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and green ecological environment and ecosystem services, to provide a
scientific basis for future developments and to facilitate the implementation of
AGD in practice. AGD requires a multistakeholder approach, fueled by
innovative and interdisciplinary research. Joint actions have to be taken by
governments, farmers, supply industries, consumers, educators, extension
services and researchers to support AGD. This requires strong coordination
and public awareness campaigns. This review presents the progress that has
been made over the past 5 years and makes recommendations for more
research and development, in order to better deliver agricultural green and
sustainable development on national and international scales.

© The Author(s) 2024. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

1 Introduction

1.1 Recent developments in agriculture in China

China transformed from an agrarian society into an economic
powerhouse following the introduction of the open-door policy
in the 1980s(""] and Chinese agriculture has undergone a rapid
transformation over the past 40 years. Agricultural production
has increased substantially, facilitated by improved crop and
animal husbandry practices and genetics, while the proportion
of people working full time in agriculture has decreased
significantlyl"="1. By 2015, China was able to largely meet the
growing demand for food based on domestic production.
Grain harvest increased for 19 consecutive years and then
remained stable at over 650 Mt for eight consecutive years[‘l.
Yet, the import of animal feed (notably soybeans, maize and
forage) has also strongly increased over the past 20 years,
because domestic feed production has been insufficient to meet
the growing feed demand of the rapidly increasing animal
production sector. Over 40 years, agriculture largely
transformed from subsistence farming systems to market-
driven farming systems, while an increasing proportion of rural
household income is derived from off-farm sources. Over the
past 40 years, the annual growth of real agricultural gross
domestic product averaged 4.5%. The development of
agriculture and the increase in off-farm employment strongly

has reduced rural poverty!’].

However, agricultural development in China has been
accompanied with unprecedented environmental degradation.
Increased food production has been largely achieved by high
resource inputs with a high environmental footprint of the
food produced!*’l. Additionally, the urban-rural income gap
has widened![’], while an increasing proportion of the urban
population is suffering poor health from consumption of

poor-quality food and is overweight['’l. Further, the Central
Conference on Rural Work in December 2022 indicated that
50 Mt more grain must be produced in the next few years in
order to meet the increasing food demand of an increasing
population and an improving standard of living[°]. Evidently,
the challenges for agriculture in China are large; there is an
urgent need for agricultural development which increases
productivity, strongly decreases environmental pollution and
improves environmental-economic-social resilience.

1.2 Toward agriculture green development

The concept of green development in China was announced as
a priority of the Central Government in 2015!''], while the
(AGD) was
subsequently detailed in 2017. The first AGD special plan was

concept agriculture green development
released in 2021 to provide directions for the 14th Five-Year
Plan (2021-2025). AGD ultimately aims to achieve multiple
societal goals, including food security, resource conservation,
environmental sustainability, and social equity, thereby
promoting rural revitalization and building a more beautiful
countryside. The AGD special plan distinguishes three main
systems, including the natural system, the food system, and the
human and social system. The food system has four subsystems
(i.e., green crop production, green integrated crop-animal
production, green food and industry, and green ecological

environment and ecosystem services)[' -1,

To realize AGD in practice, there is a need for coupling the
aforementioned subsystems in order to develop a coherent
). There is
also a need for interdisciplinary research and multistakeholder

whole food production-consumption chain (

interactions as a key to bridge the gap between theory and
practice, thus taking AGD from concept to action. The
realization of AGD in practice is complex; it is a process that
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Fig. 1 The four subsystems of agriculture green development; i.e., green crop production, green integrated crop-animal production, green

food and industry, and green ecological environment and ecosystem services, with their interlinkages. Some of the innovations may have to

take place at these interlinkages. SDGs, UN Sustainable Development Goals.

requires collaborative involvement of multiple stakeholders!''l.
Governments with the help of the private sector and scientists
have a coordinating and guiding role. There is a need for long-
term (environmental) targets to help make clear to producers
which production methods and resource inputs may be
employed. Concurrently, there is also a need for education of
consumers about healthy and nutritious food and consumption
of junk food must be discouraged. Importantly, farmers have to
receive a proper remuneration for delivery of ecosystem
services and for producing healthy and nutritious food.
Additionally, the new technology based on interdisciplinary
research must receive an evaluation and feedback by end user,
including farmers. Also, the technology can then be further
improved and more adapted to the specific agricultural
conditions relevant to the end users, reflecting a bidirectional
feedback mechanism via iteration. Evidently, agreements have
to be made about ways forward involving collaboration
between public and private sectors, policymakers, scientists,
entrepreneurs and farmers as to the way forward on research
and development collaboration and technology rollout.

