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• N leaching from crop rotations varied
from 16 to 85 kg N/ha/y.

• N leaching from soils ranked as: coarse
sand > fine loamy sand > sandy loam.

• N Leaching was similar when using ma-
nure or mineral fertilizer as N source.

• Effectiveness of catch crops to reduce N
leaching depended on main crop, pre-
crop, and frequency and growth dura-
tion of catch crops.
⁎ Corresponding authors.
E-mail addresses: mar@plen.ku.dk (M.A. Rashid), lsj@p

https://doi.org/10.1016/j.scitotenv.2021.151518
0048-9697/© 2021 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 23 August 2021
Received in revised form 20 October 2021
Accepted 4 November 2021
Available online 8 November 2021

Editor: Ouyang Wei
Nitrate (N) leaching from intensively managed cropping systems is of environmental concern and it varies at
local scale. To evaluate the performance of agricultural practices at this scale, there is a need to develop compre-
hensive assessments of N leaching and the N leaching reduction potential of mitigationmeasures. Amodel-based
analysiswas performed to (i) estimate N leaching fromDanish cropping systems, representing 20 crop rotations,
3 soil types, 2 climates and 3–4 levels ofmanure (slurry)-to-fertilizer ratios, butwith same available N (according
to regulatory N fertilization norms), and (ii) appraise mitigation potential of on-farm measures (i.e. catch crops,
early sowing of winter cereals) to reduce N leaching. The analysis was performed using a process-based agro-
environmental model (Daisy). Simulated average N leaching over 24 years ranged from 16 to 85 kg N/ha/y for
different crop rotations. Rotationswith a higher proportion of spring cropsweremore prone to leaching than ro-
tations having a higher proportion of winter cereals and semi-perennial grass-clover leys. N leaching decreased
with increasing soil clay content under all conditions. The effect of two climates (different regions, mainly differ-
ing in precipitation) onN leachingwas generally similar, with slight variation across rotations. Supplying a part of
the available N asmanure-N resulted in similar N leaching asmineral fertilizer N alone during the simulation pe-
riod. Among the mitigation measures, both undersown and autumn sown catch crops were effective. Effective-
ness of measures also depended on their place and frequency of occurrence in a rotation. Adopting catch crops
during the most leaching-prone years and with higher frequency were effective choices. This analysis provided
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essential data-driven knowledge onN leaching risk, andpotential of leaching reduction options. These results can
serve as a supplementary guiding-tool for farmers to plan management practices, and for legislators to design
farm-specific regulatory measures.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Ensuring sustainable production of food with minimal environmen-
tal impact is a key challenge faced by the agricultural sector worldwide
(Sayer and Cassman, 2013). Effective nitrogen (N) management is vital
for the sustainability of agricultural production systems, because not
only does it increase profitability, it also mitigates environmental im-
pacts associatedwith nitrate leachingwhich leads to eutrophication. In-
tensively managed high-input cropping systems are often at higher risk
of N-leaching, requiring efficient monitoring and management systems
(Stark and Richards, 2008). N-leaching from agricultural fields (mainly
nitrate but also a small proportion of dissolved organic N) is a global
issue and of environmental concern (Ascott et al., 2017; Vero et al.,
2018). In Denmark, N-loads to aquatic environments exceed the
Water Framework Directive thresholds, especially in the coastal areas
and vulnerable groundwater bodies (Miljøstyrelsen, 2020). Until re-
cently, efforts to reduce N leaching from agricultural sources hasmainly
focused on achieving targets to reduce root-zone N leaching through
various on- and off-farm measures i.e. limits on N fertilizer/manure
rates and time of application, buffer strips, catch crops, which has
been a successful approach and has reduced N leaching by up to 48% be-
tween 1987 and 2003 (Dalgaard et al., 2014; Environmental Protection
Agency, 2017). Yet, leaching of N from agricultural sources remains a
major concern (Børgesen, 2020a), with a projected reduction of N-
leaching from agricultural land of 33% of the present level (Olesen,
2021). The approval of the Danish Food and Agriculture Package 2015,
which aims at enhancingproductivity by increasingpermissible N fertil-
ization (the regulatory N norm for fertilization) to economically opti-
mum N rates, may further increase the potential risk of N leaching. To
avert this potential risk, a number of measures have been introduced
that include, among others, establishment of mandatory catch crops
(1997) and targeted catch crop schemes (Environmental Protection
Agency, 2017; Sommer and Knudsen, 2021). A spatially targeted nitro-
gen regulation scheme was initiated in August 2019, with an aim to
work collectively with farmers to enhance productivity without
compromising environmental goals. Individual farms have flexibility
to choose catch crops or other mitigation measures (see below) that
contribute to regional and nationwide N leaching reduction targets.
The scheme consists of a voluntary application round, where farmers
can apply for subsidies to establish catch crops or alternative measures
to fulfill a pre-defined neededN-reduction effort for thewatershed their
farm belongs to. If the Danish Agricultural Agency evaluates that the re-
duction effort has not beenmet theywill issue a requirement for further
obligatory targeted catch crops for all farmers in that watershed. Such
requirements were issued in some watersheds in 2018 and 2020. If
farmers do not establish the necessary catch crops, reductions are
made in their allowed N fertilizer quota (i.e. the amount of available N
a farm is permitted to use). It is however, a challenge to quantify the ef-
fects of themitigationmeasures and there is a need evaluate catch crops
and other mitigation measures using multiple approaches, including
model-based analysis, statistical modelling and field experiments.

A wide range of crops are grown in Denmark, which are meant to
serve diverse purposes including energy and protein rich crops for ani-
mal forage and fodder, crops for human consumption and export, and
semi-perennial grasslands for grazing. Crops are grown either as mono-
cultures or in rotation including several different species in the cropping
sequence. Experimental researchhas indicated that individual crops dif-
fering in growth habit and morphology may have highly different N
2

leaching footprints (Børgesen, 2020a; Di and Cameron, 2002; Huang
et al., 2017). The leaching profile of crops may also change depending
on inter- and intra-annual variation in climatic conditions (Jabloun
et al., 2015; Simmelsgaard, 1998), specific preceding crops in a rotation
(Askegaard et al., 2011; Beaudoin et al., 2005) and N application rate
and type (Askegaard et al., 2005; Demurtas et al., 2016). Soil type also
affect N leaching due to different nutrient-retention capacities and
water percolation rates (Askegaard et al., 2011; Beaudoin et al., 2005;
Vinten et al., 1994). All of these factors together with local-scale spatial
variability in edaphic and inter- and intra-seasonal weather conditions
may affect N leaching and therefore necessitate thorough assessment
of N leaching dynamics across Danish cropping systems. It is, however,
not simple to estimate and map N leaching at the field-scale. As a min-
imum, an analysis including the abovementioned factors and conditions
should be conducted to cover the variation across Danish agriculture.

Catch crops have been identified as a suitable and effective measure
to reduce N leaching (Di and Cameron, 2002; Hellsten et al., 2019;
Rinnofner et al., 2008; Thorup-Kristensen et al., 2003). Especially non-
leguminous species arewell-known to take upmineralN rapidly and re-
duce N leaching from the root zone during autumn and winter (Thapa
et al., 2018). The effectiveness of catch crops depends on their N uptake
and competition for resources with the main crop (De Notaris et al.,
2018). Catch crop types and mixtures also influence mineral N uptake
and magnitude of N leaching reduction (Askegaard and Eriksen, 2007;
Thapa et al., 2018; Vogeler et al., 2019). The frequency of catch crops
in a rotation may affect the overall magnitude of N leaching reduc-
tion. Early sowing of winter cereal crops has been suggested as an al-
ternative way to reduce N leaching through an earlier development
of the root system, which increases N uptake after the harvest of
the previous crop (Christensen et al., 2017; Munkholm et al., 2017;
Rasmussen and Thorup-Kristensen, 2016). The effect of mitigation
measures (i.e. catch crops) is likely to depend heavily on the context
such as the crop rotation, climate and fertilization regimes under
which they are tested.

