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A B S T R A C T

N fertilization is often viewed as a cheap insurance against yield loss in vegetable production because of the
generally large added value, resulting in application of fertilizer N often in excess of actual crop demand. In
combination with the low fertilizer N recovery by many vegetable crops and the often excessive irrigation, this
may lead to both health and environmental risks related to high nitrate concentrations in water leaving the root
zone. In this review, we discuss the decisive factors in the overall N balance of field vegetable production systems
and the different tools at hand to increase fertilizer use efficiency and consequently reduce N losses to the
environment. Based on this, we identify areas of research and technology transfer where further work is re-
quired. Only an integration of the different methods and strategies for N management may really mitigate the
risk of nitrate leaching and maintain crop yields while enhancing the environmental sustainability of vegetable
production systems.

1. Introduction

Many vegetable crop species have a relatively low nutrient use ef-
ficiency compared to arable crops, often related to the short growing
season and superficial rooting (Greenwood et al., 1989; Thompson
et al., 2020). Because of the generally large added value of the vege-
table production sector, compared to e.g. arable crops or grassland,
fertilization (especially N fertilization) is often viewed as a (cheap)
insurance against yield loss, resulting in application of fertilizer N often
in excess of actual crop demand (Thompson et al., 2007).

The combination of N application in excess of crop demand, the low
N fertilizer recovery by vegetable crops and the often excessive irriga-
tion (Thompson et al., 2007; Thorup-Kristensen et al., 2012) may lead
to both health risks (i.e. nitrate accumulation in leafy vegetables; Colla
et al., 2018) and environmental risks associated with high nitrate
concentrations in water leaving the root zone (Agostini et al., 2010;
Cameira and Mota, 2017; Thompson et al., 2020).

Despite the relatively small share in total land area and production,
the vegetable sector represents a disproportionately large economic
share in Europe (EUROSTAT, 2019). Fresh vegetables production in the
EU represented a value of 34.5 billions of Euro in 2017 or 8.3 % of the
value of all the agricultural goods and services produced in the EU. In
2016 there were about 823,000 farms in the EU-28 cultivating fresh
vegetables, representing just 8.0 % of the total number of farms, and

2.2 million hectares of agricultural land (EUROSTAT, 2019).
In 2014−15, vegetables represented 7.4 % of total fertilizer con-

sumption of 103Mt N at global level (Heffer et al., 2017). In the EU-
28 N fertilizers in vegetables represented 2.3 % of the total consump-
tion of about 11Mt N, while vegetable production is only representing
1.2 % of the area.

In Europe, the protection of natural waters from diffuse pollution by
nutrients (N and P) is regulated by the Nitrate Directive (Council of the
European Communities, 1991) and the Water Framework Directive
(European Commission, 2000), and the main source of this pollution is
agriculture. Given the intensive nature of most of the vegetable pro-
duction in Europe, this sector is contributing much to the problem of
nitrate pollution of natural waters. In several regions in Europe, the
very existence of intensive vegetable production will depend on its
willingness and ability to drastically cut N losses to the environment by
implementing a more efficient N management (Quemada et al., 2013).
Consequently, research has been focusing increasingly on improving N
management in vegetable cropping systems to significantly reduce the
environmental and health impacts (Tei et al., 2017; Padilla et al., 2018;
Kristensen and Stavridou, 2017). In addition, high nitrate concentra-
tions in soil are associated with the emission of the potent greenhouse
gas nitrous oxide (N2O) (Snyder et al., 2009).

The aim of this review is to discuss the different factors that are
decisive in the overall N balance of field vegetable production systems,
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and the different tools at hand to increase fertilizer use efficiency and
consequently reduce N losses to the environment, with focus on losses
to surface and groundwater, and to identify areas of research and
technology transfer where further work is required.

2. Drawing up the N balance for vegetable production systems

An in-depth insight into all processes that govern the N cycling in
soil is needed to optimize fertilization and maximize N use efficiency
whilst minimizing losses. Therefore, we start by discussing the detailed
N balance in the soil-crop-atmosphere continuum (Congreves and Van
Eerd, 2015; Thompson et al., 2017), which forms the basis for the so-
called balance sheet systems of N fertilization.

The N balance takes into account all possible inputs: soil mineral N
available at planting; N mineralized from soil organic matter; N mi-
neralized from organic materials; mineral fertilizer N; N from irrigation
and atmospheric deposition, and all possible outputs: crop N uptake; N
losses by denitrification; volatilization and leaching and N im-
mobilization in the soil. The individual components of the balance are
often difficult to quantify because of the highly dynamic nature of N
transformations and the many interactions. Generalizations and sim-
plifications will always have to be made for practical use.

2.1. Soil mineral N at planting

The sum of NH4
+-N and NO3

−-N at or shortly before planting is a
key variable for efficient N fertilizer management. It depends mainly on
the previous crop and its management (e.g. applied N fertilizer rate,
irrigation and harvest time), the weather conditions (mainly rainfall)
and planting time (commonly higher soil mineral N in autumn than in
spring due to fall-winter leaching by rainfall) (e.g. Nendel, 2009).

N use efficiency can be improved drastically by including soil mi-
neral N at planting in the calculation of N fertilization (Thompson et al.,
2017, 2018; De Pascale et al., 2018).

2.2. N mineralization from soil organic matter and N immobilization

The processes of N mineralization and immobilization occur si-
multaneously in soil at all times (Mineralization-Immobilization
Turnover, MIT; Norton and Schimel, 2012) The result of these two
processes is termed net N mineralization, greatly influenced by soil
temperature, moisture content and compaction (De Neve, 2017). Soil
Organic Matter (SOM) mineralization is the predominant source of N
for the crop especially in low-input production systems (Nendel et al.,
2019) and crucially needs to be accounted for in N fertilizer calcula-
tions.

However, N mineralization from SOM is difficult to measure in situ
because the mineralized N is rapidly consumed in other processes or
transported through the soil profile. A few attempts have been made to
measure N mineralization using micro-lysimeters (Nendel et al., 2005)
or using buried soil cores in field incubations (Delphin, 2000). Alter-
natively, in situ N mineralization can be derived from measuring all
components of the N balance in a field. However, because of the large
spatial and temporal variability of soil N processes, and the difficulty in
measuring loss processes, this approach is not applicable in practice.
Most often, N mineralization is measured in controlled conditions in the
laboratory, and there have been many attempts to predict N miner-
alization in controlled conditions by simple or more complex relation-
ships with soil properties (e.g. SOM C:N, SOM content, pH, texture) and
environmental factors (temperature, moisture content, bulk density,
general soil structural quality) (De Neve, 2017; Nendel et al., 2019).

Nendel et al. (2019) analyzed 340 data sets extracted from pre-
viously published incubation experiments for potential nitrogen mi-
neralization covering a large range of soils and climate conditions. They
found that under warm and year-round humid conditions, the poten-
tially mineralizable N as fraction of the soil total N was significantly

smaller than in dry or temperate environments. The N mineralization
potential, that is the maximum amount of N being released from soil
under optimum conditions for mineralization by the microbial biomass
(optimum temperature, soil water content, nutrient and oxygen supply)
in temperate climates was estimated to be 151 kg N ha−1 (as climate
zone median). As a coarse first estimate, N mineralization under tem-
perate maritime climates can be very roughly estimated to be 2–3 % of
the soil organic N, with the lower limit for heavy soils and the upper
limit for sandy soils (De Neve, 2017). Lorenz et al. (1989) suggested a
value of 5.5 kg N ha−1 week−1 of N mineralization from soil organic
matter for the Rhineland Palatinate region in Germany. In general, N
mineralization from soil organic matter is higher in vegetable cropped
soils than in arable soils, because of the intensive nature of vegetable
production, with large (historical) applications of mineral and organic
fertilizers and the small harvest index with large amounts of crop re-
sidues being returned to the soil.

