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A B S T R A C T   

Agricultural soils are at risk of nitrogen (N) leaching especially during the fallow period in autumn and winter. 
Cover crops are grown to capture soil mineral N that otherwise would leach to the groundwater. They can serve 
as green manure providing mineral N to the cash crop in spring. We investigated whether mixing species of cover 
crops can enhance N capture and therefore reduce N leaching more effectively than pure stands in autumn 
without increasing the risk of N leaching in spring. We hypothesised that mixed species with complementary 
traits will capture more N and accumulate more biomass. It was also expected that residues from cover crops with 
higher biomass and lower C:N ratio would mineralise faster and subsequently increase N leaching in spring. In a 
4-year field experiment, cover crops were grown between August and February in a rotation with different cash 
crops. We used eight cover crop treatments, including three pure stands: radish (Raphanus sativus), vetch (Vicia 
sativa) and oats (Avena strigosa), all possible 2- and 3-species mixtures and a fallow (no cover crop). Treatment 
effects on leaching losses were estimated by analysing N concentrations in samples of leached pore water below 
the rooting zone and by modelling the volume of water leached per plot. Most N leaching occurred in autumn 
and winter while the amount of N leached in spring was negligible due to the lower precipitation. N leaching in 
autumn correlated negatively with cover crop biomass, N uptake and root length density. Radish and oats were 
the most productive species and dominated mixtures. Compared to the fallow, radish and mixtures that con-
tained radish reduced N leaching by 49–73% and were characterized by quick soil cover, high N uptake and low 
to moderate C:N ratio. Subsequently, residues from radish and mixtures containing radish mineralized quickly, 
resulting in an increase in soil mineral N in spring by 70–110% as compared to fallow. This mineral N did not 
leach in spring and was available to the subsequent cash crop. This study demonstrates the importance of species 
selection in cover crop mixtures and recommends the use of radish-based mixtures if the purpose is to reduce N 
leaching in autumn and provide mineral N in spring.   

1. Introduction 

In agricultural production, high fertilisation levels in temperate re-
gions often come with nutrient losses, especially of nitrogen (N) (Foley 
et al., 2011; Quemada and Baranski, 2013). A significant part of this N is 
often lost via leaching of nitrate (NO3

- ) as this form of N is highly mobile 
in the soil (Di and Cameron, 2002; Tilman et al., 2002). In autumn, when 
cash crops are usually already harvested in northwest Europe, N is most 
prone to leaching losses due to often significant amounts of mineral N 

that remain in the soil profile after the crop is harvested (Di and 
Cameron, 2002). Growing cover crops during this period instead of 
leaving the land fallow can prevent or at least reduce these leaching 
losses (Thapa et al., 2018; Abdalla et al., 2019). During their growth, 
cover crops take up nutrients from the soil and incorporate them into 
their shoot and root biomass (Thorup-Kristensen et al., 2003; Kaspar and 
Singer, 2011). In light soils, cover crops are terminated by the end of 
winter or in early spring and the biomass is incorporated in the soil. The 
incorporated biomass serves as green manure as upon its decomposition 
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nutrients are mineralised and become available to the succeeding cash 
crop. However, this cover crop decomposition and N mineralisation may 
cause leaching losses in spring if too much N becomes available too soon, 
before the cash crop can take it up. 

Mineral N enters the soil through mineral fertilisers, SOM decom-
position and through biological N fixation by free living N-fixing bac-
teria or in association with leguminous species. The N in the soil solution 
can be leached when the downward water flow drains the N below the 
zone that is out of reach for plant roots. Due to nutrient and water uptake 
by crops, the concentration of nutrients and the volume of downward 
water flow in the soil profile is lower in vegetated fields compared to 
bare fields (Kaspar and Singer, 2011; Blanco-Canqui, 2018). Cover crops 
have been shown to reduce nitrate (NO3

- ) leaching by 6–94%, depending 
on the type of cover crop (Kaspar and Singer, 2011). High biomass 
producing cover crops (such as grasses and crucifers) are generally 
effective in preventing N leaching. Compared to these species, legumi-
nous cover crops that fix atmospheric N2 and have a less extensive root 
system are generally less effective (Blanco-Canqui, 2018; Thapa et al., 
2018). A meta-analysis by Thapa et al. (2018) showed that, compared to 
fallow soil, non-legume cover crops reduced leaching on average by 56% 
while leguminous cover crops did not reduce leaching losses. Beside 
biomass accumulation, rooting pattern of a cover crop can have a large 
influence on the amount of N leached. Plants that root deeper can 
intercept N further down the soil profile, while a high root length density 
(RLD) facilitates uptake from a larger surface area in the soil (Thor-
up-Kristensen, 2001). 

It is known from research in semi-natural systems that increased 
plant species diversity can improve resource exploitation in the soil, 
which leads to an increased plant biomass C and N (Tilman et al., 1996; 
Fornara and Tilman, 2008; De Deyn et al., 2009; Cong et al., 2014). The 
positive effects of plant diversity are usually attributed to complemen-
tarity between plant species. Complementarity in growing strategies and 
resource acquisition can result in a more efficient capture of light, water 
and nutrients from the system as compared to pure stands (Wendling 
et al., 2017). For instance, complementarity could be related to root 
architecture (rooting depth, root length distribution) that varies widely 
among cover crop species (Bukovsky-Reyes et al., 2019). Therefore, 
mixing cover crop species with such complementary traits could lead to 
a higher nutrient uptake and reduce NO3

- leaching more effectively 
(Hauggaard-Nielsen and Jensen, 2005; Miyazawa et al., 2010; Brooker 
et al., 2015; Gaimaro et al., 2022). Including a leguminous species in a 
mixture can facilitate growth of neighbouring plants by increasing the N 
availability through lower mineral N uptake from the soil by the legume 
and by its increased N-input via biological N fixation (Blesh, 2018; Blesh 
et al., 2019; Bukovsky-Reyes et al., 2019). Because of this complemen-
tary resource use, mixtures of species with different functional traits are 
likely to have a higher biomass than expected from their monocultures 
(Weidlich et al., 2018). The higher average biomass of mixtures, as 
compared to the average of their pure stands, is known as over-yielding 
(Hector, 2006), which is usually attributed to limited interspecific and 
high intraspecific competition for resources in pure stands (Evers et al., 
2019). For cover crops, it is more relevant that the biomass of mixtures is 
directly compared to the highest yielding pure stand. Therefore, a 
desirable outcome would be that mixtures produce more biomass than 
the most productive pure stands, which is known as transgressive 
overyielding (Schmid et al., 2008). 

