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Abstract: For arable stockless farming systems, the integration of catch crops (CC) during the fallow
period might be a key for closing the nitrogen (N) cycle, reducing N leaching and increasing the
transfer of N to the subsequent crop. However, despite considerable research efforts, the fate of N in
such integrated systems remains unclear. To address this, a two-year field experiment was carried out
in northern Germany with different CC, including frost-tolerant and frost-killed CC. The experiment
started following a two-year ryegrass/red clover ley, which was subsequently sown with a cereal
(CE) or a grain legume (field pea, PE). This provided two contrasting systems with high residual N
in autumn. The results showed high N uptake of the CC, ranging from 84 to 136 kg N ha−1 with
PE as the pre-crop, and from 33 to 110 kg N ha−1 with CE. All CC reduced N leaching compared
with the control, a bare fallow over autumn/winter. Of the various CC, the frost-killed CC showed
higher leaching compared with the other CCs, indicating mineralisation of the CC residue in the
later autumn/winter period. The process based APSIM (Agricultural Production SIMulator) model
was used to simulate N cycling for a cereal grain legume rotation, including a frost-killed and a frost
resistant CC. While the model simulated the biomass and the N uptake by the crops, as well as the
reduction of N leaching with the use of CC well, it under-estimated N leaching from the frost-killed
CC. The study showed that all CC were affective at reducing N leaching, but winter hard catch crops
should be preferred, as there is a risk of increased leaching following the mineralisation of residues
from frost-killed CC.

Keywords: N leaching; N uptake; legumes and non-legumes; frost-killed and frost-tolerant catch
crops; APSIM

1. Introduction

Nitrate leaching losses from intensive cropping systems are a major contributor to
elevated nitrogen (N) concentrations in waterways worldwide [1–3]. In arable systems,
the use of catch crops (CC) during the fallow period might be a key for closing the N
cycle, reducing N leaching and increasing the supply of N to the subsequent crop. The
latter is especially important in stockless systems, regardless if these are conventionally or
organically managed.

While in mixed farming systems in Europe, forage crops have traditionally been
required as an additional source to meet the feed requirements of ruminants, these have
become superfluous in specialized arable systems within the last 40 years. However, within
the last decade agricultural policies focused increasingly on the integration of CC in arable
systems. This has been driven by the ‘multifunctional benefits’ of CC, including reduction

Sustainability 2021, 13, 394. https://doi.org/10.3390/su13010394 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-2512-7668
https://orcid.org/0000-0001-5579-3798
https://orcid.org/0000-0001-8607-8551
https://doi.org/10.3390/su13010394
https://doi.org/10.3390/su13010394
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13010394
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/13/1/394?type=check_update&version=4


Sustainability 2021, 13, 394 2 of 22

of runoff and soil erosion, increases in soil C sequestration, weed suppression, a reduction
in N leaching, and in the case of a legume CC a valuable N source [4,5], and especially
Catch crops in the autumn/winter period are mandatory in Denmark, and subsidized in
Norway, Sweden, and Finland [6]. Triggered by the ‘greening direct payment strategy’ in
Germany [7], the arable land with CC is also rapidly expanding [8]. Another incentive
for growing CC are the recent fertilisation regulations in Germany [9], which permit the
application of slurry to CC (as well as to early sown winter rape and winter barley), as
these can efficiently take up the N applied through the slurry.

Many studies have been conducted to identify efficient CCs, regarding N leaching.
However, this is not an easy task, as the effectiveness depends on environmental conditions
during the growth period of the CC to ensure a high biomass growth, as well as during
the decomposition of the CC residue. The latter is important for synchronising the N
release and demand of the subsequent main crop. To enhance the growth of CC and their
potential to reduce N leaching CC are often undersown into the spring cereal [6] or as an
understorey into maize [10,11]. Non-legume CC have been found to take up as much as
200 kg N ha−1 [12], although under the climatic conditions in northern Germany values
for N-accumulation in above- and belowground biomass around 80 kg N ha−1 seem more
reasonable [13].

In stockless systems, the use of legume CC could also be valuable. However, as pure
legume CC are less effective in reducing N leaching (Couëdel et al., 2018), mixtures of
legume-non legumes have been promoted [14–16]. Based on an experiment in Switzerland
and a linear model, which estimates the contributions of species identities and interactions
on biomass, However, based on a meta-data analysis with 39 observations from irrigated
agriculture, Quemada et al. [17] found that non-legume CC reduce N leaching by 50%,
whereas legume CC and legume-non legume mixtures do not reduce N leaching. In
contrast, based on a study in Denmark, Vogeler et al. [18] found the reduction in N leaching
in CC mixtures can be as effective as non-legume CC, as long as the mixtures were balanced
with a similar proportion of non-legumes and legumes. Under conditions, where the
legume proportion was much higher than that of the non-legume, N leaching increased in
their study. These results highlight that the use of legumes within CC mixtures can increase
the risk of N leaching, especially under the maritime climate conditions of Northern
Germany, where mild temperatures in autumn promote N release from catch crop residues
and high rainfall increase the potential of N losses. Similarly, the use of freeze-killed CC
can increase the risk of N leaching, as observed by Gollner et al. [19].

Agroecosystem models are widely used for estimating the effect of farm management
on productivity and environmental impacts [20]. However, before such models can be
used for scenario analyses as a basis for farm management decisions and policy guidance,
they need to be tested based on field observations [21]. For evaluating the effect of CC,
knowledge of the amount of N uptake of the CC and the subsequent N release is required
for adjusting of N fertilization rates of the succeeding crop [22]. Among other models, the
Agricultural Production SIMulator, (APSIM; [23]) has been widely used for simulating
the effect of farm management strategies on productivity, profitability, and N losses for
many different crops [24–26]. However, while APSIM has been tested in a wide range of
environments, the model has only recently been tested for temperate zones in Europe, and
only for a few selected crops [27–30]. Several model inter-comparison studies have also
revealed that most models have considerable difficulties in simulating N dynamics in crop
rotations [20,31]. Thus, further testing is required before APSIM can be used to optimise
crop rotations with high productivity and low environmental impact. Especially the ability
of the model to capture N flows within crop rotations and catch crops needs to be tested
based on field observations.

The objectives of this study were to investigate the benefits of various catch crops
following high N input by crop residues in reducing N leaching and increasing the growth
and yield of the subsequent main crop. The hypothesis was that (i) frost-tolerant CC are
more effective in reducing N leaching compared to frost-killed CC, and that (ii) legume
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non-legume mixtures can be as effective as pure non-legume CC, while also providing a
valuable N source. Furthermore, the APSIM model was tested regarding the prediction of
(i) production levels, (ii) nitrogen leaching losses, (iii) to see if the model can capture the
effect of CC in such a system, including potential supply of N to the subsequent main crop,
and (iv) to identify potential weaknesses of the APSIM model which require attention,
when simulating complex crop sequences.

