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Abstract: Silage maize is, after grassland, the second largest crop in the Netherlands. The amounts of
nutrients applied to silage maize have greatly decreased since the 1980s because of the implementation
of a series of environmental policies. The aim of this review paper was to provide an overview of the
nutrient management of and losses from silage maize cropping systems in the Netherlands during
recent decades based on a literature review and a time series of nitrogen (N) and phosphorus (P) uses,
yields, surpluses, and losses. The total N input as slurry to silage maize on sandy soils decreased from
up to 500 kg N/ha in 1985 to approximately 180 kg N/ha in recent years. This decrease was due to the
implementation of legislation with maximum permissible P application rates in the 1980s and 1990s,
maximum permissible N and P losses in the 1997–2005 period, and of maximum permissible N and P
application rates from 2006 onwards. Implementation of low ammonia (NH3) emission application
techniques of manure in the early 1990s greatly reduced NH3 emission. The relative decrease of N
losses from silage maize on sandy soils in the 1995–2018 period was 70% for nitrate (NO3) leaching,
97% for NH3 emissions, 65% for nitrogen oxide (NO) emissions, and 32% for nitrous oxide (N2O)
emissions. The P surplus on the soil balance of silage maize decreased from approximately 150 kg
P2O5/ha in the 1980s to less than 10 kg P2O5/ha in recent years, showing that P inputs and outputs are
currently coming close to a zero balance in silage maize cropping systems. Although the emissions
from silage maize cultivation have greatly decreased, further improvements in nutrient management
are needed. The water quality standards have still not been met and there are new challenges related
to the mitigation of emissions of ammonia and greenhouse gases.

Keywords: ammonia; nitrate; nitrogen; nitrous oxide; nutrient management; phosphorus;
statutory regulations

1. Introduction

Silage maize is, after grassland, the second largest crop in the Netherlands. Between 1989 and
2019, the area of silage maize in the Netherlands was relatively stable (approximately 220,000 ha or
10% of the agricultural used area; source: Statistics Netherlands; www.cbs.nl). Silage maize is used as
roughage for dairy cattle, and a large proportion of silage maize in the Netherlands is grown on dairy
farming systems, both in rotations with grassland and as continuous cropping.

Maize was introduced in the Netherlands in the 1950s and was harvested as grain maize, but the
cultivated area remained very small, and in 1960, there was almost no cultivation of maize in the
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Netherlands anymore [1,2]. The silage of maize was introduced in the 1950s in the USA and was
considered an attractive method to conserve roughage for cattle [3]. The growing of silage maize in
the Netherlands started in the early 1960s, and this coincided with an increase in livestock number.
The number of cattle increased with a factor of 1.4 and that of pigs with a factor of 3.4 between 1960
and 1980, resulting in large-scale manure production (source: Statistics Netherlands; www.cbs.nl).
Silage maize is a crop to which very large amounts of manure can be applied without negative effects
on crop yield and quality [4]. Together with the good feed quality supplementary to grass, this is a
main reason that the area of silage maize greatly increased in the 1970s and 1980s.

Up to 100 tons of cattle slurry per hectare per year was applied to silage maize in the 1980s [4],
resulting in a huge input of nitrogen (N) and phosphorous (P) (approximately 500 kg N/ha and
180 kg P2O5/ha). The large nutrient surplus resulted in deterioration of the groundwater and surface
water quality because of N and P leaching, and contributed to soil acidification and eutrophication
of non-agricultural ecosystems because of the ammonia (NH3) emissions followed by N deposition.
A series of governmental and environmental policies were implemented in the European Union (EU)
from the early 1990s onwards, to decrease agricultural related nutrient emissions into the environment,
including the EU National Emission Ceiling Directive, the EU Water Framework Directive, the EU
Nitrates Directive, and the United Nations Economic Commission for Europe (UNECE) Convention on
Long-Range Transboundary Air Pollution [5]. These environmental policies obliged EU member states
to implement measures to decrease nutrient losses from agriculture. The measures that were taken
in silage maize cropping systems in the Netherlands included maximum N and P application rates,
low NH3 emission application of manure, growth of catch crops in autumn and winter, and closed
periods in which it is forbidden to apply manure. All of these measures have greatly reduced the
nutrient losses from agriculture and have improved environmental quality [6].

The aim of this review paper was to provide an overview of the nutrient management of silage
maize cropping systems in the Netherlands over the last four decades based on a literature review and
a time series of N and P uses, yields, surpluses, and losses. The effectivity of the different measures to
decrease nutrient losses were analyzed and the future challenges of maize cultivation discussed.

2. Materials and Methods

A literature study was carried out on nutrient management policies and nutrient flows in silage
maize cropping systems in the Netherlands. Papers published in scientific journals as well as reports
of Dutch research institutes were used for the literature review. To analyze the nutrient use and losses
in silage maize cropping systems and the effects of policies to mitigate these losses, time series of N
and P uses, surpluses, and losses were constructed for silage maize cropping systems on sandy soils
vulnerable to nitrate (NO3) leaching in the 1985–2018 period (Tables S1–S3). These sandy soils are
found in the southern part of the Netherlands, a region with a high livestock density.

The slurry application rates were derived on the basis of expert judgement for the 1985–1998
period. It was assumed that, on average, 500 kg N/ha was applied as slurry in 1985 and that the N
application rate decreased by approximately 20 kg N/ha/year to 280 kg N/ha in 1998. The application
rates for the 1998–2018 period were derived from the Farm Accountancy Data Network (FADN) and a
special monitoring network with farms having a derogation of using more manure than the manure
application standard of 170 kg N/ha as part of the Nitrates Directive [7,8]. The P application rate of
slurry was calculated from the N application rate and the N/P ratio of slurry [9,10]. It was assumed in
these calculations that only cattle slurry was applied to the silage maize. In practice, pig slurry is also
applied to silage maize. The P application rate was always below the legal maximum P application
standard in the 1985–2018 period [11].