It is practically unfeasible to assess N leaching from diverse cropping
systems involvingmultiple factors and the potential of mitigation mea-
sures to reduce N leaching through an experimental approach, simply
due to the complexity, scale, and length of experimentation needed.
Moreover, to test combinations of scenarios that have not yet been stud-
ied through experimentation, modelling efforts are needed. Process-
based models, such as the Daisy soil-plant-atmosphere model
(Hansen et al., 2012; Hansen et al., 1991), are useful tools to assess the
impacts of agronomic and environmental conditions on N dynamics
and leaching. The Daisy model has been successfully used to simulate
the effects of diverse environmental conditions and management prac-
tices on crop production and N dynamics (Gyldengren et al., 2020;
Manevski et al., 2016; Ozturk et al., 2018; Yin et al., 2020), proving
that it can be used for potential impact assessment. It has also been eval-
uated in a number of model comparison studies (Diekkrüger et al.,
1995; Kollas et al., 2015; Laub et al., 2021; Macholdt et al., 2020;
Palosuo et al., 2011; Smith et al., 1997) and always ranked among the
best models.

The objectives of the current study were to (i) estimate N leaching
from diverse agro-environmental and agro-management conditions
encompassing crop rotations, manure types/amounts, soil types and cli-
mate using process-basedmodellingwith Daisy, (ii) evaluate the poten-
tial of mitigation measures to reduce N leaching under these diverse
conditions.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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2. Materials and methods

2.1. Scenario elements

Agriculture is characterized by variation in soil types, crops and crop
sequences/rotations depending on farm types (i.e. arable cereal, dairy
cattle, silage, fodder etc.), types of N fertilization (manure and/or min-
eral fertilizer) and weather. In order to represent Danish agriculture,
we included scenarios comprising 20 crop rotations, 3–4 manure
(slurry) proportions/types, 2 climates (weather datasets) and 3 soil
types. All crop rotations were simulated with all combinations of soil
types, climate and manure levels; giving rise to 372 scenarios.

2.1.1. Crop rotations
Twenty crop rotationswere constructed (Table 1). Crop rotations in-

cluded different combinations and proportions of cereals, industry
crops (potatoes, sugar beets, oilseed rape) forage crops (mainly
maize), seed-grass, semi-perennial grass-clover leys; these were either
spring or autumn sown crops, or in the case of leys, undersown in pre-
ceding cereal crop. Crop sequences shown in Table 1 were chosen to be
representative for Danish agriculture, as well as to express sequences
with knowledge gaps in relation to leaching. Crop management prac-
tices (e.g. ploughing, sowing, fertilization timing and harvest) were set
according to current recommended crop husbandry practices and
legal fertilization regulations independent of soil type (supplementary
Table S1). Briefly, all crops were fertilized with available N according
to the crop “N norm” for the cropping year 2018/2019, which states
the maximum legal rate (Danish Agricultural Agency, 2018) in mineral
or organic fertilizer or a combination of these, to all major agricultural
crops depending on soil type and irrigation; values correspond to the
economically optimal N rate (Supplementary Table S1). Residual N
from the preceding main crop in a sequence was also considered
while calculating N application for individual crops (supplementary
Table S1). Residual N from catch crops was not considered when
Table 1
Crop rotations and crops.

IDa Cropping sequence (year 1 to 6)

1 2 3

IKT1 Green spring barley-Grass-clover Grass-clover Grass-clover
IKT2 Green spring barley-Grass-clover Grass-clover Grass-clover
IKT3 Green spring barley-Grass-clover Grass-clover Grass-clover

IKT4 Green spring barley-grass Grass Grass
IKT6 Winter wheat Winter wheat Winter whea
Je1 Winter wheat Winter wheat Spring barley
K3 Silage maize Green spring

barley-Grass-clover
Grass-clover

K4 Green spring barley-Grass-clover Grass-clover Spring barley
K5 Green spring barley-Grass-clover Grass-clover Grass-clover

K6 Green spring barley-Grass-clover Grass-clover Grass-clover

K7 Green spring barley-Grass-clover Grass-clover Grass-clover

K8 Grass-clover (ploughing;
re-seeded)

Grass-clover Grass-clover

KK1 Silage maize Silage maize Silage maize
KK2 Silage maize Silage maize Green spring

barley-Grass
P1 Winter rape Spring barley MCC Spring whea
PK2 Spring barley Spring barley MCC Potatoe
PK4 Spring barley Winter barley MCC Spring barley
PK5 Spring barley Winter wheat Sugar beet
S2 Spring barley Winter rape Winter whea

SK1 Spring barley MCC Spring barley Spring barley

a IDs denote crop rotations; also used in the paper text and figures.
b “MCC” after a few crops indicate amandatory catch crop according to Danish environmental r

3

calculating the N application for main crops; however, it remains part
of the system.

Most crops were harvested once annually (cereals, silage maize,
green spring barley) while grass-clover and grass were harvested four
times annually from June to September (Supplementary Table S1). Har-
vested fractions of plant organs for different cropswere decided consid-
ering the common practice at farmers´ field. Harvested fractions for
most crops included 99% of grain, 95% of leaves and 95% of stems
(straw), while leaving 10 cm stubble in the field. Only 7 cm stubble
was left unharvested for grass-clover and grass silage. For potato and
sugar beet, 99% of tubers and 10% of leaves were harvested. All above-
ground biomass was harvested for green spring barley, except 5 cm of
stubble. Harvested plant organs were removed from the field; viz.
straw was not retained and incorporated in the soil.

2.1.2. Animal manure levels
Animalmanure (slurry N) levels were chosen based on Danish envi-

ronmental regulations according to the EU Nitrates Directive, which
specifies a maximum manure N application rate of 170 kg total-N/ha/y
(Environmental ProtectionAgency, 2017) and scenarioswere simulated
with 0, 50 or 100% of this manure level (Table 2). Dairy farms growing a
high proportion (more than 80% of their area) of roughage crops (i.e. si-
lage maize, grass-clover pastures) are according to a Danish derogation
from the EU Nitrates Directive allowed to apply up to 230 kg/ha/year
animal manure total N, thus a few rotations also included 230 kg N/
ha/y (K3, KK1, KK2 rotations, Table 2). Depending on farm type, manure
used was either cattle or pig slurry, as slurry systems are the dominant
manure management on Danish livestock farms. Field efficiency (min-
eral fertilizer replacement value) of manure N was considered to be
less than equivalent to the mineral fertilizer N, setting it at 70 and 75%
relative to mineral fertilizer N for cattle and pig slurry, respectively, as
required in the environmental regulations in 2018 (Danish
Agricultural Agency, 2018). The difference between manure efficient
(available) N and the N norm was then supplied as mineral fertilizer N
4 5 6

Grass-clover Silage maize Silage maize
Grass-clover Spring barley Spring barley
Grass-clover Green spring

barley-grass
Spring barley

Grass Spring barley Spring barley
t Winter wheat Winter wheat Winter wheat

Winter wheat Winter wheat Winter wheat
Grass-clover Grass-clover Spring barley

MCC
MCCb Spring barley Winter barley Winter wheat

Spring barley
MCC

Spring barley Winter wheat

Grass-clover Spring barley Winter barley
MCC

Grass-clover Grass-clover Spring barley
MCC

Grass-clover Grass-clover

Silage maize Silage maize Silage maize

-clover
Grass-clover Grass-clover Spring barley

MCC
t Spring barley Winter wheat Winter barley

Spring barley
-seed grass Seed grass Seed grass Winter wheat

Spring barley Winter wheat Sugar beet
t Winter wheat Pea till maturity Winter barley

MCC
Spring barley Spring barley Spring barley

egulations, whichwas ryegrass and oil radish for spring barley andwinter barley, respectively.