2. Materials and Methods
2.1. Study Site Description

The field experiment was carried out on the experimental farm ‘Bovenau’ located in
the Eastern Upland part of Schleswig-Holstein (54◦19′15′ ′ N, 9◦48′27′ ′ E). The historical
management of the site was arable land use with a 3-year conventional crop rotation
(winter rape (Brassica napus)–winter wheat (Triticum aestivum)–winter barley (Hordeum
vulgare)). In autumn 2012, the experimental plots were cultivated for two years with a
ryegrass-red clover mixture, which was mulched three times a year in order to provide the
following CC with high amounts of easily degradable organic N from crop residues [32].
The soil is classified as Cambisol, and has a sandy loam texture (79% sand, 16% silt and 6%
clay), an organic carbon content of 1.4%, a pH of 5.5 and a bulk density of 1.5 Mg m−3 in
the upper 300 mm. Further details are provided in the Appendix A (Table A1).

Meteorological data were obtained from a station located 0.25 km from the experimen-
tal site (Germany’s National Meteorological Service—DWD-Station 06105 “Ostenfeld”).
The average annual rainfall at the site is 826 mm, and the average temperature 8.8 oC.
Climatic conditions during the two experimental farming years (2015/2016 and 2016/2017)
are shown in Figure 1. Winter temperatures often decline to below 0 ◦C. In the winter
period in 2015/16, minimum temperatures were below 0 ◦C on 46 days and in 2016/17
on 58 days. The first frost occurred in 2015 on the 22nd of November, and in 2016 on the
26th of October.

Figure 1. Daily mean air temperature (◦C) and cumulative monthly precipitation at the experimental site during the
experimental periods from August 2015 to August 2017.

2.2. Crop Rotations and Experimental Setup

In late summer 2014, a crop rotation was established with ryegrass/red clover (Lolium
perenne/Trifolium pratense)–summer wheat (Triticum aestivum)–winter triticale (Triti-
cosecale cv. Securo)–fieldpea (Pisum sativum cv. Alvesta)–oat (Avena sativa cv. Max).
Within this crop rotation, a CC field experiment was established in May 2015. The field
experiments were carried out over two years, with August 2015 to July 2016 denoted as
2015 and August 2016 to July 2017 denoted 2016. To test the effect of the previous crop
on CC biomass production and nitrogen retention, all CC treatments were established
(on different fields) after either a cereal (CE) or a field pea (PE). In 2015 the CE was a
summer wheat and in 2016 a winter triticale, which were sown at a rate of 160 kg ha−1

and 95 kg ha−1, and the PE was sown at a rate of 260 kg ha−1. Six different catch crop
treatments and two different controls were implemented, as described below. A timeline
of the experimental sowing, biomass sampling, and harvesting is presented in Figure 2.
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Experimental plots were laid out as a split plot design (year, previous crop, cover crop)
with four replicates and a plot size of 4.5 m × 8.5 m. The design of the experimental layout
in the two years in shown in the Appendix A (Table A2).

Figure 2. Timeline of selected field operations with the main crop (MC)/pre-crop either a field pea or a cereal and catch
crops (CC) either ryegrass or ryegrass/white clover undersown in May, or white mustard, white mustard/summer vetch,
turnip rape, and turnip rape/winter vetch sown after harvest of the main crop (MC).

Three different CC species with different winter hardiness were used: a frost-killed
white mustard (WM; Sinapis alba cv. Litember), a frost-tolerant turnip rape (TR; Brassica
rapa L. var. silvestris cv. Jupiter), and a winter-hardy perennial ryegrass (RG; Lolium
perenne cv. Kubus). Seeding rates were 20 kg ha−1 for WM and RG, and 12 kg ha−1 for TR.
Additionally to these pure stands, all CC species were sown as bi-culture mixtures with
a legume. For the WM the legume was a frost-killed (summer) common vetch (WM/SV;
Vicia sativa cv. Ebena), for TR a frost-tolerant (winter) hairy vetch was used (TR/WV; Vicia
villosa cv. Ostsaat Dr. Baumann), and for the RG a white clover (RG/WC; Trifolium repens
cv. Vysoscan). For these mixtures, the seeding rates were for WM/SV 60 kg ha−1 with
83% SV (by weight); for RG/WC 13 kg ha−1 with 23 % WC; and for TR/WV 62 kg ha−1

with 81% WV. Plots under green fallow (GF; natural vegetation, volunteer pre-crop) and
bare fallow (BF) served as controls.

The RG and the RG/WC were undersown into the main crop in late May. The other
CCs (WM, WM/SV, TR, TR/WV) were sown after harvest of the main crop in late August,
and tillage to a depth of 7 cm. In March, all CC were incorporated into the soil by mulching,
roto-tilling and ploughing to a depth of 25 cm depth for seedbed preparation of the
subsequent crop. Based on the six-year crop rotation, the succeeding crops following CC
were PE after CE and oat after PE. All cover and main crops were sown with a pneumatic
drill at a row distance of 12.5 cm.

2.3. Plant Measurements
2.3.1. Catch Crops

The aboveground biomass (AGB) of the catch crops was sampled periodically during
the CC period from random quadrats (0.25 m2), by cutting the plant material to ground
level. A subsample was dried (58 ◦C for 48 h) and milled to 1 mm for C/N analyses
as described below. At each sampling date the AGB samples were separated into the
functional groups ‘non-legume cover crop’, ‘legume cover crop’, ‘volunteer crop’ and
‘unsown species’. The results give the maximum AGB for each CC, which is the maximum
AGB of each CC measured in autumn (the date on which this occurred was differed between
the CC). Figure 2 gives an overview of the above- and belowground sampling activities.

Belowground biomass (BGB) growths during the CC season was measured using
the ingrowth core method (Chen et al., 2016), with three cores per plot. For this mesh
bags (synthetic fibre net, mesh size 1 mm, diameter 4 cm, length 60 cm) were filled with
pre-sieved (≤1 mm) and root-free topsoil from the same field and placed into cores, which
were installed into the soil at an angle of 45◦ relative to the soil surface, to a vertical
depth of 30 cm. Further details are provided in [33]. The cores were sampled in short
intervals, see Figure 2. During winter the ingrowth cores were installed in November, and
remained in the soil until the end of March. After the cores were sampled, the roots were
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washed over a 0.63 mm sieve and manually separated from other soil constituents. The
cumulative root growth in the bags over the entire period provided the belowground net
primary production.

2.3.2. Main Crops

The aboveground biomass from the pre- and subsequent main crops were determined
at harvest in August from a random quadrat (0.25 m2) in each plot. Afterwards, the
commercial grain yields of each plots was measured by machine harvesting (Model Delta,
Wintersteiger AG, Ried im Innkreis, Germany) and area of 12 m2. All samples were
analyzed for C/N.

2.4. Plant and Soil Analysis

After oven drying for 48 h at 40 ◦C a subsample of the above- and belowground plant
material was milled for further analysis through a 1 mm sieve (Cyclotec mill, Foss, Hillerød,
Denmark). Subsequently all plant samples were analyzed for carbon and nitrogen and
ash contents with an elemental analyzer (Vario Max CN, Elementar, Hanau, Germany)
applying the DUMAS combustion method.