Additionally, N and P application rates as mineral fertilizers were derived from expert judgement
for the 1985–1998 period. It was assumed that, on average, 55 kg N/ha and 50 kg P2O5/ha were applied
as fertilizer in the 1985–1997 period. The application rates for the 1998–2018 period were derived from
FADN and derogation monitoring in the Netherlands [7,8]. Atmospheric N deposition rates of the
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1989–2018 period were derived from the results of network monitoring in which N deposition was
measured [12].

In the 1980s and 1990s, most maize was grown as permanent crop in a continuous cropping
system. Thereafter, part of the maize land in the Netherlands was grown in rotation with grassland.
Based on expert judgement, it was estimated that, in 1985, no maize was grown in rotation with
grassland and that, since 2000, on average, maize has been grown after the ploughing of grassland
every five years (Table S1). The mineralization in the first year after ploughing the grass is dependent
on the age and management of the grassland and ranges from less than 100 kg N/ha/year to more than
200 kg N/ha/year [13]. It is assumed that, on average, 150 kg N/ha is mineralized after the ploughing
of grassland, which means that, on average, 30 kg N/ha/year is released from ploughed grassland if
maize is grown every five years after grassland. It is assumed in the calculations that P mineralization
from ploughed grassland is negligible.

The N and P surpluses were calculated using the N and P inputs as slurry, fertilizer, mineralization
of ploughed grassland, and atmospheric deposition minus the N and P removed by the harvested crop.
The N and P removed by the harvested crop in kilograms per hectare were calculated from the yields
and the N and P contents of maize. The dry matter (DM) yields and N and P contents of maize were
derived from Statistics Netherlands for the whole 1985–2018 period [14,15].

The nitrogen use efficiency (NUE) of silage maize (in %) was calculated as the N output by the
harvested crop divided by the N input as slurry, mineral fertilizer, atmospheric deposition, and N
mineralization of ploughed grassland. The phosphorus use efficiency (PUE) of silage maize (in %)
was calculated as the P output by the harvested crop divided by the P input as slurry and mineral
P fertilizer. Additionally, the apparent N recovery (ANR) of the applied fertilizer or manure N was
calculated as the difference of the N uptake of a fertilized and an unfertilized control crop, expressed
as a fraction of the N applied. Thus, the following calculations were carried out:

The N surplus was calculated as

N input (slurry + fertilizer + mineralization of ploughed grassland + atmospheric
deposition) − N output (harvested crop),

where N surplus, N input and N output are expressed in kilograms of N per hectare.
The P surplus was calculated as

P input (slurry + fertilizer) − P output (harvested crop),

where P surplus, P input, and P output are expressed in kilograms of P2O5 per hectare.
The NUE was calculated as

N output (harvested crop)/N input (slurry + fertilizer + mineralization of ploughed
grassland + atmospheric deposition) × 100,

where NUE is expressed as a percentage.
The PUE was calculated as

P output (harvested crop)/P input (slurry + fertilizer) × 100,

where PUE is expressed as a percentage.
The ANR was calculated as

[(N uptake fertilized crop) − (N uptake unfertilized crop)]/(N fertilizer application) × 100, (1)

where ANR is expressed as a percentage and N uptake and N fertilizer application are expressed in
kilograms of N per hectare.
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The NH3 emissions were calculated from the slurry and fertilizer application rates, expressed
in total ammoniacal N (TAN) for slurry and total N for mineral fertilizer, and NH3 emission factors.
The TAN contents of slurry were derived from data presented in the fertilizer recommendations for
grassland and forage crops [9,10]. The emission factors for NH3 were obtained from the National
Emission Model Agriculture (NEMA), the model used to calculate the NH3 emissions from agriculture
in the Netherlands [16,17]. The direct nitrous oxide emissions (N2O) were calculated from the slurry and
fertilizer application rates expressed in N and N2O emission factors based on total N. The N contents of
slurry were derived from the fertilizer recommendations for grassland [9,10], and the emission factors
of N2O were obtained from the methodology that the Netherlands uses to calculate N2O emissions
from agriculture [16,18]. The nitrogen oxide (NO) emissions were calculated from the slurry and
fertilizer applications expressed in N and NO emission factors based on total N. The emission factor of
NO was obtained from the EMEP/EEA air pollutant emission inventory guidebook [19] and is used to
calculate NO emissions from agriculture in the Netherlands [16].

Nitrate leaching was calculated from the N surplus and leaching fractions, defined as the fraction
of N surplus in the soil balance that leaches as NO3 from the root zone to groundwater [20]. The nitrate
leaching fractions were derived from the data from farms at which water quality was monitored from
1991 to 2009 and was 0.83 for arable land on a sandy soil vulnerable for nitrate leaching, i.e., sandy soil
with a groundwater level of well-drained sandy soils with an average highest groundwater level
deeper than 0.80 m [20].

The N unaccounted for was calculated as the balance of the difference between the N surplus
and the N losses as NH3, N2O, NO, and NO3. The gaseous N losses from the crop residues of silage
maize were neglected in the calculations, because the amount of N in silage maize residues is very
small (ca. 5 kg N/ha [21,22]). The N unaccounted for in the balance calculation consists of gaseous
N loss as N2 (by denitrification) and N stored in soil organic matter, as there has been a slight increase
in soil organic matter content in maize fields since 1985 [23,24].

