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During the fallow period between two cash crops, nutrients that are left in the soil can be leached.
These nutrients will be lost for the following cash crop and they can decrease the quality of ground
and surface water. Growing a green manure (GM) crop in the fallow period can prevent nutrient
leaching. Higher GM biomass production is hypothesised and confirmed to increase nutrient uptake.
Creating spatial and genetic diversity is expected to increase GM crop performance in terms of
biomass production and nutrient uptake. To assess the effects of spatial diversity, performance of
GM crops was measured at the edge and in the middle of strips, in a strip cropping system; and
horseradish, black oat and vetch were grown in mixtures and monocultures, to assess the effects
of genetic diversity. Contrary to expectations, the edges of the strips performed worse, compared
to the middle. This was most likely caused by indirect competition from the fully established cash
crops, grown in the strips adjacent to the GM strips. However, when two GM strips were adjacent
to each other, the edges did perform better, indicating potential for spatial diversity to increase GM
biomass production and nutrient uptake. Green manure mixtures did not perform significantly better
in comparison with monocultures, nor significantly worse. In this study we only look at performance
in terms of biomass production and nutrient uptake. However, mixtures can also have other benefits,
like increased biodiversity, decreased pest pressure and improved soil structure. Since the mixtures
did not decrease productivity, these other benefits might justify the use of GM mixtures.

1. Introduction

conservation of soil moisture and reduction of diseases (Cherr
et al., 2006; Fageria, 2007). However, GM crops can also
pose a disadvantage, when too much nutrients are stored and
not released at the right time for the succeeding cash crop.
This depends mainly on the carbon/nitrogen (C/N) ratio and
management of the GM crop residue (Fageria et al., 2005).
Most benefits, provided by green manure crops are related
to their biomass production (Ramirez-Garcia et al., 2015;
Finney et al., 2016; Murrel et al., 2017). It has been
hypothesized and confirmed that mixtures of GM crops have
the ability to produce more biomass compared to sole crops
(Tosti et al., 2014; Barel et al., 2017; Wendling et al., 2019).
However, this strongly depends on which crops are used in
the mixtures (Murrel et al., 2017). Different GM crop types
have various benefits and disadvantages. Legumes fix
nitrogen, making them profitable both to the succeeding cash
crop (Fageria, 2007; Möller & Reents, 2009; Büchi et al., 2015;
Tribouillois et al., 2016; Couëdel et al., 2018) and to other GM
crops they are grown with in a mixture (Poffenbarger et al.,
2015; Barel et al., 2017). However, some legumes are not
winter hard and can release nutrients too early for uptake by
the succeeding cash crop (Cicek et al., 2015). Crucifers can
forage for nutrients in deeper soil layers, because of their deep
tap root (Thorup-Kristensen et al., 2003; Dean & Weil, 2009;
Tribouillois et al., 2016) and they have the ability to suppress
pest, pathogens and weeds via the process of biofumigation
(Couëdel et al., 2019), but they can be competitive to legumes
(Couëdel et al., 2018). Grains and grasses quickly cover the
soil, making them a good weed control and erosion prevention
crop, that also stores nutrients efficiently (Fageria, 2007;
Ramirez-Garcia et al., 2014; Bukosvsky-Reyes et al., 2019).
Combining species in mixtures can provide the benefits of all