2.3. N mineralization from added organic materials

Incorporation of vegetable crop residues in particular represents a
highly important but often neglected source of mineral N. The amount
of crop residue can vary from 25−30 kg N ha−1 (e.g. spinach, lettuce)
to as much as 250−300 kg N ha−1 (e.g. for cabbages) (Chaves et al.,
2007; Agneessens et al., 2014; Congreves and Van Eerd, 2015; De Neve,
2017; Tempesta et al., 2019). De Neve and Hofman (1996) found that
60–80 % of the N in vegetable crop residues is mineralized within the 3
weeks following incorporation in summer or early autumn. In a study
conducted in Western Europe, under exceptionally good conditions (i.e.
a warm, moist and very well aerated soil), over 80 % of the mineral
nitrogen present in crop residues was released as early as 9 weeks after
incorporation (Tremblay et al., 2001). Failure to properly account for
the N contained in crop residues obviously may lead to excessive N
fertilization and N losses.

Other added organic materials include cover crops, animal manures
(slurries and farmyard manure), composts, by-products from the agri-
cultural industries (e.g. animal by-products such as blood meal, hair
meal and bone meal), digestates from manure processing and from bio-
energy production, municipal solid wastes, sewage sludge, amongst
others. For some of the more common of these materials (green man-
ures, animal slurries) N release is relatively well known, but others are
poorly characterized with respect to both the amount and the timing of
N release (De Neve, 2017; Sambo and Nicoletto, 2017; Benincasa et al.,
2017).

An important aspect of the management of organic materials is the
synchronization of N mineralization with crop N demand to avoid yield
loss and/or minimize the risk of N losses (Fig.1). For instance, lack of
synchrony may occur in early spring in temperate humid climates,
when crop N demand can already by high while N mineralization is still

Fig. 1. Lack of synchronization between N mineralization and crop N demand.
In spring, mineralization is still limited while crop N demand may already be
high, whereas in autumn N mineralization (especially from crop residues) may
be very high while there is only limited or no crop N uptake.
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limited because of relatively low soil temperatures. In autumn, N mi-
neralization of crop residues rich in N may still proceed at high rates
due to high soil temperatures at a time when the soil is bare or the crop
N demand is low. The lack of synchronization in spring can easily be
remediated by additional fertilization, but excessive N mineralization in
autumn is much more difficult to manage and is one of the chief causes
for high N losses.

2.4. N supply from irrigation

Irrigation water may contain a significant amount of N, particularly
in regions with high nitrate levels in groundwater. Reliable estimates of
these N inputs can be obtained by frequent analysis of the irrigation
water and by keeping good records of irrigation volumes. For example,
a typical seasonal irrigation volume for sweet pepper of about
3000m3 ha−1 with a nitrate concentration of 50mg L−1 corresponds to
a total N input from irrigation of 34 kg N ha−1.

2.5. N from atmospheric deposition

Both wet (precipitation) and dry (dust) deposition, mainly asso-
ciated with ammonia (NH3) emissions related to intensive livestock
production and NOx emissions from industry and traffic, may contribute
significantly to the overall N input for agricultural crops. Nitrogen may
be transported over long distances before being deposited and thus may
have a transboundary component. Vet et al. (2014) found wet deposi-
tion of N in Europe to range from<1 to 25 kg N ha−1 yr−1. While N
deposition drastically declined over the past decades as a result of
measures to combat air pollution, in some regions of intensive livestock
production (Northern part of Belgium, parts of the Netherlands and
Denmark), emissions and deposition may still be significant and may
represent between 10 and 20 % of the total N requirement of the ve-
getable crop.

2.6. Mineral fertilizer N

In the balance sheet system of N fertilizer advice, the amount of
fertilizer to be applied is calculated as the difference between outputs
and inputs. Rate, timing, type and application method of mineral fer-
tilizer represent critical issues to optimize crop production and mini-
mize environmental losses (Snyder, 2017) (see section 3.3). Moreover,
not only yield, but also produce quality should be considered in cal-
culating optimal N fertilizer rates in vegetables (Burns, 2006). While
reduced N availability may negatively affect biomass yield and fruit
size, it has been reported to increase the concentration of free radical
scavengers with anti-oxidant capacity (Stefanelli et al., 2010). Excessive
N fertilization was reported to reduce quality parameters (e.g. fruit size,
vitamin C concentration, sugar content…) in different vegetable crops
(Albornoz, 2016) and to increase the concentration of harmful com-
pounds such as nitrates in leafy vegetables (Colla et al., 2018). Given
the decisive impact of produce quality on price, N management should
also be analyzed from an accurate economic analysis of marketable
products, in addition to the biomass yield or environmental perspective
(Burns, 2006).

2.7. Crop N uptake

At optimal N status, mineral N uptake is the product of the total
biomass and the critical N concentration (i.e. the minimum N con-
centration required for maximum plant growth; Greenwood et al.,
1990). Total biomass is, in turn, highly correlated with crop yield. Some
authors (Greenwood et al., 1990; Lemaire and Gastal, 1997; Lemaire
et al., 2008) determined the relationship between the critical N con-
centration and the above-ground plant dry weight. The relationship is
highly different between C3 and C4 plants reflecting the different me-
tabolic pathway but is relatively constant within the same metabolic

group. Still, species-specific critical N dilution curves have been de-
termined, for example for potato (Greenwood et al., 1990, 1996),
processing tomato (Tei et al., 2002), lettuce (Tei et al., 2003; Di Gioia
et al., 2017; Conversa and Elia, 2019), cabbage (Ekbladh and Witter,
2010), broccoli and cauliflower (Riley and Vågen, 2003; Conversa
et al., 2019), carrot (Shlevin et al., 2018). From the critical N dilution
curve, the relationship can be obtained between crop biomass and crop
N uptake at optimal N nutritional status. This allows to quantify the
potential N crop demand to be used in the N balance. Crop N demands
are often summarized and averaged in look-up tables, based on past
agronomic experiments, for use in practice by farmers and technicians.

Despite the high N demand of most vegetable crops (Feller and Fink,
2002; Congreves and Van Eerd, 2015), they can only take up a fraction
of the soil mineral N, i.e. the Nitrogen Uptake Efficiency (NUpE) is less
than 1 (or less than 100 %). Greenwood et al. (1989) defined the Ap-
parent Recovery (REC) of fertilizer-N by the crop as REC = (UF – U0) /
NF where NF = fertilizer-N rate, UF = N-uptake when NF is applied, U0

= N-uptake when no fertilizer is applied (i.e. an estimate of the uptake
of mineral N already present into the soil before planting and miner-
alized during crop growth). The same authors showed that in vegetables
the relationship between N-fertilization rates and N-uptake decreased
linearly according to the following general equation REC=REC0 - b NF

where REC0 is the fitted value of REC with an infinitesimally small
amount of fertilizer-N and (-b) is the gradient of REC against NF (Fig. 2).
Consequently, knowledge of the REC value for a species provides an
estimate of the proportion of N fertilizer not taken up by the crop at a
given N rate. This approach is useful to achieve a compromise between
yield and environmental issues (Burns, 2006).