3. Results

3.1. Nutrient Management Policies

The growing of silage maize in the Netherlands started in the early 1960s, and the area increased
greatly in the 1970s and 1980s (Figure 1). Silage maize replaced cereals in the crop rotation, mainly rye
and oats, especially on sandy soils. Since 1989, the area of silage maize in the Netherlands has been
relatively stable, approximately 220,000 ha or 10% of the agricultural area used. Table 1 summarizes
the major nutrient management policies and measures to reduce N and P losses for silage maize in
the Netherlands.

In the 1980s, it became clear that the overfertilization of agricultural land had a negative effect
on the environmental quality. Maximum allowed P application rates (P application standards) were
introduced in 1987 to decrease the excess of manure application to agricultural land. The P application
standards for silage maize decreased gradually from 350 kg P2O5/ha/year in 1987 to 85 kg P2O5/ha/year
in 2000. P mineral fertilizer was not included in these allowed P application rates.

A system based on the acceptable N and P surpluses of the input/output balance of a farm (the
mineral accounting system (MINAS)) was in place during the 1998–2006 period [25]. This system
was based on maximum allowable (levy-free) N and P loss standards (maximum allowed surpluses
on N and P input–output balances, depending on the crop grown on a field) for crops. However,
the European court of justice judged in 2003 that an action program for the Nitrates Directive should
include N application standards that are based on a balance between the N demand of the crop and
the N supply from mineral and organic fertilizers, as well as the mineralization of soil organic matter.
A system based solely on N loss standards does not meet the criteria of the measures required for the
EU Nitrates Directive.
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Figure 1. Trends of the area and DM yields of silage maize in the Netherlands (source: Statistics
Netherlands; www.cbs.nl).

Table 1. Nutrient management policy of silage maize cultivation in the Netherlands.

Policy Rules for Silage Maize

Phosphorus (P) manure application standards
for manure from 1987 to 2006

Maximum P application rates for manure from 350 kg
P2O5/ha in 1987 to 85 kg P2O5/ha in 2000

Low ammonia emission application
techniques from 1990

Obligation to apply livestock slurry with a low ammonia
emission technique, such as deep or shallow injection

Period in which manure application is permitted From 1 February to 31 August for slurry (since 1995)

Mineral accounting system (MINAS) from
1998 to 2005

Nitrogen (N) loss standards (based on N balance): 175 kg N/ha
in 1990 to 80 kg N/ha in 2005 for arable crops on dry sandy soils;
P loss standards (based on P balance): 40 kg P2O5/ha in 1998
to 20 kg P2O5/ha in 2005 for arable crops on dry sandy soils

Manure policy from 2006

Standards for maximum total N application rate of total N:
Currently 112–185 kg N/ha for silage maize (available N in
organic fertilizers, and total N in mineral fertilizers), depending
on soil type, region, and manure application standard

Standards for maximum P application rate (total P in organic
and mineral fertilizers): 40–80 kg P2O5/ha/year, depending
on the P status of the soil

Standards for maximum manure application rate:
170 kg N/ha (standard of the Nitrates Directive); 250 or
230 kg N/ha (depending on soil type) for farms with a
derogation to apply more manure than the standard of the
Nitrates Directive

Use of mineral P fertilizers is forbidden on farms with a
derogation (since 2014)

Obligation to grow catch crops after silage maize grown on
sandy and loess soils; a catch crop has to be sown before
1 October or sown as understory (since 2019)

Therefore, a new system was introduced in 2006 and replaced the MINAS system. Three standards
for maximum application rates were introduced, i.e., a manure application standard (in kilograms
of total N per hectare per year), a N application standard (in kilograms of plant-available N per
hectare per year), and a P application standard (in kilograms of total P2O5 per hectare per year).

www.cbs.nl
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The maximum allowable application rate of manure was set at 170 kg N/ha, which is the standard of
the Nitrates Directive. Countries can apply more manure to agricultural soils if they can show that
higher application rates than 170 kg N/ha do not lead to NO3 concentrations in groundwater higher
than 50 mg/L (11.3 mg NO3–N/L). The Netherlands obtained a derogation for the application of 250 kg
of cattle manure N per hectare for dairy farms with more than 70% grassland (from 2014: 80%) in 2006.
This derogation was based on the results of a study showing that nitrate leaching from grassland is
relatively low and water quality standards can be met at more than 70% grassland [26]. As silage
maize is grown to a large extent, on dairy farms the maximum manure application rate to silage maize
is 250 kg N/ha (the application rate was lowered to 230 kg N/ha in the sandy region in the south of the
Netherlands from 2014).

The N application standards vary between types of crop and are based on plant-available N. The N
in mineral fertilizer is defined as 100% plant-available. For organic fertilizers so-called N fertilizer
replacement values are used to calculate plant-available N. The N fertilizer replacement value is the
fraction of manure N that has the same effect on yield as mineral N fertilizer [27]. The N fertilizer
replacement values that have to be used for silage maize on arable farms are 60% for cattle slurry and
60% (clay and peat soil) and 80% (sand and loess soil) for pig slurry. For dairy farms, where most silage
maize is grown, a legal farm-level N fertilizer replacement value of 45% can be used for farms with
grazing livestock and 60% for farms without grazing.

The P application standard for arable land is dependent on the P status of the soil. The P status
of arable soil is currently determined by water extraction (Pw value) and, from 2021, will include an
indicator based on the combination of 0.01 M CaCl2 extractable P and ammonium lactate extractable
P [28–31]. The P application standard for arable land ranges from 40 kg P2O5/ha for a high soil P status
(Pw > 55 mg P2O5/L soil) to 80 kg P2O5/ha for a low P status (Pw < 36 mg P2O5/L soil). Dairy farms
with a derogation have not been allowed to use mineral P fertilizers since 2014, so dairy cattle slurry is
generally the only P source for silage maize on these farms.

