
However, dams may also disrupt traditional livelihood systems and increase the transmission of
vector- and water-borne pathogens. These livelihood and health impacts diminish the benefits of
dams to rural populations dependent on rivers, as hydrological and ecological alterations change
flood regimes, reduce nutrient transport and lead to the loss of biodiversity. We propose four
agricultural innovations for promoting equity, health, sustainable development, and climate resilience
in dammed watersheds: (1) restoring migratory aquatic species, (2) removing submerged vegetation
and transforming it into an agricultural resource, (3) restoring environmental flows and (4) integrating
agriculture and aquaculture. As investment in dams accelerates in low- and middle-income countries,
appropriately addressing their livelihood and health impacts can improve the sustainability of
modern agriculture and economic development in a changing climate.

Keywords: dams; agriculture; livelihoods; health; schistosomiasis; restoration; sustainable develop-
ment; climate adaptation

1. Introduction

As infrastructure that enables production of both food and energy, dams are a key
component of climate change adaptation [1]. They are meant to improve agricultural
productivity and reduce vulnerability to droughts [2]. Especially in semi-arid regions expe-
riencing desertification, water management infrastructure for food and energy production
is necessary to sustain a growing human population and promote economic development
in a changing climate. Yet, dams face many criticisms, ranging from cost overruns [3] and
population displacement [4] to ecosystem disruption [5] and increased transmission of
infectious disease [6]. Addressing these shortcomings—namely, the uneven distribution
of dams’ costs and benefits and the health impacts of dams driven by their environmen-
tal disruption—is crucial to maximize the social return on infrastructure investment and
ensure the sustainability of modern agriculture in dammed landscapes.

Dams have displaced an estimated 40-80 million people globally in the last 50 years [4].
Dams designed to generate hydropower often transmit electricity to urban areas without
extending the same benefits to rural areas [7,8]. While in some places dams supporting
irrigation increase agricultural production and reduce vulnerability to droughts, in other
places, they can increase poverty and variability in crop yields [9,10]. These disparities
and uncertainties may be driven in part by the investment required to undertake irrigated
agriculture compared to traditional practices. Compared to traditional cultivation of reces-
sion crops in floodplains, for example, irrigated agriculture requires greater investment
in and use of agrochemical inputs such as fertilizers and pesticides, up-front costs that
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may be difficult for subsistence farmers to afford [2]. Furthermore, by altering natural
flood regimes, dams have also made it difficult or impossible to cultivate recession crops in
floodplains [11-14], forcing farmers to invest in inputs for irrigated crops or turn to another
economic activity entirely.

A number of infectious diseases are also associated with both dams [6,15] and agri-
cultural activity [16]. In particular, the transmission of schistosome parasites increases
with proximity to dams and irrigation infrastructure [17]. Changes in hydrological regimes
favor the aquatic snail populations that transmit the parasites, while the promotion of
agricultural livelihoods keeps people in contact with fresh surface water [18], the route
of exposure to infection. The convergence of these processes increases the likelihood of
infection with schistosome parasites in endemic areas. In addition, repeated reinfection
after treatment threatens the success of ongoing efforts to control the disease [19,20]. The
inflammatory pathology of prolonged and repeated infection can lead to organ failure,
cancer, and infertility [21] and disrupt cognitive development in children [22] and labor
productivity in adults [23,24]. By putting people in contact with a favorable environment
for parasite transmission, the negative health impacts of dams likely diminish the intended
benefits of increased agricultural activity [25].

The livelihood and health impacts of dams have their roots in a combination of poverty,
land-use change, and the associated environmental impacts. Dams compromise both terres-
trial and aquatic biodiversity [26,27]. By stemming natural flood regimes, dams disrupt the
reproduction of many fish species, affecting inland fisheries [11]. Disruptions to fisheries
can, in turn, affect fishing livelihoods and increase the number of people at risk for nutri-
tional deficiencies [28]. Environmental disruption can also facilitate the transmission of
infectious diseases. In addition to the hydrological changes that favor populations of medi-
cally important snails, biodiversity loss—particularly the loss of aquatic invertebrates that
prey on the snails that transmit schistosome parasites [29]—can lead to unchecked growth
in snail populations and corresponding increases in parasite transmission. The transition
from traditional to modern agricultural regimes also increases reliance on agrochemicals, as
the sediment that provides nutrients for recession agriculture remains impounded behind
dam barriers along with flood waters. The use of agrochemicals can exacerbate disease
dynamics, because insecticides can cause greater harm to snail predators than to snails and
fertilizers can promote the growth of both snail food and vegetative habitat [30,31].

While some of these impacts prompted funders to withdraw from dam projects in pre-
vious decades [32], the pace of investment in dam infrastructure is growing again [33]. The
increasingly tangible impacts of climate change as well as the development trajectories of
low- and middle-income countries make dams a key, but controversial, tool in the toolbox of
sustainable development. Given this, addressing the livelihood, health and environmental
impacts of dams will become central to improving the sustainability of modern agriculture
and economic development in a changing climate. We outline agricultural innovations that
can mitigate negative impacts of dams and promote sustainable development.

2. Agricultural Innovations to Reduce the Negative Impacts of Dams
2.1. Restoring Natural Predators of Parasite-Bearing Snails in Dammed Watersheds

Almost half of the 800 million people living in schistosomiasis endemic regions are
estimated to be at risk of schistosomiasis because of the loss of snail predators following
dam construction [34]. The disappearance of snail predators upstream of dams is thought to
have contributed to the burden of schistosomiasis [29]. Aquatic species, such as the African
river prawn (Macrobrachium vollenhovenii), are known to consume snails that transmit
schistosomes [35], but dams interrupt their ability to migrate downriver to reproduce in
brackish, estuarine water. A field experiment in northern Senegal shows that re-introducing
M. vollenhovenii to river access sites in villages reduced the abundance of infected snails
as well as the prevalence of schistosome infections in people [36]. While these data were
limited in their geographic extent, the native range of M. vollenhovenii and closely related
species extends across much of coastal Africa, where 90% of cases of schistosomiasis occur.
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This impact extends hundreds of kilometers upstream of the dams themselves, such that
restoring the ecological connectivity of African rivers could have a far-reaching impact on
disease transmission, aquatic biodiversity, and inland fisheries [34].

Investment in aquaculture of M. vollenhovenii on the African continent could play an
important role in both disease control and food security [37]. However, with dam barriers
in place, aquatic migratory species like M. vollenhovenii would need to be continuously
introduced upstream of dams. Sustained ecological restoration of these species will require
modification to dam infrastructure to accommodate their aquatic migration. Designing
prawn and/or fish ladders for existing and future dams could enable the restoration
and preservation, respectively, of native aquatic species and the ecosystem services they
provide for both disease control and food production [38]. Restoring prawns in the wild
could support both the biological control of schistosome transmission as well as food
production through the re-establishment of an inland fishery that has been lost to dam
construction [39]. The establishment of catch guidelines that allow for the harvest of older,
larger prawns for human consumption could ensure that younger, smaller prawns remain
in the ecosystem for the sake of biological control [37,40]. Such a management system
would allow dams (and their benefits) to remain in place while mitigating their negative
impacts on livelihoods, food security and health.

2.2. Removing Submerged Aquatic Vegetation and Transforming It into an Agricultural Resource

By retaining water and slowing flows, dams encourage the growth of often-invasive
aquatic vegetation [41,42]. Additionally, the agricultural expansion and intensification
facilitated by dams likely increases fertilizer use in the landscape, which runs off into water
sources and further promotes the growth of aquatic vegetation. Invasive aquatic species
threaten biodiversity and productive use of river environments [43] while supporting the
snails that transmit schistosomes [44,45]. Aquatic vegetation has been associated with both
increased shedding of schistosome parasites from snails [46] and increased prevalence of
infection in humans [47]. There is also evidence for a mutualistic relationship between
snails that transmit schistosomes and submerged vegetation from the genus Ceratophyl-
lum [46]. The removal of aquatic vegetation from natural water bodies [48], reservoirs [49],
and irrigation canals [50], thus, might be an important intervention for reducing snail
abundance and disease transmission while maintaining agricultural productivity.

A potential challenge with sustaining vegetation removal, however, is that it is a
resource- and labor-intensive process that likely suffers from the tragedy of the commons.
Without private incentives to remove, process and/or transport vegetation, the common
good of disease control through vegetation removal may not be realized [51]. One agri-
cultural innovation that might incentivize sustained vegetation removal is to transform
removed vegetation into an agricultural resource. For example, submerged aquatic veg-
etation could be turned into compost to facilitate crop production or used as livestock
feed to increase agricultural profitability [51-53]. In essence, these approaches would help
to close the nutrient loop, returning nutrient-rich runoff from agricultural fields that is
captured in aquatic plants back to food production [51]. Preliminary findings suggest
that transforming submerged aquatic vegetation to compost can increase crop production
in the Sahel region of Africa (unpublished data). Additionally, when we have harvested
submerged vegetation, we have observed cattle and donkeys readily consuming it.

Another agricultural use of vegetation is as fuel for biodigesters. The breakdown
of vegetation, produces both a nutrient-rich amendment for crops while simultaneously
offering natural gas that can be used for cooking or for powering generators. By reducing
reliance on fertilizers, these approaches might, indirectly, further reduce schistosome trans-
mission [30,31,54,55]. These innovations have great potential for using aquatic vegetation
to improve agricultural production and profitability. In turn, they help sustain the public
health benefits of vegetation removal. Removal of vegetation should be undertaken care-
fully, however, as the opening of shorelines might attract human activity and inadvertently
increase transmission [44,45,56]. We encourage researchers to quantify both the public
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health and private agricultural benefits of harvesting snail-inhabited vegetation and to test
whether privatization helps to sustain the public health benefits.

2.3. Restoring Environmental Flows

In addition to the 40-80 million people directly displaced by dams, almost 500 million
people globally live downstream of dams and have been affected by hydrologic alter-
ation [8]. Flow regulation leading to the loss of natural seasonal flooding in dammed
watersheds is associated with corresponding losses in inland fisheries, flood recession agri-
culture and dry season grazing [11]. Such traditional practices form the basis of subsistence
livelihoods and food security among river-dependent populations [14,57], losses of which
have been estimated to outweigh the benefits of dam construction in some settings [42,58].
The loss of seasonal floods also likely contributes to the increased risk of schistosomiasis in
dammed landscapes. The destabilizing effects of seasonal flooding can stem the invasion of
aquatic vegetation and keep snail populations from becoming perennially established [6].

Controlled dam releases can be used to restore and maintain ecological processes and
natural resources [7]. Dam operations that restore environmental flows can accommodate
traditional fishing and cultivation practices that rely on natural flood regimes without
imposing substantial trade-offs on the conventional agricultural and energy production
purposes of dams [13,59-61]. Particularly for recession agriculture, controlled releases
can reduce sediment retained by dam barriers, which provides nutrients for cultivation
in the floodplain [62]. These controlled releases, in turn, reduce the need for chemical
fertilizers, whose use can support medically important snail populations and, by extension,
schistosome transmission [31]. Some studies indicate that modifying dam operations
in these ways could reduce schistosome transmission [63,64]. Similar studies of dam
management for malaria control suggest that this can be accomplished with few trade-offs
in irrigation or electricity generation [65,66].

Investigating how environmental and social benefits can be recovered by adjusting
dam management could help diversify agricultural practices and improve agricultural
outcomes, while mitigating the negative impacts of dams on livelihoods and health. These
factors are seldom explicitly accounted for in decision-making about dam construction and
operations [8,67], but they represent a significant opportunity for improving the well-being
of the hundreds of millions of river-dependent people affected by dams. The estimated
economic benefits of traditional uses of natural floodplains are substantial, even exceeding
those of irrigated agriculture [42]. Reductions in the often-unquantified negative health
impacts could add to this margin.

2.4. Integrating Agriculture and Aquaculture

The benefits of Macrobrachium spp. and other aquatic species can be cultivated in
aquaculture settings and potentially integrated with irrigation systems [68]. These species
can control snail populations within irrigation infrastructure and reduce occupational ex-
posure to schistosomes. Modeling analyses indicate that prawn aquaculture is a profitable
undertaking for smallholders that also sustainably controls medically important snails [37].
Especially in the water-intensive cultivation of rice, integrating prawn farming with crop
cultivation may be particularly advantageous, efficient, and beneficial [69]. This practice is
already common in South Asia [70,71], and could be applied to the rapidly growing area
under rice cultivation on the African continent [69]. Identifying and using insecticides that
minimize harm to aquaculture species would be necessary for this strategy to succeed [55].

3. Discussion

The agricultural innovations we propose represent an opportunity to reconcile the
apparent trade-offs between the economic development that motivates dam investment
and their unintended consequences. The agricultural landscapes created by dams have
been demonized for displacing people, disrupting traditional livelihoods, and making
people sick. Especially in areas endemic for environmentally-mediated infectious dis-
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eases like schistosomiasis, poverty, food insecurity, malnutrition, and infection can all
reinforce each other in disease-driven poverty traps [72]. These dynamics likely diminish
the intended benefits of dams. As a result, finding ways to restore dammed watersheds’
ecological integrity and making ecologically sound design and management choices in the
construction of new dams are important in alleviating poverty, food insecurity, and disease
transmission for rural populations that depend on rivers and whose livelihoods and health
are negatively impacted by dams. Such reconciliation of trade-offs could therefore promote
the resilience of coupled human-natural systems in the face of climate change.

None of the four proposed agricultural innovations requires sophisticated technology,
but all will require careful planning and management in addition to the technical capacity
and political will to assess and address the hydrologic, environmental and social impacts of
dams. The goals and implementation of new management schemes are likely to vary across
contexts. The ecological and geographical characteristics of a watershed, the human needs,
water uses, structural characteristics and limitations of dam infrastructure will dictate what
management strategies are feasible and potentially beneficial for livelihoods, food security
and health [7,73]. The Nature Conservancy has set an example in its Sustainable Rivers
program [74], undertaking flow restoration projects in the United States in cooperation with
the Army Corps of Engineers and documenting 850 projects worldwide that demonstrate
how flow restoration can be undertaken at many existing dams as well as designed into
new dam construction.

Health and disease control could become an objective in existing and future envi-
ronmental management and agricultural innovation programs. Design or retrofitting of
fish and prawn passages could be considered for all new and existing dams, respectively,
within 500 km of coasts. The production and distribution of soil amendments and livestock
feeds derived from aquatic vegetation holds promise as a social enterprise, while disease
control could become a new criterion in the multi-objective frameworks used to manage
dams and their reservoirs. Finally, the common practice of integrating agriculture and
aquaculture could be extended to new geographic settings, where they may yield health as
well as food security benefits.

By design, these innovations will also require cooperation between disciplines and
sectors as well as attention to the needs of communities and the capacity and political
will of governments. These requirements are in keeping with the focus of the Sustainable
Development Goals (SDGs) on interlinkages between disciplines and sectors, bridging
between economic development, health and the environment. The agricultural innovations
we have proposed have the potential to improve food security (SDG2), health (SDG3)
and equity (SDG10) in sustainable economic development in dammed watersheds. Cross-
sectoral cooperation has the potential to yield cross-sectoral benefits.

4. Conclusions

As the pace of dam development quickens in low- and middle-income countries,
managing the health and livelihood impacts of new and existing infrastructure is crucial
to ensuring the sustainability of modern agriculture and economic development in a
changing climate. Particularly in schistosomiasis-endemic regions, agricultural innovations
involving the restoration of aquatic migratory species, the harvest and transformation of
invasive aquatic vegetation, the restoration of environmental flows, and the integration
of agriculture and aquaculture hold promise for reducing disease transmission while
also improving economic development and food security. These innovations will require
careful planning and management as well as cooperation between sectors, but strategically
implementing such agricultural innovations can start to turn vicious cycles of poverty and
disease into virtuous cycles of health and development.
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Abstract: The rice-wheat cropping system is the main food bowl in Asia, feeding billions across
the globe. However, the productivity and long-term sustainability of this system are threatened
by stagnant crop yields and greenhouse gas emissions from flooded rice production. The negative
environmental consequences of excessive nitrogen fertilizer use are further exacerbating the situation,
along with the high labor and water requirements of transplanted rice. Residue burning in rice
has also severe environmental concerns. Under these circumstances, many farmers in South Asia
have shifted from transplanted rice to direct-seeded rice and reported water and labor savings and
reduced methane emissions. There is a need for opting the precision agriculture techniques for the
sustainable management of nutrients. Allelopathic crops could be useful in the rotation for weed
management, the major yield-reducing factor in direct-seeded rice. Legume incorporation might
be a viable option for improving soil health. As governments in South Asia have imposed a strict
ban on the burning of rice residues, the use of rice-specific harvesters might be a pragmatic option
to manage rice residues with yield and premium advantage. However, the soil/climatic conditions
and farmer socio-economic conditions must be considered while promoting these technologies in
rice-wheat system in South Asia.

Keywords: rice-wheat cropping system; South Asia; water requirements; nitrogen; direct seeding

1. Introduction

Rice-wheat cropping systems (RWCS) provide staple food to 15% of the world’s
population [1]. The major issue for the sustainability of conventional RWCS in South Asia
is soil quality degradation associated with resource scarcity [2]. Other factors include
water scarcity, low soil organic matter, nutrient imbalances, labor/energy crises, complex
insect and weed flora, herbicide-resistant weeds, and greenhouse gas (GHG) emissions [3].
Moreover, conventional puddled transplanted rice (PTR) cultivation has over-exploited the
groundwater leading to an alarming fall in the water table in South Asia [4].

The conventional rice production systems are no longer suitable as they require large
amounts of water (3000-5000 L of water to produce one kg of rice) [5,6]. It has been
reported that 15-20 Mha of conventional rice production systems will face water shortages
by 2025 [7]. In some parts of Pakistan and India, groundwater tables are declining by
1.0-3.5 m and 6 m year !, respectively [8].

Puddling, as practices in conventional rice-wheat system, increases the soil bulk
density, which causes soil compaction [9] and affects root development in post-rice crops [3].
Nitrogen uptake in puddled rice fields declines by 12-35% in the following wheat crop due
to subsoil compaction [10]. The evolution of herbicide resistant weeds and shift in weed
flora (a mixture of broadleaf and grassy weeds) have further exacerbated the scenario in
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RWCS to harvest optimum crop yields [11]. Little seed canary grass (Phalaris minor Retz.)
has been reported to decrease wheat yields by 10-65% with occasional crop failure [12],
while smartweed (Polygonum hydropiper L.) can reduce the rice and wheat yields by 15-25%
and 15-30%, respectively [13]. Furthermore, the rice and wheat monocultures in RCWS
have increased disease and pest problems [14] and has caused macro- and micro-nutrient
deficiencies [3,15,16].