These relationships are species-specific because they depend on
differences in root function and architecture (e.g. Tei et al., 1999); they
are also influenced by soil conditions (e.g. water shortage reduces
growth and N uptake), weather conditions, agronomic practices (e.g.
irrigation) and fertilizer application methods (e.g. broadcast or loca-
lized application) (Tremblay et al., 2001; Benincasa et al., 2011).

Given the difficulty of obtaining the REC from specific field ex-
periments, a “Safety Margin” practical approach has been proposed by
some authors (e.g. Tremblay et al., 2001), defined as an additional
amount of mineral N to be present as a kind of “N buffer” to allow for
maximum N uptake at all times. This N buffer is added to the crop N
demand and is higher for crops with small, shallow roots, few root hairs
(e.g. leeks and onions), i.e. crops that are inefficient at extracting N, as
compared to crops with a better developed root system (e.g. cabbage,
Brussels sprouts, carrots) (Tremblay et al., 2001). The KNS system is
one example of a N fertilizer advice system (mainly for vegetable crops)

Fig. 2. Example of crop N uptake and apparent recovery of fertilizer-N (REC) as
affected by fertilizer-N rate (solid line: N uptake in function of N rate; dashed
line: linear relationship between REC and N rate).
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that uses such a N buffer in the calculation of the N fertilizer require-
ments (see section 3.1.1).

2.8. N losses

Nitrogen loss processes including denitrification, volatilization and
leaching will lead to reduced N availability. Given the often high N
fertilization rates and the high concentrations of soil mineral N, the risk
of these N losses and the extent to which they occur is particularly high
in N-intensive horticultural systems (Cameira and Mota, 2017).

2.8.1. Denitrification and volatilization losses
Denitrification [i.e. conversion of nitrate (NO3

−) to molecular ni-
trogen (N2), with possible formation of nitrous oxide (N2O) and nitric
oxide (NO)] occurs within the soil wherever there is sufficient nitrate,
labile organic carbon, and low oxygen concentrations and oxygen dif-
fusion rates. These losses are low in most dryland cropping soils but
may be significant in slowly draining and waterlogged soils (Myrold
and Bottomley, 2008). Hence normally N losses by denitrification are
small in vegetable fields. However, they can be appreciable in specific
circumstances, e.g. when large amounts of vegetable crop residues are
incorporated, and this is followed by heavy rain.

Ammonia volatilization occurs when ammonium from ammonium-
containing or urea containing fertilizers or from organic fertilizers (e.g.
cattle manure, castor bean cake, legume fertilizers) is converted to
ammonia. The risk of such losses is low when these fertilizers are in-
corporated immediately or injected, but can be very high when they are
surface-applied (Engel et al., 2011; Ramanantenasoa et al., 2019). The
potential risk of ammonia volatilization from urea fertilizer can re-
present up to 65 % of the N applied, depending on soil and climatic
conditions (Sutton and Grinsven, 2011). Ammonia volatilization can
also occur during mineralization of vegetable crop residues: De Ruijter
et al. (2010a) found that about 5–16 % of the N in vegetable crop re-
sidues could be lost as NH3.

2.8.2. Nitrate leaching
Vegetable crops are often grown on coarse textured soils that have

low water holding capacity, and a high hydraulic conductivity. So ex-
cess nitrate not taken up by the crop has high probability to be leached
out below the root zone in case of excess precipitation or not well-
managed irrigation. The risk of leaching depends on: i) the soil nitrate
concentration at a given time, that depends, in turn, on the history of N
management in the specific field; ii) the intensity and frequency of
water inputs (i.e. rainfall or irrigation); iii) the soil hydraulic char-
acteristics. Nitrate leaching losses (and the associated potential risk of
groundwater contamination) from intensive vegetable production has
been studied extensively in a wide variety of pedo-climatic conditions
and cropping systems (e.g., Thompson et al., 2007; Xie et al., 2017;
Farneselli et al., 2018; Tosti et al., 2019; Rakotovololona et al., 2019; de
Haan et al., 2019; Hefner et al., 2019).

2.9. Final considerations on the N balance

As illustrated in this section, the N balance takes into account all
possible inputs and outputs of N to and from the field, and is therefore a
potentially very accurate basis for calculation of N fertilization, that
should allow to minimize N losses, notably by leaching. However, the
efficiency of this approach critically depends on the quality of the
available data (e.g. crop N uptake, expected mineralization) and the
experience of the persons drawing up the balance. It should be pointed
out that there are some minor variations in the way that the N balance
is calculated by different daughters and recommendation schemes, as
discussed by Thompson et al. (2017).

3. Strategies for improved sustainability of N fertilization

3.1. Tools to assist with crop N management

Often growers and advisors make decisions on the amount of N
fertilizer to be applied based on experience or look-up tables adapted to
the local pedo-climatic and cropping conditions. For fine tuning of
fertilizer recommendations, look-up tables can take into account some
crucial characteristics of a specific field and its history (e.g. soil texture,
previous crop, crop residues management) but generally lack precision,
advising on the safe side to minimize risks of yield reductions, thus
potentially leading to high N losses.

Simple observational methods that introduce basic diagnostic tools,
such as plant color, unfertilized windows, indicator plants (Tremblay
et al., 2001), for monitoring soil and crop N status allow for a first
refinement of N fertilization in data poor conditions. In some countries,
legislation demands quite complex N fertilizer planning often guided by
extension services. For example, in Denmark, the use of look-up tables
is combined with modelling of previous winter leaching at regional
scale, taking into account the soil type, pre-crop effect, irrigation and
crop N demand at field-level for conventional production; organic
production is regulated by a general rule on maximal 100 kg used N
ha−1 in average across the fields of a farm (Danish Ministry of
Environment and Food, 2020).

Given the increasing pressure for improving environmental perfor-
mance of agriculture in general and vegetable growing in particular,
e.g. with respect to the targets in the framework guidelines for water
protection (European Commission, 2000), more science-based methods
of N management have been developed in the past decades. Extensive
reviews of such methods including application, reliability and sensi-
tivity have been published recently (e.g. Thompson et al., 2017; Padilla
et al., 2018; De Pascale et al., 2018).

3.1.1. Fertilizer recommendation schemes based on soil analysis or soil N
supply

Nmin, KNS and N-expert systems are methods that use the soil mineral
N content to calculate N fertilizer advices through a simplified N bal-
ance (Thompson et al., 2017, 2018). Nmin system is the simplest method
because it calculates the mineral N fertilizer rate for the entire crop
cycle by subtracting the measured soil mineral N in the root zone at
crop planting from a tabled “N target value”. KNS system refines the
approach of the Nmin system by including a tabled N buffer (i.e. a safety
margin) to determine a N target value, an estimate of the expected
weekly N mineralization from SOM, and a soil mineral N analysis
during the crop growth period to calculate the N top dressing. The N-
expert system is a further development of KNS by introducing an “ap-
parent recovery” of 80 % of total N supply; the estimated N recovery
and the estimated mineralisation from soil organic matter are combined
in a component called “apparent N net mineralisation”. These methods
are commonly used with field-grown vegetable crops in North-western
and Central Europe.

