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HIGHLIGHTS

e Sustainable nitrogen management strategies for
Chinese vegetable production are summarized.

e Research on reactive N (Nr) losses in Chinese
vegetable systems is limited compared to cereal
crop systems.

e Knowledge-based optimization of N fertilizer
rate strategy maintains soil N supply to meet the
dynamic vegetable demand in time, space and
quantity.

e Innovative products and technology strategy
regulates the soil N forms and promotes the
vegetable root growth to further control the Nr
loss.

e Integrated knowledge and products strategy is
needed to produce more vegetables with lower
Nr losses.
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ABSTRACT
Inappropriate nitrogen fertilizer management for the intensive Chinese

vegetable production has caused low N use efficiency (NUE), high reactive
nitrogen (Nr) losses and serious environmental risks with limited yield
increase. Innovative N management strategy is an urgent need to achieve
sustainable vegetable production. This paper summarizes recent studies on Nr
losses and identifies the limitations from Chinese vegetable production
systems and proposes three steps for sustainable N management in Chinese
vegetable production. The three N management steps include, but are not
limited to, (1) knowledge-based optimization of N fertilizer rate strategy, which
maintains soil N supply to meet the dynamic vegetable demand in time, space
and quantity; (2) innovative products and technology, which regulates the soil
N forms and promotes the vegetable root growth to reduce the Nr loss;
(3) integrated knowledge and products strategy (IKPS). The knowledge-based
optimization of N fertilizer rate strategy and innovative products and
technology, can maintain or increase vegetable yield, significantly improve
NUE, and mitigate the region-specific and crop-specific Nr losses. More
IKPS, based on combination of root-zone N

importantly, in-season

management strategy, innovative products and technology, and best crop
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cultivation management, is needed to produce more vegetables with lower Nr

losses.
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1 INTRODUCTION

Vegetables are popular in the human diet as a rich source of
nutrients[']. With the increasing vegetable demands and driven
by agricultural policies, Chinese vegetable production has
developed rapidly. From 2000 to 2018, the area sown and total
yield of vegetables in China increased by 34.1% and 58.2%,
respectivelyl’). China is now the world’s largest vegetable
producer, accounting for 42.2% of global planting area and
52.3% of productionl’]. Nitrogen fertilization is important for
increasing yield and improving vegetable qualityl’"]. However,
driven by economic interests and higher yield, intensive
Chinese vegetable production has been characterized by high
fertilizer application rates, especially N fertilizers(®’]. The
average N application rate for vegetable production in China is
352 kg-ha~! NI¥], which is 1.6 times greater than that for cereal
production in Chinal’) and doubles that for vegetable
cultivation in the USA[I''l. However, the N recovery in
vegetables is only about 23% of the total N inputs!''].
More N accumulates in the soil or is lost to the environment
in the form of reactive N (Nr; all N species except N,),
which in turn leads to the environmental impacts such as
greenhouse gas (GHG) emissions!'~''], eutrophicationl'*']
and acidification!'"~"]. Intensive Chinese vegetable production
system has become a hotspot system with high input and high
environmental costs worldwidel®'?]. Currently, Chinese
vegetable production uses 7.8% of global fertilizers and emits
6.6% of global crop-sourced GHG emissions!'“l. Inappropriate
management of N fertilizer seriously restricts sustainable

development of Chinese vegetable production.

With the increasing demand for vegetables due to the growing
population, the environmental problems caused by excessive N
application in the Chinese vegetable production systems will
become increasingly serious!'“~*'l. Agricultural policy in China
is undergoing a shift from one of zero growth of mineral
fertilizer use to a focus on fertilizer use reduction, quality
efficiency increasesl”’].  Therefore,
vegetables with less Nr

environmental costs is of great importance for vegetable

improvements and
producing more losses and
production in Chinal”"l. This paper reviews the current status
of research on Nr losses in Chinese vegetable production
systems and further proposes the key strategies to optimize N
This
understanding N cycling in the Chinese vegetable systems and

fertilizer management. review aims to enhance

promote the sustainable development of vegetable.