Leaving agricultural land bare in the autumn/winter period
between two cash crops, has multiple negative effects. Since
this is also the period with the highest percolation, nutrients
that are left in the soil can be leached and are lost for the
following cash crop (Thorup-Kristensen et al., 2003). Leaching
of nutrients also decreases the quality of potable ground water
and it causes eutrophication of surface waters (Justes et al.,
2012; Aronsson et al., 2016), which in turn causes a loss of
biodiversity (Cook et al., 2018). Furthermore, bare soils
facilitate the growth of weeds and they are prone to wind and
water erosion (Askegaard et al., 2011; Zhao et al., 2017).
Growing a green manure (GM) crop during this fallow
period is gaining interest (Mauro et al., 2013), since it can
prevent many of these negative effects. The GM crop takes
up nutrients and decreases downward movement of water in
the soil by means of transpiration, preventing nutrients from
leaching (Catt et al., 1998; Vos & Van Der Putten, 2004;
Willumsen & Thorup-Kristensen, 2001; Plaza-Bonilla et al.,
2015; De Notaris et al., 2018). Nutrients stored in the GM crop
mineralize in spring, when the crop is incorporated into the
soil, and can be taken up by the succeeding cash crop,
increasing the yield and reducing the need for external
fertilizer (Fowler et al., 2004; Fageria et al., 2005; Rinnofner
et al., 2008). Furthermore, GM crop biomass provides organic
matter to the soil (Ding et al., 2006; Shackelford et al., 2019).
The GM crop covers the soil during the fallow period and can
thus prevent weed growth and erosion (Brust et al., 2014; De
Baest et al., 2011). Additional advantages of GM crops can be
soil carbon sequestration (Poeplau & Don, 2015; Shackelford
et al., 2019), increased cropland diversity (Altieri, 1999),
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(Fageria, 2007; Couëdel et al., 2018), when the mixture is well
balanced and uses species complementarity and does not
promote competition (Ramirez-Garcia et al., 2014; Barel et al.,
2017; Murrel et al., 2017; Wendling et al., 2017). Also,
legumes have a lower C/N ratio and crucifers and grains a
higher C/N ratio (Möller & Reents, 2009; Couëdel et al., 2018).
A mixture can thus have a favourable biomass composition
with an intermediate C/N ratio, which can improve the
synchronization of the release of nutrients by the GM crop and
the demand for nutrients by the succeeding cash crop
(Poffenbarger et al., 2015; Couëdel et al., 2018).
To increase biomass production, a better understanding is
needed of how certain green manure mixtures function,
compared to sole crops. Studies on functioning and
composition of GM mixtures are limited (Barel et al., 2017;
Murrel et al., 2017).
Besides the use of mixtures, to increase biomass
production and thus nutrient uptake, strip cropping as a
management strategy can also have a positive effect on crop
productivity (Smith & Carter, 1998; Glowacka, 2013; Jakhar et
al., 2015; Labrie et al., 2016). In strip cropping two or more
species are grown in alternate, multi-row strips, wide enough
to allow independent cultivation, but narrow enough to support
ecological interactions (Glowacka, 2014; Labrie et al., 2016).
Crops grown in strips could potentially produce higher
biomass due to the edge effects with the adjacent strips. The
adjacent crop could enhance or relax competition (Stomph et
al., 2019), of which the effects are most prominent in the
border rows (van Oort et al., 2020), and provide different light
availability, where strip cropping can increase the radiation
use efficiency (Gao et al., 2010; Mahallati et al., 2015).
Production can also potentially be higher in strip cropping
systems, since pest pressure can be lower in these systems,
due to an increase in abundance and diversity of natural
enemies (Sherawat et al., 2012; Labrie et al., 2016). The strips
can further function as a barrier, stopping pests from crossing
over to the next crop (Bouws & Finckh, 2008; Labrie et al.,
2016). This positive effect of strip cropping on productivity
could also work for GM crops. However, very little is known
about GM crops grown in strip cropping systems.
Most studies on green manure crops are focused on above
ground biomass production and nutrient uptake (Möller &
Reents, 2009; Dean & Weil, 2009; Poffenbarger et al., 2015;
Wayman et al., 2015; Finney et al., 2016; Martina et al., 2017;
Murrell et al., 2017; Wendling et al., 2019). Very little is known
about below ground interactions and root distribution of GM
crops (Munkholg & Hansen, 2012). Since root structure and
root biomass production and nutrient uptake contribute
strongly to the benefits of GM crops, it is an objective of this
study to investigate these.