The root material was dried at 58 ◦C, milled in a ball-mill, and the C- and N-content
also determined by the ‘Dumas combustion’ method.

Soil samples were taken at monthly intervals in the top layer (0–30 cm) with a Pür-
ckhauer boring rod (inner diameter of 2 cm) to determine soil mineral N as the sum of
ammonium and nitrate (NH4-N + NO3-N = Nmin) amounts. In each plot in three replicates
were taken, and the replicated samples were mixed and then immediately frozen until
further processing. For determining possible N movement through the soil profile, addi-
tional Nmin samples were taken to a depth of 90 cm, in three depth intervals (0–30, 30–60,
60–90 cm). These samples were taken at the beginning (August), the middle (November)
and end (March) of the CC vegetation period, and in each plot. Subsamples were taken
simultaneously to determine soil C and N content.

Extractions for mineral nitrogen (Nmin) were done in a 0.0125 M CaCl2 solution, and
the extracts were determined photometrically for NO3 and NH4 using a dual channel con-
tinuous flow analyzer (San ++, Skalar Analytical B.V., Breda, Netherlands). Soil dry weight
was determined parallel by oven-drying a subsample at 105 ◦C. For the determination
of organic carbon (Corg) and total nitrogen (Nt) content soil samples were oven dried at
30 ◦C until constant weight, sieved to a size of 2 mm, ball milled (Model MM-2; Retsch
GmbH, Haan, Germany), and measured by dry ‘Dumas combustion’ in a C/N-Analyzer
(Vario Max CN, Elementar, Hanau, Germany). The soil bulk density (dB) was measured on
undisturbed soil cores (100 cm3) in different layers (15; 45; 75 cm) at the beginning and end
of the CC vegetation period.

2.5. Measurement of Nitrate Leaching

To determine N leaching over the autumn/winter period (October to April), ceramic
suction cups (Mullit, with a cup pore size of 1 µm, length of 54 mm, and diameter of 20 mm,
ecoTech. Bonn, Germany) were installed at a vertical depth of 75 cm with a vertical angle
of 60◦ to minimize preferential flow. To gather free drainage water a vacuum of 0.4 bars
was applied to the suction cups. Soil water samples were taken from November to March
at weekly intervals. In each plot, water subsamples from four cups were pooled to one
sample. Leachate samples were stored at −20 ◦C until analysis. Concentrations of total N,
NO3-N, and NH4-N were determined photometrically using a dual channel continuous
flow analyzer (SKALAR Analytical Instrument, Breda, the Netherlands). As NO3-N was
by far the dominating fraction, only these data were used for calculating N leaching. The
amount of percolating water was calculated by a climatic water balance model, using
weather and soil data gathered from the experimental site, actual evapotranspiration [34],
and specific crop coefficients [35,36] to correct for evaporation.
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2.6. APSIM Model Description

APSIM is a modular, process-based simulation framework maintained by the APSIM
Initiative (www.apsim.info). The key APSIM modules used in this study were the Sur-
faceOM and SoilN modules which simulate the dynamics of N and C on a daily time-step in
the surface and in each soil layer, SoilWat model for simulating water and solute movement,
and the crop modules wheat, oat, fieldpea and canola. The canola module with was used
for simulating the Brassica catch crops, WM and FR.

For the setup of the various crops in APSIM default parameters were used, with only
a few crop parameters changed. These changes were based on various APSIM calibrations
that have been done for Europe, including the study by Knörzer et al. [29] for fieldpea
and wheat, and the study by Hoffmann et al. [37] for canola. For the APSIM wheat model
the Cultivar Batten was used, the thermal time from the start to the end of grain filling
(Stage Code 7 to 8) was set to 790 ◦C d (within the recommended range of 500 to 800 ◦C d);
and the critical and maximum grain N concentrations were reduced from 3% to 2% and
2.5 %. For WM and TR the optimum temperature was decreased to range from 10 and
22 ◦C instead of from 15 to 25 ◦C, and for WM the radiation use efficiency was increased
from to 1.35 to 3.4 g MJ−1 [38].

2.7. APSIM Model Setup

Simulations were carried out for the following two-year crop rotation: summer wheat
(Cultivar “Batten”)–catch crop (WM; Cultivar Mustard_39)–field pea (Cultivar “Parvie”)–
catch crop–oats (Cultivar “Echidna”). A series of manager scripts [39] was used to describe
the rotation management, including tillage operations, sowing times, residue defoliations
and residue returns.

To capture the two year ryegrass/red clover ley prior to the crop rotation the Sur-
faceOM was initialised with an initial surface residue amount of 6 t ha−1 and a C:N of
20 [40]. Input variables such as tillage operations, sowing date, sowing density, were set
according to the experimental management described above. To capture the effect of cold
temperatures on the frost-killed WM, the WM was defoliated and killed in mid-December,
and mineralisation of the crop residue was initiated after this. In 2016, based on obser-
vations, a third of the biomass was already removed following frost in November. As
the biomass of the TR also decreased over winter, part of the TR biomass was likewise
removed, and then added as a CC residue. At the end of March when the soil was tilled, the
remaining TR was defoliated and killed, and the mineralisation of the crop residue again
initiated after this. For the WM catch crop, another simulation was set up to account for the
high proportion of volunteers. In this simulation, a third of the biomass was defoliated in
winter, and the remaining crop was left until tillage to mimic the growth of the volunteer.
As earlier modelling has shown that APSIM under-predicts the mineralisation of CC, a
previous developed approach, in which the mineralisation is based on the C:N of the CC
residue [41], was used. The aboveground biomass residue was added to the upper soil
layer (0–200 mm), and based on observations 50% of the root biomass was added to the
upper 300 mm, and the remaining to 300 to 800 mm. Finally, a simulation was set up to
investigate the mineralisation rate of the frost-killed WM, assuming a “worst case scenario”
regarding N leaching. In this simulation, all the N taken up by the WM until late autumn
was added to the soil after the first few days of frost as mineral N (NH4-N), assuming that
frost increases the water soluble compounds in the plant [42], 2000) and the leakage of ions
and amino acids into the soil [43].

2.8. Calculation of N Leaching Loads

Nitrate leaching loads for the two pre-crops crops and the various CC across the two-
year study were first related to the Nmin (0–90 cm) measured at the end of the vegetation
period in August minus the maximum N uptake (Nuptakemax) of the CC:

NO3-N leaching = a + b Nmin(0-90) − c Nuptakemax (1)

www.apsim.info
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with a, b, and c being regression parameters.
As a next step, the mineralisation of N over the autumn (Nminer_autumn) period was

included, as this is another source of N leaching [11]. The Nminer_autumn was calculated
from the difference in Nmin (0–90 cm) measured in August and in November in the BF.
As the rate is dependent on plant residues composition and environmental conditions,
a relationship between the N leaching load and pre-crops, as well as different years can
be established:

NO3-N leaching = a + b Nmin(0-90) + Nminer_autumn − c Nuptakemax (2)

2.9. Statistical Analysis

The data were analysed using the statistical software R (Version 3.5.1. 2020) with
the packages ‘nlme’ and ‘multcomp’. After a graphical residual analysis the data were
assumed to be normally distributed and homoscedastic. The variables of the study were
evaluated using an analysis of variances (ANOVA) based on a linear mixed model with the
fixed factors year (Y), pre-crop (PC), catch crop (CC), and their interactions while block was
assumed random. The results of the ANOVA are provided in the Appendix A (Table A2).
After that, multiple contrast tests were conducted in order to compare the different levels
of the fixed factors. Statistical significance was evaluated at p ≤ 0.05. Linear regression
analysis was done to determine the parameter values for a, b, and c in Equations (1) and (2).