2 LIMITED RESEARCH ON NR LOSS IN
VEGETABLE PRODUCTION SYSTEMS IN
CHINA

Identifying the Nr losses is the foundation to optimize the
region-specific and crop-specific N fertilizer management
1. In recent decades, Nr losses from vegetable
). A recent

strategy[ s
systems have received increasing attention (
meta-analysis reported that the N,O emission[""] and nitrate
leaching!”’] from the Chinese vegetable production systems
were 3.91 and 79.1 kg-ha™! N per season, respectively, which
was 1.68-13.8 times greater than those from cereal production
systems!”’], and mainly attributed to higher N inputs.
However, compared to cereal crops (e.g., maize), the research
on Nr losses from vegetable systems in China is still limited,
and the number of the related scientific papers published for
maize systems is 2.3 times greater than that for vegetable
systems ( ). In addition, those studies were heavily focused
on evaluating N,O emission or N leaching, whereas studies on
NHj volatilization and N runoff losses were relatively limited
( ). More importantly, there is a lack of systematic
studies on the whole Nr losses status in the Chinese vegetable
systems. In addition, Nr losses vary greatly among different
regions due to large differences of soil characteristics, climate
condition and field management practices (e.g., N rate)[%%"],
Some observational studies have focused on the Taihu Lake
I and North Chinal""~""], and few studies have been
conducted in other regions (especially for south regions).

basinl*!-

Therefore, it is necessary to systematically quantify Nr losses
and related driving factors for different vegetable production
systems in different regions in the future, so as to provide
theoretical basis for developing the optimal N management in
Chinese vegetable systems.

3 SUSTAINABLE N MANAGEMENT
STRATEGIES IN CHINESE VEGETABLE
SYSTEMS

3.1 Knowledge-based optimization of N fertilizer
rate

Determining the reasonable N fertilizer application rate is the
first step to achieve sustainable N management ( and
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Fig.1 Number of publications on Nr losses (N,O emission, NH3 volatilization, N leaching and N runoff) from maize (a) and vegetable

(b) production during 2000-2021. Publications were identified via systematic searches of Web of Science and China National Knowledge

Infrastructure databases.
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Fig.2 Crop yield and reactive N loss for cereal (a) and vegetable (b) production systems in response to different N management strategies.

S1, knowledge-based optimization of N fertilizer rate strategy; S2, innovative products and technology strategy; and S3, integrated knowledge

and products strategy.

). Agricultural researchers have put forward a series of
methods to determine the reasonable amount of N application
according to local conditionsl**l. Currently, there are three
main types of methods for recommending N fertilizer rate.

3.1.1 N fertilizer recommendation based on soil analysis

The first type of methods is to determine whether the applied
N is reasonable by testing the N content of soil during the
critical growth stage, and then adjust the N application
strategy. The representative methods include soil Np,
system[*“], Kulturbegleitende-Np;,-Sollwerte (KNS) system![*"],
N-expert system!''], the pre-side-dress nitrate test (PSNT)[*],
in-season root-zone N management!*’], the Dutch 1:2

soil:water extract method!*!], soil N supply (SNS) indices!*"],
soil nutrient abundance index method!""] and regional mean
optimal N (RMON)[*“],

Nmin system is a method used for field-grown vegetable crops
in central and north-western Europe. The N fertilizer
requirement of the crop is the difference between the N
required to achieve a certain target yield (Niarger) and the
accumulated soil inorganic N (Np;n, including NH4*-N and
NO;~-N)[*5], Ny, is determined from soil profile samples
collected before planting based on the effective root depth of
the crop. This method provides more accurate N application
recommendations for soils if different fertility. However, this
method does not consider the Ny, values at different growing
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Fig. 3 Sustainable N management strategies for vegetable production in China.

periods of the crop. Therefore, it cannot provide satisfactory
recommended fertilization rates for vegetables that require the
top dressing N fertilizer during critical crop fertility periods.

The KNS system was developed based on the improvement of
the Npin system[ 01 Its recommended N application
principle is similar to that of the Ny, system, except that the
KNS method incorporates the effects of critical crop fertility
periods, N uptake, root depth, and other factors to calculate the
Npin value. It also introduces an Ny, buffer value, i.e. the
minimum soil inorganic N residue to ensure normal crop
growth, so that it can be recommended for the dynamic
balance of N in different nutritional stages of vegetables[*’]. Tt
should be noted that this method is only effective when
multiple soil mineral N analyses are performed for each crop.
In practice, vegetable growers may be unwilling to do even one
analysis for each crop.