In this scenario, resource conservation technologies, such as direct-seeded rice (DSR),
no-till wheat, and laser-assisted land leveling, can be used to improve the sustainability of
yields in RWCS [3]. Several studies reported that residue retention and no-tillage enhance
the nitrogen and carbon pools in soil [17,18].

This case study focuses on the problems of conventional RWCS (i.e., nutrient mining,
GHG emissions, and reduced profits) and alternative options such as DSR, use of advanced
rice harvesters for harvest, no-till wheat, precision agriculture, and crop rotation to improve
the yields, sustainability, and the conservation of scarce natural resources.

2. Review Methodology

We searched more than 180 articles, including 10 review and 170 research articles,
using four databases: Scopus, Web of Science, Google Scholar, and Center for Agriculture
and Bioscience International (CABI). These databases are large collections of mainstream
articles and are widely used for searching. The different keywords as (rice-wheat cropping
system, greenhouse gases emission, direct-seeded rice, zero tillage wheat, agricultural
innovation systems, profit margin in the conventional rice-wheat cropping system, crop
rotation, precision agriculture, nutrient mining, agricultural sustainability, and rice-specific
harvesters) were used to search the articles from these databases. To take additional
information from these articles, we used references from these articles as well. The articles
other than South Asia and published before the year 2000 were not included in this review.

3. Problems in Conventional Rice-Wheat Systems
3.1. Greenhouse Gas Emissions

In the Indo-Gangetic Plains (IGP), conventional RWCS is the major source of atmo-
spheric nitrous oxide (N,0O), carbon dioxide (CO,), and methane (CH4) emissions due to
the use of intensive agricultural inputs [19], particularly the injudicious use of nitrogen
fertilizers Table 1 [20,21], aerobic and anaerobic soil cycling [22], and residue burning.
In northwest India, 2.5 M farmers burn 23 MMT of rice stubble each year (October to
November) to prepare field for wheat crop, causing massive air pollution affecting millions
of people across the IGP [23,24]. Annual residue burning emits GHGs, including CO,
(379 Tg), carbon monoxide (CO; 23 Tg), CHy (0.68 Tg), NOx (0.96 Tg), and sulfur dioxide
(SO5) (0.10 Tg) [25]. The RWCS supplied with 75 kg N ha~! had mean annual emissions of
N0 of 1.49 kg N ha~!, or 2.97-3.04 kg N ha~! when supplied with >150 kg N ha~! [26].

Table 1. Greenhouse gas emissions from different rice production systems.

Greenhouse Gas Quantity Emitted from DSR Quantity Emitted from Transplanted Rice Reference
Methane (CH,) 0.49 mg m~2 day ! 3.10 mg m~2 day ! [27]
Nitrous oxide (N,O) 0.97 mg m~2 day ! 1.03mg m~2 day !
Carbon dioxide (CO,) 600 mg m~2 day " 1800 mg m~2 day !
Nitrous oxide (N,O) 0.90 kg ha~! 0.56 kg ha™? [28]
Methane (CHy) 233kgha! 32.8kgha!
Methane (CHy) 18.9kgha™! 284 kgha™! [29]
Nitrous oxide (N,O) 0.95 kg ha! 0.65 kg ha™?
Nitrous oxide (N,O) 25 kgha™! 48 kgha! [30]
Nitrous oxide (N,0) 0.12kgha™? 0.11 kg ha™!
Methane (CHy) 0.2 kg ha™! 1.1kgha™! [31]
Carbon dioxide (CO,) 1.2kgha! 1.3kgha!
Nitrous oxide (N,0) 0.6 kg ha™* 04kgha™!
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Table 1. Cont.

Greenhouse Gas Quantity Emitted from DSR Quantity Emitted from Transplanted Rice Reference

Methane (CHy) 6.98 kgha~? 18.49 kg ha~! [32]
Nitrous oxide (N,0) 3.35kgha™! 3.71kgha~!

Methane (CHy) 25 kg ha™! 60 kg ha=! [33]

Methane (CHy) 220 kg ha~* 315kgha™! [34]

Methane (CHy) 25 kg ha! 60 kg ha~! [35]
Nitrous oxide (N,O) 0.12 kg ha™! 0.10 kg ha?

Methane (CHy) 129 kg ha~! 271 kgha! [36]

Methane (CHy) 269 kg ha™! 229 kg ha™! [37]

Methane (CHy) 75 kg ha™! 89 kg ha~! [38]

The flooding conditions in rice cause the anaerobic decomposition of organic matter,
which produces methane (CHy) in the soil [39]. Globally, rice contributes ~20% of the total
CH,4 emissions [40]. The warming potential of CHy is 25-30 times greater than CO, [40,41].
In 2005, the concentration of atmospheric CHy reached 1774 ppb [40]. Several studies
reported that PTR produces more CHy emissions than DSR, while DSR produces more N,O
than PTR [3]. In one study, DSR and PTR produced N,O emissions of 1.2 t CO,eq ha~!
and 0.4 t COzeq ha™!, respectively and CHy emissions of 0.1 t COzeq ha~! and 0.6 t COzeq
ha™!, respectively [42]. In conclusion, the adoption of monocultures in RWCS contributes
to global GHG emissions due to intensive agricultural inputs use and residue burning.

3.2. Nutrient Mining and Unwise Nutrient Use

Continuous monoculture cropping has threatened the long-term sustainability and
has caused macro- and micro-nutrient imbalances in RWCS [3]. In the IGP, the mining
of major nutrients, including nitrogen (N), phosphorus (P), potassium (K), and sulfur (S),
has created a major nutrient imbalance in RWCS. The production of 1 t of rice/wheat
depletes 20.1/24.5 kg N, 4.9/3.8 kg P, and 25.0/27.3 kg K, respectively, from the soil [43],
which decreases the soil productivity [44] if these nutrients are not replenished. In the
IGP, the removal of crop residues removes five times more K than that supplied through
fertilizers [45].

Among the micro-nutrients, Zn deficiency is more common in rice, while manganese
(Mn) deficiency is more prevalent in wheat [46]. In India, 49% of soil samples were Zn
deficient, followed by 33% deficient in B, 12% in Fe, 5% in Mn, and 3% in Cu [47]. In the
IGP, most rice and wheat farmers apply N fertilizers following blanket recommendations
based on crop response data, leading to under- or over-fertilization as there is wide spatial
variability in the indigenous nutrient supply capacity of soils in different agro-ecologies [26].
Diagnostic surveys of the IGP showed that farmers apply more N and P fertilizers than
recommended while under/overlooking the supply of K, other secondary macronutrients,
and micro-nutrients [48]. The inadequate and imbalanced use of nutrients reduces nutrient
use efficiencies and profitability and increases environmental hazards [49]. In conclusion,
the continuous growing of rice and wheat has resulted in the mining of major (N, P, K, and
S) and trace (Zn, B, and Fe) nutrients due to over- or under-fertilization.

3.3. Reduced Profit Margins

The PTR has smaller profit margins than DSR due to the high labor costs Table 2 [50].
With industrialization, the migration of people to cities reduced labor availability for agri-
cultural activities, which increased labor costs. Labor shortages delay the transplantation
of rice seedlings into puddled fields [51], delaying maturation, and decrease yields [3].
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Table 2. Profit margins in different rice production systems.

Unit Cost in

Unit Cost in Transplanted

Name of Input Type of Soil DSR ha-! (5) Rice ha-1 ($) Reference
Farmyard manure Sandy loam clay 18.40 13.26 [52]
Fertilizer Sandy loam clay 97.56 80.88
Plant protection m(.easures (weeds, insect Sandy loam clay 5463 42.09
pests and disease control)
Land preparation Sandy loam clay 59.01 69.49
Human labor charges Reclaimed alkali soils 163.01 174.56 [53]
Machine use charges Reclaimed alkali soils 60.62 103.34
Cost of seeds Reclaimed alkali soils 15.86 7.49
Cost of plant protection chemicals Reclaimed alkali soils 31.03 38.21
Irrigation charges Reclaimed alkali soils 36.57 47.15
Micronutrients Sandy loam clay 14.25 12.49 [52]
Irrigation Sandy loam clay 84.07 152.13
Nursery and transplanting/seed and sowing Sandy loam clay 21.53 65.11
Cost of weedicides Reclaimed alkali soils 33.61 26.78 [54]
Preparatory Tillage Reclaimed alkali soils 61.74 97.21
Pre-Sowing Irrigation Reclaimed alkali soils 12.80 15.70
Harvesting/threshing Reclaimed alkali soils 49.06 49.06
Plant protection Reclaimed alkali soils 76.52 80.23
Hoeing and weeding Reclaimed alkali soils 37.04 18.92
Irrigation Reclaimed alkali soils 76.50 125.82
Fertilizer application Reclaimed alkali soils 6.12 6.60
Nitrogen Reclaimed alkali soils 17.21 19.48
Phosphate Reclaimed alkali soils 15.20 20.04
Zinc sulphate Reclaimed alkali soils 7.96 8.47
TYM Reclaimed alkali soils 56.30 56.30
Seed Reclaimed alkali soils 13.76 7.26
Cost of fertilizers Reclaimed alkali soils 49.41 48.50 [53]

All the values in $ are converted according to rate of 10 January 2021; 1 Pakistani rupee = 0.0062$; 1 Indian Rupee = 0.014$.

Late transplantation of rice due to labor shortage causes heat stress during the repro-
ductive stage; temperatures >33.7 °C at anthesis causes panicle sterility due to poor anther
dehiscence [55] and >34 °C during grain formation substantially reduce grain yield [56].
Temperatures >35 °C (above optimal) during reproductive development affect flowering
and grain formation in rice [57].

4. Agricultural Innovations for Sustainable Development of Rice~-Wheat Systems

Adaptation of innovative agricultural practices, such as conservation agriculture (CA),
improves and sustains the productivity of RWCS and preserves scarce natural resources,
such as water, energy, environmental quality, time, and labor [58]. The adaptation of
CA-based systems is most beneficial in extreme climatic conditions, mitigating the negative
impact of climatic stresses, such as water and heat stress, and increasing crop yields
(0.4-0.8 t ha~! per season), when compared with the conventional system [59].

The CA improves energy efficiency and carbon sequestration and reduces GHG
emissions [2,60-62]. The incorporation of crop residues favors N immobilization (biotic
and abiotic), which conserves active soil N by, (i) decomposing crop residues for a source
of C for microorganisms and as an energy source to strengthen their metabolism which
results in N immobilization in biomass, and (ii) incorporating N into the soil organic
matter through ammonium fixation by clay minerals, nitrosation of nitrite with phenolic
compounds, and condensation of ammonia with phenol [63].

Immobilized N can serve as temporary N sink [63]. Residue retention increases total
organic C and available nutrients, mainly available P (16%), available K (12%), available
sulfur (6%), and DTPA-extractable Zn (11%), relative to no-residue retention [64]. The
adoption of resource-conserving technologies, such as DSR, harvesting rice with advanced
rice harvesters, no-till wheat, crop rotation, and precision agriculture for better nutrient
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management, can mitigate climate change, reduce environmental pollution, and conserve
natural resources.

4.1. Direct-Seeded Rice

In the IGP, increasing shortages of energy, water, and labor force farmers to switch
from conventional PTR to a smart seeding system, i.e., DSR. In many studies, DSR produced
higher yields, maximum profitability, and water-saving (25%) than PTR [62,65,66] with
improved soil health (Table 3). DSR is an economically feasible alternative as it reduces
production costs by 11-17% (with 25-30% irrigation water saving) and saves INR 5000 (on
fuel and labor) [67] for the same yields as PTR [62]. In a study, DSR used 7-13.9% less water
than the conventional PTR system [68]. Other studies in South Asia have reported that
DSR uses 20-57% less water than PTR [69,70]. Rice produced through DSR also matures
earlier than PTR, requires less water, and enables the timely sowing of following wheat
and other crops [51].

Table 3. Soil quality in different rice production systems.

. . . . Value in
Soil Property Unit Soil Type Value in DSR Transplanted Rice Reference
Total organic carbon gkg! Silt clay 7.24 7.25 [64]
Aggregate associated carbon gkg! Silt clay 12.56 11.94
Aggregate size class (0.25-2 mm) % Silt clay 48 48.9
Mean weight diameter mm Silt clay 1.61 1.61
Aggregate ratio Silt clay 5.06 5.58
Water stable macro-aggregates Silt clay 83.2 83.8
Water-holding capacity Loam 0.346 0.331 [71]
Available water cm® em—3 Loam 0.170 0.164
Geometric mean diameter mm Loam 0.86 0.80
Soil moisture potential (75 kPa) Loam 0.166 0.170
Crack depth (60 kPa) cm Loam 13 23
Bulk density (6-10 cm) Mgmd sl 160 161 (721
WSA (>0.25 mm) Clay, silt, 67.24 64.44
sand
S e . Clay; silt,
teady-state infiltration rate 0.33 0.29
sand
Water stable micro-aggregates Silt clay 16.8 16.2 [64]
Silt clay 7.39 7.41
Electrical conductivity dSm~! Silt clay 0.79 0.75
Available N kgha™! Silt clay 195.5 185.0
Available P kgha™! Silt clay 28.4 27.5
Available K kgha™! Silt clay 264.3 222.4
Crack width (60 kPa) cm Loam 3 7 [71]
Crack length (60 kPa) cm Loam 300 420 [71]
Total nitrogen gkg! Sandy loam 0.29 0.27 [73]
Total soil organic carbon gkg! Sandy loam 3.40 3.14
Soil microbial biomass carbon ugg ! Sandy loam 155.6 150.28
Soil microbial biomass nitrogen ugg ! Sandy loam 586.3 551.78
Soil aggregates (>0.25 mm) Silt loam 60 51 [69]
MWD of soil aggregates mm Silt loam 1.56 1.33
Bulk density (0~7 cm) Mgm~3 Silt loam 1.60 1.50
Penetration resistance (5-10 cm) MPa Silt loam 1.2 0.75

WSA, water stable aggregates; MWD, mean weight diameter.

In DSR, the crop is directly sown into the field, avoiding transplantation injuries, thus
reducing exposure to terminal drought due to timely stand establishment [74]. Moreover,
DSR improves soil health for post-rice winter cereals [3] by enhancing total porosity and
decreasing soil bulk density [9], enabling deeper root penetration and facilitating nutrient
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and water uptake [3]. In RWCS, DSR has been reported to reduce methane emissions and
production costs, with increased profitability (Table 1; [51]).

Weeds are a major challenge in DSR; however, the application of weedicides can
control the issue. For example, pre-emergence application of pendimethalin (1.5 kg ha™1)
followed by bispyribac-Na (25 g ha~!) at post-emergence and hand weeding 35 days
after sowing provided better weed control and higher rice yields (123-130%), net returns
(327-806%) and net benefit: cost ratios than PTR [75]. However, diversification of weed
flora has been reported in DSR in Pakistan which are very difficult to control and many
farmers are afraid to plant rice in the DSR system. This needs the immediate attention of
the government agencies in the region.

In conclusion, switching from PTR to DSR in RWCS increases profitability reduces
production costs and GHG emissions, and is environmentally friendly, apart from the weed
management issue during early growth.

4.2. Zero-Tillage Wheat

Using zero tillage (ZT) wheat in RWCS benefits the timeliness of wheat sowing and
economics when compared with conventional tillage [59,76]. Zero tillage improves soil
health and enhances nutrient concentrations at the soil surface Table 4 [77,78].

Table 4. Soil quality in different wheat production systems.

Soil Property Units Soil Type ValueinZT  Valuein PT  Reference
Bulk density Mg m—3 Siltic soils (Haplic Solonetz) 1.63 1.67 [2]
Soil pH Siltic soils (Haplic Solonetz) 7.84 8.06
EC dSm! Siltic soils (Haplic Solonetz) 0.25 0.21
Total N % Silty soils (Haplic Solonetz) 0.19 0.14
Bulk density Mgm~3 Sandy loam 1.54 1.50 [79]
Infiltration rate mmh~! Sandy loam 15 0.3
MWD mm Sandy loam 1.9 1.7
WSA (>0.25 mm) % Sandy loam 73 57
Bulk density Mg m3 Sandy loam 1.24 1.38 [80]
Soil temperature °C Sandy loam 33.15 35.29
PAWC (0-15 cm) mm Sandy loam 16.70 14.7
Infiltration rate mmh~! Sandy loam 9.58 11.40
Bulk density Mgm~3 Sandy loam 1.52 1.48 [81]
Infiltration rate mmh~! Sandy loam to loam 18.0 42.0 [66]
B-Glucosidase (p-NP) pgg Th! Loam 51.24 36.23 [82]
Bulk density Mgm™ Sandy loam 1.44 1.46 [83]
Earthworm count ha! Sandy loam 380,000 60,000 [84]
Dehydrogenase activity ugg td! Sandy loam 166.6 29.5
SOC gkg! Sandy loam 2.51 1.47
Bulk density Mgm~3 Sandy loam 1.60 1.56 [68]
SOC stock kg m~3 Sandy loam 6.88 5.91
Oxidizable organic C gkg! Fine loam (Typic Natrustalf) 8.1 49 [85]
WSA (>0.25 mm) % Sandy loam 70 59 [69]
MWD mm Sandy loam 2.68 1.62
Infiltration rate mmh~! Sandy loam 5.0 47
Bulk density Mg m~3 Sandy loam 1.52 1.57
Crack width cm Sandy loam (typic ustrochrept) 0.53 2.68 [86]
Least limiting water range % Sandy loam 6.2 3.3 [72]
WSA (>0.25 mm) % Sandy loam 67.24 52.66
Bulk density Mgm~3 Sandy loam 1.55 1.48
Infiltration rate mmh~! Sandy loam 3.3 1.8
Penetration resistance MPa Sandy loam 14 1.0
Volume of crack (x107%) m3 m~2 Clayey 77.21 55.57 [87]
Bulk density Mgm~3 Clay 15 15 [88]
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Table 4. Cont.