The main objective of this study is to assess the effects of
growing green manure crops in mixtures and in a strip
cropping system on biomass production, nutrient uptake and
root distribution.
2. Materials and methods
2.1. Site description and experimental design
This study was conducted in the winter of 2019-2020 at
the business unit Field Crops of Wageningen University and
Research (52°54’N, 5°56’E, -4m asl), the Netherlands. The
mean temperature at this location is 10,9°C and the average
total annual precipitation 650 mm (30 years average, 19902019). Two field experiments were used, a long term organic
strip crop experiment (SC-exp), consisting of two separate
fields, and a conventional green manure experiment (GMexp). The soil type in both experiments is sandy loam, with
17% clay and 21% silt. In the SC-exp the strips are 3.15 meter
wide and 60 meter long; in the GM-exp plots are 3.15 meter
wide and 20 meter long. In both experiments GM crops were
grown in monocultures and mixtures, following a complete
randomized block design with four replicates. No fertilization,
weeding or pest control was used for the GM crops.
In the SC-exp four treatments were used for growing black
oat (A. strigosa cv Pratex) and horseradish (A. rusticana cv
Cassius): the reference treatment (Ref-time), consisting of
three adjacent strips sown with a monoculture; the
monoculture treatment (Strip), with single strips of a
monoculture; the variety mixture treatment (Strip-var), single
strips sown with a mixture of two or three different varieties of
the main crop and the additive treatment (Strip-add), single
strips sown with a broad mixture of the main crop and some
other GM crops. In the GM-exp black oat (A. strigosa cv
Partex), horseradish (A. rusticana cv Terranova) and vetch (V.
sativa cv Amalia) are grown in monocultures and in a mixture.
Additionally, a broad mixture with multiple GM crops is grown.
See Table 1 for details on the treatments and Annex 1 for a
design layout.
2.2. Measurements and analysis
Shoot and root biomass were assessed in a plot of 0.25
m2. In this plot shoot biomass was cut at 1-2 centimetre above
the soil. In the same plot 6 root samples were taken, with an
auger having a diameter of 8 centimetre and that goes to a
depth of 15 centimetre; 3 samples were taken in the planting
rows and 3 between the rows. In the SC-exp this
measurement is repeated in the middle and the edge of the
strips. The soil is washed off the roots. Both shoot and root
material were dried at 70°C for at least 48 hours, after which
the material was weighted to determine the dry weight. This

Table 1
Meta data of the treatments used in this study. See Table 2 for the composition of the mixtures.

Field Nr.

GM crop

J10 & J8
J10 & J8
J10 & J8
J10 & J8
J10 & J8
J10 & J8
BH207
BH207
BH207
BH207
BH207

Black oat
Black oat mix
Solanum TR Eco
Horseradish
NemaControl
SolaRigol TR
Horseradish
Black oat
Vetch
Green manure mix
SolaRigol TR

Sowing density
(kg/ha)
70
70
50
40
30
35
30
80
125
83
40

Sowing date
26-08-2019
26-08-2019
26-08-2019
20-09-2019
20-09-2019
20-09-2019
22-08-2019
22-08-2019
22-08-2019
22-08-2019
22-08-2019

Previous
crop
Barley
Barley
Barley
Onion
Onion
Onion
Peas
Peas
Peas
Peas
Peas

Harvesting date
previous crop
05-08-2019
05-08-2019
05-08-2019
30-08-2019
30-08-2019
30-08-2019
30-07-2019
30-07-2019
30-07-2019
30-07-2019
30-07-2019

Adjacent crop
Sugar beet
Sugar beet
Sugar beet
Carrot/Buckwheat
Carrot/Buckwheat
Carrot/Buckwheat
-

Harvesting date
adjacent crop
14-11-2019
14-11-2019
14-11-2019
14-10-2019
14-10-2019
14-10-2019
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Table 2
Composition of the mixtures.