Soil N Supply (SNS) system is an index system used in England and
Wales in which the soil N supply is estimated rather than measured
(Thompson et al., 2017; AHDB, 2020). The SNS indices estimate
available soil mineral N including estimates of N mineralised from or-
ganic material during the crop growth period. SNS indices are de-
termined for a specific field by considering average annual rainfall, soil
texture and residues from the preceding crop and are used to re-
commend the N fertilizer rate.

These methods when used as part of improved management systems
proved to notably reduce NO3

− leaching in vegetable cropping systems
(Thompson et al., 2017, 2018).

Additionally, the nitrate concentration of the soil solution in the root
zone can be used to assist with N management of fertigated vegetable
crops (Thompson et al., 2017; Padilla et al., 2020): this method, de-
veloped in Israel but used in Spain too, is based on analysis of soil
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solution extracted with ceramic suction samplers and on the use of
sufficiency values or tendencies for data interpretation and N man-
agement (Peña-Fleitas et al., 2015; Padilla et al., 2020).

3.1.2. Methods based on crop or plant analysis
Destructive (leaf tissue N analysis, petiole sap test) and non-destruc-

tive (chlorophyll meters, flavonols meters, canopy reflectance sensors) crop-
based methods are mainly used to detect crop N status and to guide top-
dressing N fertilization. Petiole sap test is very sensitive to crop N status
and is easily used on the farm (Peña-Fleitas et al., 2015) while the other
methods are of limited use for different reasons: leaf tissue N analysis
because of the very time-consuming nature of the measurement
(Lemaire et al., 2008), chlorophyll meters and flavonols meters because
they can be influenced by cultivar and environment, and require a
thorough calibration and validation, and canopy reflectance sensors
which, although they are promising tools within a Precision Agriculture
context, the high cost of some optical sensors makes them expensive for
small-scale farmers.

The use of these methods as a key for efficient N management of
vegetable crops with reduced N loss to the environment has been re-
viewed in detail by Thompson et al. (2017) and Padilla et al. (2020).

3.1.3. Simulation models and decision support systems (DSSs)
Dynamic computer simulation models are very useful for demonstra-

tion purposes but many are too complex for steering crop management
decisions at farm level. A considerable number of DSSs, based on me-
chanistic simulation models, have been developed in Europe to calcu-
late N fertilization rates for vegetable crops. Examples include N-Expert
in Germany, Azofert® in France, VegSyst-DSS and FertiliCalc in
Mediterranean countries (notably Spain), GeCoN and CAL-FERT in
Italy, PLANET and RB209 in the United Kingdom, and EU-Rotate in
several European countries (Thompson et al., 2017; Gallardo et al.,
2020). The use of DSS proved to significantly reduce N leaching losses
in intensive vegetable rotations as compared to the management used
by growers (Gallardo et al., 2020). It is difficult to measure the extent to
which DSSs are being used for nutrient management in commercial
farming. Nevertheless, Azofert®, N-Expert, CropManage, GesCoN, and
PLANET were used to provide nutrient recommendations for numerous
commercial farms, and smartphone versions of RB209 were down-
loaded thousands of times since the release in 2017. Gallardo et al.
(2020) provided an in-depth discussion of these issues.

Use of all these tools has been demonstrated to appreciably reduce
fertilizer N application and N losses while maintaining production le-
vels, but the selection of tools to be used by a grower will be influenced
by factors such as availability, the grower’s technical level, and eco-
nomic considerations (Thompson et al., 2017; Padilla et al., 2020;
Gallardo et al., 2020).

3.2. Agronomic cropping practices

3.2.1. Crop rotation
Nitrogen management is usually focused on a single crop, but it is

only by integrating available techniques of soil fertility management at
the level of the crop rotation that effective environmental sustainability
can be achieved, including efficient N management (Agneessens et al.,
2014; Benincasa et al., 2017).

Some basic principles for a well-designed crop rotation include:

- legume crops - as cash crops or cover crops - can supply significant
amounts of N to the succeeding crops, possibly eliminating the need
for additional N fertilization (Thorup-Kristensen et al., 1999;
Thorup-Kristensen and Dresbøll, 2010; Farneselli et al., 2018; Tosti
et al., 2019; Hefner et al., 2020);

- catch crops to minimize nitrate leaching during the fall-winter
season when there is no cash crop in temperate climates (Thorup-
Kristensen et al., 2003; Gabriel et al., 2012);

- alternation of shallow and deep rooting crops (vegetable crops,
catch crops, living mulches) in time (Thorup-Kristensen, 2006;
Kristensen and Thorup-Kristensen, 2004a, 2004b; Christiansen
et al., 2006) and in space to recycle soil NO3

− from deep soil layers
by growing deep-rooted crops (Xie and Kristensen, 2016; Xie et al.,
2017). In addition, some crops - such as several crucifers and
summer squash, but not leek, potato or beetroot - increase rooting
depth and N exploitation at deep N placement or high sowing
density (Kristensen and Thorup-Kristensen, 2007; Kristensen and
Stavridou, 2017).

Large reductions of nitrate leaching losses were shown by Thorup-
Kristensen (2006) by a simple change in crop sequence after winter
fallow in crop rotation. The deep-rooted white cabbage (2.4 m root
depth) reduced soil mineral N in deep soil layers of 1–2.5m depth by
more than 100 kg N ha−1 compared to the shallow-rooted leek (0.5 m
root depth). Therefore, 100 kg N ha−1 less of mineral N was present in
the deep soil layers after the harvest of this long-seasoned crop, where it
was too late to establish a winter catch crop.

When growing a winter catch crop prior to vegetables, the leaching
of mineral N was decreased for leek and medium deep-rooted beetroot
(1.9 m root depth) by 60 kg N ha−1 the following winter. The effect was
much lower for white cabbage because of its own deep N uptake
(Thorup-Kristensen et al., 2012). The catch crop grown prior to the
vegetables had kept or transferred the soil mineral N to the shallow soil
layers within the reach of the shallow-rooted crop, resulting in 34 %
higher N uptake in leek at harvest (Kristensen and Thorup-Kristensen,
2007).

Adapting crop rotations may have large economic consequences as
it often means that high value vegetable crops are replaced by other low
value crops or cover crops as was shown for two examples by de Haan
and Garcia Diaz (2002). However, adapting rotations in this way can
also improve the growing conditions of the vegetable crop, resulting in
higher yields or better quality and even positive economic results.

3.2.2. Cover crops
Cover crops - including catch crops, intercrops, living mulches and

green manures (legumes) - replace bare fallow or a cash crop and are
either incorporated or left on the soil surface, before the succeeding
cash crop. The terminology is not settled, but cover crops are first of all
grown for soil-cover, which may have other purposes than to close the
N cycle (e.g. N fixation, weed suppression, C-storage). Catch crops are
grown to scavenge (residual) soil mineral N and are defined in some
countries as non-legumes (e.g. Denmark). Legumes are often grown as
cover crops to bring N into the system through biological fixation.
Common cover crops include grasses (e.g. barley, rye, ryegrass, wheat,
oat), legumes (e.g., hairy vetch, faba bean, pea, clovers), crucifers (e.g.,
rapeseed, fodder radish; white mustard) or mixtures of these types
(Thorup-Kristensen et al., 2012; Benincasa et al., 2017).