Soil Property Units Soil Type Valuein ZT  Valuein PT  Reference
Infiltration rate mmh~! Clay 17.30 15.55
PAWC (0-15 cm) mm Clay 40 36
Bulk density Mgm~3 Clay 1.24 1.28 [89]
WSA (>0.25 mm) % Clay 60.47 51.36
(pﬂﬁfé?}fg;‘ffﬁﬁtgi;) pg g lhl Silty clay 2877 269.8 [90]
Carbon build up % Silty clay 14.56 5.44
Fluorescein diacetate activity ~mgkg ™' h™! Silty clay 49.54 43.54
Bulk density Mg m~3 Mllitic, Ustic Typic Calciorthent 1.46 1.55 [91]
Carbon input addition Mgh~! Illitic, Ustic Typic Calciorthent 14.64 3.10
Fluorescein diacetate activity pgg Th! Mixed loamy sand 27.9 13.3 [92]
Total C gkg! Sandy clay loam 7.25 6.95 [93]
KMnOy4 C gkg! Sandy clay loam 0.43 0.39
Soil water retention mm sandy clay loam 4.6 42 [94]
WSA (>0.25 mm) % Sandy loam (Typic Ustochrept) 77.3 68.4 [95]
MWD mm Sandy loam 0.74 0.71 [96]
Effective porosity % Sandy loam 18.7 17.4
Bulk density Mgm~3 Sandy loam 1.43 1.39
Active C g kg*l Sandy loam (Typic Ustochrept) 4.09 2.92 [95]
MWD mm Sandy loam (Typic Ustochrept) 1.21 0.92
Total organic carbon gkg! Fluvisol (silty clay) 7.25 6.38 [64]
Ciant;itti‘i t};y(dxr *1“5132) ms! Clay 7.32 213 [97]
MWD mm Clay 0.94 0.76
MWD mm Silty loam (Typic Ustocrept) 1.86 0.95 [17]
WSA (>0.25 mm) % Silty loam (Typic Ustocrept) 96 84
SOC gkg! Silty loam (Typic Ustocrept) 7.86 5.81
Bulk density Mgm~3 Sandy loam 1.60 1.56 [98]
MWD mm Sandy loam 0.95 0.79 [99]
Porosity % Clay loam 4240 42.62 [60]
Bulk density Mg m~3 Clay loam 1.43 1.40
Soil moisture (%) Non-calcareous brown sandy 186 7.4 [100]
loam Haplaquept

EC, electrical conductivity; MWD, mean weight diameter; WSA, water stable aggregates; PAWC, plant available water capacity; BD, bulk
density; SOC, soil organic carbon; ZT, zero tillage; PT, plow tillage.

Sowing wheat with ZT ensures early sowing and suppresses the obnoxious weed
e.g., littleseed canarygrass (68-80% reduction in population) when compared with conven-
tional farmers’ practices [101]. Moreover, ZT facilitates the timeliness of wheat sowing [3],
improves soil structure, fertility, soil biological activities [102], and water-stable aggre-
gates [103], and reduces the costs of land preparation [73,104]. In ZT wheat, the activities
of soil microbial biomass carbon [73,105], soil enzymes [106], soil respiration [66], and soil
quality index [107] are higher than plow tillage. In no-till with permanent soil cover, water
infiltration is usually higher than plow tillage [108].

The Happy Seeder is a zero-tillage seeder that sows wheat into large amounts of crop
residue and saves $136 ha—!. Moreover, it facilitates timely wheat sowing, saves water,
reduces air pollution, and enhances the sustainability of agriculture [24]. The use of Happy
Seeder reduces the labor requirement for crop establishment by 80%, herbicide use by
50%, and irrigation by 20-25% [109]. Use of zero-tillage drill and Happy Seeder made
it easy to plant wheat 2.7 days earlier (with earlier stand establishment) than that in CT
wheat [24]. Many farmers in RWCS in South Asia are quickly shifting towards Happy
Seeder wheat sowing due to the short turnover time between rice harvest and wheat
sowing and imposition of huge penalties on the burning of rice residues. In conclusion,
switching wheat sowing from conventional tillage to ZT ensures timely wheat sowing,
saves production costs and improves soil health, yields, and yield sustainability.
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4.3. Promotion of Precision Agriculture Practices for Nutrient Management

In the IGP, fertilizer recommendations are based on crop response data without
considering the inherent nutrient supply capacity of the soil, causing over- or under-
fertilization [68]. Improved nutrient management under CA improves yields and nutrient
and water use efficiencies [110]. For RWCS in the IGP, a combination of macro- and micro-
fertilizers with green manure, crop residues, and organic manures is a practical option for
better nutrient management [111].

In maize-wheat-mungbean rotations, the adoption of ZT with site-specific nutrient
management improved the soil physical, chemical, and biological properties, i.e., water-
stable aggregates, saturated hydraulic conductivity, soil organic C, available N, P, and K,
microbial biomass C, and enzyme activities (dehydrogenase, alkaline phosphatase, and
-glucosidase), relative to conventional and unfertilized treatments [112].

A recent study on N application rates in RWCS recommended N application rates
of 120-200 kg ha~! for rice and 50-185 kg ha~! for wheat [26]. Zinc (Zn) application at
25kg ha~1!as ZnSO, improved rice and wheat yields [113]. In another study, the application
of Zn improved the grain yields in both DSR and PTR systems [114]. Likewise, the boron
(B) application to soils deficient in B improved growth and grain yield of rice [115,116].

Leaf color charts and SPAD chlorophyll meters are good options for managing N
application, with a strong correlation (0.84-0.91) reported between these and various rice
and wheat genotypes. Moreover, net returns increased by 19-31% using a leaf color chart
for N management rather than a fixed N application rate [68].

In conclusion, integrated nutrient management, crop rotations incorporating legumes,
site-specific optimization of nutrients rates, and the use of SPAD chlorophyll meters and
leaf color charts are the best options for nutrient management and enhanced nutrient use
efficiencies in rice and wheat.

4.4. Planning Wise Crop Rotations

Continuous monocultures have caused nutrient imbalances and increased the risk
of pest and disease occurrence [59]. Diversifying the area sown to rice to incorporate
other remunerative crops sustains soil fertility and improves crop productivity and farmer
income [66]. Rotating cereals and pulses help to maintain soil quality and soil microflora
and fauna [66,107]. It has been reported that the inclusion of leguminous crops in the
cereal system increased system productivity by 18% and net returns by 15% [117]. In
another study, the CA-based rice-wheat-mungbean cropping system improved system
productivity by 11% and profitability by 24%, and reduced energy inputs by 25%, relative
to a conventional rice-wheat system [62].

Long-term crop rotations (2000-2004) in India revealed that the rice-potato—green
gram rotation had the highest net returns, system productivity, production efficiency,
benefit: cost ratio, and profitability. Moreover, the inclusion of summer grain/fodder
legumes improved soil organic matter [118]. The addition of short-duration summer
legumes (mungbean and cowpea) in RWCS enhanced system productivity and profitability
and nutritional security [119]. A rice-fallow cropping system with the intensification of
five winter crop rotations (chickpea, lentil, safflower, linseed, and mustard) resulted in
higher productivity for grain legumes (chickpea and lentil) than oilseed crops (safflower,
mustard, and linseed) [120].

The inclusion of legumes in the cereal system fixes atmospheric N and improves
soil fertility through nutrient recycling from deeper soil layers and mycorrhizal colo-
nization [86]. Legume residues contain 20-80 kg N ha~! (70% derived from N fixation),
depending on the crop type [121,122]. A long-term study (2001-2004) showed that rice—
legume rotations improved rice yields more than a rice—fallow rotation. In conclusion, the
inclusion of short-duration grain or forage legumes in rotation in RWCS improves soil
fertility and the yield of succeeding crops.
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4.5. Rice Harvesting with Advanced Rice Harvesters

Rice harvesting is the most expensive rice production field activity, as the timing,
duration, and mode of conduct of the harvesting directly affect rice quality, efficiencies,
and farmer incomes [123]. In developing countries, rice is manually harvested with hand
tools (as sickles) and threshed by beating on a hard matter or durum. The harvesting of
rice with modern rice harvesters saves time, costs, and labor and reduces grain losses when
compared with conventional manual harvesting [124]. Modern crop-specific mechanical
harvesters, such as combine and mini-combine harvesters and reapers, can save time
and labor, reduce harvesting losses, and increase profit margins and rice quality [125]. A
reaper saved 37% and mini-combine harvesters saved 52% of harvesting costs over manual
harvesting [126]. On average, a mini-combine harvester saves 95.5% of the time, 61.5% of
costs, and 4.9% of grain losses compared with manual harvesting [127].

Combine harvesters (mini, medium, and large) are a time-saving technology, saving
20-30% of operation time than ordinary machines [128]. The use of a mini-combine
harvester or reaper saved 65% and 52% of the labor costs over manual harvesting [129]. A
combine harvester increased the net benefit by 30.3%, relative to manual harvesting and
threshing [130]. Likewise, a vertical conveyor reaper saved 44% of harvesting costs [131].
Mechanical harvesting can also save grain losses, which were 2.88-3.60% for a tractor-
mounted combine harvester [125], compared with 6.36% for manual harvesting [132].

However, in Pakistan and many other countries of South Asia, rice crop is harvested
through wheat combine harvesters through some modification in machines. The use
of wheat combine harvester in rice cause substantial grain losses which affect farmer
profitability. In a study, the use of rice specific harvester reduces harvest losses by 14%
and an extra premium of 5% on the paddy harvested from rice harvesters which increased
farmer profitability [133]. In conclusion, rice harvesting with specific rice harvesters
improves grain quality, reduces grain losses, and increases profit. However, the price of
advanced rice harvesters is not affordable for all farmers. But this problem can be solved
through the subsidy by the governments or and through cooperative investment, where
a group of farmers pool their resources to purchase such machinery. Provision of such
machinery by the service providers, on rental basis, can be another option. However, the
rental charges for rice harvesters are double than the old model combine wheat harvesters.
Therefore, private investors are interested to invest in the purchase and provision of
on-farm services to farmers in South Asia.

5. Conclusions

The RWCS is the major cereal-based cropping system in South Asia, providing food
to millions of people. However, the sustainability and productivity of this system are at
high risk due to climate change, deteriorating natural resources, yield stagnation, and
the negative impacts of this system on the environment. Major issues with this system
include GHG emissions, declining soil quality and health, and reduced profit margins.
However, the adoption of alternative innovative and sustainable approaches, including
smart seeding/DSR, ZT wheat, crop rotation, precision agriculture, and rice and wheat
harvesting using advanced harvesters such as the reaper, mini, and combine harvesters are
the best options for improving yield, grain quality, and soil health, reducing environmental
pollution, and preserving the ecosystem and natural resources (i.e., water, air, and soil).
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Abstract: An efficiency-oriented innovation analysis will enhance the understanding of the opera-
tional quality related to the transformation process of limited innovation investments for improving
innovation outputs. The purpose of this study was to measure the static-dynamic efficiency of
agricultural science, technology, and innovation (ASTI) and identify the efficiency determinants
across the Group of Twenty (G20) countries. First, the static comprehensive efficiency of ASTI was
measured employing the Data Envelopment Analysis (DEA)-BCC model, and some of the binding
constraints to higher efficiency were investigated. Then, we applied the DEA-Malmquist index
model to calculate the efficiency change of ASTI in certain periods and decomposed the sources of
efficiency change. Finally, the G20 countries were classified into four-level clusters based on the
rankings of efficiency measurement and capability evaluation of ASTI to locate the type of ASTI level
and identify the type change in both the efficiency and capability. The empirical results indicate the
following. (1) The efficiency range of the G20 developing countries was relatively larger than the G20
developed countries. The G20 developed countries showed a fluctuating downward trend, while the
G20 developing countries showed an upward trend from the perspective of efficient proportion. The
R&D expenditure redundancy and the agricultural journal papers deficiency were the main binding
constraints to the higher efficiency of ASTI. (2) The total factor productivity change (TFPC) of ASTI
showed an alternating trend of “decline-growth—continuous decline-growth recovery”, where the
G20 developed countries experienced “growth-decline-growth” and the G20 developing countries
underwent a fluctuating upward trend. The TFPC of ASTI in most G20 countries was primarily due
to technological change. (3) The G20 developed countries usually had advantages in capacity, while
the G20 developing countries performed better in efficiency.

Keywords: agricultural science, technology and innovation; Innovation efficiency; DEA; G20

1. Introduction

The challenge of sustainable agriculture development in light of population growth,
resource shortage, ecological deterioration, and climate change has led many governments
to support agricultural science, technology, and innovation (ASTI). The investment of the
United States government in agricultural research projects reached 3.03 billion dollars
in 2018, 130 million dollars more than in 2017 [1]. The European Union has invested
10 billion euros in ASTI activities such as agriculture and forestry ecosystem restoration for
the “Rural Development Project (2014-2020)" [2]. The UK adopted the “UK agricultural
science and technology strategy” in 2013. In 2014, Germany’s agricultural research funds
reached 10% of the budget of the Federal Ministry of Food and Agriculture [3]. China
issued the “Agricultural Science and Technology Development Plan (2006-2020)” [4] and
“the National Agricultural Science, Technology and Innovation Capacity Building Plan
(2012-2016)" [5].
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However, the innovation performance is dependent not only on the available innova-
tion resources but also and maybe most importantly on their efficient and productive use [6].
Innovation efficiency, which is “the ability to translate inputs into innovation outputs” by
definition, has become very important and attractive to scholars and governments [7,8].
Because of the unique advantages in the efficiency evaluation of multi-input and multi-
output [9], the Data Envelopment Analysis (DEA) has been widely used to measure the
relative efficiency of Decision-Making Units (DMUs) by estimating the ratio of outputs
to inputs [10-12]. Many studies investigated innovation efficiency at the national [13-15],
regional [10,16,17], and institutional levels [18-20] by means of DEA. Several studies have
been conducted to measure the efficiency of ASTI [21-27]. Most of these studies assess a
particular nation [21,22,27] or a region [24-26], and very few studies attempt cross country
comparisons for ASTI efficiency [23]. Moreover, the integration of static and dynamic ASTI
efficiency analyses has been usually disregarded.

The limited attention to innovation efficiency at the national level could be a potentially
significant omission from a policy-oriented perspective [28,29], since measuring the ASTI
efficiency helps to both identify the best innovation practitioners for benchmarking and
propose ways to improve efficiency by pinpointing areas of weakness [15]. The G20
countries account for 60% of global arable land and 80% of global agricultural trade [30].
Therefore, “G20 agriculture” has a significant effect on global agriculture development. In
this context, this paper aims to address this gap by estimating the static-dynamic efficiency
of ASTI for the G20 countries at the national level.

This paper proceeds as follows. Section 2 presents the DEA-BCC model and the DEA-
Malmquist index model, as well as the input-output indicators and data sources. Section 3
shows the empirical results, including the static comprehensive efficiency and dynamic
total factor productivity. In addition, we further classify the ASTI level of G20 countries
through the results of efficiency measurement and capability evaluation. Section 4 is
reserved for conclusions and implications.

2. Methodology
2.1. Definition of Efficiency of ASTI

According to Schumpeter’s innovation theory, innovation is not only a technology
and scientific research activity but also an economic activity [31]. In this paper, ASTI is
defined as a complex innovation process in which a series of innovative actors transform
input (personnel and expenditure) into output (new knowledge, new varieties, or new
technologies) through cooperation and interaction to obtain economic benefits. Therefore,
the efficiency of ASTI is the ability of transforming input into output in the above complex
innovation process. The innovation efficiency reflects the effectiveness of innovation
process from input to output. The maximum efficiency of ASTI is mainly reflected in the
maximum innovation output at the given innovation input.

2.2. Data Envelopment Analysis

DEA is a non-parametric method proposed by Farrell [32] and developed by Charnes,
Cooper, and Rhodes [33]. There are many unique advantages in the efficiency evaluation of
multi-input and multi-output: First, the functional relationship between input and output
indicators does not require a priori assumption [34]. Second, multi-input and multi-output
are allowed to be processed simultaneously, without any input and output indicators
dimensionless processing. Moreover, DEA does not need to verify in advance which input
and output indicators are the most important in efficiency evaluation [35].

The CCR model and the BCC model are two basic DEA models. Both models are
named after the author’s initials. In 1978, Charnes, Cooper, and Rhodes created the first
DEA model, which was named the CCR model [33]. Similarly, in 1984, Banker, Charnes,
and Cooper proposed a new DEA model, which was named the BCC model [36]. The
difference between BCC model and CCR model lies in the assumptions. The CCR model
assumes that returns to scale are constant, while the BCC model assumes that returns
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to scale are variable. According to the efficiency measurement, the two models can be
divided into input-oriented and output-oriented [37]. Input orientation emphasizes the
degree to which the various input factors should be reduced to achieve technical efficiency
without reducing output. In contrast, output orientation focuses on the extent to which
all kinds of output should be increased for the purpose of achieving technical efficiency
without increasing input. In practice, the ASTI in most countries is not in the optimal scale
state, and ASTI will produce scale efficiency with the increasing input. This means that
the measurement of the efficiency of ASTI meets the assumption of BCC model, that is,
variable returns to scale. The fundamental purpose of increasing the input of ASTT is to
expect more output, which is consistent with the output-oriented model. Therefore, we
carried out the output-oriented BCC model to measure the comprehensive efficiency of
ASTI in G20 countries. The linear form of the output-oriented BCC model is as follows:
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The BCC model can only use the cross-section data to reflect the efficiency value of
DMU at a certain time statically. To show the dynamic changes of DMU in a specific time
series, we need to use the DEA-Malmquist index model [38] to calculate the total factor
productivity change (TFPC). The TFPC can be decomposed into the technical efficiency
change (TEC) and technological change (TC) in two periods [39]. TEC can also be decom-
posed into the pure efficiency change (PEC) and scale efficiency change (SEC). The model
is as follows:

TFPC = my (Xt+1, Vi Xts Yt) 2)
1
_ dj (Xt+1fYt+1) « d'((JJrl (Xt+1fYt+1) %)
dy(xe, yy) g™ (xe yy)
= TEC (Xex1, Yy 15 X6 ¥) X TC(Xer1, Vg Xt V) (4)
= SEC (Xt+1r}’t+1?xt' yi) x PEC (Xt+1/}’t+1?xtf yy) x TC (Xt+lf§’t+1}xtf Vi) ©®)

where d refers to the input and output matrix and X, X¢+1 represent the input vectors of the
tand t+ 1 periods, respectively. The relationship between variables satisfies the following
conditions: TFPC = TEC x TC, EC = SEC x PEC. Thus, TFPC = SEC x PEC x TC.
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2.3. Indicators Selection

The discriminatory power of DEA would be decreased when many input—output
indicators are introduced [40]; the principle is as follows:

d>3%(m+n) (6)

where d represents the number of DMUs, m represents the number of input indicators,
and n represents the number of output indicators.
Following this restriction, only a few critical indicators can be selected. In this study, the
number of DMUs is 19; therefore, the total number of indicators cannot be greater than 6.
As shown in Table 1, based on previous research experience [9,19,20,24,26,41,42], the
definition of efficiency of ASTI and data availability, the input and output indicators are

selected as follows.