Table 2
Manure types and total N application levels included in scenario analysis for each rotation.
170 kg total N/ha/y corresponds to the general maximum limit for manure application ac-
cording to the EU Nitrates Directive; 85 kg total N/ha/year was chosen as an intermediate
level. 230 kg total N/ha/y corresponds to the Danish derogation from the EU Nitrates Di-
rectives for dairy farms with a very high proportion (>80%) of roughage crops in the rota-
tion.

Rotation IDs Manure type Manure levels (kg total N/ha/y)

IKT1 Cattle slurry 0, 85, 170
IKT2 Cattle slurry 0, 85, 170
IKT3 Cattle slurry 0, 85, 170
IKT4 Cattle slurry 0, 85, 170
IKT6 Pig slurry 0, 85, 170
Je1 Pig slurry 0, 85, 170
K3 Cattle slurry 0, 85, 170, 230
K4 Cattle slurry 0, 85, 170
K5 Cattle slurry 0, 85, 170
K6 Cattle slurry 0, 85, 170
K7 Cattle slurry 0, 85, 170
K8 Cattle slurry 0, 85, 170
KK1 Cattle slurry 0, 170, 230
KK2 Cattle slurry 0, 85, 170, 230
P1 Pig slurry 0, 85, 170
PK2 Pig slurry 0, 85, 170
PK4 Pig slurry 0, 85, 170
PK5 Pig slurry 0, 85, 170
S2 Pig slurry 0, 85, 170
SK1 Pig slurry 0, 85, 170
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(in the form of ammonium-nitrate, which in the form of the product
calcium-ammonium-nitrate is the most commonly used N fertilizer in
Denmark, 38% of all mineral N applied (Danish Agricultural Agency,
2020). While calculating the N application rate per crop, pre-crop resid-
ual N, if available (supplementary Table S1), was subtracted from the N
norm. The scenarioswhere themanure level was 0 kgN/ha,mineral fer-
tilizer N fulfilled the entire N requirement of all crops. For the 85, 170
and 230 kg N/ha manure levels, as much as possible of the required N
(N norm minus residual N) was added as available N from manure ap-
plication,while the remainingNneed (if any),was added asmineral fer-
tilizer N. If manure was part of the scenario analysis, it was always
applied on thefirst fertilization date, while the remaining requiredmin-
eral N was applied on the following fertilization dates.

2.1.3. Weather data
Two weather datasets were used to represent a range in weather

conditions in Denmark. Daily data on precipitation, temperature, refer-
ence evapotranspiration and global radiation for 1990 to 2010 were
taken from the Danish Meteorological Institute for two sites, i.e. Høje-
Taastrup, which is located 20 km south-west of Copenhagen (Lat.
55.65; Long. 12.29), and named as “East climate” and Vejen municipal-
ity (lat. 55.47; long. 9.13), located in southern Jutland, and termed as
Table 3
Properties and van Genuchten-Mualem hydraulic parameters of the soil profile for the three s

Soil type (Danish Soil Classification) Horizon Clay (%) Silt (%) Organic

(cm) (%)

Coarse sand (JB1) A (0−30) 3.95 6.37 2.53
B (30–80) 3.85 3.49 0.79
C (80–250) 2.90 2.00 0.20

Fine loamy sand (JB4) A (0–30) 8.09 22.08 2.60
B (30–80) 7.11 19.38 0.79
C (80–300) 8.00 18.60 0.30

Sandy loam (JB6) A (0–30) 12.72 25.58 2.50
B (30–36) 12.58 21.78 0.50
B (36–60) 12.58 21.78 0.50
B (60–80) 19.98 22.04 0.40
C (80–130) 19.80 23.80 0.21
C (130−300) 18.00 24.00 0.77

Θsat is saturatedwater content;α, n, and l are Van Genuchten shape parameters; Ksat is saturate
soil database (Styczen, 2006).
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“West climate”. Weather data from 2010 to 2020 and years before
1990 were not used for simulations because of the data quality issues
and unavailability of validated data for the target sites. The average an-
nual temperature in east and west was 8.4 °C and 8.6 °C, respectively.
Annual precipitation was higher in the west (1089 mm) compared to
east (741 mm); these represent a high and a medium precipitation, re-
spectively, compared to the Danish national average precipitation of
750 mm. Precipitation is received during whole year, however, April,
May and June are comparatively dry. Annual average atmospheric N de-
position (dry +wet) in the east and west was 15 and 20 kg/ha, respec-
tively (Ellermann et al., 2003).

2.1.4. Soil types
Danish soils are mainly moraine and fluvial deposits from the last

glaciation around 10,000 years ago, and hence soils are relatively
sandy. To represent Danish soils in the scenarios, we chose three domi-
nant textural classes, namely a coarse sand (termed JB1 in the Danish
Soil Classification), a fine loamy sand (termed JB4) and a sandy loam
(termed JB6), covering the majority of agricultural land in Denmark
(24.5, 26.8 and 22.9% of the Danish area for JB1 + 2, JB3 + 4 and
JB5+ 6, respectively; (Madsen et al., 1992). Physical properties and de-
rived hydraulic parameters of these selected soils are given in Table 3.
The most clay and silt-rich loamy soil (JB6) was simulated with lateral
drainage and a plough pan, which is normal in this soil type. Drainage
pipes were placed 18 m apart at 1.2 m depth, while the plough pan
was set at 30–36 cm depth (Table 3). Maximum allowed rooting
depth on JB1, JB4 and JB6 soils was set at 60, 75 and 230 cm, respectively
(Damme and Andersen, 2018). The JB1 soil was simulated with condi-
tional irrigation during the summer (1 May to 1 Sep) where irrigation
was initiated by applying 30mm/h for one hour when soil water poten-
tial (pressure head; h) in the top 30 cm reached at−600 cm. Irrigation
was only applied on JB1 soil and the same irrigation criteriawas used for
all crops. Soils may also differ in topsoil (A-horizon 0–30 cm) carbon
and organic nitrogen content but we only considered medium initial
soil organic carbon (SOC) conditions, which was based on median
values of SOC distribution in the Danish soil database for the three
soils simulated (Styczen, 2006). The C:N ratio for the soil organicmatter
in the different soil layers is given in Table 3.

2.1.5. Mitigation measures to reduce N leaching
A number of mitigation measures, mainly catch crops, were tested

for their potential to reduce N leaching (Table 4). The measures were
implementedwith different frequencies (e.g. a catch crop inmaize dur-
ing all year's vs only 1 year out 6) and combinations (e.g. combination of
undersown catch crop and early sowing of winter cereals in same rota-
tion). Undersown ryegrass (USRG) and undersown grass (grass-cc)
were tested in spring sown spring barley and silage maize, respectively.
The catch crops in rotations dominated by winter crops were
oil types used in the simulations.

matter Bulk density θsat α n Ksat l C:N

(g/cm3) (cm−1) (cm/h)

1.45 0.40 0.06 1.45 5.15 −0.98 14.2
1.50 0.38 0.08 1.58 3.78 −0.26 12.2
1.56 0.36 0.09 1.72 4.05 1.18
1.41 0.42 0.05 1.30 2.44 −1.52 11.6
1.51 0.40 0.06 1.35 1.74 −0.69 12.2
1.65 0.35 0.06 1.33 1.08 −0.19
1.53 0.39 0.04 1.24 1.44 −2.41 11
1.78 0.32 0.04 1.21 0.58 −1.80 8.1
1.64 0.96 0.05 1.25 0.96 −1.56 8.1
1.68 0.35 0.05 1.17 0.61 −2.80 7.5
1.73 0.34 0.05 1.16 0.46 −2.26 7.5
1.87 0.30 0.02 1.13 0.30 −3.24 7.5

d soil hydraulic conductivity. The soil properties are based onmedian values in the Danish



Table 4
Mitigation measures and their implementation.