N-expert system is a further development of the KNS,
introducing a general N loss term for the calculation of Niarget
values. The estimated unrecovered N (assumed to be lost) and
the estimated mineralization of soil organic matter are

combined into a net apparent N mineralization valuel***"],
Considering the cost of soil mineral N analysis and the
unwillingness of growers to conduct soil analysis, the authors
of the N-expert system recommend that only one analysis be
done for each crop!™°l.

The PSNT approach is similar to the KNS system, with the
exception that it considers only the NO3;™-N content of dryland
soils and ignores the relatively small NH4*-N content!*%*"],
The PSNT approach was first applied to maize production in
North America, and then gradually applied to vegetable N
management!**>"’]. The PSNT thresholds for specific vegetables
were determined through multi-site field trials, ignoring
influences such as vegetable management practices and soil
texture. When the soil NO;™-N is below the threshold, N
fertilizer was applied to reach the PSNT threshold.

In-season root-zone N management is based on the KNS
system. The in-season root-zone N management technique, in
which the N rate is determined based on the soil mineral N
content and crop N uptake at different crop growth stages, is a
common method for optimizing N fertilizer rate in Chinese
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vegetable systems!'®>*%7152] The in-season root-zone N
management strategy can maintain the soil N supply in the
root zone and synchronize N application with soil N supply to
match vegetable N requirements in time, space and
quantityl'®l. However, there are still some difficulties in the
promotion of this method in Chinese vegetable production.
Factors need to be considered include the willingness of
farmers to collect soil samples, logistic of transportation of
samples to the laboratory from rural areas, the proximity of a

suitable laboratories and timelines for provision of results.

The Dutch 1:2 soil:water extraction method was developed for
crops in high-tech greenhouses in the Netherlands, and also
used for greenhouse conditions in Italy and Greecel’"**"],
Species-specific fertigation programs have been developed to
adjust standard nutrient solutions based on the results of
analyses of 1:2 soil:water extractions performed periodically
during the crop cycle. To optimize the management of frequent
nutrient additions, it is possible to conduct relatively frequent
tests, which need simple and fast processes to obtain and
prepare soil samples.

SNS indices provides a method in which soil N supply is
estimated rather than The  Nutrient
Management Guide (RB209)""] is presented in the form of
booklet. It contains a series of tables that can be used to

measured!*%],

estimate the SNS index value for a specific field and provide a
recommended N fertilizer rate for that field specific crop. The
SNS index estimates the soil mineral N available to the crop,
which includes the estimated N mineralized from organic
material during crop growth. The SNS index is determined by
considering average annual rainfall, soil texture and residues
from previous crops.

Soil nutrient abundance index method is the classic method of
soil testing and fertilizer reccommendation in Chinal’’]. Based
on the yield classification obtained at different soil nutrient
measurement values, the measured soil values are graded into a
table
corresponding fertilizer application recommendations. In

guidance containing nutrient abundance and
practice, as long as the soil nutrient concentrations are
determined, the fertilizer application rate can be calculated by

nutrient grade from the guidance table.

The RMON method was proposed by Zhul*’l based on the
characteristics of decentralized smallholder land management
in China. It is considered that economic optimum N
application rate of each field can be replaced by the mean N
application rate in a certain region where the soil, climate,
production conditions, agronomic management and yield level

are relatively consistent. RMON is the mean of the economic
optimum N application obtained through a large number of
field trials. This method can control the N application rate of
most fields within a reasonable range. However, there are many
kinds of vegetables in China, and a large number of field trials
under different production conditions are needed in the early
stage.