Table 1. List of the innovation efficiency evaluation studies using DEA met.

Authors and Title DEA Model Input Indicators Output Indicators
Chen, Z.; Zheng, R. et al. (2018) [24] Agricultural R&D .
. . . . . Number of agricultural
Evaluation and analysis of agricultural expenditure; Agricultural .
- . . CCR journal papers; Total output
science and technology innovation R&D researchers; Total power .
. : . . . value of Agriculture
efficiency in Henan Province of agricultural machinery
Gu.o, X.Y.; Du, X. et e?l, (2020) [?6] Agricultural R&D Number of agricultural
Evaluation and comparative analysis of the . . patents; Number of new plant
. L . . BCC expenditure; Agricultural S
efficiency of provincial agricultural science, varieties; Added value of
. S . R&D researchers .
technology and innovation in China agriculture
Park, J.H. (2018) [20] The value of R&D
Open innovation of small and BCC expenditure divided by the The percentage of sales from
medium-sized enterprises and innovation total sales; The share of R&D R&D activities
efficiency staff in total employment
Shin, J.; Kim, C. (2018) [19] . C
The Effect of Sustainability as Innovation SBM R&D Employee; R&D Patent APphcahon’
o . - Expense Innovation Sales
Objectives on Innovation Efficiency
Zhang, C.; Wang, XJ. (2019) [41] Triadic Patent Families;
. . . . Science & Engineering
The influence of ICT-driven innovation: a . . .
. ) R . Gross Domestic Expenditure Articles; Value Added of
comparative study on national innovation BCC )
- on R&D; Total Researcher Knowledge and Technology
efficiency between developed and .
. . Intensive
emerging countries .
Industries

Fang, S.R.; Xue, X.S.; Yin, G. (2020) [42]
Evaluation and Improvement of
Technological Innovation Efficiency of New
Energy Vehicle Enterprises in China Based
on DEA-Tobit Model
Lin, Y.Y,; Deng, N.Q.; Gao, H.L. (2018) [43]
Research on Technological Innovation
Efficiency of Tourist Equipment
Manufacturing Enterprises

two-stage DEA

DEA-Malmquist

Total assets R&D expenditure;
Total number of employees;
Technical asset rate

Intensity of R & D personnel;
Intensity of R & D expenditure

Number of patents; Operating
income Net profit

Number of patent
applications; Profit ratio of
sales; Total labor productivity

Input indicators: The innovation inputs mainly include the research and development
(R&D) personnel and expenditure [9,19,20,44-46]. The R&D personnel served as the inputs
in the brainwork for the upstream technological creation process in an innovation system,
representing a basic element for the realization of the technological creation process. As
a proxy for this indicator, we employ the number of agricultural researchers to measure
R&D personnel [22,24,26,46]. As a supporting input, R&D expenditure is also needed,
which is used to complete various R&D activities [47], including the payment of R&D
employees’ wages and the purchase of R&D equipment and facilities [48]. Percentage
shares of R&D expenditure in agricultural value added is used as a proxy indicator to
measure R&D expenditure.
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Output indicators: The output indicators could be divided into two general categories:
(1) scientific and technological output; and (2) economic performance. The scientific and
technological output captured the extent to which a country produced some type of scien-
tific and technological output. The commonly accepted measures of this are the number of
agricultural journal papers [9,49] and the number of agricultural patents [19,25,47]. The
agricultural value added (annual percent growth) is an appropriate proxy for economic
performance generated by ASTI [49].

2.4. Data Sources

The study was limited to G20 countries and covered the period between 2008 and 2017.
The G20 countries include Argentina, Australia, Brazil, Canada, China, France, Germany,
India, Indonesia, Italy, Japan, the Republic of Korea, Mexico, the Russian Federation,
Saudi Arabia, South Africa, Turkey, the United Kingdom, and the United States (note: the
European Union (EU) is a political and economic union, and its major member states are
already within the G20, so the EU was not included in this empirical analysis). The specific
sources of each indicator are shown in Table 2 and its notes. The descriptive statistics of
the input and output indicators are shown in Table 3.

Table 2. Index system for measuring ASTI efficiency.

Index Sub-Index Indicator Data Sources
I R&D personnel Xj: Number of agricultural researchers UNESCO-UIS
nput Xjy: Percentage shares of R&D
R&D expenditure 2 ercentag UNESCO-UIS, FAO
expenditure in agricultural value added
Scientific and technological ¥a: Number of agricultural journal WOS
Output output papers
Y>: Number of agricultural patents WIPO
Economic performance Y3: Agricultural value added (annual % WB
growth)

Notes: United Nations Educational, Scientific and Cultural Organization-Institute for Statistics (UNESCO-UIS): http:/ /uis.unesco.org/ (ac-
cessed on 10 September 2020); The Food and Agriculture Organization (FAO): http:/ /www.fao.org/home/en/ (accessed on 10 September
2020); World Intellectual Property Organization (WIPO): https:/ /www3.wipo.int/ipstats/index.htm?lang=en (accessed on 10 September
2020); Web of Science (WOS): http:/ /apps.webofknowledge.com/RAMore.do?product=WOS&search_mode=AdvancedSearch&SID=
5BeAM2moXj26NR13wVH&qid=13&ra_mode=more&ra_name=CountryTerritory&colName=WOS&view Type=raMore (accessed on 10
September 2020); World Bank (WB): https://data.worldbank.org/indicator/NV.AGR.TOTL.ZS?view=chart (accessed on 10 Septem-

ber 2020).

Table 3. Descriptive statistics of the input and output indicators.

Indicator Mean Std. Dew. Min Max
X1 14.81 19.48 0.12 95.92
Xz 42.17 27.39 5.92 89.94
Y 10.99 1143 0.11 49.47
Y, 11.89 19.07 0.01 100.00
Y3 39.78 9.95 0.10 92.87

The empirical research framework of this paper is shown as Figure 1.
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Figure 1. Empirical research framework.

3. Empirical Results and Discussion

This section analyzes and discusses the efficiency results of ASTI from the static
and dynamic perspective. In addition, we further classify the ASTI level of the G20
countries through the results of efficiency measurement and capability evaluation. All of
the computations were performed with the help of DEAP2.1.

3.1. Comprehensive Efficiency Analysis of ASTI
3.1.1. Overall Analysis of the Comprehensive Efficiency of ASTI

Figure 2 shows the measurement results for the static comprehensive efficiency of
ASTT in the G20 countries from 2008 to 2017. A value equal to 1 represents that the ASTI of
a country is efficient, while smaller values mean it is more inefficient. Brazil, China, India,
Indonesia, Saudi Arabia, and the United States were all efficient from 2008 to 2017, while
Italy, Japan, and the Republic of Korea were inefficient during those 10 years. The other 10
countries (Argentina, Australia, Canada, France, Germany, Mexico, the Russian Federation,
South Africa, Turkey, and the United Kingdom) changed alternately between efficiency
and inefficiency. It is worth noting that the countries that have been efficient during the
10 years include both developed countries (the United States) and developing countries
(Brazil, China, India, Indonesia, and Saudi Arabia). This means that innovation efficiency
is dependent not only on more innovation investments. Optimized translation from inputs
into outputs will lead to high innovation efficiency.

140



Sustainability 2021, 13, 2769

Comprehensive efficiency

1.0

o
®

I
[=N

<=
=

=
[S]

0.0

2008 2009 2010 2011 2012 2013 2014 2015 2016

P e e e, o = s ,,,,,,,,.,,,,,,,,= --®-- Argentina
E L. S —-@=- Australia
I %~ Brazil
8 -—2-Canada
F ~~# China
-—0-- France
u - Germany
F - India
- Indonesia
\ ’ ; g ——#-— ltaly
L \.\_ | L L = ~-@-- Japan
"\\ ," \\ ’f ===~ Republic of Korea
i = - === Mexico
L -=#-- Russian Federation
-=——- Saudi Arabia
- 1= South Africa
——#-— Turkey

017 United Kingdom
--—4--United States
Year

Figure 2. Comprehensive efficiency of ASTI in the period 2008-2017.

Due to the different levels of economic development and agricultural development,
there are obvious differences in ASTI inputs between the G20 developed countries (Aus-
tralia, Canada, France, Germany, Italy, Japan, the Republic of Korea, the United Kingdom,
and the United States) and the G20 developing countries (Argentina, Brazil, China, In-
dia, Indonesia, Mexico, the Russian Federation, Saudi Arabia, South Africa, and Turkey).
Figures 3 and 4 describe the efficiency range and efficient proportion of ASTI in the G20
developed countries and the G20 developing countries from 2008 to 2017.
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Figure 3. Efficiency range of ASTIL.

The efficiency range refers to the difference value between the maximum and min-
imum values of the comprehensive efficiency, which is used to reflect the balance of the
comprehensive efficiency development. The efficiency range of the G20 developed coun-
tries stabilized within 0.3-0.5, with no obvious change, reaching the highest value of 0.568
in 2016. The efficiency range of the G20 developing countries was relatively large (0.1-0.9),
reaching the highest value of 0.872 in 2009. The above shows that, compared with devel-
oped countries, the development of comprehensive efficiency in developing countries is
unbalanced. This is because developed countries generally attach importance to ASTI,
while developing countries pay more or less attention to it.
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Figure 4. Efficient proportion of ASTI.

The efficient proportion represents the proportion of the number of countries that were
efficient to the total number of countries, which is used to reflect the overall development
level of the comprehensive efficiency. It could be seen that the G20 developed countries
showed a fluctuating downward trend, with the highest proportion of 56% in 2014 and the
lowest proportion of 11% in 2012. The G20 developing countries showed an upward trend,
from the lowest proportion of 50% in 2009 to the highest proportion of 80% in 2015 and
2017. The reason for this result is that the investment of ASTI in developed countries has
been at a high level for a long time. When the increase of inputs is lower than the increase
of outputs, the efficiency will decline. However, with the emphasis on ASTI in developing
countries, the output increases rapidly with the increasing input, which promotes the
improvement of efficiency.

3.1.2. Input Redundancy and Output Deficiency of ASTI

If R&D resources are not used effectively, additional investment may be of little help
in stimulating scientific and technological progress [29]. In this section, we analyze the
input redundancy and output deficiency to investigate the binding constraints to higher
efficiency. Table 4 shows the input redundancy frequency and output deficiency frequency
of ASTI for 13 countries (Argentina, Australia, Canada, France, Germany, Italy, Japan, the
Republic of Korea, Mexico, the Russian Federation, South Africa, Turkey, and the United
Kingdom) during 2008-2017. Brazil, China, India, Indonesia, Saudi Arabia, and the United
States all achieved efficiency in ASTI from 2008 to 2017, so there was no input redundancy
and output deficiency. A frequency of 0 means that there is no input redundancy or
output deficiency in the country during these 10 years; a frequency of 1-4 means that input
redundancy or output deficiency happens occasionally; and a frequency of 5-10 means
that input redundancy or output deficiency happens frequently.

There are input redundancy and output deficiency in both the G20 developed and
developing countries. From the perspective of input indicators redundancy, R&D personnel
redundancy occurred frequently (5-10) in Japan and the Russian Federation, while R&D
expenditure redundancy occurred frequently (5-10) in Canada, France, Italy, the Republic
of Korea, South Africa, and the United Kingdom. The output deficiency mainly focuses on
the scientific and technological output, while the economic performance performs well. The
countries with a higher frequency (5-10) of agricultural journal papers deficiency include
Germany, Japan, the Republic of Korea, the Russian Federation, and Turkey. The countries
with a higher frequency (5-10) of agricultural patents deficiency include Argentina, South
Africa, and Turkey.
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Table 4. Input redundancy frequency and output deficiency frequency of ASTI in the period 2008-2017.

. Agricultural Agricultural Economic
Frequency R&D Personnel R&D Expenditure Journal Papers Patents Performance
Argentina, Argentina, Canada,
Australia, Canada ltaly, Japan,
. ! Germany, United Republic of Korea,
0 Mexico, South . . .
R . Kingdom Mexico, Russian
Africa, United .
Kinwdom Federation, South
g Africa, Turkey
Argentina, Argentma, Australia, Canada,
. Australia, Canada, .
France, Germany, Australia, France, Ttal France, Italy, Japan,  Australia, France,
14 Italy, Republic of Germany, Japan, e, tay Republic of Korea,  Germany, United
. . Mexico, South X .
Korea, Turkey Mexico, Russian R . Mexico, the Kingdom
. Africa, United . .
Federation, Turkey . Russian Federation
Kingdom
Canada, France,
Italy, Republic of Germany, Japan,
Japan, Russian / Republic of Korea, Argentina, South
5-10 . Korea, South . .
Federation . . Russian Africa, Turkey
Africa, United .
) Federation, Turkey
Kingdom
We further investigated the factors reducing the static comprehensive efficiency of the
inefficient countries over the years 2008-2017. Taking 2017 as an example (see Table 5), there
are nine inefficient countries: Canada, France, Germany, Italy, Japan, the Republic of Korea,
the Russian Federation, Turkey, and the United Kingdom. In terms of the input redundancy,
France (0.30), Germany (0.13), the Republic of Korea (0.16), the Russian Federation (0.63),
and Turkey (0.09) have R&D personnel redundancy; Canada (0.21), France (0.05), Italy
(0.16), the Republic of Korea (0.26), and the United Kingdom (0.06) have R&D expenditure
redundancy; therefore, these countries can appropriately reduce related R&D investments.
In terms of the output deficiency, Germany (0.51), Japan (3.09), the Republic of Korea
(0.11), the Russian Federation (7.00), and Turkey (2.46) are deficient in agricultural journal
papers; the Russian Federation (2.90) and Turkey (0.88) are deficient in agricultural patents;
therefore, these countries should pay more attention to the two scientific and technological
outputs. In addition, 0.00 represents no input redundancy or output deficiency, which
means these inputs and outputs of the country have already been optimized.
Table 5. Input redundancy and output deficiency of ASTI in G20 countries in 2017.
Count R&D R&D Ag]rlct;ll:ulral Agricultural Economic
ountry Personnel Expenditure ourna Patents Performance
Papers
Canada 0.00 0.21 0.00 0.00 0.00
France 0.30 0.05 0.00 0.00 0.00
Germany 0.13 0.00 0.51 0.00 0.00
Italy 0.00 0.16 0.00 0.00 0.00
Japan 0.00 0.00 3.09 0.00 0.00
Republic of Korea 0.16 0.26 0.11 0.00 0.00
Russian Federation 0.63 0.00 7.00 2.90 0.00
Turkey 0.09 0.00 2.46 0.88 0.00
United Kingdom 0.00 0.06 0.00 0.00 0.00

3.2. Total Factor Productivity Analysis of ASTI

This section applies the DEA-Malmquist index model to calculate the dynamic total
factor productivity change (TFPC) of ASTI for G20 countries from 2008 to 2017 and de-
composes TFPC of ASTI under time dimension and spatial dimension to investigate the
sources of efficiency change.
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3.2.1. TFPC Decomposition of ASTI under Time Dimension

Table 6 shows the TFPC decomposition of ASTI for G20 countries at different stages.
A value of less (more) than 1 represents decline (growth), and a value equal to 1 shows no
change. The mean value of TFPC for G20 countries is 0.981 in the period 2008-2017, a 1.9%
decline in the Total Factor Productivity (TFP). The mean value of technological change (TC)
is 0.974, while the mean value of Technical Efficiency Change (TEC) is 1.008, indicating
that the decline of Total Factor Productivity (TFP) of ASTI was caused by the decline of
TC greater than the growth of Technical Efficiency (TE). The mean value of Pure Efficiency
Change (PEC) is 1.000, that is, pure efficiency (PE) kept unchanged. Thus, a 0.8% increase
in Scale Efficiency (SE) improves the TE of ASTI in G20 countries.

Table 6. TFPC decomposition of ASTI in the period 2008-2017 under time dimension.

Efficiency l-,r(“;l Fi.ct.otr Technical Efficiency Technological Pure Efficiency Scale Efficiency

Period Ch;‘;g‘;‘&‘;‘l,yo Change (TEC) Change (TC) Change (PEC) Change (SEC)
2008-2009 0.826 0.871 0.949 0.875 0.995
2009-2010 1.217 1.063 1.144 0.970 1.096
2010-2011 1.017 0.889 1.144 1.158 0.768
2011-2012 0.945 0.973 0971 0.998 0.975
2012-2013 0.937 1.351 0.694 1.003 1.347
2013-2014 0.890 0.964 0.923 1.051 0.917
2014-2015 0.958 0.931 1.030 0.950 0.980
2015-2016 0.976 1.023 0.954 0.944 1.083
20162017 1.117 1.079 1.035 1.077 1.002
Mean Value 0.981 1.008 0.974 1.000 1.008

The TFPC of ASTI in 2008-2017 could be divided into four stages. The first stage
(2008-2009) was the decline stage: the TFP of ASTI fell by 17.4%, which was caused by
the decline in TE (falling by 12.9%) and TC (falling by 5.1%) simultaneously. The second
stage (2009-2011) is the growth stage with a 21.7% growth from 2009 to 2010 and a 1.7%
growth from 2010 to 2011. The growth of TFP of ASTI during 2009-2010 was driven by the
synchronous growth of TE (increasing 6.3%) and TC (increasing 14.4%), while it was driven
by TC (increasing 14.4%) during 2010-2011. The third stage (2011-2016) was the continuous
decline stage: the TFP of ASTI declined by 5.5%, 6.3%, 11%, 4.2%, and 2.4%, respectively.
It was mainly caused by the decline in TC. The fourth stage (2016-2017) is to resume
growth. Due to the simultaneous growth of TE (increasing by 7.9%) and TC (increasing
by 3.5%), the TFP of ASTI for G20 countries rose by 11.7%. The above alternating trend of
“decline-growth—continuous decline-growth recovery” of TFPC decomposition indicates
that the efficiency of ASTI for G20 countries was in a period of constant adjustment.

The TFPC decomposition of ASTI in G20 developed and developing countries is
presented in Table 7. The G20 developed countries experienced an increment during
2009-2012, a decline during 2013-2015, and an increment again during 2015-2017. The G20
developing countries showed a fluctuating upward trend of TFPC.

Table 7. TFPC decomposition of ASTI in G20 developed and developing countries under time dimension.