3. Results
3.1. Catch Crop Biomass, N Uptake, and Carbon

The maximum AGB of the CC in autumn was quite high in both years, with averages
ranging from 1.1 to 3.9 t ha−1 (Table 1). While in 2016 the dry matter (DM) was higher
with PE as a pre-crop compared to CE, the difference was only significant with RG, TR
and TR/WV. Due to a poor establishment of the undersown RG/WC mixture in 2015,
the biomass of this undersown CC was significantly lower compared to the other CC
treatments. The carbon content was on average 42% of the DM, and ranged from 37% to
42% (data not shown). In 2016, the legume inclusion reduced the C:N, although not always
significantly. A pre-crop effect on C:N was only significant in RG, where the ratio was
higher following CE compared with PE.

The belowground biomass was in 2015 significantly higher under the RG and RG/WC,
and also significantly higher under these CC when following CE compared with PE
(Table 1). The latter is confounding by the high amount of PE volunteers under both
RG and RG/WC (Figure 4). In 2016, only the RG showed a higher belowground DM
compared with the other CCs, although this was not always significant. Most CCs showed
a significantly higher belowground DM in 2016 compared with 2015. The RG also showed
a high amount of N in the below-ground DM, but also a high C:N compared with the
other CCs.

The average amount of N in the above ground biomass of the CC ranged from 84 to
136 kg N ha−1 with PE as the pre-crop, and from 33 to 110 kg N ha−1 following CE as the
pre-crop (Figure 3). The inclusion of a legume in the CC did not increase the N in the DM
significantly, apart from the N in 2016 with RG/WC. The N in the below ground biomass
was highest in the RG and RG/WC, and lowest in the WM and WM/SV, although not
always significantly. Apart from the RG/WC there were no significant differences between
the pre-crop on the N in the below ground biomass.

The mixture composition of the CC shows a low legume content in the CC mixtures
in the first year (2015), indicating a long-term N supply from the ryegrass/red clover
which was grown for two years prior to the establishment of the study (Figure 4). Only the
WM/SV following CE showed a good establishment of the legume, constituting 22% of the
CC mixture. The poor establishment of the RG and RG/WC in the first year allowed a high
establishment of volunteers. In 2016, the percentage of legumes was, as expected, lower
with PE as a pre-crop (65% for RG/WC, 33% for WM/SV, and 6% for TR/WW), compared
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with CE (90% for RG/WC, 51% for WM/SV, and 23% for TR/WW). All CC treatments
showed good weed suppression (non-seeded plants) in autumn, with no clear difference
between the various CC (Figure 4).

Table 1. Maximum above ground dry matter of the various catch crops (CC DM; t ha−1), total above ground biomass (AGB;
t ha−1), belowground biomass (BGB; t ha−1), total dry matter (=AGB + BGB) and carbon: nitrogen in the DM, for two
different years (averages from 4 replicates and standard errors). Measurements were done in November, and either with a
field pea (PE) or a cereal (CE) as the pre-crop. RG = ryegrass, WM = white mustard, TR = turnip rape, GF = Green Fallow,
BF = bare fallow, WC = white clover, SV = summer vetch, WV = winter vetch. Lowercase letters indicate significant
difference between treatments, capital letters between pre-crop and k/j between years.

Variable Year Pre-Crop RG RG/WC WM WM/SV TR TR/WV GF BF

CC DM
(t ha−1)

2015

PE 0.45 ja

(0.23)
0.40 a

(0.23)
3.05 b

(0.18)
3.20 b

(0.89)
2.96 b

(0.32)
2.33 b

(0.63)
0.0 a 0.0 a

CE 1.44 ab

(0.18)
1.14 ab

(0.36)
3.20 jc

(0.39)
1.94 ac

(0.29)
2.46 jac

(0.38)
2.15 ac

(0.13) 0.0 b 0.0 b

2016

PE 2.76 ka

(0.23)
1.19 ab

(0.67)
2.82 a

(0.77)
1.83 a

(0.61)
2.65 Aa

(0.28)
1.74 a

(0.22) 0.0 b 0.0 b

CE 1.49 ab

(0.29)
0.29 b

(0.20)
1.48 abk

(0.27)
0.30 b

(0.13)
0.76 bkB

(0.03)
0.70 b

(0.20)
0.0 0.0

AGB DM
(t ha−1)

2015

PE 2.55 a

(0.31)
2.62 a

(0.25)
3.79 b

(0.16)
4.06 ab

(0.45)
3.34 ab

(0.15)
3.84 ab

(0.44)
2.62 ab

(0.44)
1.9 c

(0.08)

CE 1.78 a

(0.10)
1.69 a

(0.17)
3.37 b

(0.42)
2.80 jb

(0.95)
2.82 jab

(0.31)
2.44 jab

(0.21)
1.63 a

(0.25)
1.1 c

(0.03)

2016

PE 2.86 Aa

(0.20)
3.82 a

(0.53)
3.58 a

(0.48)
3.62 a

(0.48)
3.04 Aa

(0.36)
3.30 Aa

(0.48)
2.18 Aa

(0.28)
0.9 b

(0.01)

CE 1.50 Bab

(2.86)
2.87 a

(3.64)
2.05 a

(1.53)
1.78 kab

(0.26)
1.19 kBb

(0.09)
1.41 kBb

(0.10)
0.96 Bb

(0.13)
0.10 c

(0.01)

BGB DM
(t ha−1)

2015

PE 0.99 Aa

(0.12)
0.98 ab

(0.22)
0.44 bc

(0.07)
0.28 bc

(0.03)
0.47 jAb

(0.05)
0.57 jAb

(0.07)
0.40 jAb

(0.10)
0.08 c

(0.02)

CE 2.42 Ba

(0.3)
2.11 ja

(0.29)
0.51 jb

(0.27)
0.55 jbc

(0.11)
0.93 Bce

(0.13)
1.04 jBe

(0.12)
0.88 Bbce

(0.15)
0.10 d

(0.01)

2016

PE 2.54 a

(0.54)
1.56 ab

(3.29)
0.66 Ab

(0.11)
0.68 Ab

(0.06)
1.00 kab

(0.07)
1.18 kAa

(0.14)
1.01 kab

(0.14)