Mitigation measures Implementation

Early sowing of winter cereals (ES) Up to 3 week early sowing of winter
cereals (i.e. winter wheat)

Short duration catch crop before winter
crops (SDCC)

Crucifer (i.e. Oil radish) as catch crop
planted after the harvest of previous
crop and killed off by soil incorporation
before sowing a winter cereal

Catch crop in/after maize (grass-cc) Grass – undersown five weeks after the
sowing of maize

Catch crop in/after small grain cereals
(undersown ryegrass (USRG) or oil
radish (OR)

• Ryegrass – undersown one day after
the sowing of spring barley

• Crucifer (i.e. Oil radish) - sown after
the harvest of winter cereals

Crucifer as catch crop in spring barley;
oil radish (OR)

Oil radish planted after the harvest of
spring barley (alternate for undersown
ryegrass)

Mandatory catch crops according to
environmental regulation (USRG or
OR)

• Ryegrass in spring crops – undersown
• Crucifer (i.e. Oil radish) in winter
crops – sown after the harvest of
winter crop
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implemented by growing a crucifer, oil radish (OR) sown five days after
harvest of the preceding crop (Table 4). Mandatory catch crops in/after
certain crops included undersown ryegrass (USRG) in spring cereals,
and oil radish (OR) in winter crops (Table 4). The short duration catch
crop (SDCC) is a special implementation of catch crops developed for
winter cereal dominated rotations; OR is planted in late August after
the harvest of main crop and incorporated into the soil at the time of
sowing of the next winter crop, typically mid-October. Insertion of a
measure at a specific place in a crop rotation was based on anticipated
leaching risk of that crop and/or the place in the crop rotation. Alto-
gether, we analyzed 63 crop rotation and mitigation measure combina-
tions, all of whichwere also evaluated under different soil types, climate
and manure levels. However, for the sake of clarity, results will be pre-
sented for selected combinations only.

2.2. Modelling setup for scenario analysis

2.2.1. Model and parametrization
Agro-environmental and mitigation-measure scenarios were ana-

lyzed using a process-based soil-crop-environment simulation model
– Daisy, version 5.88 (Hansen et al., 2012; Hansen et al., 1991). The
Daisy model can simulate crop growth, water, nitrogen and carbon dy-
namics on daily time scale in the soil-plant-atmosphere system. The de-
tailed description of different sub-modules in Daisy is given elsewhere
(Hansen et al., 2012; Hansen et al., 1991). Briefly, water and solute
transport are described by Richards' and convection-dispersion equa-
tions, respectively. Soil organic matter is divided into multiple slow
and fast decomposing pools and their turnover rates are affected by
soil moisture, clay content and temperature. In crop modules, dry mat-
ter production depend on photosynthesis that is regulated by effective
leaf area, absorbed radiation and temperature, and limited by senes-
cence, and nitrogen and water stresses. Plant water uptake is based on
Darcy's lawand affected by rootwater potential and climatic conditions.
Plant N uptake is described by both convection and diffusion.

Themodel has a library of reasonablywell calibrated and tested crop
and soil modules, especially for Danish conditions (Gyldengren et al.,
2020; Manevski et al., 2016; Ozturk et al., 2018). One of the dominant
crops, winter wheat, was well-calibrated recently against a very exten-
sive winter wheat field experimental dataset (Gyldengren et al., 2020).
Simulated crop yields and N yields were compared with yield norms in
conjunction with the fertilization N norms, which were anticipated to
represent average farmer yields obtained for the individual crops on dif-
ferent soil types (±irrigation) as recorded by Statistics Denmark
(https://www.statistikbanken.dk). In the comparison total yields at har-
vest (fresh weight) were converted to dry matter (DM) and N yields
5

estimated based on standard DM and crude protein contents of the
crops (Møller, 2005). A simulation error of ≤20% for yield and N yield
was deemed acceptable; if deviations to Daisy simulated yields were
larger than this, the Daisy crop modules were recalibrated. Re-
calibration of Daisy crop modules was accomplished by targeting a
few key parameters that included photosynthetic rate, development
stage-dependent N concentration in plant organs and maximum rate
of ammonium and nitrate uptake through roots. The calibration of
most crops appeared to be well founded; for both yield and N yield
(i.e. average error≈ 15%), while pea and seed grass had slightly larger
error (supplementary Fig. S1). This might have some influence on N dy-
namics of these specific crops, however because these crops are used
only in a few of our rotations, we decided to keep the same calibration
for all soils. Owing to recurrent and extensive testing of this model
under Danish conditions (Gyldengren et al., 2020; Ozturk et al., 2018),
re-validation was deemed unnecessary in the current study.

2.2.2. Simulation of scenarios for N leaching and mitigation measures
In order to initialize the distribution of organic matter in different

pools, total input of carbon (C) in the preceding years needs to be
known (Bruun and Jensen, 2002). The C balance in Daisy depend on ini-
tialization of SOM pools. To estimate the input of SOM in the preceding
period, the model was run to simulate a winter wheat monoculture
with 170 kg slurry total N/ha applied annually for 20 years. Winter
wheat is the most common arable crop in Denmark and was therefore
considered to represent the cultivation history. Total C input from win-
terwheat included crop residues (roots, stubble, and straw) and applied
slurry C. The same initialization was used for all crop rotations and sce-
narios, assuming the same prehistory. For actual scenario analysis, the
model was run for 24 years using actual weather data from 1990 to
2010. Since the weather data covered only 20 years, the model reused
data starting from 1990 for the remaining four-year of simulations.
Twenty-four year model runs resulted in four repetitions of six-year
crop sequences (Table 1). However, PK2 and K8 rotations consists of 4
and 5-year crop sequences, respectively, which resulted in 6 repetitions
of PK2 and 5 repetitions of K8 during the 24-year simulation period.We
used continuousweather data for all simulations, but because crop rota-
tionswere run continuously at least 4 times (K8: 5 times; PK2: 6 times),
N leaching values for single crops are average of at least 4 separate years.
We tested for a few of the crop rotations if permutation of weather-year
with crop sequence had any affect by switching weather years. How-
ever, average leaching results were more affected by factors other
than the degree of permutation (i.e. crops and pre-crop); hence, we
used the simpler and more time saving continuous analysis mode
with minimum of four crop rotations over 24 years of weather data.

Nitrate leaching from the soil matrix at 130 cm soil depth and losses
through the drains (only on JB6 soil) were accumulated and logged an-
nually on 31st of March. The N leaching logging depth (130 cm)was se-
lected to make it more comparable with other sources of data from
Denmark. The one-year period between two successive logging dates
was considered as a leaching-year, and leaching during this period
was associated to the crops growing during the summer. It should be
noticed that for winter crops, which are planted during the autumn, a
particular leaching-year did not include the crop growth period from
September to March. This period is rather ascribed to the preceding
crop, which arguably could also be responsible for losses during this pe-
riod. N leaching results are presented as overall rotation effect on per
hectare per leaching-year basis. In addition, the effect of mitigation
measures (catch crops and early sowing) to reduce N leaching for a par-
ticular crop in a rotation and for whole rotationwas calculated.We sim-
ulated 63 crop rotation-mitigation measure combinations; however,
the results are presented only for selected combinations for simplicity.
There are multiple factors and factor levels giving rise to large number
of interactions.We have presented the individual effects of all crop rota-
tions, soil types, climate andmanure, aswell as crop rotations effects to-
gether with soil types, climate and manure levels in separate figures.

https://www.statistikbanken.dk
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3. Results