G20 Developed Countries G20 Developing Countries

TFPC TEC TC PEC SEC TFPC TEC TC PEC SEC

2008-2009
2009-2010
2010-2011
2011-2012
2012-2013
2013-2014
2014-2015
2015-2016
2016-2017

0.917 0.957 0.958 0.919 1.042 0.752 0.800 0.940 0.837 0.955
1.080 0.951 1.136 0.887 1.073 1.354 1.176 1.152 1.052 1.117
1.001 0.770 1.301 1.192 0.645 1.032 1.013 1.018 1.128 0.898
1.014 1.043 0.972 1.037 1.005 0.888 0.915 0.971 0.964 0.949
0.851 1.563 0.544 0.906 1.726 1.022 1.184 0.863 1.098 1.078
0.867 0.928 0.934 1.093 0.849 0.911 0.997 0.914 1.014 0.983
0.859 0.868 0.990 0.924 0.939 1.058 0.991 1.067 0.973 1.019
1.025 1.073 0.955 0.943 1.138 0.933 0.980 0.952 0.946 1.036
1.092 1.047 1.043 1.057 0.990 1.140 1.109 1.028 1.095 1.013
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3.2.2. TFPC Decomposition of ASTI under Spatial Dimension

As shown in Table 8, seven G20 countries (Saudi Arabia, Japan, China, Mexico, the
Republic of Korea, the Russian Federation, and Argentina) (37%) have shown growth in
TFP of ASTI (TFPC > 1) during 2008-2017. Among them, Saudi Arabia, Japan, and China
saw the larger growth, with increases of 11.4%, 7.5%, and 6.6% respectively; Mexico and the
Republic of Korea saw growth of 3.9% and 2.8%, respectively; and the Russian Federation
and Argentina saw smaller growth, with increases of 0.6% and 0.4% respectively. The
TFP of ASTI for 12 countries (Australia, Turkey, the United States, South Africa, France,
Indonesia, India, Italy, Germany, Brazil, the United Kingdom, and Canada) (63%) declined
from 2008 to 2017 (TFPC < 1). Australia, Turkey, the United States, South Africa, and
Indonesia fell 0-5%; India, Italy, Germany, and Brazil fell 5-10%; and the United Kingdom
and Canada fell by more than 10%.

Table 8. TFPC decomposition of ASTI in the period 2008-2017 under spatial dimension.

Country TFPC TEC TC PEC SEC
Saudi Arabia 1.114 1.000 1.114 1.000 1.000
Japan 1.075 1.111 0.967 1.009 1.100
China 1.066 1.000 1.066 1.000 1.000
Mexico 1.039 1.054 0.986 1.043 1.011
Republic of Korea 1.028 1.077 0.955 0.997 1.080
Russian Federation 1.006 1.006 1.000 0.990 1.016
Argentina 1.004 1.078 0.931 1.051 1.026
Australia 0.994 1.000 0.994 1.000 1.000
Turkey 0.976 1.008 0.969 0.999 1.009
United States 0.976 1.003 0.973 1.000 1.003
South Africa 0.960 0.964 0.995 1.000 0.964
France 0.958 1.014 0.945 1.019 0.995
Indonesia 0.955 1.000 0.955 1.000 1.000
India 0.948 1.000 0.948 1.000 1.000

Italy 0.945 1.006 0.939 0.985 1.022
Germany 0.929 0.983 0.946 0.978 1.004
Brazil 0.923 1.009 0.915 1.000 1.009
United Kingdom 0.897 0.932 0.963 0.965 0.966
Canada 0.882 0.922 0.957 0.964 0.957

The influencing factors of TFPC of ASTI were identified, as shown in Tables 9 and 10.
As shown in Table 8, the growth for China and Saudi Arabia in TFP of ASTI was due to
the improvement in TC (TC > 1, TEC < 1). The growth for Japan, Mexico, the Republic of
Korea, the Russian Federation, and Argentina was attributed to the improvement in TE
(TEC > 1, TC < 1), where two countries (the Republic of Korea and the Russian Federation)
were driven by SE (SEC > 1) only and three countries (Japan, Mexico, and Argentina) by
the synchronous improvements of SE and PE (SEC > 1, PEC > 1).

Table 9. Sources for growth of TFPC of ASTI.

Source Country
SEC > 1 (Republic of Korea, the
Argentina, Japan, Republic of Russian Federation)
TEPC > 1 TEC>1,TC<1 Korea, Mexico, fhe Russian PEC > 1, SEC > 1 (Japan,
Federation Mexico, Argentina)
TC>1,TEC<1 China, Saudi Arabia
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Table 10. Sources for decline of TFPC of ASTL

Source Country

TFPC <1

SEC < 1 (South Africa)

TC <1, TEC <1 South Ilz'frlcg, Gerénan)g United PEC <1 (Germany)
mngaom, L-anada SEC <1, PEC < 1 (United
Kingdom, Canada)
TC <1, TEC > 1 Australia, Turkey, United States, France, Indonesia, India,

Italy, Brazil

The sources for decline of TFP of ASTI is shown in Table 10. Eight countries (Australia,
Turkey, the United States, France, Indonesia, India, Italy, and Brazil) were because of the
decrease in TC (TC < 1, TEC > 1), while four countries (South Africa, Germany, the United
Kingdom, and Canada) were attributed to the synchronous decrease in TE and TC (TC < 1,
TEC < 1). Among them, the source for decline in South Africa is SE (SEC < 1), Germany is
PE (PEC < 1), and the United Kingdom and Canada showed declines due to the decrease
of SE and PE (PEC < 1,SEC < 1).

3.3. Classification and Change Analysis of National ASTI level

The innovation efficiency and innovation capability are two important aspects of
national ASTI level [50,51]. The efficiency of ASTI focuses on the relationship of trans-
formation from input to output, that is, whether more output can be obtained under the
given input or less input can be invested under the given output. The capability of ASTI
is a comprehensive performance from the joint influence of input and output [46]. The
efficiency of ASTI concentrates on innovation quality, while the capability of ASTI focuses
on innovation quantity. This study integrated the analysis of the efficiency and capability
of ASTI to locate the type of ASTIlevel and identify the type change for each G20 country,
from both the innovation “quality” and “quantity” aspects.

According to the rankings of efficiency measurement of ASTI, countries ranked 1-10
are called “efficiency superior” and countries ranked 11-19 are called “efficiency inferior”.
Similarly, based on to the rankings of capability evaluation of ASTI for G20 countries,
countries ranked 1-10 are called “capability superior “ and countries ranked 11-19 are
called “capability inferior “. Combining the rankings of the efficiency and capability of
ASTI, the ASTI level of G20 countries is divided into four categories: “double superior
type” (“efficiency superior” and “capability superior”), “efficiency single-superior type”
(“efficiency superior” and “capability inferior”), “capability single-superior type” (“effi-
ciency inferior” and “capability superior”), and “double inferior type” (“efficiency inferior”
and “capability inferior”).

This study used the evaluation system and calculation model, which were referred
from Wang’s methodology [46], to evaluate the capabilities of ASTI for G20 countries. For
the details of the efficiency measurement, please refer to Figure 2.

As shown in Figure 5, in 2017, Australia, China, and the United States with outstanding
efficiency and capability of ASTI simultaneously belong to the double superior type; Brazil,
India, Indonesia, Mexico, Saudi Arabia, and South Africa are efficiency single-superior
type, indicating that the capabilities of ASTI for these six countries need to be improved;
the capacity single-superior type included Canada, France, Italy, Japan, and the Republic
of Korea, which means that these five countries are weak in the efficiency of ASTL; and the
Russian Federation and Turkey are weak in both capability and efficiency of ASTI, so they
fell in the double-inferior type.
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Figure 5. Classification for the national ASTI level for G20 countries.

Compared with 2008, in 2017, the types of ASTI levels in 15 countries, including
Australia, Brazil, Canada, China, France, India, Indonesia, Italy, Japan, the Republic of
Korea, the Russian Federation, Saudi Arabia, South Africa, Turkey, and the United States,
remained unchanged. There were only four countries (Argentina, Germany, Mexico,
and the United Kingdom) whose types of ASTI levels changed. Argentina and Mexico
changed from the double inferior type to the efficiency single-superior type due to efficiency
improvement. On the contrary, the ASTI types of Germany and the United Kingdom
transformed from the double superior type to capacity single-superior type caused by a
drop in efficiency. The results indicate that the ASTI levels of G20 countries were in a stable
status on the whole during the period 2008-2017.

4. Conclusions and Implications

In this study, we estimated the static-dynamic efficiency of ASTI and identified the
efficiency determinants across the G20 countries. First, we measured the static compre-
hensive efficiency of ASTI by means of the DEA-BCC model. The results show that one
developed country (the United States) and five developing countries (Brazil, China, India,
Indonesia, and Saudi Arabia) have been efficient in the period 2008-2017. The values of the
G20 developing countries were relatively larger than the G20 developed countries from
the perspective of efficiency range. The G20 developed countries showed a fluctuating
downward trend, while the G20 developing countries showed an upward trend from the
perspective of efficient proportion. The major binding constraints to the higher efficiency
of ASTI included the R&D expenditure redundancy and the agricultural journal papers
deficiency. Second, we applied the DEA-Malmquist index model to calculate the dynamic
total factor productivity change (TFPC) of ASTI in the periods 2008-2017. The TFPC of
ASTI for G20 countries showed “decline-growth—-continuous decline-growth recovery”
trend, where the G20 developed countries showed a “growth-decline-growth” trend, while
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the G20 developing countries experienced a fluctuating upward trend. The technological
change (TC) was the main cause of the TFTC of ASTI in most G20 countries. Finally, we
further classified the ASTI level of G20 countries based on efficiency and capability. The
G20 developed countries usually had higher capacity, while the G20 developing countries
had advantages in efficiency.

The theoretical contributions of this study are as follows. First, although measuring
innovation efficiency is not a novel concept, the empirical evidence in ASTI is limited and
most studies have taken a cross-sectional sample of one region or one country. In this
study, we went beyond the range of single-country studies. We collected the G20 countries
data during a 10-year period (2008-2017) and performed a comparative study of countries
at different stages of development. Our second contribution is the integration of static
and dynamic ASTI efficiency analyses, contrary to the previous studies only conducting
static or dynamic efficiency analyses. Here, we investigated the efficiency determinants
from static and dynamic perspectives. Third, this study is pioneering in classification and
change analysis of the national ASTI level based on the rankings of efficiency measurement
and capability evaluation of ASTI.

This study has important implications for the design and implementation of agricul-
tural innovation strategies for policymakers. Firstly, developed countries should optimize
the investment structure of ASTI, while developing countries should pay more attention to
the scale of investment. The ASTI in developed countries started earlier, but most devel-
oped countries in G20 had R&D personnel and R&D expenditure investment redundancy
during 2008-2017. Thus, policymakers in developed countries should pay more attention
to the optimization of investment structure of ASTI, instead of focusing only on inputs.
Although the efficiency of ASTI of developing countries is higher than that of developed
countries on the whole, this is mainly based on the premise of low input-low output in
ASTI of developing countries. Policymakers in developing countries should appropriately
expand the scale of investment in ASTI while maintaining current efficiency. Secondly, the
role of technological progress in promoting the efficiency of ASTI must be taken seriously.
The empirical results show that the reason for the decline in the TFP of ASTI in G20 coun-
tries from 2008 to 2017 was that the decline in technological progress was greater than the
increase in technological efficiency. All countries should strengthen the development and
transformation of agricultural technology continuously. Finally, in 2008, there were four
“double superior type” countries of G20 but only three in 2017. Therefore, the efficiency
and capability of ASTI should be taken into consideration when implementing different
policies simultaneously.

This research is not free of limitations and these could be addressed in future research.
First, a national agriculture innovation system is a complex system, including various
input and output indicators. Concerning the future work, it would be interesting and
valuable to investigate more detailed indicators for a better simulation of the national
agriculture innovation system, which can more effectively reflect the real process of ASTI
activities at the national level. Second, due to the lack of data, our empirical research was
not able to include more countries. Hence, a direction for our future research is to conduct
comparative studies between more countries.
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Abstract: Digital technologies offer a potential solution to improve sustainability—economic, social,
and environmental—of agri-food systems around the globe. While developed countries have led
the innovation and adoption of digital agriculture, the potential impact in developing countries—
including in the Middle East and North Africa (MENA) region—is massive. This article synthesizes
existing evidence to review the potential and current contribution of digital technologies to the
agri-food sectors in MENA. Digital agriculture shows promise in addressing the key challenges
facing the agri-food sector across MENA countries. Improvements in primary production, supply
chain and logistics performance, and optimized use of scarce natural resources (notably agricultural
water) could be notable, if digital technologies can be implemented as envisioned. Available evidence
shows that adoption of digital agriculture is at early stages, generally led by high-value agricultural
production targeting domestic markets in Gulf countries and export markets in Mashreq countries.
Economic sustainability appears the strongest force for current adoption, with less focus on social
or environmental sustainability. Public policies should not only foster the adoption of digital
technologies in MENA but also ensure equity of access, transparency of use, data protections,
and labor protections. Policymakers should move beyond traditional, production-centric views to
deliver also on social and environmental sustainability.

Keywords: productivity; efficiency; sustainability; food security; agriculture; digital agriculture;
smart farming; digitalization; digital technologies; Middle East and North Africa

1. Introduction

The term “digitalization” refers to the socio-technical application of digital technolo-
gies or innovations [1]. Digital agriculture (sometimes also termed “smart farming”) refers
to the design, development, and use of digital technologies in agriculture and the wider
agri-food sector. Digital agriculture encompasses a range of technologies that include
sensors, robots, digital communication tools, blockchain, computational decision and
analytical tools, and cloud-based technologies [2]. Controlled-environment agriculture
(greenhouses, indoor farms, and vertical and hydroponic farms) increasingly applies dig-
ital technologies including sensors, robots, and digital communication. More advanced
approaches leverage digital, mobile, internet of things (IOT), and cognitive technologies.
For example, precision agriculture relies on tools including global positioning system
(GPS)-enabled guidance, control systems, sensors, robotics, drones, autonomous vehicles,
and variable rate technologies. Precision agriculture practices for livestock farming in-
clude sensors, radio frequency identification (RFID), and automated or robotic milking
and feeding systems. Predictive analytics software and/or artificial intelligence (AI) use
available data to provide farmers with guidance about crop rotation, optimal planting
times, harvesting times, and soil management.
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Digital technologies have been touted as a potentially revolutionary solution to im-
prove agricultural production systems’ performance and sustainability [3], defined to have
economic, social, and environmental dimensions [4,5]. Digital technologies can make
the agri-food sector more efficient, inclusive, and environmentally sustainable, thereby
increasing benefits for farmers, consumers, and society at large [6]. Digital technologies can
help to raise on-farm productivity, improve resource use efficiency, and support climate
resilience [7]. Improvements in primary production, supply chain and logistics perfor-
mance, and reductions in food losses and waste are especially notable, provided that
digital technologies can be implemented. Moreover, the COVID-19 pandemic has increased
attention to both the need for and utility of digital technologies including within the agri-
food sector [8] and has catalyzed the introduction and adoption of digital technologies [9].
Despite the myriad benefits promised, digital agriculture—like other, major innovation
breakthroughs—is not without its challenges or risks [6,10].

While developed countries have led much of the innovation and early adoption of
digital technologies [11-14], the potential impact of these technologies on agriculture
in developing countries is massive given the economic, social, and environmental roles
played by their agricultural sectors [6]. The available literature has tended to focus on
developing countries and regions that depend most highly on agricultural production,
where agricultural production is viewed as a key economic sector or where the agri-food
sector is a major employer.

The Middle East and North Africa (MENA) region has received little, albeit growing,
attention within the field of digital agriculture [14] and vice versa [15]. This tendency to
overlook the MENA region is despite the fact that agriculture continues to be practiced
and that agri-food is an important, if relatively small, sector within most countries of the
region and may reflect the fact that the sector is severely constrained by both natural and
human factors [16], which may limit expectations for agriculture in MENA. Nevertheless,
the sustainable development of the agri-food sector remains of critical importance for
economic performance, employment, social stability, and food security.

The research questions motivating this article are as follows: (1) What are the chal-
lenges to the sustainability of agriculture in the MENA region? (2) To what extent can
digital agriculture address the actual challenges facing the sector, across all three pillars of
sustainability? (3) What is the current status of digital agriculture in the MENA region?
(4) What policy action is needed to unlock the potential of digital agriculture and truly
contribute to sustainability in the MENA region? Accordingly, this review article seeks to
synthesize existing evidence to provide a tightly focused overview of the potential and
current contribution of digital technologies to the agri-food sectors of MENA countries.
This article does not offer new empirical evidence but rather synthesizes available knowl-
edge to lay the groundwork for such future contributions to the literature. The article is
structured as follows: Section 2 briefly describes the materials and methods used. Section 3
presents the results of the literature review, including a summary of the status, contribu-
tions, and challenges of agri-food in MENA countries; the potential contribution of digital
technologies to the sector; and the current status of digital technologies within the MENA
region. Section 4 presents the discussion and conclusions. Evidence shows that adoption
of digital technologies within the agri-food sectors across the MENA region varies but is
generally at early stages and led by high-value and export-oriented agricultural production.
Policies are needed not only to foster the adoption of digital technologies in MENA but
also to address concerns for equity of access, transparency of use, data protections, and
protections against adverse labor impacts.

2. Materials and Methods

This research consists of a scoping review of the literature addressing the potential and
current contribution of digital technologies to the agri-food sectors of MENA countries. The
review draws on both academic and grey literature, including publications from institutions
such as the World Bank and the Food and Agriculture Organization of the United Nations
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that play a significant role in policies and interventions targeting the application of digital
technologies within the agricultural sector in developing countries [3,17]. News articles
have also informed this review, to address the most recent developments not yet reflected
in the academic press. Publications were identified through searches of academic databases
(Web of Science) and open internet sources (Google search), and through the “snowball”
referral to bibliographic references identified in relevant publications. Given the rapid
evolution of digital technologies, this review has prioritized more recent studies (published
since 2000), though has not strictly excluded earlier publications of relevance to the topic.

A systematic approach to the literature review was neither practical nor appropriate:
A search for peer-reviewed academic articles addressing “digital agriculture” or “smart
farming” within the MENA region or any of the corresponding countries (pairwise combi-
nations, both within the TOPIC field in Web of Science) yielded precisely one result (Table
S1). Moreover, the objectives of this research are to provide a synthesis of the evidence on
the potential of technology application and its current status in MENA and to extrapolate
lessons for policy relevance, rather than to provide an exhaustive examination of any single
digital technology.

This research delimited the MENA region to include the 22 member countries of the
Arab League. Given the nature of this review, the de facto focus is accordingly on those
countries for which more evidence is available.

3. Results
3.1. Agri-Food in MENA—Sustainability Considerations

The agri-food sector makes a modest but important contribution to the economy of
countries in the MENA region, particularly those countries that have already experienced
the structural transformation of their economies. Nevertheless, the sustainable devel-
opment of the agri-food sector can play a key role in informing economic performance
and employment, social stability and inclusion, and environmental outcomes. Indeed,
sustainability of agri-food systems needs to encompass the multiple pillars of sustainability:
economic, social, and environmental [4,5,18].