A higher N uptake by cover crop mixtures in autumn potentially 
results in larger N availability to the cash crop in spring (Cardinale et al., 
2007). The rate at which N from cover crops that are incorporated into 
the soil becomes available for the cash crop depends on the cover crop 
biomass quality (Bichel et al., 2017). Plant biomass with a lower C:N 
ratio is expected to be easily decomposable and to contain more N than 
the soil microbes use for their growth and thus release mineral N quicker 
(Janssen, 1996). Quick mineralisation can potentially result in leaching 
losses at the start of the cash crop growing season when N availability 
exceeds N uptake. On the other hand, more recalcitrant biomass with 

high C:N ratio could lead to N immobilisation by the soil microbes, 
thereby reducing N availability and suppressing crop growth (Thor-
up-Kristensen et al., 2003). Non-leguminous cover crops are usually less 
effective than leguminous cover crops at supplying plants with adequate 
amounts of nutrients in the spring (Thorup-Kristensen et al., 2003; 
Tonitto et al., 2006; Kaspar and Bakker, 2015; Marcillo and Miguez, 
2017). Grasses in particular have a low N content such that their 
decomposition is associated with temporal N immobilisation, and 
thereby with reduced cash crop growth (Dabney et al., 2001; Marcillo 
and Miguez, 2017). Mixtures of legumes and non-legumes are expected 
to produce high biomass with varying C:N ratio yet with C:N ratios lower 
than that of the non-legume monocultures and higher than that of the 
legume monocultures. Therefore, mixtures of legumes and non-legumes 
are expected to provide a steady release of N to the soil which could 
potentially avoid high N losses in spring while at the same time stimulate 
cash crop growth. This also raises the question if there is a trade-off 
between high N retention in cover crop biomass in the autumn, and 
thus low NO3

- leaching, and a high amount of N leaching in spring after 
the decomposition of cover crops with a high N content. 

The objective of this study was to investigate whether cover crop 
mixtures are more effective in reducing N leaching than pure stands 
during their growth in autumn, as well as after their termination and 
decomposition during cash crop growth. In a four-year field experiment 
we tested three hypotheses: 1) compared to pure stands, cover crop 
mixtures accumulate more biomass, take up more N and have greater 
RLD, 2) cover crop biomass, N uptake and RLD are negatively correlated 
to N leaching losses in autumn, 3) high yielding cover crops with low C: 
N ratio lead to the largest N losses through leaching in spring. 

2. Materials and methods 

2.1. Field design 

The field experiment was conducted on a sandy soil (83% sand, 12% 
silt, 2% clay, pH 5.3, 1.09 g kg-1 total N, 58 mg kg-1 total P of which 2.2 
mg kg-1 plant-available P, and 91 mg kg-1 K; Nergena, Wageningen, The 
Netherlands, 51◦59′42.7′′N, 5◦39′35.7′′E). Drainage pipes installed 
under the entire field at 100 cm deep. The drainage system discharge 
directly to a nearby open ditch. The field had a history of a conventional 
arable rotation. In 2016, before the start of the field experiment, winter 
wheat was grown on the entire field. 

The field experiment consisted of eight cover crop treatments: three 
monoculture species, all possible 2- and 3- species mixtures of these 
monoculture cover crops and a fallow treatment. The cover crop species 
were radish (Raphanus sativus), vetch (Vicia sativa) and oats (Avena 
strigosa). Cover crop seeds were provided by three seed suppliers (Van-
dinter Semo B.V., P.H. Petersen Saatzucht GmbH, and Joordens Zaden B. 
V.). The same vetch cultivar SV25 was used in all years. For oats, we 
used cultivar Exito (2016 and 2019), Panache (2017) and Pratex (2018). 
For Radish, we used cultivar Doublet (2016 and 2019), Angus (2017) 
and Valencia (2018). The eight treatments were replicated five times in 
a complete randomised block design in plots of 60 m2 (10 m × 6 m). 
Before sowing, the seedbed was prepared to a depth of 8 cm with a 
power harrow. The cover crops were sown on the 15th, 28th, 16th and 
16th of August in 2016, 2017, 2018 and 2019, respectively. Seeds were 
sown with a 3 m wide no-till seed planter (Rabe Turbo drill, Germany) 
with a row spacing of 12.5 cm and at a depth of 2 cm. Based on the 
recommendation of the seed providers, seeding rates for radish, vetch 
and oats were 30 kg ha-1, 110 kg ha-1 and 90 kg ha-1, respectively. 
Species were mixed with a replacement design, using 50% and 33% of 
seeding rate of each species in pure stands to create 2- and 3-species 
mixtures, respectively. To ensure good establishment, plots with cover 
crops were fertilised shortly after sowing with calcium ammonium ni-
trate (CAN: 27% N - 6% CaO - 4% MgO; 30 kg N ha-1). The fallow plots 
were not fertilized because, as a common and realistic practice, cover 
crops are fertilized, and bare soils are not. 
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The three growing seasons of the cover crops lasted from August 
until February of the next year (Fig. 1). No further growth was observed 
at cover crop termination. By the end of the winter, cover crops were 
chopped and incorporated into the top 5 cm of the soil using a cultiva-
tion machine. Each year, a different cash crop was grown after the cover 
crops. Cash crops were grown in all plots including the fallow plots. In 
2017, maize (LG 31.211, supplied by Agrifirm) was fertilised with 300 
kg K ha-1 (Kali60), 59 kg P ha-1 (Triple superphosphate) and 95 kg N ha-1 

(CAN). Herbicide was applied to maize as roundup to avoid weed 
growth between the rows. Due to a drought in the Netherlands, the 
maize was irrigated on 20–6–2017 with 30 mm. In 2018, potato (variety 
“eersteling”) was fertilised with 110 kg N ha-1 (CAN), 46 kg P2O5 ha-1 

and 60 kg K2O ha-1. In 2019, barley (variety “IRINA”) was fertilised with 
60 kg N ha-1 (CAN). 

2.2. Cover crop biomass 

To quantify cover crop productivity of the different treatments, cover 
crop aboveground biomass was sampled in November of each year (at 
peak standing biomass, 12 weeks after sowing; Fig. 1). Plant biomass 
was cut just above the soil surface from two randomly allocated 1 m2. 
The border of each plot was avoided during the sampling. Plant material 
was washed, dried at 70 ◦C for 48 h and weighed. Weeds were removed 
from all samples. Root biomass was sampled from the same locations as 
aboveground biomass. In 2016, cover crop root biomass was estimated 
by sampling the roots with a 12 × 30 cm2 metal frame with a 30 cm 
depth. The metal frame was placed perpendicular on the rows in order to 
include multiple rows in the sample. In 2017–2019, four root cores 
(8 cm in diameter and 30 cm deep) were extracted from each plot, two 
cores within rows and two between rows. Each core was divided into 
three depth layers, 0–10 cm, 10–20 cm and 20–30 cm. In each plot, 
samples from the four cores were pooled together by depth. Samples 
were rinsed with water using a 0.5 mm sieve to separate roots from soil 
and adhering organic material. Roots were then picked with tweezers, 
dried at 70 ◦C for 48 h and weighed. A fresh root subsample from each 
plot was stored in alcohol and stained with “Natural Red” dye to be 
analysed for RLD and specific root surface area using WinRhizo; an 
image analysis software specialized in root morphology (WinRHIZO Pro 
2013e; Bouma et al., 2000). All dried plant materials were ball-milled 
and the concentration of C and N in shoot and root were determined 
using combustion in an ElementAnalyser (Flash EA 1112, Thermo 
Scientific). 