3.1. Nitrate leaching: individual agro-environmental factors

The crop rotations showed large variability in N leaching, ranging
from 16 kg N/ha/y for K8 (semi-continuous grass-clover) to 85 kg N/
ha/y for SK1 (spring barley with only one year out of six with a manda-
tory catch crop) (Fig. 1a). The average values given in Fig. 1a are taken
across three soils, two climates, and 3–4 manure types/levels. The
spring barley (SK1) monoculture proved to be more leaching-prone
(85 kg N/ha/y) than the winter wheat (IKT6) monoculture (Fig. 1a). In
general, rotations containing a high proportion of winter and semi-
perennial crops (e.g. winter wheat and grass-clover) were less leaky
than rotations having a higher proportion of spring cropswithout a sub-
sequent catch crop, especially spring barley, silage maize and spring
wheat (Fig. 1a; crops in Table 1). Rotations containing grass-clover for
a few years followed by spring crops (i.e. spring barley or maize) with-
out catch crops also resulted in higher leaching (Fig. 1a; IKT2,
IKT3 ≈ 70 kg/ha/y). There was no difference in simulated N leaching
under east and west climates (63 kg N/ha/y) (Fig. 1b). The variability
behind the average values given in Fig. 1b is due to factors other than cli-
mate, including rotations, soils, and manure choices. Application of dif-
ferent levels ofmanureN (but same level of available N) did not affect N
leaching when compared with mineral fertilizer N only (Fig. 1c). The
variability behind average N leaching given in Fig. 1c is due to climate,
soil type and rotations. The N leaching was 65, 61, 63 and 74 kg N/ha/
y for 0, 85, 170 and 230 kg manure N/ha, respectively. It should be
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Fig. 1.Average nitrate leaching under different crop rotations (a), climates (b), manure levels (m
loam) (d). Crop rotation details are given in Table 1. Panel c show results where same amount
treatments 0 kg, 85 kg, 170 kg and 230 kg were used in 20, 19, 20 and 3 rotations, respectively
Table 2), i.e. 230 kg in panel c is average of two climates, three soil types and three rotationswhi
3 soils, two climates and 3–4 levels ofmanure types/levels as given in Table 2. Black bold horizo
130 cm depth.

6

noticed that the 230 kg N/ha manure level was chosen only for silage
maize dominant rotations (K3, KK1, KK2, Table 2), because this deroga-
tion from the EU Nitrates Directive is only possible for dairy farms. Soil
types clearly resulted in different levels of leaching, which was on aver-
age 82, 66 and 42 kg N/ha/y on JB1, JB4 and JB6 soils, respectively
(Fig. 1d). The variability across average values given in Fig. 1d is due
to the 20 crop rotations, 3–4 manure choices, and 2 climates.

3.2. Nitrate leaching: Interactions across agro-environmental factors

The N leaching was always higher at the coarse sandy soil (i.e. JB1)
compared to the less sandy soils (JB4 and JB6) (Fig. 2). The leaching dif-
ference when comparing JB1 and JB4 soils ranged between 5 and
30 kg N/ha/y depending on rotations. This difference was 17 to
57 kg N/ha/y between JB1 and JB6 soils. The effect of soil type was
more pronounced in some rotations than other, i.e. leaching changed
from 91 kg N/ha/y for a JB1 soil to 34 kg N/ha/y on JB6 soil in the IKT1
rotation; a reduction of about 63%. In contrast, for the PK2 rotation the
reduction was from 80 kg N/ha/y for a JB1 soil to 63 kg N/ha/y; a reduc-
tion of only around 21%. When comparing west (higher precipitation)
against east (medium precipitation) climate, eleven out of twenty rota-
tions showed higher average leaching, however the differences were
small, ranging between 1 and 8 kg N/ha/y (1 to 14%) (Fig. 3). Six rota-
tions showed higher leaching under the east climate as compared to
the west, which ranged from 1 to 10 kg N/ha/y (1 to 13%).Three rota-
tions (IKT2, K3 and K7) showed no difference in average leaching with
east and west climates.
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Use of manure as a partial substitute for mineral N did not increase
or decrease leaching to a noticeable level in our 24-year simulations
(Fig. 4). Crop rotations dominated by grass-clover, namely IKT1, IKT2,
IKT3, K5, K6, K7 and K8 resulted in lower leaching (range 5–13 kg/ha/
y) when mineral N fertilizer was substituted with manure N (Fig. 4).
When comparingmanure levels against each other (excluding themin-
eral N only scenario), the leaching differences ranged between 1 and
−3 kg /ha/y under different crop rotations. Highest leaching difference
when comparing manure levels was observed for KK1 rotation (silage
maize monoculture), which had leaching of 84 and 90 kg under 170
and 230 kg manure rates, respectively (Fig. 4). Fig. 5 provides an over-
view of N leaching for interaction across soil types, climates andmanure
levels, averaged across all rotations. Slightly higher N leaching (≈6 kg/
ha/y) was simulated with west climate on JB1, but this difference was
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Values are average across 3 soils and 3–4 manure choices.
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higher with low applications of manure than with high. For JB6 soils,
slightly lower N leaching (≈3 kg/ha/y) was found for the west climate
and this difference increased with manure application.

3.3. Effects of mitigation measures to reduce N leaching

The effects of mitigation measures to reduce N leaching from a par-
ticular crop (or rather a particular place of the crop in a crop sequence)
and whole rotations are given for selected combinations in Table 5.
Undersown ryegrass (USRG) in spring barley was the most effective
mitigation measure as it reduced N leaching by up to 53% (44 kg N/
ha) during the individual years and about 40% (34 kg N/ha) in the rota-
tionwhen adopted during all years (SK1M1; Table 5;M is formitigation
measure). The OR as a catch cropwas anothermeasure tested during all
KK2 S2 K6 IKT2 IKT3 PK2 KK1 PK4 P1 SK1
rotations

andwest (highprecipitation: 1089mm) climates. Crop rotation details are given in Table 1.
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years in spring barley monoculture (SK1M2; Table 5). The highest
leaching reduction by ORwas up to 33% (32 kg N/ha) during an individ-
ual year, and 10% in the rotation (8 kg N/ha) (SK1M2; Table 5). The
USRG was comparatively more effective than the OR in spring barley
(SK1M1 vs SK1M2; Table 5). The USRGwas also very effective at reduc-
ing N leaching from spring barley when it was grown after grass-clover
(IKT2 rotation; Table 5), as it reduced N leaching by up to 54% from
spring barley during an individual year and around 19% from the
whole rotation (comparing IKT2 and IKT2M1; Table 5).

Short duration catch crop (SDCC; Table 4) reduced N leaching by up
to 8% (6 kg N/ha) during the two yearswhen it was adopted beforewin-
ter wheat, however; the effect was reduced to 2 kg/ha when looking at
the whole rotation average (comparing PK5M1 with PK5). The effect of
OR that was sown after the harvest of winter wheat (OR in PK5M2;
Table 5) was up to 34% (14 kg/ha) during an individual leaching-year
and around 10% (6 kg/ha) for whole rotation when adopted during
two years (PK5M2). The combined effect of SDCC andORwas simulated
to be around 13% (8 kg/ha) (comparing PK5M3 with PK5; Table 5).
Undersown grass as a catch crop (grass-cc; Table 4)was adopted during
all years in silage maize (KK1M1; Table 5). Grass-cc in silage maize re-
duced N leaching by up to 25% (18 kg/ha) when looking at individual
leaching-years and around 12% (6 kg/ha) forwhole rotation (comparing
KK1 andKK1M1; Table 5). Different combinations of ES ofwinterwheat,
SDCC and ORwere tested in S2 rotation (Table 5). The OR inwinter bar-
leywith pea as preceding cropwas quite effective as indicated by higher
leaching from winter barley without OR (comparing S2 with S2M1,
S2M2 & S2M3; Table 5). The combined effect of ES, SDCC and OR to re-
duce N leaching was about 9 kg/ha/y on average for the rotation (com-
paring S2 with S2M4; Table 5).