Over the past 5 years, significant efforts have been made to
make the concept, ideas and targets of AGD clearer to alll''l.
Both top-down, including some strategies and policies released
by the Chinese Government, and bottom-up approaches,
including the network of nutrient management, and Science
and Technology Backyards (STBs), have been employed to
implement research findings and our innovations and ideas
The

approaches have established multi-stakeholder teams, and have

into practice in various regionsl®>' 1%, two-way
made the methodology of AGD (from theoretical concept to

implementation) clearer.

The aim of this paper is to briefly review the progress that has
been made in both theoretical and conceptual developments as
well as in practical implementation of AGD in China. We
present also some new insights and actions, and imagine a
pathway for the development of AGD between the 2020s and
2050.
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2 Research progress in the four
research themes

The AGD research program was established as a collaboration
between several universities, governments and the private
sector in China, under the guidance of China Agricultural
University in Beijing. Also, international universities are
involved; for example, there is an ongoing joint PhD research
and China
Agricultural University involving 90 PhD students over a
period of 7 years (2019-2025). The four research themes of the
AGD research program each receive roughly similar financial

program between Wageningen University

research support.

2.1 Green crop production

The research theme of Green Crop Production focuses on

developing innovative crop production methods and
technologies for producing adequate amounts of healthy and
nutritious plant-based food with reduced agrochemical inputs
and lower environmental impacts. The research has three key
and interlinked foci, involving (1) green cropping systems with
high resource use efficiency, (2) healthy soil systems which
deliver multiple ecosystem functions and which have a high
resilience, and (3) soil-crop system management with green

intelligent fertilizers.

Green cropping systems are designed with diversified cropping
and improved sustainability with greater economic benefits to
farmers. For example, complementary and facilitative
interspecific interactions in intercropping can lead to an
absolute yield gain of 2 tha™! and protein yield bonus of 10%
compared to the respective monocultures!''"], In addition, a
methodological framework was developed for the design crop
rotations, using multiple sustainability objectives while catering
to demands of various stakeholders such as farmers and

cooperatives!'“].

To develop healthy soil systems, the potential and mechanisms
of biodiversity-enhanced soil multifunctionality have been
explored in order to match soil nutrient supply to nutrient
demand at key crop growth stages, also during extreme
climatic conditions, which may help ease field management!'“].
High-quality soils may reduce the sensitivity of crop yields to
climate variability leading to both higher mean crop yields and
higher yield stabilityl“’]. A modeling tool has been developed to
assess soil health status and provide new ways of field
management to improve soil multifunctionality on the North
China Plain[*'].

The subtheme of Soil-Crop System Management focuses on the
development of precision nutrient management practices and
techniques to maximize root-zone and rhizosphere biological
potential. This should help the delivery high crop yields with
reduced nutrient input. Rhizosphere engineering was explored
as a means to improve crop production in heterogeneous
soils and rhizosphere environments”>~*!l.  Maximizing
root/rhizosphere efficiency through rhizosphere nutrient
management can be an effective way to improve crop
intensive

productivity and nutrient use efficiency in

agriculturel®>’>*°l.  Green intelligent fertilizer has been
developed as a means of matching soil properties and crop
demands. The approach exploits knowledge of soil-crop-
These

techniques can improve soil-crop system management!’’], The

fertilizer interactions and rhizosphere principles.

recently developed steady-state nitrogen (N) balance approach
may reduce fertilizer use by 20% to 28% while maintaining or
increasing yields by 6% to 7% in wheat-maize systems managed
by smallholdersl”‘l. This technology has also been transferred
to vegetable farming to produce more vegetables with lower
costsl”’l.  An

environmental integrated N optimization

technology (including optimal N rates, deep fertilizer
placement and application of urease inhibitors) for winter
wheat and summer maize, covering a total area of 1067 ha, has
been established through the cooperation with STBs, and local
governments, fertilizer ~companies and smallholders.
Compared with traditional small-scale farming system, the
ammonia (NH;3) volatilization from wheat and maize fields
decreased by 49% and 39%, respectively, while N utilization
efficiency increased by 28% and 40%, and farm profitability
19%, for

respectivelyl"’]. The net benefit has been estimated at 7 million

increased by 25% and wheat and maize,
USD for Quzhou County. Overall, the combination of top-
down and bottom-up strategies appear effective for promoting
agriculture green production, a result which confirms earlier

findings'1.