3.1.2 N fertilizer recommendation based on plant analysis

The second type of methods takes the nutritional status of the
aboveground crop as a basis for diagnosing whether the crop is
growing normally or not, which is then used as a basis for
making decisions about top dressing N fertilizer. The
representative methods include tissue N analysisl”’], petiole
sap NO3~
reflectometer!"*] and hyperspectral remote sensing[*’].

analysis("°l,  chlorophyll meterl”’], canopy

Tissue N analysis is a method for diagnosing the nutrient status
of crops by measuring the N content of plant tissues, which can
be used to guide fertilizationl*"->»>*°%l. Tissue N analysis can
reveal the N status of crops more accurately. However, it is
difficult to promote because the procedure is tedious, work-
intensive, subject to errors and the operation requires
specialized workers.

Petiole sap NO3~ analysis measures the NO3~ in the conducting
tissue of leaf petioles, and is considered to be a sensitive
indicator of crop N status at the time of samplingl**"*°°l. The
sensitivity of petiole sap NO;~ to crop N status has been
established for various vegetable crops!">°%%l, Petiole sap
NOs™ test is highly sensitive to crop N status and is easily used
on farm. This method can provide information on the
adequacy of crop N status for a given species within a given
region. Small portable rapid analysis systems, such as nitrate
reflectometers, can be used for on-farm measurements of NO3~
in petiole sap, thus providing growers/consultants with almost
instantaneous results after sample collection("].

A chlorophyll meters can provide a non-destructive, rapid and
relatively accurate measurement of relative leaf chlorophyll
content, and are used to diagnose the N status of cropsl’®%771.
However, the application of this method requires the
determination of SPAD thresholds for different management
systems, crops and fertility periods, which in turn are
influenced by various factors such as crop species, soil and
climate characteristics!>].

The canopy color of a crop directly indicates the nutritional
status of the crop. Some simplified portable spectral testers are
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gradually developed. These instruments can acquire
multispectral reflectance information of plant canopy directly
in the field, digitize the spectra, establish the relationship with
plant N

recommended fertilizer application ratel"’]. The multispectral

status, and then obtain the corresponding
remote sensing technology based on canopy scale, such as
GreenSeeker hand-held spectrometer, has been applied in the
method has the

disadvantage of low number of wavebands and low resolution,

crop N diagnosisl™*l. However, the
which limits the accurate identification and diagnosis of crop
nutrition and its widespread application. Additionally, some
optical sensors are costly and expensive for smallholder
farmers.

Hyperspectral remote sensing method is the most advanced
spectral information technology for non-destructive diagnosis
of crop N nutrition. Its fine spectral resolution can fully reflect
the rich and subtle change characteristics of vegetation
spectrum, and has been widely recognized in the accurate
monitoring of crop N statusl’’l. However, data on precise
diagnosis of vegetable N nutrition, real-time N regulation and
intelligent in situ monitoring technology based on modern
hyperspectral information technology is still scarce.

3.1.3 N fertilizer recommendation based on response
function

The third type of methods is to establish effect equations
between N application and indicators such as yield, N uptake,
and economic efficiency, and to determine the optimal N
application based on different indicators[®’l. In addition to the
agronomic effects and economic benefits of N fertilizer
application, effect equations can also be established between N
fertilizer application and environmental indicators such as NH;3
volatilization, N,O emission, N leaching, and N runoffl®*],
These equations are mostly in the form of linear or exponential
functions, and such functions can be used to compare the
environmental risks of different N applications.

These monitoring methods have proven to be useful tools for
guiding N fertilizer management. Many studies have indicated
that the optimized N application strategy can maintain or
increase yields, increase NUE, and mitigate Nr losses and
environmental costsl*»"% 1. For example, a recent meta-
analysis reported that the optimized N application had
significantly improved the NUE by 80% without a reduction in
crop yield, compared to excessive N application in cereal and
vegetable production systems[*’l. He et al.l*’] showed that in-
season root-zone N management strategy reduced N fertilizer
rate by 69% and further reduced N,O emissions by half while

maintaining yields in a greenhouse tomato production system.
It is urgently needed to optimize the N fertilizer rate based on
appropriate N fertilizer recommendation strategy in more
regions and more vegetable production systems, and further
achieve a goal of zero growth of mineral fertilizer use.