In the early 1990s, a policy was introduced to decrease NH3 emissions from agriculture. Livestock
manure had to be applied with a method that reduces NH3 emissions, and the application of slurry
to arable land changed from surface application (100% of applied slurry in 1990) to injection to a
5–10 cm depth into the soil (39% of the applied slurry in 1995) or surface application followed by direct
incorporation into the soil (61% of the applied slurry in 1995) [16]. Since 2008, all slurry has been
applied to arable land by deep injection to about 10 cm depth (about 80%) or shallow injection to a
5 cm depth with an open slot (approximately 20%) [16].

Other rules to decrease nutrient emissions from silage maize include a closed period for slurry
application and the growth of catch crops after harvest (Table 1). Both measures are part of the action
program in the Netherlands to comply with the Nitrates Directive.

As part of the legislation on nutrients, livestock farms have to keep a record of the manure
production and export from the farm. All manure transports in the Netherlands are followed by Global
Positioning System, and are sampled and analyzed for N and P. The data of 201,087 sampled cattle
slurry transports in 2011–2013 showed an average N content of 4.0 ± 0.7 g N/kg; the average P content
was 1.5 ± 0.4 g P2O5/kg [32]. Meanwhile, the data of 118,616 sampled pig slurry transports in 2011–2013
showed an average N content of 7.0 ± 1.9 g N/kg; the average P content was 3.9 ± 1.5 g P2O5/kg [32].

3.2. Literature Review on the Nutrient Flows in Silage Maize Cropping Systems

3.2.1. Yields and Nutrient Uptake

The DM yields of silage maize have increased over time (Figure 1). Experiments with different
silage maize cultivars in the 1950s showed DM yields ranging from 12.4 to 14.3 ton/ha [1]. In the
1980s, an annual increase in DM yields of 1% occurred, which was attributed both to more productive
cultivars and to more efficient crop cultivation methods [2]. The average DM yield of silage maize
increased from approximately 11–12 ton/ha in the 1980s and early 1990s to more than 15 ton/ha since
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approximately 2005 (Figure 1). The silage maize yield increased annually by 0.9% on sandy soils and
0.6% on clay soil in the 2000–2015 period [24]. During recent years, wet (2016) and dry (2018) periods
in the growing period resulted in relatively low maize yields. The agronomic traits of silage maize,
such as whole plant yield, earliness, and stalk standability, were greatly improved by breeding [33].
The increase in silage maize yield during the last 25 years can be primarily attributed to genetic
trends [34].

The N content of silage maize decreased significantly from more than 13 g N/kg DM in the
1980s and 1990s to 12–13 g N/kg DM in the 2000–2012 period and 10–11 g/kg DM in the post-2012
period [14,15]. The P content decreased from approximately 2.5 g P/kg DM at the end of the 1980s to
approximately 2.0 g P/kg DM in recent years [14,15]. This decrease in N and P contents is probably
related to the smaller manure and fertilizer application rates because of the nutrient management
policies, as well as to the increase in crop yield, by which N and P in the crop are diluted [22].

There is no clear trend in the calculated N and P uptake by silage maize in the 1985–2018 period,
based on the data of Statistics Netherlands (Table S3). The N uptake was, on average, 173 kg N/ha in
this period, ranging from 140 to 198 kg N/ha. The P uptake was, on average, 67 kg P2O5/ha, ranging
from 46 to 78 kg P2O5/ha. Lastly, the amount of crop residues of silage maize was small, 650 kg DM/ha
or 5 kg N/ha [21].

3.2.2. Recovery of Applied N

Silage maize grown in the Netherlands has a short N uptake period, from approximately early
June to late August, and the ANR of applied fertilizer or manure N is relatively low. Experiments in
the 1970s and 1980s showed ANR values of 30–65% for mineral fertilizers applied at 100–150 kg N/ha,
with lower ANR at higher application rates [35]. The ANR was 61–71% for calcium ammonium nitrate
(CAN) and 53–65% for cattle slurry at 110–150 kg N/ha in experiments in early 2000 [36]. In another
study, the ANR at 150 kg N/ha was 44% for CAN, 42% for pig slurry, 48% for cattle slurry, 31% for the
solid fraction of separated slurry, and 18% for farmyard manure; [37]. The ANR increased when the N
uptake of a cover crop that was grown after maize was included in the ANR calculation: 54% for CAN,
52% for pig slurry, 51% for cattle slurry, 26% for the solid fraction of separated slurry, and 21% for
farmyard manure [37].

The average ANR of 14 experiments with silage maize at an application rate of approximately
120 kg of slurry N/ha was 36% for the injection of slurry in rows close to the anticipated position of the
maize roots (row injection of slurry) and 24% for even injection of slurry N without consideration of
the position of the roots [38]. In 1991–1994, nine experiments were carried out on the effect of banding
mineral N fertilizer at N rates ranging from 30 to 200 kg N/ha on N utilization. Banding increased
ANR at all rates, but the effects were largest at the lower N rates. For a fertilizer N rate of 120 kg N/ha,
the average ANR increased from 53% for broadcast-applied N to 74% for banded N. From these results,
it could be concluded that the N rate can be decreased by 20–30% to achieve the same yield as with
broadcast-applied N [39].

Results of a two-year field experiment with silage maize on sandy soil showed that the N fertilizer
replacement values of manures are related to the ratio of ammonium-to-total N of manure [37]. The N
fertilizer replacement values deduced from the N yield response were 78% for the concentrated liquid
fraction of separated pig slurry, 82% for pig slurry, 79% for cattle slurry, 56% for the solid fraction of
separated pig slurry, and 34% for the farmyard manure of cattle.