2.3. Pore water collection 

Pore water collection and analysis was done on eighteen dates be-
tween May 2017 and January 2020 (Fig. 2). MacroRhizon tubes were 
used to collect pore water with minimum disturbance of soil structure 

(Rhizosphere Research Products B.V., Wageningen, The Netherlands). 
Each MacroRhizon tube is one meter long and contains a porous suction 
cup from one end with a pore size of 0.15 µm. At the other end of the 
tube there is a female luer lock that is suitable to attach a syringe. At the 
west side of each plot, three MacroRhizon tubes were inserted in aug-
ured holes with an angle of 45◦ and at a depth of 70 cm below the soil 
surface. At this depth, there were no growing roots. On each sampling 
day, a syringe was attached to the luer lock at the end of each Macro-
Rhizon tube and a vacuum was created by fixing a wooden retainer to 
the syringe. After 24 h, transparent pore water samples were collected 
and pooled together per plot then stored in a freezer at − 20 ◦C. All 
samples were analysed for NO3

- and NH4
+ concentrations using an 

AutoAnalyzer (SEAL QuAAtro SFA system, Beun- de Ronde B.V. 
Abcoude, The Netherlands). The frequency of collecting leachates was 
around once per month, when sufficient rainfall was predicted (Fig. 2). 
Sufficient rainfall meant at least 5 mm of rain predicted for the next 
24 h. In total, pore water was sampled 18 times over the entire period of 
the experiment. 

2.4. Leachate estimation 

We used the Soil Water Atmosphere Plant (SWAP) model to estimate 
leaching losses at the plot scale (Kroes et al., 2017). SWAP simulates the 
water movement and root water extraction in the soil, which we used to 
estimate the total volume of water percolation to the subsoil for the 
entire period between May 2017 and January 2020. 

Rainfall and temperature data were obtained from a weather station 
of Wageningen University (the Veenkampen; 51◦58’53.4"N 
5◦37’13.7"E) located nearby (3 km) our field experiment; reference 
evapotranspiration data were obtained from the KNMI (Royal Dutch 
Meteorological Institute). Per treatment in each year, the average of 
percentage soil cover by cover crops and the relative distribution of RLD 
at depth were used as crop input in the model. The percentage of soil 
covered by each cover crop was determined according to Elhakeem et al. 
(2019). In short, photos of soil cover were taken every week in each plot 
from two fixed positions using a camera that was mounted on a metal 
frame (1 × 0.75 m2). The fraction of soil covered by plants was analysed 
using DIPimage toolbox for image analysis in MATLAB (MathWorks, 
2013). Subsequently, a logistic model was fit to the observed soil cover 
fractions then the time when 50% of maximum soil cover was reached 
(T50%) was obtained from the model. Based on soil type, data of the soil 
hydraulic properties were obtained from the handbook of SWAP (Kroes 
et al., 2017). The initial soil water status was assumed at field capacity in 
the first simulation in 2017. The end values of each simulation were used 
as the initial values for the following simulation. For instance, the end 
values of soil water status after the simulation of maize in 2017 was used 
as the initial values of soil water status in the simulation of cover crops in 
season 2017/2018. Simulation of water infiltration, redistribution, and 

Fig. 1. Timeline of the field experiment. Dark dotted bars indicate the cover crop growing season, diagonally striped bars the cash crop growing season. Light waved 
bars indicate time during cash crops and cover crops, at which soil was prepared for the following crop. Arrows indicate the moment of cover crop subsampling. 
Triangles indicate the timing of fertilisation of the cover crop and cash crop. 
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percolation in the soil is based on the Richards equation (Kroes et al., 
2017). Root water extraction is based on the potential transpiration, root 
density distribution and the drought reduction function (Feddes et al., 
1978). Groundwater levels were estimated based on data from a 
groundwater well in the vicinity (51◦59’54.6"N 5◦39’47.7"E, ~400 m 
distance from field experiment). In the first SWAP simulation for maize 
2017, groundwater depth was set to 180 cm below soil surface. 
Groundwater level during the following crops was extracted from the 
output file of the previous SWAP simulations. During the experiment, 
groundwater depth varied between 180 and 100 cm below soil surface. 

The amount of N leached in each plot at each date was calculated by 
multiplying the mineral N concentration in the pore water and the 
simulated volume of water leached on that day (24 h). We summed the 
N leached (kg N ha-1 day-1) over the 18 measured dates to investigate the 
cumulative effect of cover crop treatments on N leaching. The amount of 
N leached was also divided into two periods: during the cover crop 
season (September to February) and during the cash crop season (March 
to August). The amount of N leached measured over 18 days does not 
equal the actual total amount of N leached throughout the experiment. 
The yearly total amount of leached N could not be measured in our 
design. Hence, our measurements are snap shots of the N leaching in the 
peak days when downward water flow was expected due to sufficient 
precipitation. 

2.5. Bulk density and soil mineral N 

Bulk density of the top-soil (0–20 cm) was measured in each plot at 
the start of the field experiment in August 2016. An intact soil core (from 
10 cm depth) was taken by inserting a metal ring of 100 cm3 volume. 
Subsequently the soil was dried at 105 ºC to determine the dry weight of 
the soil volume sampled. To determine soil mineral N, samples were 
collected on the day of cover crop sowing (August), cover crop sub-
sampling (November) and cover crop incorporation (February or March) 
from each plot. At each sampling time we pooled seven random samples, 
to a depth of 20 cm, of each plot together. Soil samples were dried at 
40 ◦C for 48 h, sieved over 2 mm and subsequently extracted with a 
0.01 M CaCl2 extraction (Houba et al., 2000). Afterwards, the extracted 
solutions were analysed for NO3

- + NO2
- and NH4

+ using the Segmented 
Flow Analysis (SFA) system (SEAL QuAAtro SFA system, Beun- de Ronde 

B.V. Abcoude, The Netherlands). 