4. Discussion

4.1. Analysis approach and its limits

Field trials can provide accurate estimates of N leaching and associated
mechanisms under specific conditions (De Notaris et al., 2018); however,
it is not feasible to carry out large number of multi-factorial trials over
multiple years to cover the required spatio-temporal variability. Empirical
(Børgesen, 2020a) and process-based models (Gyldengren et al., 2020;
Jabloun et al., 2018; Manevski et al., 2016) are tools for large scale
8

environmental impact assessment and development of sustainable agri-
culture practices. Both empirical and process-based models have their
pros and cons and the choice of methodmay depend on purpose of anal-
ysis, data availability and time/financial resources.

Process-based models such as the one used in this analysis - Daisy
(Hansen et al., 2012) simulate not only a system's single response (e.g.
N leaching), but also provide an estimation of the overall productivity
and N balance of the system. The reliability of the results depend on
howwell amodel is simulating the systems response, i.e. model calibra-
tion/validation. The approach used in this study provided N leaching re-
sults in a realistic range (Figs. 1, 2, 3, 4, 5; Section 4.2 for details);
however, caution should be exercised when comparing these results
against specific concrete datasets. This is because large variation can
occur across smaller temporal (i.e. intra-season) and spatial scales (i.e.
within field or farm) (Børgesen, 2020a). This is also because Daisy
crop modules were parameterized considering average yield (norm
yield) from farmers´ field, which may differ from yield statistics from
the experimental stations. The approach of using data from farmers´
field to calibrate cropmodels and subsequently using them for environ-
mental impact assessment is not uncommon (Rashid et al., 2019). De-
spite its limitations, the results from this study can be relied on with
confidence because, i) the Daisymodel's ability and robustness to simu-
late N dynamics has been widely and repeatedly tested under Danish
conditions (supplementary Fig. S1) (Jabloun et al., 2018; Yin et al.,
2020); ii) the simulated average results for N leaching are broadly sim-
ilar to other sources of data from comparable agro-environmental con-
ditions (Section 4.2 for details).

A number of aspects were either not considered due to specificity of
this study or are not included in theDaisymodel.Mostmodels including
Daisy lack in their ability to accurately simulate all biophysical pro-
cesses, especially pest related damage and stress-induced physiological
feedback mechanisms of plant growth and development. This may af-
fect soil and plant N dynamics and N balance in soil-plant continuum
(Jackson et al., 2012). In addition,modelling-based estimates are the re-
sult of simplified representation of actual conditions and are not free of
errors and uncertainties. Multi-model ensembles have been suggested
as an alternative to enhance confidence in simulated estimates of crop
production and N leaching (Asseng et al., 2013; Yin et al., 2020). N
leaching is also affected by local agronomic decisions and practices
such as timing of different operations (Askegaard et al., 2011), choice
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of species (Valkama et al., 2015), and timing andmethod of termination
of main as well as catch crops. All these practices were kept the same
during all years and under all edaphoclimatic conditions for a particular
crop (supplementary material Table S1), which may not represent the
actual conditions at farmers' field. A future study considering the sensi-
tivity of these factors should provide the impact of changes in agro-
nomic practices on soil N dynamics.

4.2. Simulated estimates of nitrate leaching

There is no single comprehensive dataset to compare simulated re-
sults for all scenario combinations; however, results from available
studies and data sources have been used for comparison and discussion.
Simulated N leaching for the 20 rotations when averaged across all
other factors varied between 16 and 85 kg N/ha/y (Fig. 1a), which falls
within the overall observed ranges in the Danish national landmonitor-
ing program (Blicher-Mathiesen, 2019). The simulated N leaching from
maize monoculture was up to 118 kg N/ha/y (KK1 rotation: Figs. 1, 2),
which is comparable with Manevski et al. (2018) who reported N
leaching range of 77–217 kg N/ha/y under comparable site conditions.
Likewise, based on observed (n= 55) and numerical modelling results,
9

Børgesen (2020a) indicated that N leaching from silage maize without
catch crop was around 105 kg N/ha/y, which is similar to what was
found in this study (KK1 rotation: Figs. 1, 2). Continuous grass-clover ro-
tation resulted in lowest N leaching (average 16 kg N/ha/y) (K8: Figs. 1,
2), which is well in agreement with Eriksen et al. (2015) who reported
consistent low (>25 kg N/ha/y) N leaching for cut grass-clover under
Danish conditions. The observation that spring barley monoculture
with a catch crop only during one out of six years of a sequence (SK1 ro-
tation, Fig. 1a and Table 5) resulted in higher leaching (on average
85 kg N/ha/y) than the winter wheat monoculture (IKT6 rotation,
Fig. 1a, on average 45 kg N/ha/y) contrasts other modelling studies.
Based on NLES5 and with a similar range of soil type and climate as
used in our study and with no mitigation measures, (Børgesen et al.,
2020a, Børgesen et al., 2020b) estimated similar range of leaching
losses, 59–93 kg N/ha and 60–92 kg N/ha, for spring barley (with no
catch crop) and winter wheat. In a field experiment, Vogeler et al.
(2021) measured N leaching on two Danish experimental sites (east
and west, similar soils) over 3 years (2016–2018) and found leaching
from timely sown winter rye and winter wheat in the range of 29–65
and 22–110 kg N/ha/y, respectively, with the majority of the variation
being inter-annual (weather related). Spring barley grown with either



Table 5
Nitrate leaching (kg N/ha) in different rotations with mitigation measures, averaged across all soil types, climate and manure levels. Crop rotation average is average of all crops in the
cropping sequence.

Rotation IDs
mitigation
measure

Crop sequences

Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Rotation average

PK5 Crops Spring barley Winter wheat Sugar beet Spring barley Winter wheat Sugar beet
PK5 83 41 43 84 55 39 58
PK5M1 77 (SDCC) 40 44 78 (SDCC) 55 40 56
PK5M2 85 27 (OR) 38 85 40 (OR) 38 52
PK5M3 78 (SDCC) 27 (OR) 39 79 (SDCC) 39 (OR) 38 50

SK1 Crops Spring barley Spring barley Spring barley Spring barley Spring barley Spring barley
SK1 83 100 114 79 102 34 (USRG) 85
SK1M1 39 (USRG) 49 (USRG) 60 (USRG) 43 (USRG) 69 (USRG) 47 (USRG) 51
SK1M2 68 (OR) 68 (OR) 98 (OR) 67 (OR) 87 (OR) 72 (OR) 77

KK1 Crops Silage maize Silage maize Silage maize Silage maize Silage maize Silage maize
KK1 72 78 95 70 88 84 81
KK1M1 54 (grass-cc) 68 (grass-cc) 87 (grass-cc) 57 (grass-cc) 85 (grass-cc) 78 (grass-cc) 72

IKT2 Crops Green spr.barley-Grass-clover Grass-clover Grass-clover Grass-clover Spring barley Spring barley
IKT2 31 42 72 56 122 96 70
IKT2M1 41 51 77 58 68 (USRG) 45 (USRG) 57

S2 Crops Spring barley Winter rape Winter wheat Winter wheat Pea Winter barley
S2 78 104 50 37 61 74 (OR) 67
S2M1 82 73 (ES) 44 38 61 87 64
S2M2 82 104 45 (SDCC) 37 61 87 69
S2M3 83 104 49 24 (OR) 55 88 67
S2M4 79 74 (ES) 39 (SDCC) 25 (OR) 56 76 (OR) 58

M1, M2, M3 after the rotation IDs (i.e. PK5) indicate mitigation measure options. The type and place of a particular measure, if tested, is indicated in brackets (i.e. early sowing (ES),
undersown ryegrass (USRG), oil radish (OR), short duration catch crop (SDCC; oil radish), undersowngrass (grass-cc) (see Table 4 for details). Effect of amitigationmeasure for a particular
crop/place can be calculated by comparing values in a column, i.e. 83 and 77 kg N/ha are leaching values without any measure (PK5) and with ‘SDCC’measure (PK5M1), respectively, for
spring barley during year 1. Rotation's average leaching and overall effect of mitigation measures in a particular rotation is given in the extreme right column (e.g. comparing PK5 with
PK5M1).
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herbicide treated soil in autumn (bare soil), with volunteers and other
weeds or with catch crops leached 32–163, 16–63 and 3–38 kg N/ha/
y, respectively, indicating how effective well established catch crops
can be in reducing nitrate leaching, compared to winter cereals. In one
of the two sites, leaching from the winter cereal was lower than from
spring barley but only when spring barley was followed by bare soil
(herbicide treatment) during autumn; however, leaching from winter
cereal and spring barley with weeds/volunteers was of similar magni-
tude (Vogeler et al., 2021). The bare soil is in reality what is simulated
by the Daisy model for spring barley without the catch crop.