The results of experiments in the 1970s showed that the addition of the nitrification inhibitor
dicyandiamide (DCD) to autumn-applied slurry reduced NO3 leaching and increased the N yield of
maize in all years [40]. Averaged over the 1984–1989 period, the ANR of autumn-applied slurry without
DCD, autumn-applied slurry with DCD, spring-applied slurry without DCD, and spring-applied
slurry with DCD were 20%, 27%, 29%, and 33%, respectively. Autumn application of slurry is not
allowed anymore in the Netherlands since 1995 (Table 1).
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The ANR values presented above are based on experiments across one year. However, the ANR
of applied cattle slurry increases when it is calculated over several years, accounting for the long-term
mineralization of applied organic N [41]. The recovery of slurry N was shown to increase from less
than 20% in the first year of application to more than 60% after four years, at a slurry application rate
of approximately 100 kg N/ha/year [41].

To sum up, the results of experiments in the Netherlands show an ANR of slurry applied to
silage maize ranging from 24–65% and that of mineral fertilizer from 44–74% at application rates of
100–150 kg N/ha.

3.2.3. Nitrate Leaching

Calculations have shown that the extremely high N inputs in the 1980s (up to 500 kg N/ha) caused
large NO3 leaching losses from silage maize on sandy soils up of several hundreds of kilograms per
hectare per year [4]. However, the current nitrate leaching losses from silage maize are much smaller,
mainly because of the N application standards of both organic and mineral fertilizers [42]. Despite
this, NO3 concentrations in the groundwater in sandy soils cropped with silage maize still frequently
exceed the standard of 50 mg NO3/L of the Nitrates Directive. The results of the national monitoring
program of water quality in agricultural regions showed an average nitrate concentration in the upper
part of the groundwater of 37 mg NO3/L for grassland (n = 10,354) and 95 mg NO3/L for maize land
(n = 3219) in the 2009–2015 period [43].

The mineral N that is present in the soil in autumn after harvesting the crop contributes to NO3

leaching in the subsequent winter. A statistical analysis of the results of 20 grassland and 78 maize
experiments showed that the N application rate, above which the crop does not take up all N that that
is available in the soil, is 39 kg N/ha for maize and 243 kg N/ha for grassland [44]. This indicates that
the risk of NO3 leaching from maize land increases already at low N application rates (<50 kg N/ha).
In addition, these results show that late-season N mineralization, e.g., because of the use of manure or
the mineralization of ploughed grassland, also increases the risk of NO3 leaching from silage maize [44].

Denitrification, i.e., the microbial degradation of nitrate to gaseous N2 and N2O under anaerobic
conditions, is an important process that affects the amount of NO3 prone to leaching The denitrification
potential in agricultural soils is an indicator of the availability of organic matter as an energy source for
denitrifying bacteria. The denitrification potential in the upper 40 cm of the soil is higher in grassland
than in the arable land used for silage maize (Table 2). The difference in denitrification potential
between grassland and arable land cropped with silage maize is due to the difference in available
C content. In grasslands, organic matter accumulates during aging and easily available C in root
exudates are present in the rooting zone.

Fraters et al. established an empirical model to calculate NO3 leaching from agricultural soils [20].
The NO3 leaching fraction, defined as the fraction of the N surplus in the soil balance that leaches
from the root zone to groundwater, is a key parameter in this model. Nitrate leaching fractions were
derived from data from farms that were monitored in the 1991–2009 period, and the results showed
that the calculated N surplus leached almost completely from the root zone of arable land (including
silage maize) on well-drained sandy soils (the 95% confidence interval of nitrate leaching fraction was
0.80–0.99). For grassland, only a maximum of half of the N surplus leached from the root zone in
these soils (0.39–0.49). These results point to higher NO3 leaching and lower denitrification losses from
arable land than from grassland.

In the experiments of the 1980s, the addition of the nitrification inhibitor DCD to autumn-applied
slurry reduced NO3 leaching and increased the N yield of maize in all years [40]. Nitrate leaching was
lower for spring application than for autumn application of slurry, although the nitrate concentration
in the groundwater after spring application still exceeded 50 mg N/L.

A rye cover crop greatly reduced the NO3 concentrations in the upper groundwater of a sandy
soil cropped with silage maize (Figure 2). Nitrate leaching was higher after the application of untreated
pig and cattle slurries than after the application of the concentrated liquid fraction of separated pig
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slurry (=mineral concentrate), the solid fraction of separated pig slurry, and farmyard manure from
cattle (Figure 2).

After the ploughing of grassland, N mineralization greatly increases and the supply of mineral N
for the preceding crop is high [45]. Because of the short N uptake period (June–August), the capacity
of silage maize is often too low to take up all of the N that is released from ploughed grassland [46].
Therefore, the growth of silage maize after the ploughing of grassland increases the risk of nitrate
leaching [46].

Table 2. Potential denitrification 1 (mg N/kg dry soil/day) in grassland and arable land cropped with
silage maize in different soil layers of sandy and loess soils in the Netherlands [47]. The denitrification
potential is the denitrification measured under anoxic conditions at 20 ◦C with an excess of nitrate.