CE 3.46 a

(0.51)
0.58 kb

(0.10)
1.36 kbc

(0.07)
1.62 kBac

(0.27)
2.02 ac

(0.40)
1.86 kBa

(0.15)
3.00 ac

(0.73)

Total DM
(t ha−1)

2015

PE 3.54 ja

(0.35)
3.60 a

(0.21)
4.24 a

(0.22)
4.34 a

(0.48)
3.81 a

(0.14)
4.41 a

(0.42)
3.02 a

(0.47)
2.6 b

(0.10)

CE 4.2 a

(0.31)
3.80 ab

(0.41)
3.88 ab

(0.43)
3.35 ab

(0.05)
3.75 ab

(0.30)
3.48 ab

(0.32)
2.50 b

(0.33)
2.1 jc

(0.02)

2016

PE 5.40 ka

(0.38)
5.38 ab

(0.72)
4.24 ab

(0.56)
4.30 ab

(0.48)
4.04 ab

(0.41)
4.48 ab

(0.45)
3.19 b

(0.23)
0.9 c

(0.01)

CE 4.96 a

(0.41)
3.45 ab

(0.42)
3.40 b

(0.09)
3.40 ab

(0.30)
3.21 ab

(0.32)
3.27 b

(0.09)
3.96 ab

(0.72)
1.0 kc

(0.01)

C:N AGB 2015

PE 11.7 jAa

(0.78)
12.9 ab

(1.31)
15.4 ab

(1.78)
15.1 ab

(1.76)
13.5 ab

(1.79)
12.3 a

(0.58)
11.7 a

(0.52)
16.0 jb

(1.20)

CE 16.3 jBa

(0.70)
18.6 jab

(1.52)
16.4 abc

(1.67)
12.0 c

(0.36)
14.5 abc

(0.69)
13.8 bc

(0.75)
17.4 abc

(1.42)
15.9 jab

(0.83)
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Table 1. Cont.

Variable Year Pre-Crop RG RG/WC WM WM/SV TR TR/WV GF BF

2016

PE 15.6 kAa

(0.51)
11.7 b

(0.52)
16.1 ab

(1.94)
13.0 b

(0.42)
15.7 ab

(2.24)
12.4 b

(0.70)
11.9 b

(0.98)
10.8 kb

(0.34)

CE 20.0 kBa

(0.81)
11.1 kbc

(0.44)
20.8 a

(1.58)
13.0 bc

(1.52)
14.7 c

(1.14)
12.1 bc

(0.97)
13.6 bc

(1.26)
10.7 kb

(0.27)

Figure 3. Amounts of nitrogen in the above ground biomass (AGB) and below ground biomass of
the various catch crops for two different years (averages from 4 replicates and standard deviations).
Measurements were done in November, and either with a field pea (PE) or a cereal (CE) as the
pre-crop. RG = ryegrass, WM = white mustard, TR = turnip rape, GF = Green Fallow, BF = bare
fallow, WC = white clover, SV = summer vetch, WV = winter vetch. Small letters indicate significant
difference between treatments, capital letters between pre-crop and k/j between years.

Figure 4. Species separation (averages from 4 replicates) of the various catch crops (CC), with
nL = non legume and L = legume, and nsP = non seeded plants. Measurements were done in
November, and either with a field pea (PE) or a cereal (CE) as the pre-crop. RG = ryegrass,
WM = white mustard, TR = turnip rape, GF = Green Fallow, BF = bare fallow, WC = white clover,
SV = summer vetch, WV = winter vetch.

3.2. Soil Nitrogen

In 2015, soil mineral N amounts (NO3-N and NH4-N) after harvest in August were
much higher with PE as the pre-crop compared with CE (Figure 5). In November, soil
Nmin was significantly higher under BF, and significantly higher following PE compared
with CE. All CCs reduced Nmin significantly by up to 60%, due to their N uptake. Due to
the lower initial Nmin in August following CE, Nmin in November was also significantly
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lower with CE as a pre-crop compared with PE. Following the drainage period, Nmin
was lower under BF and the RG and RG/WC following PE. In the other treatments, Nmin
either remained similar or even increased, suggesting mineralisation of CC residues over
the winter period. This mineralised N is then available for the subsequent main crop. In
the second year (2016), Nmin was also lower in August following CE compared with PE,
and values were lower compared with 2015. Again, CC reduced Nmin compared with
BF in November, and by March Nmin were increased under CC. Inclusion of a legume in
the CC only resulted in higher Nmin, and thus a higher risk of N leaching in the RG/WC
compared with RG following CE.

Figure 5. Mineral soil nitrogen amounts in three different depth after harvest of the main crop
(August), and at the beginning (November) and the end of the drainage period (March) for two
consecutive years. The pre-crop was either field pea (PE) or a cereal (CE) and different catch crops
were used: RG = ryegrass, WM = white mustard, TR = turnip rape, GF = Green Fallow, BF = bare
fallow, WC = white clover, SV = summer vetch, WV = winter vetch. Small letters indicate significant
difference between treatments, capital letters between pre-crop and k/j between years.

3.3. Nitrate Leaching

In 2015, the use of CC reduced N leaching compared with BF, although this was not
significant with PE as the pre-crop (Figure 6). With CE as a pre-crop, lowest leaching was
obtained with RG, RG/WC, TR, and TR/WV, while the frost-killed WM and WM/SV
were not as effective. In 2016, N leaching was significantly reduced by the CC, apart from
the WM/SV following PE and RG/WC following CE. While leaching following PE was
higher compared with CE, this was not significant. Generally, the frost-killed WM showed
higher leaching compared with the other catch crops, especially when in combination with
a legume (SV).

The relatively high N leaching under the RG with PE as a pre-crop in 2015 is due to the
poor establishment of the undersown RG in that year. Volunteers generally showed a simi-
lar reduction in N leaching as CC. Despite the high N uptake of the CC, N concentrations in
the drainage exceeded the quality standard of 11.3 mg NO3-N l−1 with PE as the pre-crop
in 2015, apart from TR. With CE as the pre-crop all CC reduced the N concentration to
below the critical value. In 2016, both RG and TR reduced the N concentration to below
the critical value, regardless if grown in pure stand or with a legume. The frost-killed WM
was however not successful in reducing the N concentration to below the critical value.
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Figure 6. Average nitrate-N concentration in drainage water as measured by suction cups and
cumulative amount of nitrate-N leached over two drainage periods depending on the pre-crop, with
either field pea (PE) or a cereal (CE) and different catch crops: RG = ryegrass, WM = white mustard,
TR = turnip rape, GF = Green Fallow, BF = bare fallow, WC = white clover, V = vetch. The dotted
line shows the critical NO3-N concentration. Small letters indicate significant difference between
treatments, capital letters between pre-crop and k/j between years.