2.6. Data analysis 

All statistics were carried out in R version 3.5.1 (R Core Team, 2018). 
Figures were made using the packages ggplot2 (Wickham, 2016) and 
cowplot (Wilke, 2019). We tested the effect of cover crop treatment 
(factor, eight levels) on biomass, N uptake, C:N ratio, RLD and N 
leaching using linear mixed effects models with the function lme from 
the package nlme (Pinheiro et al., 2019) with ‘block’ as a random factor. 
Significance was determined with analysis of variance (ANOVA). 
Normality and homogeneity of model residual variances were assessed 
by Shapiro-Wilk and Levene’s tests, respectively. Data that violated the 
assumption of normality were transformed using power transformation 
then checked again for normality. To determine significant differences 
among cover crops, a Tukey’s honestly significant difference posthoc 
test (HSD) was used, with the function emmeans (Lenth et al., 2019) and 
CLD from package multcomp (Hothorn et al., 2008). For the correlation 
between N leached and cover crop parameters, we fitted non-linear (nls) 
models y = aebx; where a is the intercept of the curve and b is the slope of 
the curve. For each curve, the hypothesis that model parameter b is 
different from zero was tested. 

3. Results 

3.1. N leaching 

The estimated cumulative amount of N leached over all 18 sampling 
dates varied among cover crop treatments (Fig. 3, F7,28 = 6.46, 
p < 0.001). Most N was leached from fallow plots, yet that amount was 
not significantly different from the amount of N leached from plots with 
vetch, vetch-oats mixture and the three-species mixture. Compared to 
fallow, plots with radish, oats, vetch-radish mixture and oats-radish 
mixture leached significantly less mineral N (Fig. 3). 

When separating estimates of N leached over the different growing 
seasons (Fig. 4), it became clear that the amount of N leached during the 
cover crop growing seasons (autumn and winter) was substantially 
greater than that during the cash crop growing seasons (spring and 
summer). The amounts of N leached during the cash crop seasons were 

Fig. 2. Timeline of the field experiment and the observed temperature, and rainfall (top) and the modelled estimated downward flow (bottom). The top bar indicates 
the crop rotation with cover crops (CC) and the three different successive main crops. The black arrows indicate the time of pore water sampling. 
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negligible. There was very little or no downward water flow during 
spring and summer, while this amount was greater in autumn and 
winter. Hence, the large difference between seasons in the estimated 
amount of leached N was mainly caused by the downward flow of water 
per day rather than the concentration of mineral N in the leached 
samples (Tables 1 and 2). This was different for the variation among 
treatments: N concentrations in the collected leachate varied among 
treatments in autumn and winter (Table 2). So, the difference among 
cover crop treatments in the amount of N leached in these seasons was 

caused by variation in both the N concentration in the leachate and the 
volume of downward flow of water. 

In 2017, the highest cumulative amount of leached N was under the 
fallow plots. Compared to fallow, only plots with oats-radish mixture 
had significantly lower values of cumulative N leached with 0.49 kg N 
ha-1 day-1 (F7,28 = 2.93, p = 0.020). In 2018, the amount of leached N 
was similar for all cover crop treatments. In 2019, the highest amounts 
were from fallow and vetch plots (F7,28 = 26.42, p < 0.001). Except for 
vetch in 2019, all cover crop treatments leached less mineral N than the 

Fig. 3. Accumulated amount of N leached from 18 measuring days between 2017 and 2020. Samples were collected from plots of eight cover crop treatments. Bars 
with the same letter are not significantly different (P > 0.05; Tukey HSD test). 

Fig. 4. Accumulated amount of N leached (kg 
N ha-1 day-1) during the cash crop growing 
season (upper panels; March - August) and 
within the cover crop growing season (lower 
panels; September - February). Samples were 
collected from eight cover crop treatments: R 
(radish), O (oat), V (vetch), all possible combi-
nations and a fallow (Fal). The different shades 
of green represent the sampling days. Bars with 
the same letter are not significantly different 
(P > 0.05; Tukey HSD test); ns = no significant 
difference.   
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fallow plots. In the same year, the lowest cumulative amounts of leached 
N were from the plots with radish and all mixtures that contained radish, 
ranging from 0.02 to 0.06 kg N ha-1 day-1. Oats and the vetch-oats 
mixture had intermediate amounts of cumulative N leaching which 
were similar to that of vetch but significantly lower than that of fallow. 

3.2. Downward water flow 

The amount of downward water flow differed across years and that 
was mainly due to the variation in the amount of precipitation. Sum of 
precipitation in 2018 was 662 mm, which is 20% and 26% lower than 
that in 2017 (905 mm) and 2019 (833 mm), respectively (Supplemen-
tary Table 1). During 12 weeks of growth, the cover crops received 229, 
154 and 243 mm of precipitation in 2017, 2018 and 2019, respectively. 
Obviously, 2018 was a dryer year with a lower downward flow of water 

as compared to the other years. The major difference in the amount of 
downward water flow was between the fallow and the cover crop plots 
(the fallow having the highest flow), whereas the difference was minor 
among plots with cover crop treatments (Table 1). 

The percentage of soil cover by cover crops over time (Table 3) was 
used to model downward water flow. Cover crops covered the soil fastest 
in 2018, a bit slower in 2019 and were much slower to cover the soil in 
2017 (Table 3). On average, cover crop treatments reached 50% of the 
maximum soil cover (T50%) at 6.2, 3.0 and 3.9 weeks after sowing in 
2017, 2018 and 2019, respectively. Radish was always the quickest 
species to establish and cover the soil, followed by oats and vetch. 
Mixtures had an intermediate T50% as compared to their component 
species. Therefore, mixtures containing radish were always quicker in 
covering the soil and had a smaller T50% than a mixture without radish 
(vetch-oats mixture). 

Table 1 
Modelled downward water flow under eight cover crop treatments calculated with SWAP. Only data for days at which we also measured concentration of N in the 
downward water are shown.  