Various reviews and meta-analyses conducted from an international
perspective (e.g., Valkama et al., 2015; Norris and Congreves, 2018)
concluded that cover crops provide a multitude of ecosystems services
(e.g. N supply, N2O emission reduction, NO3

− retention, soil carbon
storage, runoff and erosion control, increase of microbial biomass,
suppression of weeds and pests, beneficial insect conservation, increase
of insect biodiversity). In organic vegetable production this input is
crucial as availability of animal manure is often limited, and the use of
legumes enables self-sufficiency in nitrogen (Thorup-Kristensen et al.,
1999; Farneselli et al., 2018; Tosti et al., 2019). In general, legumes are
less efficient than non-legumes in preventing N leaching and are more
cold-sensitive. Conversely, they pose less risk of pre-emptive competi-
tion (for both water and nutrients) to the subsequent cash crop com-
pared to e.g. grasses and cereals (Thorup-Kristensen, 1993). Grass and
cereal catch crops are highly efficient in scavenging nitrate in soil, but
care must be taken at termination to avoid pre-emptive competition
with the subsequent crop, when the catch crop retains N that would
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otherwise have been available for the cash crop (Hefner et al., 2020).
Grass catch crops usually show an easy establishment, high cold tol-
erance and continuous growth in winter (Thorup-Kristensen, 2001).

Crucifers are both frost-sensitive and winter-hardy catch crops, and
rapidly develop deep root systems (Kristensen and Thorup-Kristensen,
2004a). They have a relatively fast N release after incorporation into
the soil according to their low C:N ratio (Ramirez-Garcia et al., 2015).
The targeted mixing of legume and non-legume cover crops allows to
manage the amount and rate of N that will be released for the suc-
ceeding crops (Tosti et al., 2014, 2019; Farneselli et al., 2018;
Kramberger et al., 2013; Hefner et al., 2020).

The management of cover crops (e.g. sowing date and density,
termination date and method) may greatly affect the cover crop effect
on the N dynamics and ecosystem services (Murrell et al., 2017;
Benincasa et al., 2017). Sowing date and density depend very much on
pedo-climatic conditions. In general, an earlier termination date limits
the biomass N accumulation and the effect on nitrate leaching, but al-
lows a longer time for seed-bed preparation for the succeeding cash
crop (Thorup-Kristensen et al., 2003; Vogeler et al., 2019). To terminate
the cover crop, ploughing or disk incorporation is increasingly being
replaced by shallow incorporation or mulching. Cover crop biomass can
be mowed or roller-crimped (Hefner et al., 2020) and left on the soil
surface as organic dead mulches (Campiglia et al., 2010, 2014), fol-
lowing the principles of conservation agriculture (i.e. farming systems
that promote minimum soil disturbance, maintenance of a permanent
soil cover, and diversification of plant species; FAO, 2020). The effect of
this change on nitrogen availability for crop growth and nitrogen loss is
depending on the cover crop type (legume or non-legume) and fol-
lowing crop (Hefner et al., 2010; Campiglia et al., 2014).

Fertigation may be used to mitigate the effects of the temporal or
spatial mismatch between nutrient release from incorporated cover
crop biomass or the nutrient demand of the wide spaced vegetables
(Farneselli et al., 2013, 2018).

The effectiveness of cover crops to reduce N losses to water bodies
has been clearly demonstrated (Sanchez et al., 2004; Scholberg et al.,
2010): according to a meta-analysis by Tonitto et al. (2006) the re-
duction of N leaching was 70 % under non-legume cover crops com-
pared to keeping the soil bare and 40 % with legume cover crops, in
both cases thanks to fall and winter N uptake by the cover crop.

3.2.3. Intercropping
Intercropping refers to two or more crop species, or genotypes, that

grow together or coexist for some time in the same field. The main
benefit of a well-designed intercropping is a more efficient resource use
such as solar radiation, water, soil, nutrients (niche complementarity),
beneficial neighbor interactions (facilitation) and resource sharing
through common mycorrhizal fungal networks or recycling of nutrients
through leaf senescence and root turnover (Brooker et al., 2015). These
benefits may lead to enhanced resource-use efficiencies - including N
use efficiency - pest, disease and weed control, and higher crop pro-
ductivity than corresponding monocultures; and delivery of various
ecosystem services (Martin-Guay et al., 2018). The constraints are
mainly related to difficulties in mechanization, conflicts in management
timing, increased labor requirements and use of agro-chemicals, but
also competition resulting in yield imbalance, which limit a wide
adoption in intensive farming systems as vegetable production systems.

There is a need to develop knowledge for management tools for
improved competition control (e.g. system design, species combination,
root pruning, displacement of sowing time) (Xie et al., 2017). There-
fore, intercropping potentially plays an important role in organic
agriculture, but is not implemented much in conventional large-scale
production. However, intercropping is seen with increasing interest as
an alternative practice for a sustainable agriculture in conservation
farming systems (Lithourgidis et al., 2011).

Intercropping cauliflower with overwintering grass-clover and
moderately reduced N fertilization was feasible in organic cauliflower

production, with regard to maintaining marketable yield and reducing
the risk of nitrate leaching in the agroecosystem (Xie and Kristensen,
2016). The intercropping of a shallow-rooted leek crop and a deep-
rooted catch crop (Isatis tinctoria L., dyer’s woad, crucifer) resulted in
highly complementary root systems, increasing the rooted zone from
0.5 m in monocropped leek to more than 2m depth in the intercropped
system. Intercropping reduced late autumn soil nitrate by more than
50 kg N ha−1 under leek known for high leaching losses (Xie and
Kristensen, 2017). Across similar trials of vegetable and catch crop
intercropping in Italy, Slovenia, Germany and Denmark reductions of
17−52 kg N ha−1 of the risk of nitrate leaching were obtained at best
(Xie et al., 2017). In several cases, legumes (white clover, burr medic)
sown at the time of cauliflower or leek transplanting had limited effects
on reducing soil nitrate and negative effects on cash crop N uptake
(Tempesta et al., 2019).

3.2.4. Plant breeding
Breeding of N-efficient genotypes characterized by a low suscept-

ibility to yield depression at reduced N fertilization levels is another
approach to improve the sustainability of N management. In fact, both
species and cultivars show differences in nitrogen use efficiency (NUE).
Plant morphological and physiological traits that contribute to N effi-
cient crops and cultivars are numerous and interacting at different plant
organizational levels, from root characteristics to differences at the cell
level with the involvement of biochemical and molecular traits
(Ferrante et al., 2017; Lammerts van Bueren and Struik, 2017).

Spinach has a low N uptake efficiency due to the shallow rooting
depth and a low N utilization efficiency (optimum N shoot concentra-
tion 50mgN g−1 DM) while carrot have a high N uptake efficiency
thanks to a deep and expanded root system and low optimum N shoot
concentration (30mgN g−1 DM) (Schenk, 2006). Most brassica crops
have a low N harvest index resulting in high amounts of N in crop
residues. Schulte auf’m Erley et al. (2010) found that white cabbage
genotypes differed both in N efficiency (head fresh weight at low N
supply) and in yield at high N supply and that these differences were
not related to N uptake but to harvest index. For earlier maturing cul-
tivars a slower leaf emergence was responsible for the low harvest
index, which was mainly dependent on temperature. This suggests that
breeding of cultivars with generally low-temperature tolerance could
contribute to enhancing N utilization. For late cultivars, a high N re-
translocation from leaves to the heads was related to yield both at low
and high N supply. Similar results have been reported for cauliflower
(Rather et al., 1999).