Soil Layer Grassland Silage Maize

Loess (n = 2) Sand (n = 3) Loess (n = 2) Sand (n = 3)

0–20 cm 65 26 20 11
20–40 cm 30 4.0 9.0 4.0
40–60 cm 1.0 0.1 1.0 0.1
60–80 cm 0.3 0.5 0.3 0
80–100 cm 0.2 0.2 0.1 0
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3.2.4. Ammonia Emissions

The ammonia emission factors for slurry and fertilizer applied to silage maize used in the
Netherlands were derived from measurements on arable land [48]. The average emission factor of
the applied TAN is 69% for surface spreading, 46% for incorporation within a few hours, 24% for
shallow injection, 22% for direct incorporation after slurry application, and 2% for deep injection [16,49].
For mineral N fertilizers, the average emission factor for both grassland and arable land is 2.9–4.1%,
depending on the type of N fertilizers that are used in a specific year. These emission factors are used
in the methodology for estimating gaseous emissions from agriculture in the Netherlands, which is
reported to the EU and UNECE [16,17]. The application of slurries with low ammonia emissions
greatly reduces N losses, by which the crop N uptake and ANR of the applied slurry increase [50].
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3.2.5. Nitrous Oxide Emissions

Nitrous oxide (N2O) is produced during nitrification and denitrification processes [51].
The denitrification capacity of the top soil of maize land is smaller than that of grassland because the
content of available C is smaller (Table 2). Therefore, the risk on N2O emissions is smaller for arable
land than for grassland.

Emissions of N2O have been shown to be low for silage maize grown on a sandy soil. Less than
0.2% of the N applied for CAN and 0.3–0.7% for cattle slurry applied in rows and directly incorporated
into the soil, while for clay soil 0.5–2.1% for CAN and 0.9%–2.0% for cattle slurry were emitted as
N2O [36].

N2O emissions from a sandy soil grown with maize were higher for deep injection of slurry
than for surface-applied slurry [52]. The average emission factor for CAN was 0.1% of the N applied,
for injected cattle slurry it was 0.9%, and for surface-applied cattle slurry it was 0.4% [51]. Moreover,
the average emission factors for injected (3.6%) and surface-applied (0.9%) pig slurry have been shown
to be much higher than for cattle slurry [52].

Country-specific N2O emission factors for arable land are used in the methodology for estimating
gaseous emissions from agriculture in the Netherlands (0.6% for surface-applied slurry and 1.3% for
slurry applied with low ammonia emission techniques [16]). Meanwhile, a N2O emission factor of
0.7% is used for mineral N fertilizers applied to arable land [16].

3.2.6. Phosphorus Status of Soils

Phosphorus is less mobile than N and most of the excess of applied P remains in the soil. The risk of
P leaching to surface water increases as the P status of the soil increases [53]. The P status of agricultural
soils in the Netherlands increased in the 1970s and 1980s because of the high manure application rates.
The P status of sandy soils and marine clay soils grown with maize was high (Pw value higher than 60
mg P2O5/L) and did not change over the 1988–2004 period [54]. In the 2005–2015 period, the P status
of maize land remained stable for most soil types (Table 3), although there was a slight decrease in the
most labile P fractions (Pw value and P–CaCl2) on riverine clay, sea clay, and peat soil. The policy with
P application standards aims to decrease the P status of agricultural soils so that P leaching to surface
waters also decreases. However, the soil P status changes slow (Table 3). It is expected that the P status
of the agricultural soils in the Netherlands will decrease in the near future because the P application
standards are currently relatively low (Table 1).

Table 3. Trends of the contents of organic matter and P status (expressed as P–Al, Pw value, and P–CaCl2)
in maize land on different soil types in the 2005–2015 period * [24].

Soil Type
Organic Matter
Content, %/year

P–Al,
mg P2O5 /100 g

Soil/year

Pw,
mg P2O5/L Soil/year

P–CaCl2,
mg P/kg Soil/year

Sand 0.07 (0.03, 0.12) n.s. n.s. n.s.
Riverine clay 0.08 (0.00, 0.15) n.s. −1.13 (–2.15, −0.10) −0.11 (–0.20, −0.02)

Sea clay 0.20 (0.02, 0.39) n.s. n.s. −0.12 (−0.22, −0.01)
Reclaimed peat n.s. n.s. n.s. n.s.

Loess n.s. n.s. n.s. n.s.
Peat n.s. n.s. −2.24 (–3.99, −0.48) −0.15 (−0.25, −0.05)

* Based on a statistical assessment of Eurofins Agro laboratories’ (Wageningen, The Netherlands [55]) database of
soil samples from agricultural soils in the Netherlands in the 2005–2015 period. The number of soil samples per soil
type and per year ranged from 75 to approximately 3000. The 95% confidence interval is presented in parentheses.
n.s., not significant at p < 0.05.

3.2.7. Soil Organic Matter Content

The mean soil organic matter (SOM) content of mineral soils (soils with less than 25% SOM) tended
to increase by 0.097 and 0.081 g C/kg soil/year for grassland and maize land, respectively, during the
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1984–2004 period [24]. In the 2005–2015 period, the SOM content of maize land increased for sandy
soil, riverine soil, and sea clay, and remained stable for peat, reclaimed peat soil, and loess soil (Table 3).
The increasing SOM content is probably due to a combination of the high manure application rates
and the fact that maize land is often grown in rotation with grassland. The increasing SOM contents
indicate that part of the N surplus is not lost to the environment, but remains in the soil. However,
there are no results of long-term trends of total N contents in soils. SOM also affects soil biodiversity;
the soil biodiversity is low in permanent maize land compared to permanent grassland and rotations
of grassland and maize land [56].

3.3. Trends in the 1985–2018 Period

3.3.1. Nitrogen

The total N input to silage maize as manure and fertilizer on sandy soils decreased from more than
500 kg N/ha in 1985 to approximately 250–300 kg N/ha in recent years (Figure 3). This decrease was
due to the implementation of P application standards in the 1980s and 1990s, N loss standards in 1997,
and N and P application standards from 2006. The total N input has not changed much since 2006.
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The N in the harvested crop fluctuated between years and ranged from approximately 140 to
200 kg N/ha/year. There was no clear trend in N uptake, although the relatively stable N uptake was
caused by increasing DM yields (Figure 1) and decreasing N content over time. The low application
standards did not result in a decrease in yield, which is probably due to a combination of factors, i.e.,
(i) the N application rates largely exceeded the N requirement of silage maize (especially in the 1980s
and early 1990s; currently, the N application standards are below the recommended levels on sandy
soils), (ii) measures to decrease NH3 (low emission application techniques) and NO3 losses (catch
crops and closed periods of manure application) increased the N available for crop uptake, and (iii) the
improvement of maize varieties with a higher N use efficiency.