Based on almost 200 observationsHansen (2020) estimated that im-
plementing a catch cropwould lowerN leachingby12–45kgN/ha/y de-
pending on soil type and animal manure application. The results from
this study indicated that undersown ryegrass catch crop every year in
the spring barley (Table 5, SKM1) reduced average N leaching from 85
to 51 kg N/ha/y corresponding to 34 kg N/ha/y, i.e. within the range
found by Hansen (2020). The Daisy model thus estimated leaching
from spring barley with a catch crop to be of the same magnitude as
from winter wheat. This differs from Børgesen (2020a), Børgesen
(2020b), Hansen (2020) and Vogeler et al. (2021) who found spring
barley with a catch crop more effective to reduce leaching than winter
wheat. Both model simulations and well-controlled field experiments
will tend to achieve better and more effective results than real farm
practice; in real life tillage operations, sowing, crop protection etc. for
bothmain and catch crops will not always be performed timely or opti-
mally, and hence the same effectiveness of measures may not be
achieved. Especially sowing time of both winter cereals and of post-
harvest seeded catch crops can have a significant influence on the effec-
tiveness (Vogeler et al., 2021; Vos and Van der Putten, 1997).

In general, leachingwas similar under manure andmineral fertilizer
for most rotations (Fig. 1, 4) because applied total available N was sim-
ilar inmineral andmanure N scenarios, which aligns with experimental
studies from Denmark (Askegaard et al., 2005; Askegaard et al., 2011);
however, other studies have suggested that N leaching can increase
with application of manure N from crops that uses mineralized N ineffi-
ciently, i.e. silage maize (Fig. 4) (de Boer, 2017; Wachendorf et al.,
2006). The results from this study suggest that leaching risk may also
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depend on the growing (and N-uptake) period of the plant and crops
with longer growing periods such as grass-clover results in less leaching
under manure compared to mineral fertilizer (Fig. 4, rotations IKT1,
IKT2, IKT3, K3, K5, K6, K7, K8) (de Boer, 2017). This is because mineral
N can leach immediately while manure organic N has to bemineralized
and nitrified to nitrate before it can leach and this time lag is perhaps
counteracted by continuous plant N uptake in grass-clover, leaving
less leaching-prone nitrate in the soil (de Boer, 2017). However, this
short-term advantage could be offset by a long-term increase in
leaching risk due to buildup of organic N under repeated application
of manure N, which is gradually mineralized (de Boer, 2017). Again,
long-term increased leaching risk under manure application is likely
higher for crops with shorter N uptake period i.e. cereals (de Boer,
2017). The long-term effect of manure application was tested by simu-
latingmanure treatments formore than a 100 years with a couple of ro-
tations, which did indicate higher cumulated leaching under the higher
manure proportion compared tomineral fertilizer but only in spring ce-
reals (e.g. spring barley; supplementary Fig. S2). Looking at the com-
plete N balance for the K7 rotation (supplementary Table S2)
indicated that the N fixation decreased and harvested N as well as soil
organic N increased with higher manure proportion, which could also
explain lower N leaching with higher manure proportion in grass-
clover dominated rotations.

Soil texture tends to have a strong effect on nutrient retention, and
leaching beyond the root-zone (Askegaard et al., 2005). Soil types selected
in this analysis are mainly characterized as sandy, yet, even small differ-
ences in clay contend had clear effect on N leaching, irrespective of
other factors (Figs. 1d, 2, and 5), which reiterate the fact that soil texture
is a crucial factor in nitrogenmanagement. Experimental studies at similar
soil types across Denmark have indicated similar trends (Askegaard et al.,
2005; Askegaard et al., 2011; Simmelsgaard, 1998).

Precipitation can have direct effects on N leaching through changes
in percolation and plant uptake (Jabloun et al., 2015). The results from
this study did not indicate substantial difference in N leaching with
East (precip: 741 mm/y) and West (precip: 1089 mm/y) climates
(Figs. 1b, 3). Precipitation in the east was considered medium, close to
the average Danish precipitation for 1991–2010 of 750 mm, and
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probably high enough to wash-down the N and percolation was not a
limiting factor for leaching. Thus, additional precipitation in the west
could not cause more leaching when compared to east. To confirm
this, the sensitivity of N leaching to change in precipitation was tested
by increasing and decreasing actual precipitation by 30% in both east
andwest for S2 rotation (supplementary Fig. S3). Sensitivity analysis in-
dicated that leaching was influenced (decreased) by precipitation (and
percolation) when it was reduced by 30% in the east, while decrease in
precipitation in the west and increase in both east and west did not in-
fluence leaching in the same proportion (supplementary material
Fig. S1). In contrast, Peltre et al. (2016) simulated higher leaching losses
on a sandy loam (JB6) soil when the annual precipitation was increased
from600 to 707mm, however, the increasedprecipitation in their study
(707 mm) was still lower than the east climate (medium precipitation,
741mm) in this study. Jabloun et al. (2015) found that higher precipita-
tion leads to higher leaching; however, average annual precipitation at
the sites included in their study was much lower (ca. 458 mm), where
lower percolation could have been a limiting factor. Similar leaching
with East and West climate, especially on JB4 and JB6 soils (Fig. 5)
could also be explained by higher denitrification in the West, which
was in the order of JB6> JB4> JB1 (Supplementarymaterials, Table S2).
Moreover, although higher percolation could be associated with higher
leaching (Askegaard et al., 2005; Jabloun et al., 2015), the timing of pre-
cipitation and availability of leaching-prone mineral N has to be syn-
chronized to result in higher leaching.

4.3. Effectiveness of mitigation measures to reduce N leaching

The N leaching reduction by catch crops is influenced bymanagement
and environmental factors (Thapa et al., 2018; Tonitto et al., 2006;
Valkama et al., 2015); therefore, it is not easy to associate an absolute
value to a particular catch crop/measure. The results from this study indi-
cate that a relative comparison should be preferred over the absolute
valueswhenassessing the leaching reductionpotential ofmitigationmea-
sures. The effectiveness of USRG in spring barley depended on the crop
growing during the preceding year as shown for SK1 and IKT2 rotations
(Table 5). This reiterates the need to be cautious while interpreting
mitigation-measure potential of catch crops, evenwhen looking at exper-
imental results. This is because inter-annual variability in weather condi-
tions, N uptake by main crop, and soil N supply as well as legacy or
residual N effect of previous, N-rich crops, can potentially affect the
growth and ultimately effectiveness of catch crops, leading to different
levels of N leaching reduction TheUSRGwas themost effectivemitigation
measure reducing N leaching by up to 54% during an individual leaching-
year in spring barleymonoculture (SK1M1; Table 5),which is comparable
with the value (50%) reported by Valkama et al. (2015) in ameta-analysis
study summarizing experimental data fromNordic countries. Thapa et al.
(2018) and Tonitto et al. (2006) also summarized results frommany stud-
ies and reported 56% and 70% reduction in N leaching by non-leguminous
catch crops. Vogeler et al. (2021) also studied the leaching reduction po-
tential of catch crops in Denmark and reported that USRG together with
fodder radish during the autumn could reduce N leaching up to 89% in
spring barley monoculture, which is higher than what was found in this
study, however, the effect they reported is due to two catch crops in
same leaching-year.