Regression analysis shows a positive linear relationship between the nitrate leaching
loads the difference between Nmin and N uptake Equation (1). The relationship was best
described when the two pre-corps were separated (Figure 7), with R2 of 0.58 and 0.84 for CE
and PE as pre-crops. According to this relationship, any additional kg of N taken up by the
CC results in a decrease of about 0.8 kg N ha−1. Including the mineralisation of N over the
autumn period in the regression analysis Equation (2), a positive linear relationship across
the two years and including both CE and PE pre-crops was found, with an R2 of 0.56.

Figure 7. N leaching load as a function of soil mineral N content in the upper 90 cm of the soil minus
the N taken up by the various catch crops (CC) with either a field pea (PE) or a cereal (CE) as the
pre-crop. Also shown are results which included the N mineralised over the autumn period. The
results are from two leaching periods (October 2015 to March 2016 and October 2016 to March 2017).
The dotted line shows the regression line, the broken line the 1:1 line, and the shaded area indicated
the critical N load thresholds based on drainage amount between 200 and 500 mm and a critical
N-load of 50 mg nitrate l−1.

Apart from total N leaching losses, the NO3-N concentration in the soil water perco-
lating towards the groundwater or the surface water via drainage systems is an important
factor regarding environmental impacts. In accordance with the concentration-threshold of
the EU water framework with a critical N-load of 50 mg nitrate l−1 and an average annual
drainage rate of 250 to 300 mm in the study site area of Schleswig Holstein [44], the critical
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N-load is exceeded above an annual leaching load of around 28 to 36 kg N ha−1 (indicated
as the shaded area in Figure 7). The results show that none of the CC can reduce leaching
in such high N input systems consistently to below the critical N-load, although both RG
and TR (either in pure stand or with their legume partners) are generally more efficient in
reducing the annual N leaching load compared with the frost-killed WM, despite having
similar N uptake.

3.4. Effect of Catch Crop on Dry Matter and Yield of Subsequent Crop

Apart from the reduction in N leaching the supply of N to the subsequent main crop
is a key factor for the selection of an efficient CC. There was no effect of the CC on the DM
of PE, with similar yields of all treatments, including BF (Table 2). There was also no effect
of CC on the DM of the subsequent oat in 2016, but in 2017 most CC increased the DM of
the oats. This was only significant for RG, RG/WC, WM/SV and TR. The use of CC also
did not increase the grain yield, apart from those of the oats with RG/WC as a CC. The
amount of nitrogen in the oats and peas were also not significant different in 2016, but in
2017 the use of TR/WV increased the N amount in PE, and apart from WM all other CC
increased the amount of N in oats.

3.5. APSIM Modelling of Crop Rotation

The first and important step in this modelling was to verify the model’s accuracy in
predicting crop biomass and development, including both the CC and the main crop. This
provides confidence in the prediction of water and N removed from the system via plant
uptake, and thus in the simulated N leaching losses. Results showed that simulated CC
yields agreed well with the measured data (Figure 8), with an R2 of 0.86 between measured
and predicted data, and a slope of 1.02 of the regression line (forced through the origin).
When accounting for the volunteers, which came through in the CC, APSIM simulations of
the total DM also agreed well with the measurements (R2 of 0.43 and a slope of 0.99).

Figure 8. Measured and APSIM predicted dry matter of the catch crop over the autumn/winter period
with WM = white mustard and TR = turnip rape, and for the WM the total DM including volunteers.

The simulated temporal N uptake of the CC is also within the measured range
(Figure 9) with an R2 of 0.73 and a slope of 0.81). Only the volunteers in the WM simulations
show a slightly too high N uptake in springtime.
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Table 2. Dry matter (DM), grain yield, and nitrogen of the DM of the subsequent main crop (MC), which was either oats or field pea (PE) depending on the pre-crop (either PE or a cereal
(CE) and different catch crops: RG = ryegrass, WM = white mustard, TR = turnip rape, GF = Green Fallow, BF = bare fallow, WC = white clover, SV = summer vetch, WV = winter vetch.
Lowercase letters indicate significant difference between treatments, capital letters between pre-crop and k/j between years.

Variable Year Pre-Crop MC RG RG/WC WM WM/SV TR TR/WV GF BF

MC DM
(t ha−1)

2015
PE Oats 11.9 (1.08) 11.5 (0.76) 11.7 A (0.79) 11.8 A (0.88) 10.9 (0.90) 11.8 (1.35) 11.5 A (0.65) 10.3 (1.01)

CE PE 8.2 (2.04) 8.2 (0.73) 6.2 B (0.87) 6.7 B (1.03) 8.6 (1.11) 9.5 (1.30) 7.6 B (0.62) 8.1 (0.56)

2016
PE Oats 11.1 a (0.44) 14.0 b (0.57) 9.5 ac (0.106) 11.1 a (0.53) 12.5 ab (0.70) 10.8 abc (0.84) 11.2 abc (0.69) 8.9 c (0.34)

CE PE 13.3 (1.46) 11.5 (1.04) 13.7 (2.24) 12.2 (2.13) 12.1 (1.80) 12.5 (0.41) 10.4 (1.63) 9.0 (0.95)

MC Grain
Yield(t ha−1)

2015
PE Oats 5.2 ab (0.41) 5.1 a (0.15) 4.8 ab (0.45) 5.4 ab (0.39) 4.1 b (0.06) 4.5 ab (0.49) 4.6 ab (0.25) 4.0 ab (0.48)

CE PE 4.1 (1.02) 4.1 (0.36) 3.1 (0.43) 3.3 (0.52) 4.3 (0.56) 4.8 (0.65) 3.8 (0.31) 4.0 (0.28)

2016
PE Oats 4.9 ab (0.44) 5.1 ab (0.27) 4.8 a (0.11) 4.7 ab (0.38) 5.0 ab (0.48) 5.3 ab (0.46) 4.4 ab (0.35) 4.2 b (0.12)

CE PE 6.6 ab (0.73) 5.7 ab (0.52) 6.8 ab (1.12) 6.1 ab (1.07) 6.0 ab (0.90) 6.3 b (0.20) 5.2 ab (0.81) 4.5 a (0.47)

MC DM N
(kg ha−1)

2015

PE Oats 130.0 (15.60) 122.6 A (8.05) 122.2 (11.19) 125.8 (12.07) 109.8 A

(12.74)
139.7 A

(24.20) 102.8 A (6.86) 105.8 A

(17.00)

CE PE 274.8 (53.27) 312.9 B

(33.45)
224.0 (36.08) 225.5 (28.11) 270.1 B

(22.79)
307.8 B

(31.79)
265.4 B

(21.48)
270.0 B

(17.44)

2016

PE Oats 107.3 Aab

(7.20)
140.5 Aa

(11.13)
87.8 Abc

(8.14)
112.4 ab

(5.43)
125.8 Aa

(8.48)
99.5 Aab

(6.83)
104.3 abc

(8.86)
67.2 Ac (4.26)

CE PE 299.0 Bab

(52.27)
292.7 Bab

(29.38)
317.3 Bab

(46.23)
278.0 ab

(57.08)
265.9 Bab

(30.03)
286.1 Bb

(13.12)
244.5 ab

(45.59)
189.1 Ba

(17.06)
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Figure 9. Measured and APSIM predicted N in the dry matter of the catch crop, including volunteers
in the WM over the autumn/winter period with WM = white mustard and TR = turnip rape.