The N surplus, calculated as the difference between the total N input and the output by harvested
crop, decreased from 442 kg N/ha in 1985 to 60 kg N/ha in the period after 2009, but with variations
between years due to a variation in N uptake (Figure 4). The NUE increased from less than 30% at the
end of the 1980s to 80% around 2010 (Figure 4). In recent years, maize yield was relatively low because
of drought (Figure 1), as a result of which NUE also decreased (Figure 4).
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The calculated NO3 leaching decreased from more than 200 kg N/ha in the 1980s to less than
approximately 50 kg N/ha in the 2007–2012 period. The decrease in NO3 leaching was mainly due to
the low N application standards, as a result of which, less N was applied. In recent years, the calculated
leaching increased again because of lower yields due to drought.

Ammonia emissions decreased from more than 150 kg N/ha in the 1980s to 6 kg N/ha in recent
years. The lower NH3 emissions were mainly due to the implementation of low NH3 emission
techniques in the early 1990s. Since 2008, the incorporation of slurry has to be done in one pass,
which resulted in a further decrease in NH3 emissions. The decrease in the application rate of
slurry from 1985 to approximately 2006, because of the implementation of application standards,
also decreased NH3 emissions.

The relative decrease in N2O emissions in the 1995–2018 period was 32%, which was much smaller
than the decrease in NO3 leaching (70%) and NH3 emissions (97%) in the same period. This small
decrease in N2O emissions was caused by the implementation of low NH3 emission application
techniques in the early 1990s, as a result of which, the N2O emissions increased (from 3.7 kg N/ha in
1991 to 5.8 kg N/ha in 1992). Thereafter, N2O emissions decreased because of the decrease in N inputs as
organic and mineral fertilizers. Nitrogen oxide emissions have decreased to a greater extent over time
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than N2O emissions (by 65% since 1985), mainly because of the lower N application rates. It must be
noted that the N2O emissions are calculated using country-specific emission factors, which are higher
for the injection rather than for the surface application of slurry [18]. By contrast, the NO emission
factors are default values from the EMEP/EEA guidebook and do not differ between slurry application
techniques [19]. As N2O and NO are both produced during the same denitrification process, it is likely
that NO emissions are also higher for the injection rather than the surface application of slurry.

The unaccounted N includes both N2 losses by denitrification and N storage in soil organic matter.
The unaccounted N ranged from approximately 40 kg N/ha in the 1980s to less than 15 kg N/ha since
2001. The increase in soil organic matter content in maize land (Table 3) indicates that the N stored in
organic matter has also increased, but data are not available to quantify the N storage in soils. Moreover,
there are no data available on N2 losses from sandy soils grown with maize in the Netherlands.

3.3.2. Phosphorus

The P input as slurry and fertilizer decreased from more than 200 kg P2O5/ha in the 1980s to
approximately 70 kg P2O5/ha in recent years (Table S1). This strong decrease was mainly due to the
P application standards and the ban on the use of mineral P fertilizers on farms with a derogation.
The P surplus decreased from more than 120 kg P2O5/ha in the 1980s to less than 10 kg P2O5/ha in recent
years, showing that currently, the P input and output are nearly in balance in silage maize cropping
systems (Figure 4). Moreover, the PUE increased from approximately 40% at the end of the 1980s and
early 1990s to more than 90% and occasionally more than 100% in recent years. Most of the excess P
remained in the soil, as is shown in the high P status of the agricultural soils in the Netherlands [52,53].

The P concentration in surface water decreased between 1992 and 2008, but thereafter, no clear
trend in P concentration can be observed [11]. However, the P concentrations in many surface waters
are too high to meet the ecological targets of the Water Framework Directive.

4. Discussion

N and P use for silage maize cultivation has greatly decreased over time, while the N and P uptake
by maize crop has remained more or less stable. This has resulted in a steady increase in the N and P
use efficiencies in silage maize cultivation. The introduction of application standards was very effective
in decreasing the nutrient input and the emissions of NH3 greatly decreased. However, the N2O
emissions increased after the implementation of low NH3 emission application techniques in the early
1990s. In contrast, the N use efficiency increased after the application of low NH3 emission techniques,
while nitrate leaching decreased because of the tightened N application standards (especially on sandy
soils), closed periods, and the obligation to grow catch crops.