This review by Lammerts van Bueren and Struik (2017) described
that head-forming crops, as cabbage (Schulte auf’m Erley et al., 2010)
and lettuce (Kerbiriou et al., 2014), depend on the prolonged photo-
synthesis of outer leaves to provide the carbon sources for continued N
supply and growth of the photosynthetically less active, younger inner
leaves. In spinach, studies conducted by Chan-Navarrete et al. (2014)
on several cultivars under both low and high N availability in controlled
conditions, showed that NUE was highly correlated with shoot fresh
weight, shoot dry weight, leaf area, and root dry weight while there was
a moderate negative correlation with specific leaf area and root/shoot
ratio. Chlorophyll content showed significant correlation with NUE
only under high N availability. In potato the main factor explaining
NUE was maturity: the late varieties show higher yield and higher NUE
correlated to a longer growing period and an extended period of max-
imum leaf canopy and photosynthesis activity (Ospina et al., 2014). In
general root performance is relevant for all crops but especially for
short-cycle vegetable crops that benefit from early below-ground
growth (Lammerts van Bueren and Struik, 2017).

All the studies suggest that breeding of N-efficient cultivars is not
only a potential tool to reduce N release to the environment by reducing
the necessary N input and reducing the N content remaining in the crop
residues, but also a strategy to allow crop productivity in farming sys-
tems where access to fertilizers is limited. Ferrante et al. (2017)
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commented that “to this aim, several strategies should be adopted, involving
crop management in the short period, and genetic improvement in the long
one. Hence, breeding should be oriented to increase traits that improve NUE
under different growing conditions. The increasing knowledge about the
molecular and physiological bases of a complex trait as NUE and the de-
velopment of innovative emerging molecular technologies for the study of the
genome and transcriptome will provide useful tools for supporting the
modern breeding programmes”.

3.3. Choice and application of mineral and organic fertilizers

Much attention is currently going towards improving the sustain-
able use of mineral fertilizers through the 4R Nutrient Stewardship
(Reetz et al., 2015; Bruulsema, 2018) that provides a framework for
using the right nutrient source, applied at the right rate, at the right
time, in the right place.

The right rate and right time are based on the determination and
application of an adequate amount of all limiting nutrients (nitrogen in
our case) to meet plant requirements in relation to yield and quality
goals, and considering the interactions of crop uptake, soil supply, en-
vironmental risks, and field operation logistics, as extensively explained
in other section of this review.

3.3.1. Right source
The right source of N fertilizers refers to choosing plant-available

nutrient forms that provide a balanced supply of all essential nutrients,
that are released in a way that best matches crop demand. Enhanced-
Efficiency N Fertilizers (EEFs) (Chien et al., 2009; Snyder, 2017) are an
example of this approach. This term encompasses slow- and controlled-
release N fertilizers, nitrification inhibitor-treated N fertilizers, urease
inhibitor-treated N fertilizers or products treated with both nitrification
and urease inhibitors.

Slow-release fertilizers (SRFs) are materials that are slow to enter in
solution because of their low solubility and that are converted to plant-
available N through microbial decomposition and hydrolysis (Guertal,
2009; Morgan et al., 2009). Examples of SRFs include urea-for-
maldehyde (UF) and isobutylenediurea (IBDU). The primary me-
chanism of N release in UF is microbial decomposition of the polymer,
but environmental factors such as soil temperature, soil moisture, pH
and oxygen content all interact with microbial activity. The N release
from IBDU on the contrary does not depend on microbial activity, but
the N is made available through hydrolysis at low temperatures. Given
that the N release is accelerated by high soil temperatures (and low pH)
this fertilizer is preferred for cool-season application (Morgan et al.,
2009).

Controlled-release fertilizers (CRFs) have a release mechanism gov-
erned by a water-insoluble coating (i.e. sulfur, polymer or both sulfur
and polymer coatings) that limits or controls the rate of water pene-
tration and N release in function of soil temperature and moisture af-
fecting micropore coating (Simonne and Hutchinson, 2005; Morgan
et al., 2009; Van Eerd et al., 2018).

Both SRFs and CRFs proved to be effective in reducing N leaching in
vegetable production systems, particularly on sandy soils (Simonne and
Hutchinson, 2005; Hartz and Smith, 2009). However, their use is lim-
ited as synchronization of the N-release from the fertilizer with varying
N-demand of the crop is difficult, especially in crops with a short
growth cycle and a high N-demand, and as they are more expensive
than conventional mineral N fertilizers per unit of N (Thompson et al.,
2017).

Nitrification inhibitors (NIs) are chemical compounds that slow down
the conversion of ammonium to nitrate, thereby reducing leaching risks
of nitrate. Temperature is a key factor influencing NIs efficacy. Several
publications demonstrated that the use of NIs improved N fertilizer use
efficiency, reduced nitrate leaching and decreased N2O emissions
(Ruser and Schulz, 2015). A meta-analysis carried out on 62 peer-re-
viewed publication (1984–2013) with 859 datasets across the globe

(Qiao et al., 2015) found that NIs application reduced dissolved in-
organic N leaching by 48 % (confidence interval 56−38%). Moreover,
the use of NIs allows for a reduction of the number of N fertilizer ap-
plications (Pasda et al., 2001) and of nitrate concentration in leafy
vegetables (Irigoyen et al., 2006). The most commonly used chemical
nitrification inhibitors are 3,4-dimethylpyrazole phosphate (DMPP) and
dicyandiamide (DCD) (Pasda et al., 2001; Gilsanz et al., 2016). The
nitrification inhibition efficacy of DMPP is more dependent on soil type
than that of DCD, although the efficacy of both inhibitors was lower in
more alkaline, low-organic matter soil (Guardia et al., 2018). In in-
cubation experiments, DCD inhibited nitrification from cauliflower re-
sidues for 50 days and DMPP for at least 95 days (Chaves et al., 2006);
hence, especially DMPP shows a potential to reduce nitrate leaching
after incorporation of crop residues.

Urease inhibitors (UIs) are chemicals that block the activity of the
ubiquitous enzyme urease that catalyzes the hydrolysis of urea into
ammonium. In soils with high pH or soils that are poorly buffered
against pH changes, the rapid hydrolysis of urea can result in an ac-
cumulation of ammonia rather than ammonium: by keeping urea from
hydrolyzing, urease inhibitors protect against ammonia volatilization.
So also UIs, together with NIs, proved to be effective in increasing yields
and NUE (see meta-analysis by Abalos et al., 2014). Typically, UIs can
protect against ammonia loss from surface applied fertilizers for a
couple of weeks, depending on temperature and moisture conditions.
The main UIs are N-(n-butyl) thiophosphoric triamide (NBPT) and N-(n-
propyl) thiophosphoric triamide (NPPT). Chemical compounds con-
taining urease inhibitor plus nitrification inhibitor are also available
(Snyder, 2017).

The use of NIs and UIs may not translate into yield or environmental
benefits if weather and soil conditions are not conducive to N loss, or
when N rates are excessive. Moreover, Thompson et al. (2017) observed
that given the concern of consumers and retailers regarding healthy
food, attention will need to be paid to ensure that there are no or
minimal residues of NIs and their degradation products in edible ve-
getable products.