The APSIM also predicts the DM, the grain yield and the grain N concentration of the
MC following the CC well (Figure 10). Only for the oats following WM, the DM and grain
yields are slightly over-predicted; and the DM of oats following TR is under-predicted.

Figure 10. Measured and APSIM predicted dry matter (DM), grain yield, and grain N concentration of the subsequent main
crop (MC), which was either oats or field pea (PE) depending on the pre-crop (either a cereal, CE, or PE) and either with a
bare fallow, or a catch crop over the autumn/winter period with WM = white mustard and TR = turnip rape.

The cumulative N leaching is well predicted for the BF in both years (Figure 11). The
model also predicts the delayed start of the leaching (compared to the bare fallow) under
the WM well, but the predicted N leaching is much lower compared to the measured
values. Furthermore, in the simulations where volunteers were included no N leaching
was predicted (simulations not shown in Figure 11). Similarly, for TR, no N leaching is
predicted by APSIM. According to the measurements, about 30% of the N taken up by the
WM is leached over the winter period, whereas for the TR only about 15% of the N taken
up is leached.

Figure 11. Measured (broken lines, with four replicates) and APSIM (solid line) predicted cumulative
nitrate leaching over two different drainage periods following a cereal in 2015 and a field pea in
2016, and with either a bare fallow over the autumn/winter period or a catch crop, with WM = white
mustard and TR = turnip rape.
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4. Discussion
4.1. Above and Belowground Productivity of Catch Crops

The above ground biomass of the CC in autumn was quite high in both years, ranging
from 1.2 to 4.1 t DM ha−1. In one of the years, the field pea as a pre-crop increased the DM
of the CC, due to increased soil Nmin after harvest. In both years, CC took up substantial
amounts of residual N, with an average ranging from 84 to 136 kg N ha−1 with PE as the
pre-crop, and from 33 to 110 kg N ha−1 following WT as the pre-crop. These amounts
are within reported values [12,13], although the potential uptake by CC depends on the
soil mineral N contents in autumn and the temperature sum from seeding of CC to the
following spring [13]. In the first year, the legume proportion of the CC mixtures biomass
was very low, apart from SV following CE. This is consistent with the relatively high Nmin
(>50 kg N ha−1) in August. In the second year, legume proportions were much larger, and
in the RG/WC the WC out-performed the RG, constituting 65 and 90% of the CC mixture.
Such an un-balanced non-legume to legume mixture, especially following WT has been
shown to reduce the effectiveness of CC regarding N leaching [18]. Based on an experiment
in Switzerland and a linear model, which estimates the contributions of species identities
and interactions on biomass, Wendling et al. [45] found that a combination of 24% of a
legume and 76% of a non-legume cover crop produced the highest biomass. The inclusion
of a legume reduced the C:N of the CC mixture, although not always significantly. Among
other constituents of plant residues, the C:N ratio has been related to the decomposition
rate [41,46]. The lower C:N of the CC mixtures with legumes can thus potentially increase
the risk of N leaching.

The below ground biomass was generally higher under the RG and RG/WC, and
also higher when these CC followed WT compared with PE. The RG also showed a high
amount of N in the belowground DM, but also a high C:N compared with the other CCs.
This is in line with the higher observed allocation of C and N to the root system of grasses
compared with non-grass species [47,48], which increases the potential for root-derived C
stabilization in soil [49,50]. The lower shoot to root ratio following CE compared to PE is
likely due to the lower N supply by the soil [51].

4.2. Leaching

The high N leaching and NO3-N concentrations above the critical N concentration
in 2015, following PE indicate that under the climatic conditions in northwest Europe
cropping of grain legumes can be problematic regarding N leaching. This is in line with
previous results, which showed high N leaching loads following legume grains [2,52].
However, more critical regarding N leaching are grass clover leys, when ploughed in
autumn [53,54]. In high N-input systems, high residual Nmin in the soil after harvest plus
mineralisation over the autumn period can be above the N uptake potential of the CC,
resulting in annual N-loads above the critical loads of nitrate of 50 mg nitrate l−1. When
frost-killed CC are used potential mineralisation of the CC residue following frost can
further increase the annual N load.

This highlights that an efficient management of N-fertilization is crucial and to mitigate
N leaching losses, high Nmin values at the end of the vegetation period should be avoided,
and N uptake in autumn should be enhanced. Apart from the use of CC, early sowing
of winter cereals and late season tillage have been suggested as options for decreasing N
leaching loads [55,56].

The high residual Nmin measured after PE confirms a high surplus of N and indicates
a high mineralisation rate after the harvest, with a much higher risk of N leaching in the
following drainage period following PE compared with CE. The use of CC reduced N
min in autumn and the risk of N leaching after both, PE and CE. The high residual Nmin
likely also resulted in the poor establishment of legumes within the CC mixtures, as they
have a low ability to compete with non-legumes on soils with a high DM N content [57].
In the second year, CC were much more effective in reducing N leaching compared with
the BF, likely due to better growing conditions for the CC with a higher DM [14]. Only
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the frost-killed WM and WM/SV following PE and RG/WC following CE showed N
concentrations in the drainage water above the quality standard of 11.3 mg NO3-N l−1. The
latter might be due to the mixture being dominated by WC, which comprised about 90% of
the CC mixture. Several studies have shown a decrease in the efficiency of CC mixtures in
reducing N leaching, with an increasing proportion of legumes in the mixture [18,58,59]. In
the case of the frost-killed CC the higher leaching could also be attributed to N mineralized
from the CC residues. As these leaves killed by frost have higher N contents compared
with senescent leaves [42], the amount of N lost through frozen leaves can be substantial,
not only via leaching but also through gaseous emissions as shown by Dejoux et al. [42]. In
general, however, the results support findings that balanced CC mixtures of legumes and
non-legumes can be as effective in reducing nitrate leaching as pure non-legume CC stands.
While in this study volunteers and weeds resulted in a similar reduction in N leaching
as the use of CC, other studies have found volunteers to be less effective than CC [60,61].
Furthermore, under the GF there was a large proportion of weeds, which can, especially in
organic systems, become problematic [61].

4.3. DM and Grain Yields of Main Crops

Despite the reduction in N leaching, none of the CC increased the DM or grain yield
of the PE compared with the BF over the autumn/winter period. This non-responsiveness
to N supply from the CC might be masked by the N fixation of PE. The DM and the N
taken up by subsequent oat was increased in one of the years by the use of CCs, while the
grain yield of the oat was not significantly increased in any of the two years, apart from
those in the oats with RG/WC as a CC. Results on the effects of CC on subsequent main
crop are very different, with both increased and decreased yields being reported [22]. A
lack of response to additional N supply from CC residues has been observed in several
studies and this has been attributed to an incomplete mineralisation of the CC N during
the growth of the subsequent main crop [14]. In temperate climates, like in NW Germany,
temperatures in spring are often low, which results in slow decomposition of CC residues,
and consequently a low use of the mineralised N by subsequent spring cereals.