Generally, the selection of the best monitoring method for a
particular farm will depend on various factors such as crop and
farm characteristics, the skill farmers, the support provided and
economic considerations. In practice, it is essential to consider
the actual conditions in rural China to select the appropriate N
fertilizer recommendation method: (1) the small size and large
number of vegetable fields, resulting in a heavy testing
workload; (2) the high vegetable multiple cropping index and
tight stubble, resulting in a tight testing time; and (3) the lack
of testing equipment and few technicians, resulting in a small
number of samples that can actually be tested[*“]. In addition, it
is also important to consider the effective parameters that can
be obtained under current conditions, as well as the cost of
money and time to obtain these parametersl’®"°1. Therefore, it
is usually appropriate to combine multiple recommended
methods according to local conditions to overcome the
limitations of a single method and improve the scientific and
practicality of the N fertilizer reccommended method.

Reducing Nr losses and improving root N uptake by crops are
core to optimal N management strategies. In cereal cropping
systems, some studies indicated that Nr losses increased
exponentially with the increase of N fertilizer ratesl’>*’], and
optimizing N fertilizer rate could ensure the low Nr losses
( ). However, unlike cereal crops, Nr losses increase
linearly with increasing N fertilizer rates in vegetable
systems!”>"’] due to the shallow root systems, frequent water
inputs, high soil N residues and relatively frequent top dressing
of N fertilizer[*">'%], Although the optimized N application
strategy can significantly reduce Nr losses with lower N
fertilizer use in vegetable systems, Nr losses were still relatively
high (

rainfall regions (e.g., southern region)!

), especially for high temperature and high
1. For example, the
cumulative N,O emissions for pepper season in south-western
China were still as high as 10.6 kg-ha™! N,O-N under a 66.7%
reduction in N application rate compared to commonly used
management practices!”’l. Therefore, an innovative products
and technology strategy combined with optimized N
fertilization rates, is needed to further mitigate Nr losses and

improve N uptake.

3.2 Innovative products and technology

Innovative products and technology under the optimized N
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rate conditions is the next step toward sustainable N
management for vegetable production, which can regulate soil
N transformation process to further reduce Nr losses (

and ). This strategy includes the application of enhanced-
efficiency N fertilizers (EEFs), combined application of organic
and synthetic N fertilizers, and the fertigation with water-
soluble fertilizer.

3.2.1 Enhanced-efficiency N fertilizers

Many studies have indicated that the EEFs, such as nitrification
inhibitors (NIs), urease inhibitors (Uls), and slow/controlled
release fertilizers, have been effective in achieving
synchronization between N supply and crop uptake, and
further decreasing Nr losses and improving NUEI'-"1. NTs
(e.g., 3,4-dimethylpyrazole phosphate, dicyandiamide and 2-
chloro-6-(trichloromethyl)-pyridine) are chemical compounds
that can slow the nitrification process from NH4*-N to NO,-N
through inhibiting the activity of ammonia oxidizing bacteria,
thus further prolonging the fertilizer efficiency of NH4*-N
fertilizers and reducing the formation, leaching and
denitrification losses of NO;-NI"l. The results of many
studies have indicated that NIs can mitigate N,O emissions and
=21, In

contrast, the response of NHj volatilization to NIs addition

N leaching from vegetable production system!’’%

varies with types of NIs, crop, and soil”l. In a field
Min et all’l found that 2-chloro-6-
(trichloromethyl)-pyridine application at optimal N rate
reduced N leaching and N,O emission by 22% and 33%,
respectively. Uls (e.g., N-(n-butyl) thiophosphoric triamide

experiment,

and Limus) can slow down the hydrolysis of urea through
inhibiting urease activity. Recent studies reported that Uls
reduced NHj volatilization and N,O emission from vegetable
production[”%7%71, Slow/controlled release fertilizers have the
advantages of synchronizing nutrient release with crop
absorption, converting into effective plant nutrients at a slower
rate than standard fertilizers, applying fertilizer at once during
the whole fertility period of the crop, and saving the labor input
1. Published studies have shown that the

application of slow/controlled release fertilizers reduced N,O

of top dressingl’>*%"":

emission, N leaching, NH; volatilization and N runoff losses

from  vegetable system compared to conventional

fertilizersl’"">~"%]. For example, Saha et al.l’’! found that slow-
release fertilizer reduced N,O emissions and NHj volatilization
by 29% and 36%, respectively, while improving NUE by 34%,

compared to conventional urea.