3.1.1. Economic Contribution

The relative contribution of the agriculture sector to the total economy is a minor share
in all MENA countries, ranging from less than 1% in Gulf countries like Bahrain, Qatar, and
the United Arab Emirates to a high of more than 30% in Comoros (Table S2) [19]. Despite
this small share, growth in agricultural production can stimulate growth in the wider
economy and especially other areas of the agri-food sector, including production of inputs,
food processing, logistics, and financial services. The economy-wide multiplier effect
of the agricultural sector may be significant in developing countries, suggesting strong
potential for investment in the agriculture sector to trigger wider economic growth [20,21].
In MENA, the downstream segments of the agri-food sector have demonstrated dynamism
and faster growth in recent decades as compared to on-farm performance [22].

The agri-food sector can be an important contributor to the net trade performance
of MENA countries, offsetting imports and increasing exports. Increasing agriculture’s
productive potential could help to reduce the dependence on food imports, which is high.
For example, Iraq imports more than 80% of its food needs (including most cereals, meat,
refined sugar, cooking oil, canned and processed foods, fruits and vegetables, and dairy
products) [23]. Food import dependence in MENA countries is projected to rise in coming
years due to population growth and shifting dietary patterns. Moreover, this dependence
was illuminated during the COVID-19 pandemic, when shocks to international supply
chains led to calls for shortened supply chains and sustained local agri-food production,
including through digital technologies [8,24]. Improved agri-food performance can also
help improve trade balances via the export channel. The expansion of agri-food exports
can increase foreign currency inflows, which would be especially welcome in countries
such as Lebanon where foreign currency is scarce [25].

153



Sustainability 2021, 13, 3223

3.1.2. Social Contribution

As a labor-intensive sector, agriculture plays an outsized role in employment and job
creation in nearly every country of the MENA region. In fact, agricultural employment as a
share of total employment is higher than agriculture as a share of GDP in every country in
the region for which data are available, except Algeria and Jordan. Agriculture accounts for
a minor share of employment in the Gulf countries and Jordan, but a relatively higher share
in the other countries of the region, rising to half or more of all employment in Comoros,
Mauritania, and Somalia (Table 52) [19]. The agricultural sector also has relatively strong
potential for further job creation, as the long-term value-added elasticity of employment
in the MENA region is higher for agriculture than the industrial or service sectors. For
every percentage point of growth in the value added of the agriculture sector, employment
increases by 0.36 percentage points (versus industry at 0.30 percentage points and service
at 0.20 percentage points). Employment is created along the value chain, from production
to processing, packaging, and distribution and with spillover effects on related sectors such
as services, transport, and communications [26].

Poverty is concentrated in rural areas, where households disproportionately depend
on agriculture as a primary source of income. The prevalence of poverty in rural areas
is reported to be higher than in urban areas in every MENA country for which data is
available (Table S2) [27]. As employer to many of the poorer and more marginalized
segments of the population—such as migrants, refugees, and the internally displaced—
agriculture can play a critical role in reducing poverty and vulnerability. For example,
in Lebanon, the agriculture sector was the second-highest employer of displaced Syrians
who were working in 2019 (17% of those who have a regular job); this figure was reported
at 27% among children [28]. In Iraq, agriculture has proven critical to resettlement of
internally displaced persons: 47% of people returned to rural areas, where agriculture,
farming and animal husbandry ranks among the top three sources of income. Evidence
showed that, as of 2019, returns were higher in locations where agriculture, livestock, and
agricultural market activities had resumed [29]. Technologies that boost land and labor
productivity may provide a direct path out of poverty. In terms of employment and labor
demand, productivity growth in agriculture accumulates additional purchasing power
among rural families, expanding job opportunities in off-farm sectors and thereby releasing
labor to non-farm sectors [30]. The combination of appropriate investments and proper
enforcement of social protections can allow agriculture to progress towards social inclusion
and vulnerability reduction among its labor force.

The agri-food sector, as a component of the food system, has direct and indict impacts
on food security [31]. Countries of the MENA region report significant food insecurity
according to a range of indicators (Table S2). Undernourishment affected approximately
9.0% of the regional population as of 2017-2019, and 30.2% of the population suffered from
moderate or severe food insecurity (figures are reported for the Western Asia and Northern
Africa regional definition, which approximates but does not precisely correspond to the
MENA region as defined within this article). Concurrently, some 27.7% of adults in the
region were obese (2016 data) [32]. Support for the agri-food sector and improvements in
its performance could improve the region’s food security status by supporting agricultural
development and incomes, as well as the production and consumption of more nutritious
foods [33,34]. Insofar as food security contributes to social stability, the agri-food sector
therefore also makes a contribution [35]. Moreover, food systems globally—including
within the MENA region—must change fundamentally in the coming decades to align with
the needs of healthy people, a healthy planet, and healthy economies, while sustainably
increasing the food supply by 2050 [36].

3.1.3. Environmental Contribution

The principal environmental “contribution” of the agricultural sector in the MENA
region is in fact as a major user—and polluter—of natural resources including water and
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land, as well as a contributor to biodiversity loss and climate change. The sector is thus
both agent and victim of environmental harm [5].

The agricultural sector is the largest single user of water in multiple countries of the
MENA region [37], a region which is one of the most water scarce on the planet. Most
countries of the region are categorized as “extremely high” or “high” baseline water stress,
and a number are ranked among the most water stressed in the world (Table S2) [38]. To
manage this scarcity of water, irrigation is frequently employed for crop production; the
use of modern technologies such as drip irrigation and hydroponics can multiply water
productivity and produce more with less water. Though water is a scarce resource, agricul-
tural water use efficiency remains low in many countries of the region [39]. Indeed, while
water scarcity is a challenge at the national level, it may be less so for individual farmers
who can access sufficient water through groundwater resources, even if these resources are
threatened by over-extraction and declining quality. Widespread water pollution and sub-
standard water infrastructure exacerbate water scarcity and complicate government efforts
to manage the water demand of the agricultural sector. In agricultural areas, the runoff and
infiltration of fertilizer and pesticide residues contributes to further environmental degra-
dation. In light of water scarcity, expanding agricultural production and exports must be
balanced with the sustainable use of scarce natural resources, specifically irrigation water.
For example, experts have recommended against the expansion of irrigated agriculture
within the Tigris—-Euphrates watershed due to already excessive water use that has led to
declining water tables and soil salinization [36]. The sustainable use of water resources is
among the most pressing food production challenges in the Gulf [40].

Arable land is another key limitation to agriculture in MENA countries and is under
threat from encroaching desertification. Desertification is estimated to affect some 75%
of Iraq’s land, for example, contributing to the displacement of farming activities [41].
Declining soil fertility is a pervasive problem and expected to limit future agricultural
productivity in the region.

Unsustainable use of agricultural inputs, including fertilizers, pesticides, and herbi-
cides, is damaging the current export potential and long-term sustainability of agriculture.
Excessively high levels of fertilizer use can reduce yields over the long term. Excessive and
inappropriate (ill-timed) application of pesticides may reduce the quality of production,
limiting exports to markets that impose strict food safety and sanitary and phyto-sanitary
(SPS) standards [26].

MENA'’s agri-food sector is a contributor to global climate change through its produc-
tion of greenhouse gas emissions (GHGE) associated with every stage of the value chain.
While the total GHGE attributed to agriculture (including agricultural land use) are not
available at the regional level, these range widely from less than 1% in GCC countries where
agricultural production is relatively limited and where energy production is significant
(e.g., Bahrain, Kuwait, Qatar, Saudi Arabia, and United Arab Emirates), to more than 50%
in Somalia and Mauritania (Table S2) [42].

3.1.4. Key Challenges

Agricultural production in the MENA region is constrained by challenges including
scarcity and inefficient use of natural resources (notably water); small and fragmented farm
structures; suboptimal agricultural practices and poor management due to weak extension
services; poor integration of input and output markets; limited access to finance; weak
infrastructure; and lagging food safety and traceability standards. These challenges dispro-
portionately impact smallholder farmers (as compared to larger, commercial farmers), due
to factors such as their lower production volumes, higher transaction costs, more limited
capacity for investment, reduced market access, and weaker bargaining power [16,43].

In a number of countries of the MENA region, conflict and social unrest have chal-
lenged the performance of the agricultural sector in recent decades. Violent conflict such as
that experienced in Iraq may destroy, disrupt, or deteriorate infrastructure, resources and
productive assets, institutions, and value chains, e.g., [23,33,35].
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Climate change exacerbates the existing challenges the agriculture sector is facing
in the MENA region, undermining rural livelihoods and potentially leading to more
fragility, displacement, and tensions. Climate change has and will continue to impact
temperature and precipitation patterns, raising the risk of extreme weather events. The
average temperature in the MENA region may increase by up to 4.8 °C by 2100, with
a higher rate of warming in summer than winter. Crop yields in MENA could fall by
10-20% by 2050 under worst-case scenario models. Livestock productivity will fall due to
less available animal feed, increased animal heat stress, and a higher risk of infection and
disease. Climate change is expected to disproportionately affect small-scale farmers, who
are more vulnerable to its effects and may be more susceptible to pressures to migrate out
of agriculture and rural areas as a result [44]. Fortunately, adaptation to climate change
in the agriculture sector and promotion of climate-smart agriculture practices may yield
economic, social, and environmental benefits [45].

Despite the economic, social, and environmental importance of the agri-food sector in
the MENA region, and its potential to deliver more benefits, the sector generally does not
receive adequate attention or funding from policymakers. The agri-food sector is typically
underfunded and rarely seen as a priority in major economic policy reform and investment
programs. The agricultural orientation index—the ratio of agriculture share of government
expenditures to agriculture share of GDP—is less than 1.0 in every country for which
data is available, excepting Qatar (Table S2) [46]. The neglect of the agricultural sector in
terms of public expenditure and foreign direct investment (FDI) has contributed to weak
investment in agricultural research and poor performance of public extension systems in
many MENA countries.

MENA countries range in the extent to which their respective agricultural sectors
enjoy the support of favorable government policies or face legal and regulatory constraints
to growth. According to the Enabling the Business of Agriculture index, the best performer
in the region is Morocco, trailed by Jordan and Egypt; Tunisia, Sudan, and Iraq perform
less favorably, though all countries have room for improvement to enable the growth and
performance of their respective agricultural sectors. Data is unavailable for the remaining
countries of the region (Table S2) [47].

3.2. Contribution of Digital Technologies to Agri-Food in MENA

Applied within the agri-food sector, digital technologies can promote long-term devel-
opment by enhancing the sector’s economic, social, and/or environmental sustainability.
Below, the most significant potential contributions of digital technologies to agri-food in
MENA are reviewed. Current, illustrative examples from the MENA region are noted
according to their primary contribution; although digital technologies may indeed be
multi-functional and contribute to more than one sustainability pillar simultaneously, this
is necessary for organizational purposes. Selected illustrative examples are presented in
Table 1; Table 2 within the appropriate sub-sections below; a fuller tabulation of examples
of digital agriculture within MENA is presented in Table S3.

3.2.1. Economic Contribution

Digital technologies may enhance the economic contribution of MENA’s agri-food sec-
tor via greater productivity and/or efficiency of resource use, whether physical, natural, or
intangible such as data. The potential applications of digital technology are found on-farm,
downstream in value chains, and within supporting e-government and public services.

Access to Land: Digital land information systems or e-registries can improve cadastral
data and facilitate its access and use. Cadastral maps often differ from reality, impeding
agricultural land market development and farm consolidation. Governments can improve
existing cadastral maps via assessment, re-surveying land parcels, and updating digital
cadastral maps. Digital technologies can also improve the functioning of land markets:
Digitized land-use permits/registration and automated application processes can reduce
times for filing and approval and increase transparency. Publicly accessible cadastral

156



Sustainability 2021, 13, 3223

databases can increase efficiency of land markets by identifying available land and reducing
registration costs [48]. In MENA, Morocco’s National Land Registry now incorporates
digital technologies to execute its functions [49].

Access to Machinery and Services: Digital platforms can improve on-farm access to
agricultural machinery and services, particularly those imposing a high purchase price. Al-
ternatives to direct purchase (e.g., leasing arrangements, contract-based provision, and/or
cooperative approaches) may facilitate adoption, especially by smaller farmers [50]. Dig-
ital platforms can create efficient new markets for machinery rental by providing more
affordable access to physical capital for smallholder farmers and employing underused
assets by matching suppliers of machinery rental services with potential customers. The
marginal cost of matching buyers and sellers through digital platforms is extremely low;
therefore, platforms have the potential to reduce unit costs of machinery rental services
through saved transaction and search costs [6,51]. Examples include mobile platforms to
deliver tractor services and to connect animal health and veterinary service providers to
small livestock operators. Within MENA, the Moroccan Agricultural Development Agency
has since 2020 expanded the functionality of Attaisir—a farmer-focused system that aims
to ensure sugar production for the domestic market—to enable remote monitoring of a
fleet of 2000 GPS-linked agricultural machines and respect social distancing rules in light
of COVID-19 [52].

Input Efficiency: Digital technologies can improve the quantity and quality of agri-
cultural output while using less inputs (e.g., water, energy, fertilizers, and pesticides) and
increase efficiency by performing farming practices remotely [6]. Crop yields could rise
significantly by 2050 with the introduction of precision agriculture technologies, with an
18% yield increase due to precision fertilizer application, 13% due to precision planting, 4%
due to precision spraying, and 10% due to precision irrigation [53].

Opportunities for improved water efficiency are critical for MENA. More water-
efficient agricultural production is an important goal for water-scarce countries, but the
use of partial productivity measures (“crop per drop”) can be misleading. Moreover,
farmers rarely seek to maximize the crop per drop measure in their production decisions.
However, efforts to improve the allocation of water to more efficient uses could, even under
conditions of climate change, yield better economic performance [45]. Smart irrigation
systems that incorporate IoT and remote sensing technologies are one option to achieve
more water-efficient agricultural production that accounts for farmer incentives. High-
resolution satellite images combined with specific algorithms can determine spatial and
temporal variability of agricultural water and land productivity. In field, remote sensors
can measure water use and monitor net groundwater withdrawals; the resulting data
can inform targets for sustainable irrigation water management and allocations to system
users. Farmers’ or landholders’ water pumps can then be integrated into smart irrigation
systems, allowing for real-time metering and remote shut-off if a water user exceeds a
water allocation. Digital applications can allow farmers to use their mobile phones to
control their irrigation pumps remotely and save time, energy, and water [6,54]. More
efficient use of irrigation systems can also reduce the energy needed to operate those
systems, with corresponding GHGE savings [11]. Smart irrigation systems with optimized
fertigation could be particularly beneficial for MENA countries in view of current water
scarcity, inefficient water use, and soil degradation. In fact, such systems are already
in use in some areas. For example, in Jordan, digital technologies have been adopted to
estimate evapotranspiration and monitor agricultural water use, including within irrigation
systems [15]. This and similar examples are presented in Table 1.

Farm Management and Decision-Making: Higher quality agronomic data, weather
data, and price information can improve farmer decision-making and management, ul-
timately increasing farmer profits and incomes, and this data can be recorded, analyzed,
and disseminated more rapidly and more widely through the use of digital technologies.
Access to information can also promote the inclusion of marginalized rural producers
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in markets, as when female farmers benefit from tools that encourage knowledge and
information sharing [6].

Table 1. Precision agriculture for input use efficiency: illustrative examples of current application in Middle East and North
Africa (MENA).

Country Illustrative Examples of Precision Agriculture for Input Use Efficiency
Egypt e  Tomatiki is a start-up in the area of precision agriculture applying smart irrigation solutions [15,49].
e Innovation is a start-up producing large-scale, automated fish feeders for the fishery sector [15].
GCC e  ICARDA has developed digital technologies for precision management of date palm plantations [15].
Iraq e  Digital technologies have been adopted to support the application of drip irrigation [15].
Jordan e  Digital technologies have been adopted to estimate evapotranspiration and monitor agricultural water
use, including within irrigation systems [15].
Lebanon e  The wine industry has adopted digital technologies including drone- and sensor-based IoT to assess
growing conditions, water stress, vine performance, and disease [15].
Saudi Arabia e The public Sustainable Agriculture Research Centre conducts applied research on innovative techniques

for protected agriculture, including water use efficiency and pest management [15].

e  Start-up companies including Ezzayra offer precision agriculture technologies [15,49]. Ezzayra is a
Tunisia private company offering management solutions in the form of sensors to monitor and regulate soil
conditions (including irrigation and fertilization), as well as control irrigation leaks [55].

United Arab e Responsive Drip Irrigation is a start-up company developing self-regulating irrigation technologies [56].
Emirates

Extension Services: Across MENA, digital platforms for knowledge dissemination
could play a useful role in improving the quality of extension services. Existing extension
services are currently insufficient to meet farmers’ needs in many countries, offering lim-
ited farm visits and outdated information that excludes new production technologies [26].
E-extension services (public or private) may address constraints of traditional extension
services and provide cost-effective ways to reach more farmers. E-extension can supply
farmers with real-time access to relevant data and information to support sustainable
farming practices, climate-smart solutions, and market access [6,51], with the ability to cus-
tomize services based on farmer characteristics such as location, educational background,
or financial situation. Digital technologies that incorporate use of photographs or video—
for example, to deliver remote pest and disease diagnostics—may complement to field
advisory visits but may not yet offer a complete substitute. In the context of COVID-19,
e-extension services could expand to include new information on personal hygiene and
safe handling of food products [57]. In Lebanon, the Facebook group Izraa was established
by agricultural engineers to offer free advice, tutorials, and questions-and-answers for
a variety of agricultural contexts (rural or urban, high- or low-technology) during the
pandemic and has since reached more than 100,000 members [58].

Meta-analyses report that the transmission of agricultural information through mobile
technologies can increase yields by 4% and adoption of recommended agrochemical inputs
by 22% [59]. Benefits of e-extension services significantly exceed the costs, and this gap
should widen further as the cost of information transmission continues to fall. Nevertheless,
evaluation is still ongoing as to which of the various forms of agricultural e-extension
services work best and under what conditions [6].

Resilient Production and Risk Mitigation: Digital technologies may support improved
agri-food sector performance throughout or in response to shocks or crises, whether natural

158



Sustainability 2021, 13, 3223

or manmade. The combination of remote sensing and big data applications is increasingly
used to enhance agri-food management and to mitigate risk. These applications include
automated early warning systems for crop or livestock health linked to threats from weather,
pests, and diseases, which can facilitate proactive and timely management responses as
well as generate crop yield projections [51]. Applications can be used by farmers and along
the entire value chain including input suppliers, logistics providers, market actors, and
policymakers [26,60].