The overall effect of EEFs is questionable. De Ruijter et al. (2010b)
examined different types of EEFs in various vegetable crops. Results for
EEFs were comparable to the use of CAN (Calcium Ammonium Nitrate)
when applied according to good agricultural practice (with use of e.g.
split and banded applications). Snyder (2017) suggested that “the pur-
chase and use of EEFs may depend to a great extent on: (1) the farmer’s
cropping system management abilities; (2) the agronomic and environmental
knowledge of the agricultural retailer and professional crop adviser; (3)
regional crop and fertilizer economics; (4) the soil and water conservation
practices also implemented by the farmer on each field; (5) the availability
and costs of nutrient management technology; (6) risks and magnitudes of
the dominant environmental N losses; and (7) any governmental support or
regulatory policies that may affect crop or cropping system choices and/or
record-keeping (i.e. tracking) of nutrient performance over time”.

3.3.2. Right place
The right placement of nutrients refers to placing the fertilizer close

to the growing roots (by banding or fertigation) in order to maximize
absorption and to minimize nutrient losses.

Banding of fertilizers refers to concentrating the fertilizers under or
along the plant row of vegetables with usually a wide planting distance.
The fertilizer may be placed with the seed at planting as a “pop-up”
fertilizer or placed under the seed or the transplant as “starter” ferti-
lizer. Both pop-up and starter fertilizer, that are generally low in N and
relatively high in P, increased early crop growth (both root and shoot),
yield and N use efficiency in carrot, cabbage, onion, lettuce and green
bean (Costigan, 1988; Stone, 1998; Burns et al., 2010). Side-dress fer-
tilization on the soil surface, in e.g. cauliflower, onion, lettuce, potato,
reduced N rates and increased apparent N recovery in comparison with
broadcast application (Burns et al., 2010). Recently, Kristensen and
Stavridou (2017) found that small N fertilizer applications in rocket
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improved NUE through the stimulation of N uptake by deeper roots,
thus allowing to reduce the amount of fertilizer given in frequent ap-
plications or reducing applications given in the late growth phase.

Fertigation, i.e. the agronomic practice in which fertilizers are dis-
solved in the irrigation water and as such delivered to the root zone
(usually micro-irrigation system), is the most effective technique to
synchronize N uptake with N availability, increase NUE and reduce N
leaching (Benincasa et al., 2011; Farneselli et al., 2018). The main
advantages of fertigation are the flexibility to split the fertilizer appli-
cation according to the crop N demand during the entire crop growth
cycle, localizing N close to the root zone and maintaining relatively low
and constant N availability in the soil solution (i.e. all the 4R principles
are implemented). Exhaustive reviews on fertigation management in
irrigated vegetable cropping have been published by Simonne et al.
(2017) and Incrocci et al. (2017).

3.3.3. Organic fertilizers
Organic fertilizers are an important source of nitrogen both in

conventional and organic vegetable cropping systems and contribute to
maintain soil organic matter. A recent review by Möller (2018) provides
detailed information on the effect of organic management on soil fer-
tility and on the composition of several organic amendments currently
available to organic farmers. Organic fertilizers can be either bulky
organic materials (e.g. solid animal manures, slurries, composts, di-
gestates based on anaerobic digestion of vegetative biomass or house-
hold wastes) with a relatively low nutrient concentration commonly
used as base dressing, or more concentrated commercial organic ferti-
lizers (e.g. feather meal, hoof and horn meal, meat and bone meal,
fertilizers derived from plants and plant products processing) used to
finetune the nutrient supply to the crop requirements. Solid animal
manures and composts are characterized by a relatively high C:N ratio
(20–30) and therefore a limited N release in the year of application,
while keratins (20–30) or liquids like vinasse (2–3) or digestates (2–7)
showed much higher and fast N availability (IFOAM, 2013, cited by
Möller, 2018). In the Mediterranean area, compost, anaerobic digestate,
and municipal solid waste gave good yield results in tomato, zucchini
and lettuce (e.g., Montemurro et al., 2010; Alburquerque et al., 2012).
Some liquid organic fertilizers can also be used for fertigation: for ex-
ample, Farneselli et al. (2018) found that broadcast applications of
poultry manure (Norg= 4%; C:N=10) and by-product from a leather
factory (Norg= 5%, C:N=5) at a low N rate of 100 kg ha−1 were in-
adequate to meet the N-requirements of processing tomato in Central
Italy while the by-product from a leather factory, added as a liquid
fertilizer (Norg= 8%; C:N=3) to the irrigation water at a similar rate
showed the same efficacy of the mineral fertigation, with higher en-
vironmental sustainability.

The main constraints to the use of organic fertilizers both in con-
ventional and organic vegetable production systems (De Neve et al.,
2004; De Neve, 2017; Sambo and Nicoletto, 2017; Möller, 2018) can be
summarized as follows: i) the lack of uniformity, the bulkiness and
instability; ii) the difficulties in synchronizing N mineralization with
crop N demand; iii) the risk of N losses by volatilization; iv) the higher
cost per unit of nutrients in comparison to mineral fertilizers (except for
regions with a large manure surplus); v) national or international leg-
islation prohibiting or limiting their use. For example, in the EU, large
manure applications are not allowed due to the limit of 170 kg N ha−1

in Nitrate Vulnerable Zones and the application periods are limited
according to each country’s action program. In some EU countries the
use of slurries is forbidden in vegetables. The value of organic fertilizers
is more than the value of the nutrients in the fertilizer. de Haan and Van
Geel (2018) give indicative values for the value of the organic matter in
slurries of 37 €/ton cattle slurry and 12 €/ton pig slurry.

The use of legume-based fertilizers of fresh or silage material may
achieve a better synchronization with plant N demand (Möller, 2018).
Such plant-based (cut-and-carry) fertilizers were found useful to replace
conventional animal-based fertilizers (Sørensen and Grevsen, 2015).

Perennial legumes of alfalfa, white clover, red clover and a grass-clover
mixture produced 400−500 kg N ha−1 year−1 by two to four harvests
per year. Annual legumes of broad bean, lupin and pea produced
around 200 kg N ha−1 year−1, and the harvest of seeds resulted in si-
milar amounts. A strategy with frequent cuts resulted in cut-and-carry
fertilizers with low C:N ratios suitable for precise fast-release organic
fertilization for vegetable production.

Split-dose fertilization of leek was studied by step-wise incorpora-
tion of white clover after intercropping during the early growth phase
of the leek (Xie et al., 2018). Leek growth was maintained or increased
despite interspecific competition for N between leek and clover. The N
input from N2 fixation was increased to better match leek N demands,
and the N retention was improved in the plant-soil system compared to
full incorporation before leek planting.

3.4. Other agronomic options in N management

3.4.1. Tillage systems
Soil tillage operations can influence nitrogen cycling in various

ways. We focus in this review on the effects of Controlled Traffic
Farming and Reduced and No-tillage on crop yield and N dynamics.

Controlled Traffic Farming (CTF) where all machinery traffic is re-
stricted to long-term permanent lanes, as opposed to Random Traffic
Farming (RTF), is a potential management tool to alleviate the pro-
blems associated with soil compaction (Johansen et al., 2015). CTF
adoption increases soil porosity and water infiltration but did not in-
crease nitrate leaching in vegetables (Vermeulen and Mosquera, 2009).
Conversion to CTF showed positive effects after 2–3 years on vegetable
yields, root growth and nitrogen availability (Hefner et al., 2019).
White cabbage, potato, beetroot and winter squash yields increased by
27–70 % on sandy loam, they grew 1.3–25 times more roots under CTF
than RTF on sandy loam and coarse sandy soil. Soil mineral N and
potential net N mineralization were equal or higher in CTF, while N
leaching did not increase. The cropping system resilience, defined as a
similar production level over a couple of years, increased for CTF
(Hefner et al., 2019).