Opverall, EEFs are important options for reducing Nr losses and
improving NUE in vegetable production. However, there are

still some limitations of EEFs in Chinese vegetable production.

Firstly, most EEFs currently on the market lack specificity,
resulting in nutrient release that does not fully match the
nutrient demand of vegetables. Therefore, it is necessary to
develop special EEFs suitable for different regions and
with the

and the climate and soil

vegetables in accordance rules of nutrient

requirements of vegetables
characteristics of the regionsl>"""l. Secondly, EEFs are not
attractive to vegetable farmers because of their higher market
price than standard mineral fertilizersl"’l. It is essential to
develop low-cost coating materials and improve production
processes to reduce the production and distribution costs of
EEFs. In addition, the government should increase the
subsidies for farmers to purchase EEFs and for enterprises to
research and develop EEFs. Finally, the recognition and
acceptance process of new products and technologies by
Chinese vegetable farmers is slow due to their relatively high
average age and low education levell*"l. The government and
enterprises should jointly make efforts to enhance publicity,
promotion and service skills to improve the recognition and

application of EEFs by farmers in China.

3.2.2 Combined application of organic and synthetic N
fertilizers

Combined application of organic and synthetic N fertilizers is a
common practice in Chinese vegetable production"**'l. In a
farm survey conducted by Zhang et al.l"’], a total of 78% of
vegetable growers surveyed were using organic fertilizers.
Combined application of organic and mineral N fertilizers has
been an effective measure to reduce the Nr losses and maintain

vegetable yield"-*%%-%1 A study based on a meta-analysis
indicated that the substitution of < 70% of mineral N with
organic source at the recommended N rate can increase
vegetable yields by 5.6% and reduce N leaching and GHG
emissions by 48.1% and 34.9%, respectivelyl’’l. This was
attributed to several factors. Firstly, the low release of N from
the organic fertilizers maintains a long-term supply of N to
better match crop requirements and reduce Nr losses(‘l.
Secondly, organic fertilizer can increase soil organic carbon
sequestration and improve the abundance and activity of soil
microorganisms, thus promoting nutrient cycling in the soil
and vegetable root development!"’]. Lastly, organic application
can promote the formation and stabilization of soil aggregate
structure, improve soil fertility properties and soil water
holding capacity, and facilitate the formation of soil organic-
inorganic complex colloids, which can in turn improve soil
quality and vegetable production*]. Therefore, the combined
application of organic and mineral fertilizers should be

advocated in Chinese vegetable production systems.
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The application of organic fertilizer needs to pay attention to
the following principles: (1) selection of an appropriate organic
fertilizer with full consideration of safety functionality, source
and economic costs; (2) clarification of the amount of organic
fertilizer with full consideration of nutrient content and
availability; (3) selection of a suitable application method with
full consideration of labor and equipment cost and
availabilityl*’]. There is a need to develop special and small
organic fertilizer application machines suitable for vegetable
production. It is worth noting that the Chinese Government
has recently provided significant subsidies for the use of
organic fertilizers(""]. Agricultural extension departments,
agricultural advisors and scientists can raise the awareness of
farmers about the potential benefits of rational application of
organic  fertilizers farmer field

through training,

demonstrations and distribution of brochures.

3.2.3 Fertigation with water-soluble fertilizer

Frequent water and fertilizer inputs are an important cause of
Nr losses in Chinese vegetable production[’’l. Fertigation, in
which fertilizers are dissolved in the irrigation water and as
such delivered to the root zone (usually micro-irrigation
system), can synchronize the water and N supply with crop
demand!>*"l. Numerous studies have demonstrated that
fertigation can provide various benefits over standard practices
(e.g., flood/furrow irrigation with broadcast N), such as
increasing vegetable vyield, increasing N and water use
and nitrate

efficiency, and decreasing N,O emissions

leaching! 1. Since the 1960s, the application of fertigation
technology has been widely promoted in developed countries.
The Chinese Government has introduced a series of policies in
recent years to promote the development of fertigation
technology. In 2015, the Ministry of Agriculture issued the
guiding document, Action Plan for Zero Growth of Fertilizer
Use by 2020, pointing out that fertigation technology is one of
the important safeguards for the implementation of a goal of
zero growth of mineral fertilizer usel’’l. The development of
fertigation technology and water-soluble fertilizer industry has
provided important support for promoting precise fertilization,
adjusting fertilization structure and improving fertilization
methods.