Downward water flow (m3 ha-1 day-1)  

2017 2018  
May 18 June 6 July 1 Sept 15 Oct 1 Oct 23 Nov 20 Jan 15 Feb 12 May 1 

Radish (R) 1.33 0.00 0.00 55.79 1.06 1.22 10.00 15.18 10.64 3.48 
Oat (O) 1.33 0.00 0.00 55.76 1.18 1.24 10.08 15.18 10.62 3.48 
Vetch (V) 1.33 0.00 0.00 55.76 1.21 1.26 10.05 15.18 10.65 3.48 
VR 1.33 0.00 0.00 55.76 1.13 1.22 10.02 15.18 10.63 3.48 
VO 1.33 0.00 0.00 55.77 1.21 1.27 10.13 15.18 10.64 3.48 
OR 1.33 0.00 0.00 55.76 1.09 1.20 10.01 15.18 10.63 3.48 
VOR 1.33 0.00 0.00 55.76 1.16 1.23 10.03 15.18 10.63 3.48 
Fallow 1.33 0.00 0.00 67.29 6.26 5.68 13.57 17.11 13.03 3.48 
Downward water flow (m3 ha-1 day-1)  

2019 2020  
Feb 8 May 3 June 6 Sep 11 Oct 1 Nov 4 Dec 13 Jan 16 

Radish (R) 21.16 0.02 0.00 1.51 6.96 6.60 27.56 12.93 
Oat (O) 21.16 0.02 0.00 2.03 10.23 6.54 27.56 12.93 
Vetch (V) 21.26 0.02 0.00 2.01 9.21 6.57 27.55 12.93 
VR 21.17 0.02 0.00 1.60 7.19 6.61 27.56 12.93 
VO 21.16 0.02 0.00 2.05 10.02 6.58 27.57 12.93 
OR 21.16 0.02 0.00 1.66 7.28 6.59 27.56 12.93 
VOR 21.16 0.02 0.00 1.80 7.55 6.55 27.56 12.93 
Fallow 25.47 0.02 0.00 13.54 33.89 11.09 30.91 16.46  

Table 2 
Concentration of mineral N in the collected leachates measured for eight cover crop treatments. Values with the same letter within the same sample date are not 
significantly different (P > 0.05; Tukey HSD test). Asterisks indicate significant variation between cover crop treatments within the same sample date (* p < 0.05, 
** p < 0.01, *** p < 0.001 and ns = no significant difference).  

Mineral N in leachate (mg L-1)  

2017 2018  
May 18 June 6 July 1 Sept 15 Oct 1 Oct 23 Nov 20 Jan 15 Feb 12 May 1 

Radish (R) 18.8 ab 20.9 ab 13.7 11.7 15.1 a 2.9 a 0.1 a 0.0 a 0.0 a 20.8 
Oat (O) 23.9 ab 25.8 ab 17.6 15.0 23.5 ab 17.0 b 3.0 b 0.2 a 2.0 abc 18.4 
Vetch (V) 24.9 ab 20.0 ab 15.8 20.1 28.5 ab 34.6 d 30.0c 2.8 b 2.2 bc 12.1 
VR 23.2 ab 22.8 ab 14.2 16.8 26.0 ab 4.6 a 0.2 a 0.2 ab 0.7 abc 12.1 
VO 30.3 b 30.4 b 23.6 17.3 21.0 ab 21.4 bc 2.2 ab 0.1 a 0.8 abc 39.2 
OR 17.4 ab 14.4 a 15.2 10.4 22.1 ab 0.6 a 0.1 ab 0.0 a 0.1 ab 25.0 
VOR 32.8 b 31.5 b 20.0 20.4 32.1 b 5.8 a 0.0 a 0.0 a 0.0 a 27.8 
Fallow 14.5 a 13.8 a 8.6 20.7 19.9 ab 28.0 cd 30.4c 3.0 b 3.2c 21.0 
p **t ***t ns nst * *** ***t ***t ***t nst 

mineral N in leachate (mg L-1)   
2019       2020  
Feb 8 May 3 June 6 Sep 11 Oct 1 Nov 4 Dec 13 Jan 16 

Radish (R) 13.0 3.6 8.0 12.0 1.2 ab 0.2 a 0.1 a 0.3 ab 
Oat (O) 18.4 6.1 12.4 6.2 7.5 b 0.3 ab 0.1 a 0.1 a 
Vetch (V) 22.9 3.7 4.1 2.7 8.4 b 6.9 cd 3.0 bc 9.0c 
VR 10.9 7.4 10.5 7.7 1.1 a 0.2 ab 0.2 a 2.9 bc 
VO 16.9 7.1 3.3 7.9 6.7 b 2.2 bc 1.6 b 4.9c 
OR 8.9 2.8 2.7 2.8 3.5 ab 0.1 a 0.1 a 0.1 a 
VOR 9.0 3.8 6.1 4.3 1.0 ab 0.2 ab 0.1 a 0.9 ab 
Fallow 8.1 14.3 3.5 7.1 8.4 b 15.0 d 7.5c 5.7c 
p ns nst ns nst ***t ***t ***t ***t  

t Analysis was conducted after power transformation. 
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3.3. Cover crop biomass and N yield 

Total cover crop biomass measured in November varied among the 
cover crop treatments (F6108 = 57.9; p < 0.001) and among the years 
(F3108 = 83.7; p < 0.001). There was a significant interaction between 
cover crop treatments and years (F18,108 = 4.2; p < 0.001). Averaged 
over cover crop treatments, 2017 was the least productive year with an 
average biomass of 2.9 Mg ha-1 (Fig. 5). Biomass of cover crops was 
significantly higher in the other years ranging from 4.9 to 6.0 Mg ha-1 in 
2016 and 2019, respectively. The relatively lower biomass in 2017 is 
directly related to the delayed sowing date that was 2 weeks later than in 
the other three years. Subsequently, the accumulated growing degree 

days (AGDD) during the 12 weeks of cover crop growth were 20% lower 
in 2017 (AGDD = 667) as compared to the average the other three years 
(ranging from 809 to 856). Among the pure stands, radish and oats were 
the most productive species and vetch consistently produced less. For 
the three pure stands, the lowest biomass was accumulated in 2017 and 
the highest biomass was accumulated in 2019. 

All mixtures accumulated similar biomass to that of their most pro-
ductive component species. For instance, in 2016, oats was the most 
productive species, thus all mixtures containing oats had a biomass 
similar to oats. In the same year, radish accumulated less biomass than 
oats and therefore only the mixture without oats (vetch-radish mixture) 
had a biomass similar to radish but also accumulated less biomass than 

Table 3 
Percentage of soil cover measured between 2 and 8 weeks after sowing (WAS) and the time when 50% of maximum soil cover was reached (T50%). A lower T50% value 
indicates more rapid increase in soil cover.  