Reduced tillage (RT) and no-tillage (NT) cropping systems have been
tested in vegetables with varying results but little is known about the
implications for N management. From arable farming it is known that
reducing tillage intensity changes both crop N demand due to change in
yield potential and the supply of N due to changes in net N miner-
alization and N losses (Malhi et al., 2001). Vegetable yields were very
much reduced under NT combined with roller-crimping of cover crops
for weed suppression when compared to bare soil in the USA (Leavitt
et al., 2011). In Europe, the system showed promising results in a
Mediterranean climate (Canali et al., 2013), but diverse results on
yields, depending on cover crop species and sufficient N fertilization in
Denmark. The risk of nitrate leaching was suggested to be decreased by
NT combined with roller-crimping (Hefner et al., 2020). Knowledge of
RT and NT effects on N dynamics and the applicability in vegetable
production in other climates is scarce.

3.4.2. Organic and conventional farming systems
In general, conservation and organic farming systems tend to pay

more attention to the crop rotation than conventional farming systems,
where short-term economic aspects often prevail over agronomic and
environmental considerations, unless imposed by regulation. This leads
to short crop rotations and open nutrient cycles, mainly in large-scale
specialized vegetable farms (Möller, 2018).

The differences in N use efficiency and N losses (mainly nitrate
leaching) between organic and conventional agriculture, including
horticultural crops, is still a matter of debate. Comparisons of nitrate
leaching between the systems often come to contradictory conclusions,
which is not surprising given the enormous diversity in both organic
and conventional farming management. A main difficulty is the in-
herent differences in the farming systems, which make direct
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comparison difficult, such as management practices affecting e.g. size of
seedlings, sowing/planting and harvest time, use of cover crops, ferti-
lizers and amendments and harvest quality criteria, which interact with
the N management practices. Another difficulty is the interpretation of
results (e.g. nitrate leaching per kg applied N, per ha of land or per kg of
marketable yield).

One good example of the limited number of studies of nitrate losses
scaled per yield shows lower nitrate leaching losses in organic as
compared to conventional arable fields (0.2 ± 0.1 kg N kg−1 N year−1

versus 0.3 ± 0.1 kg N kg−1 N year−1) when calculated across 37 fields
in 8 crop rotations (Benoit et al., 2014). A meta-analysis (Seufert et al.,
2012) showed greater yield reduction for vegetable crops than for
cereals and oilseed crops in organic compared to conventional man-
agement.

However, the organic systems better maintained or improved soil
health indices such as soil fertility and organic matter content
(Scialabba and Müller-Lindenlauf, 2010). Thorup-Kristensen et al.
(2012) showed that plant nutrition and N use efficiency could be op-
timized in a vegetable crop rotation by replacing N fertilization by the
use of non-legume and legume cover crops combined with a design of
the crop rotation based on rooting depth and N demand (Thorup-
Kristensen, 2006). The change of fertilizer input, plant cover and ro-
tation design turned out to be more important to secure high yields and
low nitrate leaching than if the farming practice was conventional or
organic. The yield across all crops in rotation was reduced to 82 % in
organic compared to conventional systems calculated per hectare of
cropped land, while mineral N contents in 1–2m soil depth were 74 and
61 kg N ha−1 in the conventional and organic systems, respectively,
without cover crops; and 22 kg N ha−1 in the organic systems with cover
crops.

3.4.3. Biostimulants
Plant biostimulants have been included among the tools that may

have potential in sustainable N fertilization management (De Pascale
et al., 2017, 2018). There is absence of a biostimulant definition uni-
versally accepted by the regulatory bodies (Colla and Rouphael, 2015).
In a recent review the following definition was proposed “A plant
biostimulant is any substance or microorganism applied to plants with the
aim to enhance nutrition efficiency, abiotic stress tolerance and/or crop
quality traits, regardless of its nutrients content. By extension, plant biosti-
mulants also designate commercial products containing mixtures of such
substances and/or microorganisms” (du Jardin, 2015). The following
main categories of plant biostimulants were suggested: i) humic and
fulvic acids; ii) protein hydrolysates and other N-containing com-
pounds; iii) seaweed extracts and botanicals; iv) chitosan and other
biopolymers; v) inorganic compounds; vi) beneficial fungi; vii) bene-
ficial bacteria.

Different researches demonstrated a significant effect on plant ni-
trogen uptake in general (Calvo et al., 2014; Bulgari et al., 2015).
Protein hydrolysates increased N use efficiency in greenhouse spinach
(Carillo et al., 2019) and rocket (Di Mola et al., 2019) while humic acids
improved yield in field grown onion (Kandil et al., 2013).

However, more research is needed to deepen knowledge of the
mode of action of biostimulants to improve nutrient availability and
uptake (De Pascale et al., 2017) and very importantly to quantify the
actual potential to contribute to a sustainable N management of crop-
ping systems.

3.4.4. Grafting
Grafting is a cultural technique that consists in the union by dif-

ferent methods (i.e. cleft, tongue approach grafting, hole insertion, tube
or pine grafting) of a rootstock and a scion of two different species or of
two different cultivars of the same species. In vegetable crops grafting is
practiced worldwide from decades mainly in Cucurbitaceae (melon,
watermelon and cucumber) and Solanaceae (tomato, eggplant, pepper)
species to provide tolerance to biotic stress (e.g. soil borne fungi, virus,

bacterial diseases) and abiotic stresses (e.g. cold, salinity, drought,
heavy metal toxicity), to increase plant vigor, to influence sex expres-
sion, to improve quality traits and, overall considered, to increase yield
in greenhouse or open field crops (Kiriacou et al., 2017; Rouphael et al.,
2018). Several studies showing enhanced N use efficiency of grafted
plants e.g. in melon (Colla et al., 2010), tomato (Djidonou et al., 2013)
and pepper (Ropokis et al., 2019), which indicates that grafting can
contribute to the sustainable N management in vegetable production
systems (Simonne et al., 2017; De Pascale et al., 2018). All researchers
pointed out that the impact of grafting depended not merely on the
rootstock genotype but on the rootstock-scion combination.

4. Final considerations

Vegetable production systems are typically intensive cropping sys-
tems with high N input and high risk of N leaching. Specific problems of
N management in vegetables include the often large N mineralization
potential of soils and the high N release of incorporated vegetable crop
residues, which complicates the synchronization between N supply and
crop N demand.

The most crucial factor is the correct quantification of the different
N balance components in the soil-crop-atmosphere continuum by using
established estimation methods for these components, and possibly
monitoring tools of the crop N status throughout the growing season. In
addition, the correct choice of N fertilizer type, timing and application
method can further increase N use efficiency and reduce N losses, no-
tably by using fertigation techniques.

However, further improvements in N use efficiency should not only
be limited to the further refinement of N fertilizer advices and more
precise fertilization techniques, but also include in a wider systems’
approach. This would mean that more attention should go to the overall
design of the crop rotation, e.g. a judicious choice of crops in the ro-
tation that are complementary with respect to N demand and N uptake
efficiency, also including non-vegetables. Also the use of less common
techniques (intercropping, reduced tillage, controlled traffic farming)
should further be explored for the potential to increase N use efficiency.
However, this will need to be reconciled with a number of economic
constraints. Finally, the success of all these tools will crucially depend
on the adoption rate by farmers. There is therefore also a need to in-
clude all these aspects in user friendly Decision Support Systems that
can be directly implemented in farmers’ practice.
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