There are still limitations for application of fertigation
technology in China. Firstly, some formulations of water-
The
formulation of water-soluble fertilizer needs to be developed

soluble fertilizers are formulated inconsistently!™l.

based on the type of vegetables and their nutrient requirements
at each growth stage. Also, it is important to develop irrigation
and fertilization regimes for the whole fertility period of
different vegetables according to their water and nutrient

demands. Secondly, the high cost of production and promotion
of water-soluble fertilizers has led to their high price and
limited consumer demand. Therefore, it is necessary to
encourage technological innovation for water-soluble fertilizer
production to reduce product costs and improve product
quality and cost-effectiveness!®’). Finally, most fertigation
equipment currently used in China does not have intelligent
decision making and system support technology. There is an
urgent need to innovate and develop a range of advanced
fertilization equipment and technologies based on regional and
vegetable characteristics. In the future, the development of
fertigation technology will follow three major trends: (1) water-
soluble fertilizer products will be developed for functionality, as
liquids, in suitable package and with a consumer focus;
(2) fertilization equipment will be multifunctional, low-energy
and accurate; and (3) fertigation systems will be more
informative and intelligent.

3.3 Integrated knowledge and products strategy

Although the knowledge-based optimization of N fertilizer
rate, and the innovative products and technology strategy has
been proved to significantly reduce the environmental risks in
intensive vegetable production, as most of the single nutrient
management practices could not further improve vegetable
yields. Therefore, to meet the growing demand for vegetables
to be produced sustainably, new integrated strategies are
needed to increase vegetable yields and reduce environmental
impacts ( and ). In China, an integrated soil-crop
system management approach has been developed and
successfully applied to increase crop yields, improve NUE, and
minimize Nr losses and GHG emissions for cereal crop
systems[””l, Similarly, by comprehensively considering the
regional ecological conditions and vegetable species
characteristics, a recent study has designed the integrated
knowledge and products strategy (IKPS) for vegetable
productionl'“]. The IKPS is designed to manage nutrient
supply using a combined strategy that can integrate the best
nutrient management, crop management, and innovative
product and technology to meet the dynamic needs of
vegetable plants in time, space and quantity for high yield while
). The

theoretical techniques of IKPS include two aspects. Firstly, it

minimizing environmental losses ( and

combines the in-season root-zone N management and soil
health management to ensure that the seasonal supply of root-
zone N matches the growth and development of vegetables
during the critical growth stages. In addition, it optimizes the
planting date and planting density by screening the high-
yielding and high-quality vegetable varieties to make full use of
light and heat resources. Secondly, the product innovation
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strategy is based on the regional vegetable characteristics to
improve root growth and nutrient uptake, while reducing
nutrient losses. The results of 54 site-years of field trials in
major agroecological zones of China indicated that the
implementation of IKPS can effectively reduce N application
by 38%, N surplus by 65%, Nr losses by 43% and GHG
emissions by 28%, while increasing yields by 17%, compared to
IKPS, as an
management program, takes into account the 4Rs of fertilizer

current farming practices!'®l. innovative
management and provides the opportunity to produce more
vegetables at lower environmental cost in China. However,
further research is needed to promote the broad application of
IKPS to different regions and different vegetable species under

site-specific conditions.

The promotion and implementation of IKPS in vegetable
production in China is still constrained by labor, resources and
finance. Therefore, it is recommended to establish cooperation
among government, industry, universities and researchers
through the Science and Technology Backyard platform(’*] to
innovate monitoring tools and equipment, to promote
experimental demonstrations and innovative extension
services, on which to explore technical ways and organizational
models to enhance the scientifically-informed farming of
vegetables, and achieve increased vegetable yield and efficiency

on a large scale.
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