The inclusion of a legume within the CC increased the DM of the oats in one of the
years compared to the pure RG and WM, but not for the TR. While many other studies
have found increased yields with legumes [12,45,62,63], the effectiveness seems to be
highly dependent on environmental conditions during the development of the CC and the
preceding drainage and leaching period.

4.4. APSIM Modelling

The APSIM predicted the dry matter, yield and N uptake by both the CC and the
subsequent main crop well. However so far, the model was only used with pure CC, and
further testing is required with CC mixtures and volunteers within the CC. The model
also simulated the N leaching under the BF well, and showed the risk of N leaching from
frost-killed CC. However, the amount of N leaching from these frost-killed CC was under-
predicted in both years, suggesting a higher rate of N mineralisation from frost effected
plant residues or roots. The discrepancies between measured and simulated N leaching
could be due to the model underestimating N mineralisation from the catch crop residue.
While the mineralisation approach used in the APSIM model for the CC residues has been
parameterised based on incubation studies with low temperatures, the potential effect of
frost on the residues might not be accounted for. The simulation run, where the N taken up
by the WM was returned as mineral N (NH4-N) shows the same initial leaching behaviour
as measured (Figure 12). This supports the hypothesis that after frost some of the plant N
becomes soluble, and the remaining N going into pools with slower mineralisation rates.
Another possibility is preferential flow of N due to changes in soil structure by the root
system and through decayed root channels [64,65]. Especially the N derived from the (tap)
roots of the frost-killed WM could move rapidly through macro-pores created by the roots
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or biological activity. The model does not account for such preferential flow yet, and to
capture such dynamic soil structure effects in models is a challenge [66].

Figure 12. APSIM predicted cumulative nitrate leaching with either a bare fallow (BF) over the
autumn/winter period or a white mustard (WM) catch crop (CC). The residue of the white mustard
was either returned to the various soil organic matter pools of APSIM based on the C:N ratio of the
residue or the N taken up by the CC was returned as mineral N (NH4-N). Cumulative measured N
leaching is also shown.

In a comparison of various process models, Yang et al. [67] also found that single
models did not simulate N leaching from CC well, but the use of a multi-model ensemble
was better at simulating N mineralisation and N leaching. Further studies are required to
test such process-based models for simulating crop rotations, and to determine appropriate
crop residues proportions and decay rates for the models’ various soil organic matter pools,
which is very difficult [22]. Furthermore, the effect of frozen leaves and roots on N losses
via leaching and gaseous emissions also needs to be considered before such models can be
used to optimise N flows in crop rotations.

5. Conclusions

This study demonstrated the effect of different catch crops and catch crops mixtures
including legumes on nitrate leaching in systems with high availability of plant residual
N. All CC reduced N leaching compared with the bare soil, but could not always reduce
the annual N load to the critical N load with respect to the EU-Nitrate directive threshold.
Winter hard catch crops should be preferred, as there is a risk of increased leaching follow-
ing mineralisation of residues from frost-killed CC. For the two pre-crop CC sequences,
the soil mineral N content at the end of the vegetation period, the N mineralisation over
the autumn period, and the autumn N uptake were the best predictors for N leaching.
While CC with high N uptake in autumn are affective at reducing N leaching, to fulfil the
requirements of the given environmental standards for water protection in the EU, high
N loads in autumn need to be avoided. Process based models, like APSIM can be used to
predict long term effects of CC on the N balance, including positive effects on the N uptake
of the subsequent crop, as well as on potential leaching. However, while APSIM predicted
crop growth and N uptake well, the model failed to predict N leaching from the frost-killed
CC. This could either be due to a higher rate of N mineralisation from frost effected plant
residues or preferential flow, which the model does not account for. So far, the model has
also only be used for pure CC stands, and not for legume-non legume mixtures. Thus,
before the model can be used to guide N-management of farming systems and increase
nitrogen use efficiency for complex crop rotations, these issues need to be resolved.
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Appendix A

Table A1. Soil properties of different soil layers of the experimental site, with dB = soil bulk density.

Depth. Sand. Silt. Clay. pH. dB. Ntot. Corg. C:N. P. K. Mg.
(mm) (%) (%) (%) (Mg m−3) (%) (%) (mg 100 g−1)

0–300 79. 16 6 5.5 1.5 0.14 1.4 10 7.0 9.1 2.9
300–600 80. 15 5 -. 1.6 0.09 1.1 12 5.2 6.6 3.4
600–900 86. 9 5 -. 1.5 0.02 0.3 15 2.2 4.2 3.9
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Table A2. Levels of significance (p < 0.05 *; p < 0.01 **; p < 0.001 ***) among the tested factors year (Y; 2015/16, 2016/17); pre-crop (PC; field pea, cereal); catch crop (CC; white mustard,
white mustard + common vetch, turnip rape, turnip rape + hairy vetch, perennial ryegrass, perennial ryegrass + white clover, green fallow, bare fallow). Maximum above ground dry matter of the
various catch crops (CC DM; t ha-1); above ground biomass (AGB DM; t ha−1); belowground biomass (BGB DM; t ha−1); total dry matter (Total DM; t ha−1); nitrogen in the above ground biomass
(AGB N; kg ha−1); nitrogen in the below ground biomass (BGB N; kg ha−1); carbon: Nitrogen ratio in the above ground biomass (AGB C:N); dry matter of the subsequent main crop (MC DM t ha−1);
nitrogen in the subsequent main crop (MC DM N; kg ha−1); grain yield of the subsequent main crop (MC GY; t ha−1); Mineral soil nitrogen contents after harvest of the previous crop in August
(Nmin Aug; kg ha−1), at the beginning (Nmin Nov; kg ha−1) and the end of the drainage period (Nmin Mar; kg ha−1) in the soil depth 0–90 cm; average nitrate-N concentration in drainage water
(NO3-N conc; ppm); cumulative amount of nitrate-N leached in the drainage period (NO3-N leaching; kg ha−1).

Factor numDF CC
DM

AGB
DM

BGB
DM

Total
DM

AGB
N

BGB
N

AGB
C:N

MC
DM

MC
DM N

MC
GY

Nmin
Aug

Nmin
Nov

Nmin
Mar

NO3-N
Conc

NO3-N
Leaching

Y 1 *** ns ** ** ns ns *** ns ns ns *** *** ns ** **
PC 1 ns * *** ns * ns *** ns * *** Ns *** ns ** **
CC 7 *** *** *** *** *** *** *** ns ns *** Ns *** *** ns *

Y: PC 1 ** ns ns ns ns ns ns ns ns * *** *** ns ** *
Y: CC 7 *** ns *** ** ns . *** ns * ns Ns *** *** ns ns

PC: CC 7 * ** *** ns *** ns *** ns ns * Ns *** ns ns ns
Y: PC :

CC 7 ns ns *** ns ns *** ns ns ns ns n ns ns * ns
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