2.2 Green integrated crop-animal production

The theme of Green Integrated Crop-Animal Production aims
at exploring ways to better integrate crop and animal
production systems for improved nutrient cycling, enhanced
feed production and feed use efficiency, and increased animal
productivity. Animal-source food is an important source of
protein and bioavailable minerals for humans, but has a large
environmental footprint. Current animal production systems
in China are highly specialized, and many have little or no land
for crop production and appropriate manure recycling. Thus,
most animal feed is imported from elsewhere, and the manure
N and phosphorus (P) recycling to cropland is low! 1.
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Various pathways to aid recoupling of crop and livestock
production systems have been explored”>**] and a framework
with three key strategies has been developed for this research
theme. Subtheme of Efficient Utilization of Feed Resources
aims to improve the utilization of feed sources. It has been
found that lowering dietary crude protein content and adding
phytase to feed while lowering mineral P supplementation,
decreased total N and P excretion by around 25% to 30%[°".
Increased utilization of low-opportunity-cost feed products in
China may save 25% to 32% of feed-producing cropland area
without impairing livestock productivity, and may reduce feed-
related emissions by about one third!*].

The subtheme of Integrated Technologies along the Whole
Manure Management Chain aims at reducing multiple nutrient
losses along the manure management chain. This is involves
utilizing innovative and more integrated technology for feed
crop production and manure management and this may reduce
N losses by up to three-quarters and P losses by one-third from
pig farms in China, as well as delivering modest reductions in
greenhouse gas (GHG) emissions! "',

The subtheme of Spatial Recoupling of Crop and Livestock
Production aims at exploring novel and promising strategies
for recoupling crop and livestock production systems in order
to increase exchange of feed and manure between crop and
livestock production systems. Cooperation between crop and
livestock farmers in Inner Mongolia has led to both economic
and environmental benefits’*l. Also, total feed (energy and
protein) production may be increased by 18% to 32% through
optimizing the spatial distribution of feed crops across
provinces, without the requirement of additional cropland
input. Nitrogen and P inputs per MJ of feed produced may be
decreased by 18% to 23% and 16% to 21%, respectivelyl™”].

Strategies to enhance the circularity and environmental
benefits of more integrated crop-animal production systems
have been explored and are now in common practice in STBs.
These have proven to be an effective model for technology and
show that
integration of NHj; emission abatement measures in the

knowledge transferl! >0, Preliminary results

whole feeding-housing-manure storage/treatment-manure
application chain reduced NH; emissions by 37% and
increased egg production by 10% in Quzhou County, Hebei
Provincel']. It is clear that integration of crop-animal

production systems can greatly contribute to AGD.

2.3 Green food and industry

The theme of Green Food and Industries aims at adding value

to food products for both consumers and producers, at
lowering the environmental footprint of food products and at
boosting and transforming food industries. Thereby, this
theme contributes to the provision of safe, nutritious and
culturally-acceptable food products, and puts sustainable
consumption into practice, while minimizing environment

impacts of the industries and boosting social equity.

Current food production and processing industries face several
challenges: (1) current agricultural products in China are
mainly basic products, with low value and low diversity,
meaning that the industry does not respond well to changes in
consumer demands. In addition, incomes for farmers and food
industries are generally low; (2) there is often a mismatch
between food supply and demand, which leads to food waste
and imbalanced human nutrition (often causing obesity and
hypertension) and to low resource-use efficiency; and (3) the
large diversity of non-transparent and poorly linked food
their
integration of agricultural production and consumption.

markets and low-level management hinders the

The trends in diets, food quality and environmental impacts of
food production in China from 1997 to 2011 reflect a period of
rapid urbanization. During this period, the Chinese Healthy
Eating Index (CHEI2016 score) increased by 11%, while GHG
emissions increased by 24% and agricultural land use also
increased by 29%. The inflation-corrected cost of the average
diet increased by 80%['’l. The recently-developed Food Life
Cycle Assessment Database confirmed that overall dietary
quality in China has improved, but the environmental and
economic costs of the diet have also increased(*’]. As a possible
solution to this challenge for the nation, the concept of green-
labeled food was developed. This system, with a reduced
stringency of certification standards, indicates to consumers
that particular foods have been grown in an environmentally-
friendly fashion, thereby defining a middle position between
traditional and often-expensive organic food.