Digital technologies can also mitigate financial risks. Access to tools targeting weather-
related risks is limited or out of reach for many farmers and small-to-medium size busi-
nesses in MENA. Remote sensing technologies can reduce the monitoring costs of tradi-
tional insurance contracts, improve the contracts available to smallholder farmers, and
reduce their costs [26]. Elsewhere, smart contracts—blockchain-enabled arrangements
that contain all information about the contract terms and execute all envisaged actions
automatically—can provide a risk mitigation tool that is flexible, low-cost, secure (traceable
and irreversible), and highly customizable to a variety of risks and payouts, with minimal
transaction costs and without the need for third parties. Smart contracts are already in
use for weather-based crop insurance, with a number of digital tools reaching the market
in recent years [61]. The continued development and spread of these technology-backed
product offerings will require legal-regulatory reforms (both agricultural and financial) in
many MENA countries [26].

Access to Finance: The digitization of financial transactions and payments can foster
inclusion of unbanked farmers. Digital payment systems, mobile phone-based financial
and insurance products, and big data analysis can reduce the cost of credit. A minor share
of smallholder farmers has access to formal credit in many MENA countries, but big data
and advanced analytics can reduce the cost of establishing their creditworthiness and
assessing insurance risk [51]. These reduced costs may translate into lower interest rates for
farmers, expanding access to financial services. Digital solutions can also help smallholder
farmers to access family and friends’ savings in times of need [26]. In addition, digital
financial solutions have been shown to have a positive and significant effect on household
input use, agricultural commercialization, and household income (e.g., [51,62,63]). Over
the long term, farmer use of e-wallet services can pave the way for adoption of other digital
financial services such as input credit, agricultural insurance, and savings accounts [64].
As interoperability (the ability to both pay and receive funds across banks, internet, and
mobile platforms) becomes standard, the use of digital payments is facilitated. Within
MENA, digital applications are already targeting access to finance, with digital payments
systems reported in Jordan, Lebanon, and West Bank and Gaza (see Table S3). In Tunisia,
AHMINI targets rural women's inclusion in social protections and expands their access to
insurance against work accidents, health insurance, and retirement income [15].

Market Access and Information: Digital marketplaces and e-platforms for agricultural
products can link producers directly to consumers, shorten agri-food value chains, expand
producers’ access to new markets (usually within national borders), reduce food loss, and
create new business opportunities for small agricultural producers and small- and medium-
sized enterprises (SMEs) [6,65]. Lowering information-related transaction costs through
digital technologies helps to expand access to input and output markets and reduce infor-
mation asymmetries and inefficiencies caused by reliance on market intermediaries [66,67].
Digital marketplaces may improve price transparency, which is particularly needed in
markets marked by obscure pricing that is subject to manipulation, for example wholesale
markets where traders can exploit information asymmetries to the detriment of farmers [26];
however, digital marketplaces may not prove a panacea if Al and data analytics in fact
facilitate price targeting or manipulation [68]. Because e-platforms can match producers
and consumers at nearly no cost, they have tremendous potential to overcome past market
failures, expand market access, and restructure value chains. To date, the application of
e-platforms or e-commerce for international transactions for agri-food products has been
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hampered by a lack of explicit international guidance regarding e-commerce, food trade,
and consumer protection to assist national regulators [69].

An illustrative example comes from Oman. In partnership with the Oman Technology
Fund, the government of Oman introduced the Behar digital auction platform to sustain
aquaculture production despite the disruption of COVID-19 to traditional, in-person market
operations. The platform also facilitates electronic payments for registered accounts. The
platform has sustained market activity during COVID-19, while ensuring proper health
and safety measures are respected [70]. This and other examples of digital technologies
supporting expanded market access and information in MENA countries, including digital
marketplaces and e-commerce, are presented in Table 2.

Table 2. Market access and information: illustrative examples of current application in MENA.

Country

Illustrative Examples of Digital Technologies for Market Access and Information

Egypt

Freshsource is an e-commerce, business-to-business platform linking horticulture producers to vendors
in Cairo [15,49].

Freshfarm is a start-up working as an intermediary between farmers and consumers, facilitating direct
purchases to raise farmer incomes and reduce consumer prices [15].

Jordan

Websites operated by large wholesale and producer associations (Wholesale and Vegetable Market of
Greater Amman Municipality, Jordanian Exporters and Producers Association for Vegetables and Fruits)
share market price information, as well as export standards, to support both farmer incomes and export
performance [15].

Lebanon

The AgVisor application allows farmers to compare crop market prices and to access a director of actors
across value chains [15].

Oman

The Behar digital auction platform provides an alternative to traditional, in-person market operations
during the COVID-19 pandemic and facilitates electronic payments for registered accounts [70].

Tunisia

Herundo delivers e-commerce services to the National Olive Oil Exporter Association. Its
business-to-consumer platform seeks to expand access to export markets, reduce transaction costs,
capture economies of scale, and improve branding [15,49].

Transaction Costs: Digital technologies can improve agricultural supply chain orga-
nization and management by optimizing aggregators’ performance. Smallholder farms
increasingly turn to aggregators such as farmer cooperatives and organizations that use
digital tools to improve collection, transportation, and quality control [65]. Gathering
producers, aggregators, and buyers on one platform increases transaction volumes, raises
prices for farmers, creates enterprise opportunities for aggregators, and delivers traceable
and better-quality produce to buyers. Digital platforms have been developed to collect
and aggregate data on farm production, which networks of village aggregators and buyers
then use to market and sell produce. Other applications use competitive bidding to link
transport providers and producers at optimal prices [26].

Transparency and Traceability: Food sensing technologies, blockchain (distributed
ledger), and e-platforms can be used to improve value chain transparency and traceabil-
ity [6]. Barcodes and digital scanners to improve traceability have been in increasing
use since the 1970s, enhanced by the introduction of higher-capability coding systems
(e.g., DataBar, RFID chips) [71]. More recently, distributed ledger technologies such as
blockchain have allowed for improved product traceability and integrity, contract certainty,
and compliance with SPS requirements [61]. Blockchain technology prevents data from
being improperly altered, which helps to ensure transparency and thereby build trust
among retailers and consumers located at the end of decentralized supply chains [72]. Im-
proved traceability of food products can reduce the lost productivity and medical expenses
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associated with inadequate food safety, which imposes costs estimated at $110 billion
annually across low- and middle-income economies [51,73].

Food Loss and Waste: Digital technologies have the potential to reduce food loss and
waste in food systems. For example, blockchain-enabled traceability could reduce food
loss by 1-2% within the global food system by 2030 [74]. Online, blockchain-supported
marketplaces and smart food loss management systems have been designed to facilitate
the sale of surplus food directly to end-consumers either as food or for non-edible uses
(e.g., compost, alternative processing) and avoid its disposal [75]. In Egypt, e-commerce
technologies connecting farmers to modern markets and supporting sustainable agriculture
practices have enhanced their efforts to tackle food loss and empower farmers during the
COVID-19 pandemic [76].

Food Safety Compliance and Control: Digitally enhanced traceability could help
producers to expand exports to more demanding and more lucrative markets that impose
more demanding food safety standards, such as European Union countries. Producers
can adopt digital technologies to ensure compliance with maximum residue levels for
pesticides and with standards preventing microbial contamination. If maintained over the
longer-term, digital traceability systems could assist and guide producers to undertake
needed improvements in the quality, food safety, and sustainability standards of their
production. Moreover, moving directly from rudimentary solutions to digital technologies
for improved traceability may be an opportunity to leapfrog intermediary technologies [26].

Public actors can use digital technologies including DLT to improve food control
systems. Food safety data collected via remote technologies can inform the development
of risk-based strategies for inspection along food chains, which is a more cost-effective
approach to food safety control than universal inspection. The use of e-certification for
electronic transmission of SPS data can improve the accuracy and reduce the cost of
international food trade, as compared to traditional paper-based systems [69].

Data Collection and Dissemination: The use of digital technologies to collect and
disseminate available data on a timely basis has been identified as an opportunity in
multiple MENA countries, especially where data gaps are large. Remote sensing may offer
a powerful and cost-effective means to assess agricultural production in inaccessible areas,
such as conflict-affected areas, across a wide scale and over time. Efforts to use digital
technologies to improve both the collection and the publication of accurate and timely data
specific to the agriculture sector could support the development of evidence-based policies.
The timely provision of accurate data could also help identify specific challenges facing the
agriculture sector. In the context of COVID-19, digital delivery of market information and
pricing platforms could allow for transparency while reducing physical contact. Frequent
digital monitoring and/or real-life crowdsourcing of food prices can allow taking legal
action against any vendor manipulating prices during the crisis [26]. For example, Qatar’s
Ministry of Commerce and Industry maintains a website sharing daily price information for
major food commodities (fish, fruit, and vegetables) [77] and has operated a multi-channel
consumer complaints line as a means to monitor and control price hikes linked to both
trade embargoes as well as the COVID-19 pandemic [78].

Monitoring and Evaluation: The adoption of digital technologies for agricultural
data generation can support more cost-effective monitoring and evaluation of government
programs. For example, satellite imagery provides timely, consistent, and unbiased in-
formation on whether agricultural investments and development projects are sustainable
and effective [51]. Enhanced aerial imagery allows plot-level monitoring; drone-based
inspections; and sensor-based plant, water, and soil analyses. Remote sensing technolo-
gies significantly reduce the cost and time required to monitor land cover and land use,
elevation, soils, and watersheds, especially in remote areas [2]. In conflict-affected areas,
satellite data can support intervention targeting, analysis, and advance planning [26].
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3.2.2. Social Contribution

Employment: Digital technologies—notably automation and robotics—have a wide
range of applications in the agri-food sector, ranging from surveying to planting to livestock
monitoring to food delivery. These applications could deliver a dizzying array of social
impacts including safer working conditions but could also reduce labor requirements with
corresponding impacts on employment [10]. Indeed, the application of digital technologies
is often assumed to displace labor within the agriculture sector. This concern may be
overstated as displacement may apply only to selected technologies, specifically digital
technologies that can replace manual labor within capital-intensive agricultural operations.
For example, robotic technology could replace manual labor for tasks such as weeding,
harvesting, and milking. Other digital technologies may be labor enhancing, increasing
the efficiency of agricultural labor and the productivity of agricultural operations in terms
of lower production costs, higher yields, reduced loss, and higher revenues. Digital
technologies can also enable (smallholder) farmers to upgrade their skills, encouraging
inclusion of low-skilled farmers and helping enhance their productivity. Additionally,
the knowledge needed to develop and operate digital technologies for agriculture may
generate new employment opportunities. Thus, the modernization of the agriculture sector
could create more productive, skill-intensive, and remunerative jobs in the agricultural
sector and along value chains [6].

Digital Identification: The digital identification of farmers offers several opportunities
for improved social outcomes. Identification provision can support the transition from
informality to formality, linking farmers to their assets (land, livestock) and increasing
access to financial services. Moreover, farmers’ identification can support agricultural
entrepreneurs and digital solution providers who currently invest roughly half of their
initial business development efforts in profiling and identifying target farmers [6,26].

Subsidy Distribution and Social Safety Nets: Governments can use digital identifica-
tion systems to more effectively target input and cash subsidies to farmers, create digital
farmer profiles to improve service delivery, and open up new economic opportunities
for the poor. For example, the Nigerian government applied an e-wallet digital payment
program for subsidized fertilizers that reduced leakage compared to its previous subsidy
system [79], increasing efficiency significantly. International organizations are similarly
applying digital payments for efficient distribution of humanitarian and development
assistance. In Jordan, a partnership between Making Cents International and BanQu has
applied blockchain to deliver digital identification to vulnerable populations for facilitate
delivery of social, financial, and health services [15]. Digital technologies can also facilitate
the distribution of social safety net payments with improved efficiency. In a context such
as COVID-19, the use of digital payments or e-vouchers can further reduce human contact
and thereby preserve the health of beneficiaries and government employees.

3.2.3. Environmental Contribution

Reduced Use of Scarce Natural Resources: Through the application of digital tech-
nologies, the more efficient use of natural resources including water and land can, in
theory, lead to use reductions and thereby more sustainable outcomes. However, this is not
guaranteed: The optimization of resources such as groundwater may perversely lead to
their expanded use if limits are not imposed, a phenomenon known as rebound use [80].
While precision agriculture and digitally-enhanced controlled agricultural production in
MENA are reportedly motivated by water scarcity concerns [15], evidence of their net
water impact is not currently available.

Reduced Use of External Inputs: On-farm, digital technologies including precision
agriculture applications can achieve positive environmental effects through reducing ex-
cessive or inappropriate input (fertilizer, pesticides) use [6] that contributes to unnecessary
soil and water pollution, energy use, or GHGE. However, a critical perspective of digital
agriculture argues that it cannot deliver sustainable agriculture rooted in agroecological
approaches, insofar as it still relies on the use of agrochemicals [12]. Despite multiple
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examples of precision agriculture across MENA (see Table S3), evidence on their ability to
reduce the use of external inputs is not currently available.

Reduced GHGE: On-farm, precision agriculture can reduce in-field fuel use, use of
nitrogen fertilizers, and land tillage, the latter two of which can have positive effects
on carbon sequestration in soils. All three shifts may contribute to lower GHGE [11,12].
Downstream, ICT and sensors may optimize transport logistics within agri-food chains,
reducing fuel usage and delivering environmental benefits via reduced carbon footprint.
Whether e-ecommerce can similarly deliver GHGE savings depends on the efficiency of
transportation, and the available empirical evidence of net impacts is mixed [11].

Biodiversity and Ecosystem Services Impacts: Proponents of precision agriculture
argue that the improved efficiency offered by these technologies can reduce pressure on
natural resources and limit the clearing of land [12], which can have positive effects on the
maintenance of biodiversity and ecosystem services [18]. Additionally, technology-assisted
reductions in the use of chemical pesticides and herbicides may slow the development
of resistance among animal and plant pests [13]. Moreover, empirical evidence shows
that precision agriculture can deliver higher crop yields with positive or at least neutral
impacts on ecosystem services (notably water flow regulation and soil structure and fertility
enhancement), versus conventional intensive farming techniques [81].

Aggregate View of Agriculture and Evidence-Based Policies: Insofar as sustainable
agri-food systems are knowledge-intensive [11], they may rely on extensive data and
information derived from a range of sources, including digital technologies such as ICT
and remote sensing. Over time, the accumulation of significant data from digital technolo-
gies could provide a clearer understanding of the impacts of intensive agriculture and
the current industrial food system on the environment, as well as the effects of climate
change on agricultural production. This, in turn, could inform a shared understanding
of sustainable agriculture and policies to promote it, or could motivate action to combat
climate change [82]. For example, monitoring through satellite technology could enable
governments to assess how agricultural practices affect the ecosystem, develop better
regulations, enforce sustainable land management practices, and address vulnerability to
climate change [51].

3.2.4. Summary of Contributions within MENA Sub-Regions

Gulf Cooperation Council (GCC): The GCC includes Bahrain, Kuwait, Oman, Qatar,
Saudi Arabia, and the United Arab Emirates. According to a recent analysis by the FAO, the
GCC region is most advanced in the adoption of (largely but not only public) e-extension
services with respect to digital agriculture technologies, though farmer uptake may be
limited. Public authorities in Qatar similarly offer several e-government solutions to fa-
cilitate agricultural service delivery, such as for veterinary health certificates. Remote
sensing (satellite imagery) and crop modelling have been adopted for high-value export
crops including date palms, with a focus on improved farm management, pest and disease
prevention, and irrigation management. Another key area for the application of digital tech-
nologies in GCC countries is within controlled-environment agriculture (e.g., greenhouse
production) [15], reflecting the challenging natural conditions for agricultural production.

The COVID-19 pandemic has pushed GCC countries to boost digital agriculture,
with notional and concrete advances reported in 2020 [83]. Significant investments in
agricultural technologies—including digital agriculture—have been announced across the
GCC [84,85]. Notable are sizeable investments by the sovereign wealth funds of Kuwait
and the United Arab Emirates [56]. ICARDA has established more than 2000 plots for
soilless agriculture using digital applications for remote monitoring and control across the
GCC sub-region [86]. Despite the limited advance of digital agriculture thus far, public
actions have signaled support for further adoption. Selected GCC countries have hosted
events to exchange knowledge, to launch collaborative efforts (e.g., a joint FAO-KSA-UAE
regional kickoff workshop for the Research Technology and Innovation project), and to
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jump-start investment in emerging digital technologies (e.g., UAE hosted an international
conference for agricultural technology innovation) [87].

Hurdles limiting the adoption of digital agriculture by GCC farmers include a lack of
awareness, ill-suited digital solutions to farmer needs, and farmers’ disinterest in digital
agriculture [15].

Maghreb: A recent diagnostic of digital agriculture in the Maghreb determined that it
has a limited presence, though there have been interesting developments [49]. The FAO
has reported that Egypt, Morocco, and Tunisia have begun to adopt digital agriculture
technologies including precision agriculture (particularly for irrigation), e-extension ser-
vices (both public and private), e-finance services for farmers, and e-commerce applications
to expand market access, although their development is not consistent across countries.
For example, while Morocco has well-developed e-finance services, e-commerce is nearly
non-existent [15]. As for e-government, Egypt’s public efforts have met with limited citizen
adoption (only 2% by 2019) [7]. Little or no information has been reported regarding digital
agriculture in other Maghreb countries. In Algeria, precision agriculture has been touted
as an important contribution to large-scale farming projects in the south of the country [88],
but details about current implementation are unavailable. Similarly, Sudan’s Gedaref
Digital City Organization has announced ambitious plans to apply digital technologies to
improve agricultural production [89], but the status of these plans is unknown. In the case
of Mauritania, the gap in information is unsurprising given barriers including exceptionally
high costs of mobile and internet services and low levels of adult literacy [7].

Maghreb countries have accelerated this adoption during the COVID-19 pandemic.
For example, in mid-2020 Egypt announced a cooperation protocol between its Ministry of
Agriculture and Land Reclamation and the Ministry of Communications and Information
Technology to develop irrigation practices incorporating Al, ICT, and remote control for
enhanced water resource use and management [90].

Hurdles to the adoption of digital agriculture in Maghreb countries include farmers
resistance to innovative technologies [55], a lack of digital services and broadband in
rural areas, legal and regulatory obstacles, and logistical and administrative barriers to
entry [49,76].