Year Species Percentage of soil covered by cover crops T50% 

2WAS 3WAS 4WAS 5WAS 6WAS 7WAS 8WAS WAS 

2017 Radish (R) 1 4 11 31 61 85 96 5.7 
Oat (O) 1 2 6 16 37 65 85 6.5 
Vetch (V) 0 1 5 14 36 66 87 6.5 
VR 1 2 8 24 53 81 94 5.9  
VO 1 2 5 13 30 54 76 6.9  
OR 1 2 8 26 58 85 97 5.8  
VOR 0 2 6 18 45 75 92 6.1 

2018 Radish (R) 32 76 95 98 99 99 99 2.4  
Oat (O) 29 64 88 96 98 99 99 2.6  
Vetch (V) 6 15 32 57 78 90 94 4.7  
VR 26 67 91 97 99 99 99 2.6  
VO 12 41 77 94 98 99 99 3.2  
OR 29 75 95 98 99 99 99 2.4  
VOR 23 58 86 96 98 99 99 2.8 

2019 Radish (R) 19 51 82 95 98 98 99 2.9 
Oat (O) 5 13 30 53 75 89 95 4.9 
Vetch (V) 5 16 43 75 92 97 99 4.2 
VR 14 40 73 91 97 99 99 3.3  
VO 5 14 34 62 83 94 98 4.6  
OR 12 34 65 86 95 97 98 3.5  
VOR 10 29 59 83 94 97 98 3.7  

Fig. 5. Cover crop biomass (shoot + root) sampled at maximum standing biomass in November in four years 2016–2020. Error bars represent ± SE. Within each 
year, bars with the same lower-case letter are not significantly different. Years with the same upper-case letter are not significantly different (P > 0.05; Tukey 
HSD test). 
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oats (F6,24 = 13.1; p < 0.001). The relative contribution of vetch to 
mixtures’ biomass was on average 11%. Radish and oats produced 
around 89% of the biomass when mixed with vetch. In the mixture that 
contain both radish and oats, radish contributed to 2/3 and oats 
contributed to 1/3 of the biomass. 

Similar to biomass, N uptake by cover crops (shoot + root) varied 
among cover crop treatments (F6108 = 15.0; p < 0.001) and years (F3108 
= 39.8; p < 0.001; Fig. 6). Years with low biomass productivity also 
showed low N uptake and vice versa. Averaged over the cover crop 
treatments, N uptake ranged from 82 kg N ha-1 in 2017 to 142 kg N ha-1 

in 2019. N uptake in 2018 followed the same pattern but in 2016, 2017 
and 2019, the N uptake by the three pure stands was similar. This was 
mainly because vetch, the legume species with poor biomass accumu-
lation, had the highest N concentration (ranging from 3.2% to 3.8%) in 
its biomass. The N concentration was significantly lower in the most 
productive species, radish (N ranging from 1.6% to 2.6%) and oats (N 
ranging from 1.5% to 2.4%). 

All mixtures took up similar amounts of N as their most productive 
component species. In 2016, radish had the lowest N uptake with 
72 kg N ha-1 (F6,24 = 2.6; p = 0.043), which was significantly lower than 
vetch-oats mixture that captured 108 kg N ha-1. In the other three years, 
vetch-radish mixture took up the highest amount of N that ranged from 
136 to 187 kg N ha-1 in 2017 and 2019, respectively (2017: F6,24 = 6.4; 
p < 0.001; 2018: F6,24 = 8.7; p < 0.001; 2019: F6,24 = 4.4; p = 0.004). 
These amounts of captured N by vetch-radish mixture were higher than 
those captured by oats, vetch and their combinations in 2017, and 
higher than N captured by vetch in 2018 and 2019. 

The combination of high N concentration and low biomass accu-
mulation of vetch resulted in the lowest C:N ratio that ranged from 11 in 
2016 to 14 in 2018 (Fig. 7; F6107 = 47.3; p < 0.001). In contrast, oats 
combined low N concentration and high biomass accumulation; there-
fore, oats had the highest C:N ratio that ranged from 18 in 2017 to 29 in 
2016. Radish intermediate vetch and oats with a C:N ratio that ranged 
from 16 in 2017 to 24 in 2016. There was a pattern that the C:N ratio of 
each mixture was similar to that of its most productive component 
species. Some exceptions were shown where the C:N ratio of a mixture 

was similar to the least productive component species (i.e., vetch). In 
2019, vetch-radish mixture (C:N 13) and the three-species mixture (C:N 
14) had similar C:N ratios to vetch (C:N 12) that were lower than that of 
radish (C:N 18) and oats (C:N 22; F6,24 = 25.5; p < 0.001). Moreover, in 
2016 and 2019, vetch-oats mixture had an intermediate C:N ratio (C:N 
23 and 18, respectively) that was significantly lower than that of oats (C: 
N 29 and 22, respectively; 2016: F6,24 = 27.6; p < 0.001). 

3.4. Root length density 

The relative distribution of root length density (RLD) in different soil 
depths was used as a crop input for SWAP model. RLD over depth (in cm 
root cm-3 of soil) varied significantly among cover crop treatments 
(Table 4; F6,80 = 15.1; p < 0.001) and years (F3,80 = 3.4; p < 0.001). On 
average, RLD over depth was lowest in vetch and vetch-oats mixture and 
about twice as high in radish and all mixtures with radish. In 2017 and 
2018, all cover crop treatments had the highest RLD in the top 10 cm of 
soil and RLD gradually decreased with depth. In 2019, the highest RLD 
was also in the top 10 cm, but the deepest soil layer (20–30 cm) had a 
higher RLD than the middle layer (10–20 cm). The distribution pattern 
of RLD across soil depths varied among species. In 2017 and 2018, 
radish showed a steep reduction in RLD with depth, while this reduction 
was less steep for vetch and oats. All mixtures had similar RLD distri-
bution as that of their most productive component species. 

3.5. Soil mineral N 

Soil bulk density was measured to calculate mineral N (Nmin) as kg N 
ha-1; bulk density ranged from 1.45 to 1.53 g cm-3. In August, before 
sowing of the cover crops, the level of Nmin in the soil was always higher 
than that in November when the biomass of cover crops reached its peak 
(Table 5). Soil Nmin levels increased again in March after cover crop 
incorporation and before the sowing of the cash crop. 

Before the sowing of the cover crops in August, soil Nmin levels were 
similar in all cover crop treatments except in 2017. In this year, plots 
with vetch-radish (36 kg N ha-1) and plots with three-species mixture 

Fig. 6. Cover crop N uptake (shoot + root) measured at maximum standing biomass in November in four years 2016–2020. Error bars represent ± SE. Within each 
year, bars with the same lower-case letter are not significantly different. Years with the same upper-case letters are not significantly different (P > 0.05; Tukey 
HSD test). 
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(29 kg N ha-1) started with higher soil Nmin levels than plots with oats 
(13 kg N ha-1; F7,28 = 3.7, p = 0.006). 

At the peak of cover crop biomass in November, soil Nmin level was 

the lowest in the (non-fertilised) fallow plots. These amounts were not 
different from soil Nmin levels in (fertilised) plots with oats. Vetch was 
the only treatment that consistently had a higher soil Nmin level than 

Fig. 7. C:N ratio of cover crop biomass measured in November in four years 2016–2020. Error bars represent ± SE. Within each year, bars with the same lower-case 
letter are not significantly different. Years with the same upper-case letters are not significantly different (P > 0.05; Tukey HSD test). 