Despite all measures taken to reduce NO3 leaching, NO3 concentrations in groundwater under
maize fields on sandy soils still frequently exceed the 50 mg/L norm of the Nitrates Directive [43].
Therefore, further measures are needed to decrease NO3 leaching. The N application rates of silage
maize have already decreased to a great extent and are, on sandy soils, lower than the agronomic
optimal N application rates (allowed application rate of 112–140 kg N/ha versus average recommended
rate of 160 kg N/ha) [10]. This does not necessarily mean that N supply is too low for good production,
as row application (slurry and mineral fertilizers) and well-established catch crops can fill this gap.
Row application of slurry close to the roots of maize is considered a promising measure to reduce
nitrate leaching because it increases NUE [38]. However, recent studies have shown a slightly lower N
efficiency of the row application of slurry compared to the common slurry injection without placement
of slurry close to the roots [57]. In earlier experiments [38], for broadcast and row application, the soil
was first ploughed prior to the slurry injection. However, in recent studies, common agricultural
practice was followed, in which injection was administered before and row application after ploughing.
The row application of slurry after ploughing may have led to some soil compaction and slightly lower
yields and N uptake in comparison to slurry injection before ploughing. Additional mineral fertilizer
N is mostly banded at sowing in current practice.
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A well-established catch crop can reduce nitrate leaching from silage maize by up to 50% [37,58].
A study in Germany also showed that the use of a grass undersown in silage maize as a winter cover
crop can reduce nitrate leaching losses by 50% [59]. Therefore, farmers on sandy soils are obliged
to sow a catch crop after the harvest of the maize. In the first years after the introduction of this
measure, there was no ultimate sowing date and, on many fields, the establishment of the catch crop
was relatively poor. Therefore, since 2019, farmers are obliged to sow the catch crop before 1 October
(Table 1) because the N uptake of a catch crop greatly decreases in October as a result of short days and
low temperatures. In practice, there is reluctance against this date of 1 October, as this may affect the
maize yields because earlier varieties must be sown for a timely harvest. For this reason, catch crops
are now increasingly undersown (e.g., grasses sown at the time the crop closes), so that the silage
maize can be harvested in early October and the catch crop can rapidly establish after harvest. Sowing
earlier maize varieties in order to create better conditions for a better catch crop may result in a lower
N uptake of the maize crop, as yields are generally lower than for late maize varieties. This may
counteract the higher N uptake of the catch crop. Harvesting maize around mid-September is the most
optimal for reducing leaching losses.

The continuous cropping of maize on the same land may increase weed resistance and pathogen
levels, such as that of root rot, and may decrease soil quality. These problems can be partly solved
by growing maize in rotation with grassland. Crop rotation experiments have shown that maize
yields can be 5–7% higher in rotation with grass than grown continuously. However, the risk of NO3

leaching greatly increases when silage maize is grown after grassland [60], although this can likely be
controlled by proper management. Studies have indicated that there is the potential to save N fertilizer
in maize–grassland rotations [61,62] and well-established catch crops can further decrease the risk.
Moreover, the length of the grassland period plays a significant role. In a review, it was concluded that
both ley and arable intervals in a maize–grassland rotation should not exceed three years in countries
in northwest Europe to minimize the risk of NO3 leaching [63]. Ley–arable rotation also increases the
risks of N2O emissions because of the increased N mineralization of ploughed grassland [64].

Recently, it was shown that an increasing number of dairy farmers in the southern part of the
Netherlands with sandy soils do not request a derogation [65]. Therefore, these farmers can use more
than 20% (the limit for receiving derogation) of the farm area for silage maize, which may be attractive
as, especially on drought-sensitive soils, maize may be more productive than grass. The replacement
of grassland by maize may, however, lead to an increase in the NO3 concentration of groundwater
because NO3 leaching is higher in maize land than in grassland [43].

Besides decreasing NO3 leaching, there will be more environmental challenges in the near future,
in which the cultivation of silage maize plays an important role. The Dutch government aims to greatly
reduce NH3 emission from agriculture, because the deposition of atmospheric N into nature frequently
exceeds the maximum (critical) loads for certain habitat types [66]. Thus, biodiversity targets have not
yet been achieved [67]. Changes to the diet of cows is one of the measures that can be taken to reduce
NH3 emission. The replacement of grass by silage maize decreases the N excretion of cows [68], which,
in turn, also decreases the risk of NH3 emissions from stored and applied cattle slurry. In addition,
NH3 application losses in the field are lower for maize than for grassland.

The Dutch government published their future climate policy in 2019 with targets to reduce
methane (CH4) emissions from cattle, to sequester carbon (C) in agricultural soils, and to decrease
N2O emissions [69]. Enteric fermentation is an important source of CH4 and the replacement of
grass roughage by silage maize decreases CH4 emissions by the enteric fermentation of cows [70].
The organic matter content and potential for C storage of grasslands are higher than that of arable
land [23]. Changes in the area of silage maize and grassland on dairy farms have an impact on the C
storage in agricultural soils in the Netherlands and the CO2 emissions related to land use and land use
change [71].

The phosphorus balance of silage maize is often negative because of the low P application
standards and the prohibition of the use of mineral P fertilizer on farms with derogation. The P content
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of the most mobile P fractions are decreasing in some soils (Table 3), and it is expected that P leaching
will decrease when the P status of maize land decreases. Balanced P fertilization and mining of soil
P are important measures to decrease P leaching and eutrophication of surface waters as part of the
Water Framework Directive. The P status of maize land is still very high, and therefore, the negative
balance does not result in lower maize yields up to now. In the long term, a negative P balance
may result in yield decreases and low P content in ensiled maize. However, in the Dutch legislation,
the P application standard increases at decreasing P soil status, so the risk of a reduction in yield as a
result of a decreasing P status is limited.

In conclusion, the implementation of a series of environmental policies in the 1980s has greatly
decreased N and P emissions to the environment from silage maize cultivation in the Netherlands.
However, further improvements in nutrient management are needed because of the challenges related
to the mitigation of emissions of NH3, CH4, and N2O, the sequestration of C in agricultural soils,
and further reductions of N and P leaching into the water, all while maintaining silage maize yield
and quality.
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Table S1. Data used for the calculations of inputs and outputs of silage maize cultivation on sandy soils vulnerable
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cultivation on dry sandy soils; Table S3. Results of the calculations of N and P yields, surpluses, use efficiencies,
and NH3, N2O, and NO emissions for silage maize cultivation on dry sandy soils for a farm with derogation
(from 2006) and use of cattle slurry.
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