Mashreq: Evidence shows that adoption of digital technologies within the agri-food
sector in the Mashreq sub-region (specifically Iraq, Jordan, and Lebanon) is at early stages,
generally led by high-value and export-oriented agricultural production. Nevertheless,
digital technologies show promise to advancing the transformation of the agri-food sector
in Mashreq. Indeed, governments have at least acknowledged this potential, and the digital
transformation agenda already features in the respective countries” economic and sector
development strategies [26].

As in other sub-regions, the advance of digital agriculture has accelerated since
COVID-19. For example, Jordanian companies and start-ups are increasingly offering
technological services to meet the needs of the agricultural sector [91].

The adoption and development of digital agriculture in Iraq, Jordan, and Lebanon
are limited by gaps in awareness and understanding of digital technologies and their
potential use within the agriculture sector, low levels of digital connectivity among farmers,
mismatches in the language used by digital technologies (English) and by some farmers,
and inadequate access to finance and data [26].

Conflict-Affected States: Little information is available on the status of digital agricul-
ture in Somalia, Syria, West Bank and Gaza, and Yemen. Notable examples demonstrate
the ability of digital technologies to respond to conflict-related challenges, such as the
application of remote sensing to estimate agricultural production and conflict-related im-
pacts on agricultural performance in Syria [92,93] and e-learning solutions for agricultural
education [94].

Small Countries: Little information is available to suggest a robust adoption of digital
agriculture in Comoros or Djibouti. For example, a recent, comprehensive review of the

’
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agricultural sector in Comoros made a single mention of digital technologies, highlighting
the lack of mobile money or digital credit, which limits access to finance in rural areas [95].

3.3. Challenges to and Risks of Digital Technology Adoption in Agriculture in MENA
3.3.1. Challenges

The adoption of digital technologies within the agri-food sector is not automatic, and
a number of hurdles have been identified. An exhaustive review of the conditions and
drivers of successful technology adoption and application is beyond the scope of this article,
but readers are referred to existing works in the areas of precision agriculture [50,96,97];
and big data [98,99]. Several of the key hurdles within the MENA region are reviewed here.

Cost and Profitability: High purchase, operating, and/or maintenance costs can
impede the adoption of digital technologies, particularly by smaller farmers or SMEs who
may lack access to credit or other financial resources [100]. Moreover, the financial benefits
of adoption must be clear: Evidence shows that profitability is a fundamental condition for
the adoption of new technologies by farmers, particularly smallholder farmers [96,101].

Technical Knowledge or Expertise: A lack of technical expertise to understand or
utilize digital technologies (or the data that they generate) can restrict their adoption,
particularly by smaller farmers or those on the weaker side of the digital divide [82].

Suitability to Local Conditions: Digital agriculture resources have often been de-
veloped outside of the MENA region, adapted to the needs of farmers in other areas or
production systems, and are often available (only) in English, which can limit their use
and uptake in MENA countries. For successful adoption and application, digital tech-
nologies and services need to be well suited to application in local conditions, including
languages [102]. For example, e-extension services must provide timely, localized, and
customized information addressing specific farming concerns in a comprehensible format
and in Arabic or another relevant local language [51]. Low-performance, frugal innova-
tions may be developed to meet the capacities and needs of less sophisticated or smaller
actors [96].

Complementary Technologies: The absence of complementary technologies—notably
minimum data system or internet capacities—can challenge the adoption of digital tech-
nologies in agriculture [98]. For this reason, digital agriculture applications that can operate
at a low and medium internet connectivity are especially well suited to connect small-
holders along agri-food value chains. Even in low-connectivity, rural environments, many
(off-line) digital agriculture technologies can be deployed to support poor or illiterate
farmers or marginalized groups with limited access to information and markets [51].

Underlying Constraints: The application of digital technologies alone may have a
limited effect on expanding market access to farmers, unless underlying constraints are
simultaneously are addressed. For example, in Lebanon, the creation of digital platforms
for pricing information did not address the fact that farmers were engaged in complex
relationships with both input dealers and wholesale traders. Crop farmers benefitted from
informal credit arrangements with both input suppliers, who provided seeds, fertilizers,
etc., on credit and received payment at the end of the agricultural season and with wholesale
purchasers, who paid up-front upon receipt of the produce. These informal financial
arrangements limited the ability of a farmer to shift among input suppliers or wholesale
purchasers, regardless of the ability of farmers to gain price advantages elsewhere in the
market [26].

3.3.2. Risks

As any major technology change, the digital transformation of the agri-food sector
incurs risks—or even negative future outcomes—that must be understood, acknowledged,
and managed [3,17]. The various risks may relate to the use of the internet, including
inequality in access and affordability; concentration of market power of e-commerce
platforms, social networks, and search engines; data privacy and consumer protection; and
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cybersecurity [103]. Several of the potentially most critical risks for the MENA region are
highlighted below.

Labor Displacement: Digital technologies may displace agricultural labor with labor
saving technologies [1,104]. Such technologies may include harvesting robots, driverless
tractors, sprayer drones, Al to manage chemical and fertilizer application, and precision
dairy farming. Conversely, the adoption of digital technologies to support automation
within the agriculture sector could create high-skilled, high-paying jobs such as managing
and maintaining robots or analyzing and interpreting data collected from digital sources
and AI [104].

Adoption Gaps and Widening Inequality: Given the differences in the challenges they
face, or the extent to which they face them, smallholder and larger, commercial farmers
have different potential for adoption of digital technologies. It is important that small and
large farmers and businesses alike should benefit from digital innovation [82]. Further-
more, digital innovations should not deepen the inequalities that typically disadvantage
women, youth, refugees, and other vulnerable groups who may not have equal access to
technologies and skills.

Non-Adoption: Conversely, there are implications for MENA countries associated
with the non-adoption or low adoption of digital technologies [3] as their agriculture
sectors may lose competitiveness and fall further behind other countries. Already the lack
of competitiveness (not solely due to non-adoption of digital technologies) has limited
the ability of agriculture producers in Iraq, Jordan, and Lebanon to sell their products
to lucrative export markets [26]. In MENA countries that will pursue digital agriculture,
public and private actors alike will need to partner and keep pace with fast-moving
technology actors [49].

Data Ownership, Privacy, and Security: Farmers and operators may have valid con-
cerns over the ownership, privacy, security, and equitable use (and re-use) of the data
produced from digital technologies, and these concerns can limit their willingness to adopt
them for use on their farms [82,99,105].

Resource Use and Waste: While digital technologies may offer important environ-
mental benefits, including through the optimization of scarce inputs including water and
energy, they may also generate new streams of resource use and waste, including GHGE
related to increased energy use [10], energy-intensive data storage or the waste of electronic
or digital materials. The environmental impacts of digital technologies adopted by the
agriculture sector in MENA are as-yet unknown. The importance of this impact on the
development of digital agriculture and opportunities to mitigate these impacts remain
areas for future inquiry [26].

4. Discussion

The evidence reviewed above amply demonstrates that the digital transformation is
applicable to the agri-food system at all stages of the value chain. Digital technologies
such as precision agriculture, e-extension services, and digital markets matching inputs,
producers, and/or consumers have tremendous potential to increase productivity on farm
and within agri-food value chains, improve resource use efficiency and support adaptation
to climate change, and thereby promote sustainable development within MENA. Moreover,
digital technologies can help to reduce cost and increase efficiency and transparency of all
public services, including those related to the agri-food system, for example by digitalizing
land tenure mapping and registration, subsidy distribution, weather forecasting, and water
resource management [6].

The potential economic contribution of digital technologies is presented in the litera-
ture more than either the social or the environmental contribution. While there is significant
concern that digital technologies will exacerbate inequalities or contribute to labor displace-
ment, the evidence appears to be mixed, perhaps due to the relatively early stage of digital
technologies and the longer-term scale on which social phenomena play out. Similarly, the
examination of potential applications of digital technologies for improved environmental
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sustainability—to reduce if not eliminate damaging environmental impacts as well as to
generate benefits such as ecosystem services [106]—within the agriculture sector is only
emerging. Moreover, evidence on whether this potential environmental contribution will
materialize is in its early stages [17]. This observed lag of the social and environmental
dimensions is consistent with previous research [3,17].

Neither the adoption nor the benefits of digital technologies are guaranteed, and
digital technologies may not fully deliver the promised transformation for the agricultural
sector [17]. Digital technologies could accelerate the depletion of natural resources and
increase the absolute value of greenhouse gas emissions from agricultural production—the
so-called “rebound effect” because efficiency gains could lead to increased use [80]. In
terms of equity, the use of advanced digital technologies in the agriculture sector may
widen the digital divide, if smallholders are unable to make use of these technologies due
to a high cost and specialized skills needs [82].

Across MENA, there are some notable examples of where digital technologies have
been introduced into the agri-food sector, marked by clustering around public services,
high-value, export-oriented value chains (in Maghreb and Mashreq), and intensive produc-
tion to satisfy local market demand (in GCC). The lack of evidence and reports of adoption
suggests, unsurprisingly, that the digital agriculture transformation is less advanced in
conflict-affected and less developed countries.

4.1. Policy Implications and Priorities

With the appropriate policy support, the adoption and application of digital technolo-
gies within MENA’s agri-food sector could help to transform it into a source of improved
economic growth, social inclusion, and environmental sustainability. Without the appropri-
ate policy support, digitalization may disrupt the sector in adverse ways such as reducing
employment, widening inequalities, and further exploiting already scarce resources. Poli-
cymakers should take prompt, comprehensive, and thoughtful action to ensure that the
digital transformation of agriculture is to the collective benefit of both stakeholders and
societies. Policies must not only foster the adoption of digital technologies in MENA,
but also address concerns around equity of access, transparency of use, data protections,
and protections against adverse labor impacts. Public action should respond to the ac-
tual and urgent needs and should build on the most promising opportunities for digital
transformation of agriculture in the region as reviewed above.

Vision and Strategy for Digital Agriculture: Few if any countries in the MENA re-
gion have a comprehensive vision or strategy for digital agriculture [7]. Accordingly,
they those that have not yet done so, should develop a vision and strategy for the role
of digital technologies within their respective agricultural sectors and wider agri-food
systems. Such visions and strategies should highlight the potential contribution of digital
agriculture to outcomes like food security but also acknowledge that technology-based,
production-focused solutions are only partial and will not resolve parallel concerns such
as problematic food access and distribution [3,5,18]. Moreover, responsible policymaking
should acknowledge and articulate the trade-offs associated with innovative technologies
such as digital agriculture [10]. These visions and strategies should reflect stakeholders’
and the wider society’s ethical perspectives on the application of digital agriculture [17,82].

Strategies aiming to promote the adoption of digital technologies at the production
level should consistently consider the role of both upstream and downstream contexts and
actors. Such an approach would reflect the shifting agri-food landscape: “Increasingly,
the urban market, the food industry firms that mediate access to the urban market, input
supply chains, and agribusiness firms that determine the development of input supply
chains, set the market incentives and conditions for the affordability and profitability
of new farm technologies, and thus their adoption” [107] (p. 48). This consideration is
particularly relevant in MENA, given the greater dynamism of downstream segments of
the agri-food sector in recent decades [22].
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Strategies should be complemented with appropriate action plans and targets for
implementation. Strategies, action plans, and targets should be rooted in the concrete
needs of potential users and in a clear understanding of both the barriers and incentives
to the adoption of digital technologies by farmers and other actors along the agri-food
value chain. Within these strategies, interventions must help ensure that small farmers
and small businesses benefit from digital innovation in the same way as larger operators.
Similarly, gender-sensitive approaches are needed to ensure that disparities and women's
lack of empowerment within the agricultural sector are addressed or, at a minimum, not
widened [26].

Knowledge and Skills Development: Public actions to expand and enhance appro-
priate knowledge and skills can facilitate the adoption and/or development of digital
agriculture technologies, including via improved education [101]. Farmers and agricultural
stakeholders may require support around basic digital literacy, business and farm opera-
tions management, and the use of customer-facing technologies like digital marketplaces.
Within agricultural universities and vocational training programs, exposure to digital
technologies within the curriculum can improve adoption, adaptation, and development
of locally appropriate technologies. Elsewhere, entrepreneurs and start-ups innovating in
the digital technology space may require knowledge and skills around business develop-
ment and finance, as well as a better understanding of the challenges facing the agri-food
sector [26]. Education initiatives to facilitate the adoption of digital technologies must
balance the optimization of resources (e.g., targeting actors who show higher likelihood to
adopt) [97] with attention to widening disparities.

Data Ownership, Use, and Privacy Protections: To address serious and valid concerns
over data ownership, use, and privacy linked to digital technologies, policies can help to
establish and clarify the rights of different stakeholders. While such policies are typically
not specific only to agricultural technologies or data [99,108], there is a need to balance
the privacy and legal protections for the entities (farmers and firms) that generate data,
with the potentially tremendous benefits to be gained from the aggregation and analysis of
data and application of the resulting information. Indeed, open access to large datasets
could facilitate critical evaluation of smart farming, or even enhance entrepreneurship
and economic activity [82]. Policies can help to set the frame for positive feedback loops,
in which good governance builds user trust in digital technologies. Protections for data
integrity can result in greater trust in that data and its application in evidence-based policies
and programs [26]. Due to the rapid evolution of digital technologies, public actors should
track sector developments to ensure that policies and regulation around digital agriculture
reflect current challenges and needs.

Support and Enabling Environment for Private Investment: Both the public and the
private sectors will play a role in the digital transformation of agriculture, with private
actors playing a particularly important role in developing and adapting digital technologies.
Public policies can facilitate private investment in digital agriculture—as well as the mobile
and internet infrastructure and services necessary for digital technologies—by offering a
supportive enabling environment, investment incentives, and partnership opportunities.
Public policies can also foster an innovation ecosystem for digital agriculture technologies
and innovation, providing information, networking opportunities, and incubation and
acceleration services where the private sector has yet to do so [7,26]. Policies should seek to
balance an environment that supports profitable investment opportunities with protections
against market power concentration that can stifle innovation [7].

Non-Digital Reforms and Investments: Policy action that is specific to digital tech-
nologies may not be sufficient to unlock the transformation of the agricultural sector, if
complementary reforms and investments addressing non-digital barriers to the sector are
not also addressed [7]. For example, digital technologies that facilitate logistics and target
reduced food loss will offer only partial improvements without investments to improve
transportation, storage, and power infrastructure, which are badly needed in many lower-
income MENA countries. To deliver on the promise of digital technologies to expand
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access to finance to small farmers or rural areas, improvements to financial sector laws
and regulations may be required [26]. Extending market access via e-commerce platforms
may require the establishment or improvement of digital payment systems, which build on
banking and telecommunications policies as well as consumer protection frameworks [109].

Public Supply of Digital Agriculture Services—E-Government and E-Extension: The
public sector can not only foster the demand for digital technologies but can also adopt
or supply them directly. Digital technologies may improve efficiency, reduce cost, and
increase transparency and accountability of many public services—not only agriculture.
Within the agri-food sector, e-government could deliver statistical data collection and dis-
semination; open data platforms for land, soil, weather, and market price data; e-extension
services; digital identification for farmers and other stakeholders; land e-registries; and
public subsidy payments [26]. Successful e-government services require administrative
capacity for design and management, as well as commitment to the often slow pace of user
adoption [7]. Of note, through e-extension, the public sector can support the use of digital
technologies that enhance the efficient use of scarce resources (e.g., irrigation water) and
optimize the use of inputs (e.g., fertilizer, pesticides) to support productivity, efficiency, and
environmental sustainability. E-extension can particularly target the needs of smallholders,
addressing their risk aversion, information gaps, and mistrust of technologies or their
promised benefits. Techniques including digital piloting and knowledge exchange may be
well-suited to the needs of small farmers [26].

4.2. Research Contributions and Conclusion

This article has sought to contribute to the topic of digital agriculture in the MENA
region in several ways. First, this article briefly reviewed the key features of the agri-food
sector and key challenges to its sustainability including scarcity and inefficient use of natu-
ral resources, suboptimal agricultural management practices, poor market functioning, inef-
ficient markets, and limited access to finance. These challenges are compounded by conflict
and social unrest, climate change, and insufficient public support for the agri-food sector.

Second, we reviewed the potential contribution of digital agriculture to address these
challenges and found significant evidence of positive impacts across all three dimensions of
sustainability. While the literature has more clearly mapped and established the economic
contribution of digital agriculture, the social and environmental contributions promise to
be significant and highly needed within the region.

Third, a review of the current status of digital agriculture in the MENA region gen-
erally finds an early stage of adoption, though with some notable sub-regional patterns.
Digital agriculture in the GCC is oriented to ensuring a minimum level of domestic food
production to ensure social needs, while in Mashreq and Maghreb digital technologies
are being applied for both local and export market destinations including EU and GCC.
Conversely, digital agriculture in conflict-affected countries appears to be more practically
oriented to conduct or deliver basic services at a distance, while maintaining human safety.
This review further highlights a gap in knowledge around the state of digital agriculture in
several countries of the region, including lower-income countries (e.g., Mauritania, Sudan),
small states (e.g., Comoros, Djibouti), and conflict-affected states (e.g., Syria, Yemen). While
the absence of information would suggest that digital agriculture is not well developed
in these parts of the MENA region, the status of digital agriculture in these countries
nevertheless remains an area for future research.

From a thematic perspective, the application and introduction of digital technologies to
the agri-food sector—globally and in MENA countries—have tended to focus on economic
objectives, with less contribution to addressing the social and environmental challenges
facing the agri-food sector. Indeed, evidence of the environmental contribution of digital
agriculture in the MENA region is as-yet missing. Though expected, this gap suggests that
the application of digital technologies to address the significant social and environmental
challenges facing the agri-food sector in the MENA region requires prompt and careful
consideration. Insofar as the countries of the MENA region have a responsibility to
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determine for themselves the future of digital agriculture that they wish for themselves,
this consideration is timely.

COVID-19 has catalyzed the introduction of digitalization along the agri-food system,
including in the MENA region. Whether this transition will prove temporary or permanent
remains to be seen [9]. This introduction was not structured; rather, it was an organic
response from market-based actors, rather than a public-led policy decision. This allowed
for faster penetration and market-led response to needs, but the disadvantage is that
this has been driven by profitability considerations. As a result, we need now to take
stock of these experiences—to which this paper contributes—in order to mainstream these
experiences into polices that foster inclusive economic performance as well as social and
environmental goals, for a true contribution to sustainability.

Finally, this article proposes a number of policy implications and priorities for relevant
stakeholders across MENA countries, to unlock the potential of digital agriculture towards
sustainability. Policymakers are urged to expand their traditional, production-centric views
of the agri-food sector to account for social and environmental considerations and to work
towards a digital future in which the agri-food sector not only generates productive value
but also delivers on social and environmental sustainability.
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