Table 4 
Root length density (cm cm-3 soil) of cover crops at maximum standing biomass in November 2017–2020 from three depths. The last column in each year (0–30 cm) is 
the average of the three layers. Values with the same letter within each layer are not significantly different (P > 0.05; Tukey HSD test). Asterisks indicate significant 
variation between cover crop treatments within the same layer (* p < 0.05, ** p < 0.01, *** p < 0.001 and ns = no significant difference).   

2017 2018 2019 

Cover Crop 0–10 cm 10–20 cm 20–30 cm 0–30 
cm 

0–10 
cm 

10–20 cm 20–30 cm 0–30 
cm 

0–10 cm 10–20 cm 20–30 cm 0–30 
cm 

Radish (R) 24.5 b 4.4 b 2.9 b 10.6 cd 33.6c 9.7 3.6 ab 15.6 cd 8.9 7.1 8.1 8.0 
Oat (O) 8.2 a 5.0 b 3.4 b 5.5 bc 8.5 ab 7.8 4.8 ab 7.1 abc 11.2 7.2 7.1 8.5 
Vetch (V) 4.7 a 1.3 a 1.1 a 2.3 a 6.0 a 4.0 1.8 a 3.9 a 10.3 3.5 4.3 6.0 
VR 31.4 b 7.1 b 2.4 b 13.6 d 46.2c 9.1 5.3 b 20.2 d 9.5 6.4 6.8 7.5 
VO 7.5 a 3.3 b 2.6 b 4.5 ab 8.0 ab 6.0 4.4 ab 6.1 ab 11.1 6.3 7.6 8.4 
OR 21.7 b 5.1 b 3.1 b 10.0 cd 20.4 bc 8.6 5.4 b 11.5 bcd 13.2 9.1 9.0 10.4 
VOR 28.7 b 4.4 b 2.3 b 11.8 cd 11.7 ab 7.9 5.6 b 8.4 abcd 8.6 6.7 10.9 8.7 
p ***t ** ***t ***t ***t nst * ***t ns ns ns ns  

t Analysis was conducted after power transformation. 

Table 5 
Soil mineral N (kg N-NO3 + N-NO2 + N-NH4 ha-1) measured for eight cover crop treatments. Values with the same letter within each sample date are not significantly 
different (P > 0.05; Tukey HSD test). Asterisks indicate significant variation between cover crop treatments at each sample date (* p < 0.05, ** p < 0.01, 
*** p < 0.001 and ns = no significant difference).   

2016   2017     2018   2019    

Cover crop August November March August November March August November March August November 
Radish (R) 32.9 7.9 a 35.5 c 22.7 ab 10.6 b 27.2 45.2 22.5 38.4 abc 37.1 19.1 ab 
Oat (O) 30.1 6.7 a 20.9 ab 12.7 a 9.4 ab 18.6 45.8 19.7 26.8 ab 30.5 18.8 ab 
Vetch (V) 33.2 13.1 b 27.2 bc 17.5 ab 11.2 b 19.1 40.1 23.0 29.7 ab 31.4 26.8 b 
VR 31.8 8.5 a 38.7 c 36.3 b 11.3 b 27.7 47.8 23.1 41.8 bc 32.8 23.1 b 
VO 31.1 9.7 ab 30.6 abc 16.8 ab 11.0 b 29.7 50.9 22.1 33.6 abc 33.6 19.8 b 
OR 34.2 8.3 a 33.2 c 26.4 ab 10.7 ab 25.4 56.0 19.4 50.6 c 31.3 16.8 ab 
VOR 31.2 7.7 a 28.8 bc 29.3 b 11.4 b 22.7 42.3 17.1 45.1 bc 29.6 18.2 ab 
Fallow 33.4 8.3 a 19.8 a 15.3 ab 7.4 a 14.8 44.3 17.5 21.8 a 31.0 13.7 a 
p ns ***t  ***t  **t  *t  ns nst ns ***  ns ***   

t Analysis was conducted after power transformation. 
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fallow. All plots with mixtures had the same soil Nmin values as the pure 
stand of their most productive component species. 

Incorporation of most cover crops in March, increased the Nmin 
values significantly compared to the fallow plots with an amount of 
20 kg N ha-1 in 2017 (F7,28 = 8.1, p < 0.001) and 22 kg N ha-1 in 2019 
(F7,28 = 5.3, p < 0.001). These amounts of Nmin in the fallow plots were 
not different from those in plots with oats and oats-vetch mixture. Plots 
with a vetch legacy had intermediate amounts of Nmin that did not differ 
from that of plots with a legacy of oats. Plots with a legacy of radish and 
all mixtures with radish had the highest soil Nmin in spring that ranged 
from 29 to 39 kg N ha-1 in 2017 and from 34 to 51 kg N ha-1 in 2019. 

3.6. Relationship between cover crop biomass, N uptake, root length 
density and N leaching 

In 2018, it was not possible to investigate the response of N leaching 
in autumn to changes in cover crop biomass, N uptake and RLD as there 
was only leaching in winter (February 2019), but no N leaching in 
autumn 2018. In both 2017 and 2019, the accumulated amount of N 
leached during sampling days in autumn was negatively correlated to 
cover crop biomass (Fig. 8A and D). N leaching in autumn reduced with 
increased RLD in 2017 (Fig. 8C) and with increased N uptake in 2019 
(Fig. 8E). The same relationships were observed when the concentration 
of mineral N in leachate samples was used instead of the total amount of 
N leached (Supplementary Fig. 1). There was no relation between the 
same aforementioned parameters and the amount of N leached in spring 
as the SWAP model predicted either very little or no leaching in this 
period of the year. 

4. Discussion 

In this study we compared the effectiveness of different cover crop 
species and species mixtures in reducing leaching of soil mineral N. 
Growing a cover crop generally reduced N leaching as compared to 
fallow plots. Furthermore, we found that the effectiveness of a cover 
crop mixture to capture mineral N in autumn and winter depended on 
the species identity rather than on the number of species sown. In most 
instances, radish and mixtures containing radish were the most effective 
cover crop treatments to reduce N leaching. This species is characterized 
by quick soil cover, high biomass accumulation and N uptake. Therefore, 
the concentration of mineral N in downward water flow was consistently 
lower under plots cultivated with radish and radish-mixtures. Using the 
fallow as a reference, radish and radish-mixtures reduced N leaching by 
49–73% and increased the availability soil Nmin in March by 14–24 kg N 
ha-1. To our knowledge, this is the first multi-year field study reporting 
results on N leaching under cover crop species and species mixtures in 
the Netherlands. Here, we highlighted the significance of including 
radish-based cover crops in the crop rotation to reduce N leaching in 
autumn and winter. 