The production of green-labeled food is rapidly increasing
across China, as shown up by increased cultivation areas and
increasing sales. In 2019, 15,984 green food companies
provided 36,345 green-labeled products!*’l. The cultivation
area of green products expanded from 0.8 Mha in the 1990s to
11.1 Mha in 2019, accounting for 8.2% of the total farmland
area in China. Green-labeled food requires that producers must
reduce the use of mineral N fertilizers by half compared with
local farm fertilization levels, and prohibit the use of about 72%
of commercially available pesticides in China. A framework has
been developed for assessing the potential impacts of green-
labeled food products on the environment, economy and
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agricultural practices to N and P losses (and impacts of other

pollutants such as pathogens microplastics and some
pesticides), and (2) to assess the impacts of targeted
interventions and novel strategies. To quantify the impact of
food systems on water environments at a larger scale, two
versions of the MARINA model (MARINA-Multi Global 2.0
and MARINA-Plastics China 1.0) were developed to better
understand the current and future impacts of nutrients,
pathogens (Cryptosporidium) and plastic pollution in 395
Chinese subbasins(*’l. In addition, pathways toward green and
sustainable agriculture development have been explored in
typical agriculture-based regions (Quzhou County in Hebei
Lake

Consequently, consideration has been given to the three pillars

Province and Erhai Basin in Yunnan Province).
of sustainability: the environment, the economy and the
society. For example, an NH; mitigation campaign was
successfully implemented with smallholder farmers in wheat-
maize cropping systems, which was subsequently recognized as
a successful case of AGD by the Ministry of Agriculture and

Rural Affairs of the People’s Republic of Chinal™’],

Currently, in China, there is increasingly interest and
importance given to comprehensive exploration of solutions
and environmental targets for reducing multiple pollutants in
the environment, with a specific focus on supporting decision-
making for sustainable agricultural development. Therefore,
the aim is to provide valuable insights and guidance for
policymakers and stakeholders involved in planning and
management. By considering the interplay between various
pollutants and their impacts on the environment, key strategies
and targets will be identified to achieve a more sustainable
agriculture and green environment. These expected findings
can inform the development of effective policies and practices
that balance agricultural production with environmental
conservation,  biodiversity, landscape protection and
conservation and restoration, and help China achieve its

agricultural development goals.

Exploring the interaction between climate change and the
agrifood system, in terms of adaptation and mitigation, is also
increasingly important["’-°'l. In a rapidly changing world that
puts large pressures on natural ecosystems, there is a need to
reshape the interplay of agricultural development and
environmental sustainability, and to understand how to be able
to live equitably and sustainably. Finite resources and
ecosystem services require our full attention. Ultimately, the
more resilient food systems are needed, without over-
consuming natural capital and damaging environmental
integrity, to optimize food supply chains and provide sufficient
and nutritious food to the increasing human population.

3 New cognition

Over the last five years of innovative development in theory
and practice within the AGD research program, our group has
acquired a series of new understandings in all four themes,
which have important implications for the implementation of
AGD in practice. The most important new insights are briefly
summarized in this section as they relate to the importance of
(1) multi-objective collaboration and multi-agent participation,
(2) interdisciplinary research and multisystem research, and
(3) integrated implementation of concepts and techniques at
regional level.

3.1 Synergistic realization of multiple goals is a key
requirement for AGD

China has recognized the urgent need to transform its
agriculture to green development. The primary goals of AGD
are to increase the supply of healthy, safe and nutritious food,
to increase resource use efficiency, farm income and
environmental protection, and to strengthen biodiversity
conservation. The AGD program has been recognized by the
government as an effective way to achieve these ends"”]. It is
likely that achieving these primary goals will also contribute to
greater equality between farmers and citizens. There are six
specific goals for the short-term: (1) increase grain production
by 30%, (2) increase nutrient use efficiency by 30%, (3) reduce
GHG emissions and N and P losses by 50%, (4) increase farm
income by 100%, (5) improve food quality, and (6) conserve
and increase natural biodiversity.