The observation that USRG was more effective than OR (SK1M1 vs
SK1M2; Table 5)is in contrast with some studies indicating that USRG
andOR are equally effective (Dean andWeil, 2009). The key factors affect-
ing the performance of brassica catch crops are the sowing time and
weather conditions during the winter (Vos and Van der Putten, 1997).
Early establishment together with mild autumn and winters lengthen
the growing season and N uptake period of broadleaf species, ultimately
making them similar or more effective than the grasses (Thapa et al.,
2018). In this study, ryegrasswas undersown in the preceding spring bar-
ley inApril and continued to growduring the summer aswell as fall,while
the ORwas planted after the harvest of spring barley in August. Therefore,
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despite fast growth of OR, the overall magnitude of leaching reduction
during a leaching-year was higher for USRG (SK1M1 vs SK1M2;
Table 5). However, it remains to compare the simulated N uptake by
USRG and OR in autumn with experimental results, where OR is antici-
pated to have a high potential for N uptake in conditions with high N
availability (Thorup-Kristensen et al., 2003; Vogeler et al., 2021). Another
aspect to consider is the timing of N release from catch crops as Dean and
Weil (2009) found that plant N uptake by brassica catch crops (i.e. OR)
was equal or greater than rye; however, brassicas are freeze-killed inwin-
ter releasing large amount of N in spring, which is subject to leaching
under vulnerable conditions viz. coarse soil and absence of crops with
high N demand. This emphasize that the effectiveness of catch crops can-
not be judged only looking at the total plant N uptake, and other condi-
tions such as soil type, percolation and subsequent crops in the rotation
may also affect the overall reduction in N leaching (Dean and Weil,
2009). Recent work by Böldt et al. (2021) also highlighted that frost-
killed brassica catch crops can release N in spring, which lower their over-
all potential to reduce N leaching. The current study, however, did not
consider these aspects and thus merit further work, especially an evalua-
tion of the effectiveness of catch crops with different sowing times and
frost tolerance is needed to conclude on the usefulness of catch crops
under different agro-management conditions.

It is difficult to implement catch crops in silage maize, where grass-
cc only reduced leaching on average from 81 to 72 kgN/ha/y (11%). This
is ascribed to relatively late harvest of the maize, and illustrates that al-
ternative strategies, e.g. altering the crop rotation to one with more pe-
rennial grass leys (also suitable for the dairy farms normally growing
maize) may be a much more effective strategy for lowering N leaching,
e.g. 57–70 kg N ha/y in the IKT2 rotation (Table 5).

A number of other studies have reported that the N leaching reduc-
tion by catch crops is influenced by sowing time and growth duration
(Teixeira et al., 2016), dry matter at the time of termination (De
Notaris et al., 2018; Finney et al., 2016; Thapa et al., 2018), ploughing
(Fraser et al., 2013; Hansen and Djurhuus, 1997), weather fluctuations
(Koch et al., 2017; Teixeira et al., 2016), root length (Sapkota et al.,
2012) and genotype (Valkama et al., 2015). Owing to complex interac-
tions and difficulty in analyzing all these factors in a single study, com-
paring results across studies is challenging. Detailed understanding on
interactions among these factors to reduce N leaching is necessary;
however, certainly outside the scope of this study.

4.4. Scope and implications for spatially targeted regulation of nitrogen
management

This study providedN leaching estimates and leaching reduction po-
tential of specific mitigation measures under various management and
environmental conditions, which is very useful to design and imple-
ment spatially targeted regulation of nitrogen management. Spatially
targeted regulation of nitrogenmanagement has been proposed as a so-
lution to tackle the challenge of maintaining agricultural productivity
without deteriorating the environment. The results presented in this
paper and database behind can serve as a guiding tool for policymakers
to develop regulatory measures. Moreover, agro-management (crops,
crop rotations, manure management practices) and edaphoclimatic
conditions considered in this study are similar to other geographical re-
gions, especially northern Europe, making the results of this study
highly relevant for wider application.

Our modelling analysis was based on some dominant, but still a lim-
ited number of agro-environmental factors (3 soil types, 2 climate
datasets), and generic calibration of crop modules that were used for
all edaphoclimatic conditions (Section 2.2.1). This is sufficient to gener-
ate nitrate leaching estimates, butmay not accurately represent the var-
iability in soil-plant-atmosphere systems at finer spatial scales
(Anderson et al., 2003). This is because large variation in agro-
environmental factors (e.g. soil, topology, weather), and resultantly in
N le aching can occur even at smaller spatial scales (e.g. within fields)
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andbecause themodels are highly nonlinear (van Leeuwen et al., 2019).
Aggregation of high resolution input data followed by integrated
gridded simulation has been used to upscale the use of farm-scale
models for regional impact assessment (Coucheney et al., 2018; Ojeda
et al., 2020), however, this always involves uncertainty (Ewert et al.,
2011). Since accuracy is dependent on scale when mapping nitrate
leaching, assessments that are based on simple conceptual models
(Boumans et al., 2008) and process-based models such as this study,
are useful in providing coherent and comprehensive overview of nitrate
leaching across landscapeswith sufficient degree of accuracy. Therefore,
with all of its limitations, results from this study has wider applicability
to fulfill the local (spatially targeted regulation), as well as EU, require-
ments to provide an overview of the risk of nitrate leaching.

4.5. Conclusions and perspectives

This model-based analysis provided reasonable estimates of N
leaching for a large number of climate-manure-rotation-soil combina-
tions. The main conclusions based on these analyses are:

• Extensive variation (16 to 85 kg N/h) existed in average N leaching
across crop rotations, which was largely influenced by the type of
crops in a particular rotation. Rotations having a higher proportion
of winter cereals and semi-perennial grasses (i.e. grass, grass-clover
leys) resulted in less leaching than rotations dominated by spring-
sown crops (spring barley, maize) without catch crops. Rotations in-
cluding semi-perennial grass-clover mixtures followed by spring
crops were also prone to higher leaching.

• Soil type (texture) clearly affect N leaching under all conditions. Com-
pared to coarse sand, N leaching was 18 and 47% lower on fine loamy
sand and sandy loam soils, respectively. The effect of soil type was
more pronounced in some rotations, however, it was always in the
order of coarse sand > fine loamy sand > sandy loam.

• Increasing the manure N proportion of applied available N did not af-
fect N leaching to a noticeable level in the short-run (24-year; simula-
tion period), though variation existed among crop rotations.
Continuous application of manure N for long periods may result in
higher N leaching due to buildup of organic N in soil and mineraliza-
tion overtime, however; the effects may differ for different crops
and long-term field trials are needed to validate this claim.

• Simulation with two climates, both having relatively higher annual
precipitation (741 and 1089 mm) did not indicate clear difference in
N leaching, which indicated that the increase in precipitation might
lead to higher N leaching only if percolation is a limiting factor.

• The performance of measures (i.e. catch crops, early sowing) to
reduce N leaching varied across rotations/conditions, which was
mainly influenced by main crop, pre-crop, frequency of occurrence
of a measure in a rotation, and N uptake duration. Undersown rye-
grass reduced N leaching up to 54% during an individual leaching-
year (April to April), and it appeared to be themost effectivemeasure.
Broadleaf catch crop (i.e. crucifer – oil radish) was also quite effective
and reduced N leaching by up to 33% during a leaching-year. Since the
performance of measures vary across crop rotations/management
conditions, it is suggested that the effectiveness of measures should
be taken as relative, rather than considering the absolute potential.

This study provided N leaching estimates for a broad range of crop
management scenarios; however, this approach could further be im-
proved and extended by, (i) calibration of different catch crop type's dry
matter, N uptake and N release against multi-site and multi-year data,
and analyzing the sensitivity of N leaching reduction potential of catch
crops to local-scale agronomic practices (i.e. sowing and incorporation
time, varieties), (ii) extending the analysis across diverse climatic condi-
tions i.e. extreme dry to wet climate and soil types covering a wider
range of textural classes.
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