In contrast to our hypothesis, mixtures did not accumulate more 
biomass than their respective pure stands, i.e., transgressive over-
yielding did not occur. The premise that mixtures are more productive 
than pure stands is based on the assumption that mixed species would 
explore different niches and capture more resources (Vandermeer, 
1992). This complementarity for resources acquisition and yield 
advantage was repeatedly reported in earlier studies on semi-natural 
systems and food crops (Tilman et al., 1996, 2006; Knops and Tilman, 
1999; Fornara and Tilman, 2008; Cong et al., 2014, 2015; Yu et al., 
2015; Li et al., 2020; Xu et al., 2020). However, for cover crops, it is 
more evident that the most productive species in a pure stand would 

Fig. 8. Estimated amount of N leached in autumn and winter as dependant on cover crop biomass (A and D), N uptake (B and E), and root length density measured 
from the top 30 cm soil layer (RLD; C and F) in 2017 (A-C) and 2019 (D-F). Each point is the sum of the estimated amount of N leached during six (2017) or five 
(2019) sample dates during the cover crop growing period. 
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dominate the mixture when mixed with a less productive species, which 
is known as the selection effect (Loreau and Hector, 2001; Elhakeem 
et al., 2019). Dominance of one species or complementarity between 
combined species are both influenced by crop management. For 
instance, species of cover crops are mixed within-the-row with close 
proximity to maximize the benefit of niche differentiation. However, if 
the chosen species have considerably different rates to establish and 
cover the soil, then the slower species will be overgrown and out-
competed (Elhakeem et al., 2019). Fertilization is another decision 
related to crop management that can influence complementarity and 
dominance within a species mixture. Wendling et al. (2017) showed that 
high yielding species, such as crucifers, are efficient in N uptake and 
accumulate biomass quickly, and therefore fertilization would enhance 
their growth and dominance over their companion species with a slower 
growth. Thus, complementarity is more explicit when resources are 
limited (Wendling et al., 2017). In our field, cover crops were fertilised 
with 30 kg N ha-1 to kickstart their growth. This application may have 
enhanced the initial growth of radish and oats and increased their 
dominance over vetch. Subsequently, biomass and N uptake of mixtures 
were similar to that of radish and oats in pure stands, even though less 
seeds were sown per species in the species mixtures as we used a 
replacement design. This corroborates findings of earlier studies that 
found that crucifer-legume mixtures take up equally as much N as cru-
cifers grown in pure stand (Elhakeem et al., 2021a, 2021b; Creissen 
et al., 2016; Couëdel et al., 2018). Earlier studies on food crops often 
alluded to deeper rooting in mixtures as to explore a larger soil volume 
for nutrient uptake and N leached to deeper layers (Li et al., 2006; 
Andersen et al., 2014). Nevertheless, due to the selection effect, the RLD 
of cover crop mixtures was not greater than that of pure stands. Based on 
these results, we refute our first hypothesis that mixtures, in general, 
accumulate more biomass, take up more N and have a greater RLD. 

We showed that biomass accumulation, N uptake and RLD are 
negatively correlated with the amount of leached N. Specifically, cover 
crop biomass had the strongest negative correlation with N leaching as 
compared to N uptake and RLD. The three plant parameters are related 
to each other and thus were expected to result in a similar correlation 
with N leaching. However, this was not always found due to the higher 
variation in data of N uptake and RLD as compared to the biomass data. 
Therefore, we partially accept the second hypothesis, stating that cover 
crop biomass accumulation, N uptake and RLD are negatively correlated 
with N leaching in autumn. 

Contrary to our expectation, species with a high biomass and low C:N 
ratio did not increase N leaching in spring, after being incorporated into 
the soil. Therefore, we refute our third hypothesis, although we have to 
bear in mind that results could differ in years with more downward 
water flow in spring. For instance, earlier studies from the United States 
reported that N release after radish is sensitive to the amount of pre-
cipitation (Dean and Ray, 2009; Ruark et al., 2018; Gaimaro et al., 
2022). On the one hand, soil moisture enhances decomposition and N 
release from plant tissues, and on the other hand, N losses increases in 
wet conditions. We showed that the amount of N leached in spring under 
all plots was negligible in three subsequent years (2017–2019) due to 
the low downward flow of water, which is mainly related to the lower 
precipitation in spring (40–60% less precipitation) than in autumn and 
winter (Supplementary Table 1). Although in our study mixing cover 
crop species did not enhance biomass quantity, biomass quality (C:N) 
did show significant shifts between monocultures and mixtures. Our 
results suggested that, in some instances, adding vetch to a mixture can 
improve cover crop quality (lower C:N ratio) even when vetch is over-
grown by its companion species. This finding is in agreement with a 
recent study on cover crops showing that mixtures on average produce 
similar amounts of biomass but with a lower C:N ratio as compared to 
the most productive pure stands (Elhakeem et al., 2021b). Yet, the 
mechanism underlying this result is not clear. Cover crop seeds were 
mixed using a replacement design, therefore the number of plants from 
the dominant species in a mixture was either 1/2 or 1/3 of that in pure 

stand. Perhaps the lower intraspecific competition in mixtures, as 
compared to pure stands, improved N capture by the individual plants. 
With a lower C:N ratio, residue from mixtures can mineralize quicker 
and increase mineral N in the soil. This statement is supported by our 
data on soil mineral N in March 2017 and 2019 (Table 5). Furthermore, 
it is known that cover crops containing radish can create legacies in the 
soil such that soil microbial communities change in composition and 
activity thereby enhance decomposition and N mineralisation (Barel 
et al., 2018, 2019). Compared to the fallow, radish-based mixtures 
significantly increased the availability of mineral N in spring by an 
average of 70% and 110% in 2017 and 2019, respectively. The higher 
availability of soil mineral N in spring can partially replace N input from 
external sources and is expected to enhance the yield of the subsequent 
cash crop as shown earlier (Barel et al., 2018; Abdalla et al., 2019; Chu 
et al., 2017). 

The practical implications of our results for farming practices is that 
radish and radish-based mixtures are favourable when the purpose of 
growing a cover crop is to reduce N leaching. Radish-based species 
showed quick growth, high N uptake, great biomass accumulation and 
so reduced N leaching by 49–73%. Fertilization of cover crops should be 
avoided as it might increase N losses and encourage the dominance of 
one species in the mixture, which is not desirable. Evidence was pro-
vided that litter quality is improved in mixtures. Particularly, litter from 
radish-based mixtures mineralized quickly, leaving more soil mineral N 
available for the subsequent cash crop. To test whether growing radish- 
based mixtures can improve the total N budget and N use efficiency 
additional investigations are required to also include other N pathways, 
such as the yearly amount of leached N, N volatilization, N deposition 
and N fixation. 
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