AGD aligns with many of the UN Sustainable Development
Goals (SDGs)!'"»"’l, AGD puts emphasis on the benefits of
increasing agricultural productivity and improving human
and health while
environmental carrying capacity. The increasing need to

nutrition respecting nature and
conserve the nature and biodiversity and to improve human
well-being has motivated researchers to seek the best
management toward sustainable intensification in agriculture.
It is crucial to intensify the use of biodiversity and local crop
best management practices toward sustainable food system.
This includes the use of local crop germplasm, intercropping,
rotation, zero-tillage, and other approaches. AGD advocates
green low-carbon agriculture and reduced carbon emissions as
much as possible based on innovative technologies. However, it
is difficult to achieve zero carbon emission even by using the
best management strategy of agriculture practiced currently.
Transdisciplinary research innovation to achieve carbon offsets
is crucial. For example, through tree planting, forest quality,
ecosystem resilience and carbon sink potential can be
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transformed to productive, high-efficient, resilient and
sustainable systems which provide more adequate amounts of
nutritious and affordable food for the increasing national
population and a fair income for farmers. This transformation
has to be adopted by a diversity of farming systems and
environments, and involves some 200 million smallholders and
a complex network of suppliers, traders, markets, processing
industries, extension officers and regional governmental
officers. Such a transformation is likely to take many decades of

concerted effort.

The current agriculture in China has been successful in
producing increasing amounts of food for the increasing
human population!'! but at an enormous cost to the
environment and biodiversityl>>"]. Current agricultural
practices are not sustainable. The Chinese Government
considered AGD as the path forward now. AGD is a process
and pathway to a productive, high-efficient, resilient and
sustainable agriculture. There is no blueprint for AGD, it is a
developmental process requiring learning by doing and doing
for learning. To continue to make progress in this area it is
important to strengthen systematic regional-based research
and innovations of AGD to gain practical experience under
different regional environments. Our team has chosen two
contrasting regions for developing the ideas and
implementation modes of AGD in practice further. The first
one is Quzhou County in Hebei Province as a major grain
production area on the North China Plain with sensitive non-
point source pollution, water and soil resource limitations and
nutrient imbalances!’*"], The second one is Erhai Lake Basin
of Yunnan Province in south-west China as a characteristic
hilly plateau agricultural area with cash crops and a sensitive
and fragile ecosystem!’’l. Our perspective has been that a
combination of top-down and bottom-up approaches in
research as well as in implementation will greatly facilitate

AGD in both regions.

AGD is a joint effort of multiple stakeholders, in different
regions. Thus, we have established six AGD sub-centers across
the country, including North-west Dryland Agriculture Green
Development Research Center, South-west Agriculture Green
Development Research Center, Yunnan Agriculture Green
Development Center, North-east Black Land Agriculture
Research  Center, River

Efficient

Green Development Yangtze

Phosphorus Resource Utilization Center, and

South-west China Agriculture Green Development Research
Center, all of which are affiliated with the National Academy of
Agriculture Green Development. These constitute the AGD
network that radiates the spatial and temporal pattern in the
whole of China. This network should be strengthened further
by international cooperation and exchange. The AGD network
in China will focus also on cultivating innovative talents in
agriculture-related colleges, in order to provide an impetus for
achieving transformation of agricultural systems, economic
and social development, and rural revitalization.

AGD greatly contributes to achieving the SDGs!'">"’l. Chinese
agriculture has a large impact on the global agriculture market
and the global environment. Improvements in agricultural
development in China will have positive impacts on the global
agricultural market and the global environment. China aims at
contributing to global sustainable development through
designing clear objectives and development plans for
agriculture, improving agricultural infrastructure, empowering
the capacity of small farmers, and implementing rural reform
and implementing policies. The paradigm shift associated with
AGD will be an example also for other countries with similar
status around the world to explore sustainable agricultural

development.

Our additional perspective is that international and regional
cooperation, knowledge sharing, technology transfer, talent
training and consultation are essential for AGD. Great effort to
innovate for AGD has been made by developing the Sino-
Dutch Agriculture Green Development cross-innovative talent
training project, with 90-PhD programs, as an important
implementation platform for the Agrifood 5 University
Alliance. This training involves a so-called T-shape training
program (i.e., a combination of specialized fundamental
research and training, and learning cross-discipline
competencies and the ability to collaborate with professionals
in other industries or roles). The alliance includes China
Agricultural University, Wageningen University, Cornell
University, University of California-Davis, and University of
Sao Paulo. China is ready to work with other countries to
deepen cooperation, help more countries and more people
share the benefits of development, and make new and greater
contributions to building a community with a shared future for
humankind without poverty and with common development

goals.
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