Mixture
Solanum TR Eco TerraLife®
NemaControl - TerraLife®
SolaRigol TR - TerraLife®

Black oat mix
Green manure mix

Crops (% seed share in mixture)
Horseradish cv Cassius (5) + Black oat cv Exito (10) + Egyptian clover cv Axi (10) + Vetch cv Marianna (15) +
Phacelia cv Stala (3) + Flax cv Bildtstar (4) + Lupine cv Kadryl (10) + Niger cv unknown (8) + Tillage radish cv
Strucator (5) + Field pea cv Arvika (5) + Bird’s foot cv unknown (10) + Ethiopian mustard cv unknown (15)
Horseradish (cv Radetzky (33), Trident (33) and Black Jack (33)) + English rye cv Option (1)
Black oat cv Exito (20) + Egyptian clover cv Axi (6) + Vetch cv Marianna (35) + False flax cv unknown (1) +
Flax cv Bildtstar (7) + Niger cv unknown (15) + Tillage radish cv Structator (14) + Ethiopian mustard cv
unknown (2)
Black oat (cv Luxerial (50) and Pratex (50))
Black oat cv Pratex (30) + Horseradish cv Terranova (10) + Vetch cv Amalia (60)

material was also used to determine the nitrogen (N),
phosphorus (P) and potassium (K) content of the GM crops.
This was partly done by Eurofins Agro (method: Em:
SPZ2:(Gw NEN 6966)) and partly in the lab at Wageningen
University (method: Houba et al., 1989). Shoot and root
biomass and NPK content were converted to yield in grams
per square meter.
In the GM-exp soil samples were taken before sowing of
the green manure crops and again during the experiment. In
the SC-exp soil samples were taken only once, during the
experiment. In the SC-exp samples were taken in the middle
and the edges of the strips. Soil samples were taken at 0-15,
15-30, 30-60 and 60-90 centimetres depth, to determine the
available N content of the different soil layers. On each plot 12
samples were taken, of which a subsample was used for
analysis. Analysis was done by Eurofins Agro (method: Em:
SPZ2:(Gw NEN 6966)) and in the lab at Wageningen
University (method: Houba et al., 1989).
Bulk density samples were taken in the SC-exp at 0-15
and 15-30 centimetre depth. Samples in deeper soil layers
were taken in 2018. These deeper samples were not taken in
every strip, so they were averaged. Bulk density was used to
convert percentage N in the soil to amounts in gram per
square meter. In the GM-exp standard bulk density values
were used for this (Locher & De Bakker, 1990).
Root structure is examined with the pinboard method
(Schuurman & Goedewaagen, 1965). One root structure
image was collected per treatment.
Soil cover was assessed only in the SC-exp, with the
Canopeo application, which uses colour ratios of blue to
green, red to green and an excess of green index, to
determine the fractional green canopy cover in a picture of the
soil (Patrignani & Ochsner, 2015). Pictures of a 0,25 m2 frame
were used for this.
In Annex 2 a timetable can be found for the dates of
sampling.
2.3. Data analysis
The effects of spatial and genetic diversity of the GM crops
were analysed using a one-way ANOVA with a Tukey HSD
multiple pairwise-comparison. When the results were not
normally distributed, a Kruskal test was used. Analysis was
done in R (R Core Team, 2019). Differences were considered
statistically significant when p levels were ≤ 0,05. For the SCexp field factor was accounted for, because this experiment
was spread over two separate fields.
Since the soil nutrients in the SC-exp were only
determined during the experiment, it could not be determined
whether leaching had taken place in this experiment.
However, this could be calculated for the GM-exp and since
the fields of both experiments were located closely together
the leaching conditions were assumed similar.

To compare the 3 monocultures in the GM-exp with the
mixture of these crops, 1/3 of the performance of the
monocultures had been taken and added, since in the mixture
each crop is represented equally:
Mono33 = (black oat * 1/3) + (horseradish * 1/3) + (vetch * 1/3)

The carbon (C) content of the GM crops was calculated
with a biomass C conversion factor of 50% of the dry matter
weight (Pettersen, 1984).
In the Ref-time treatment of the SC-exp samples were
taken at the edges, bordering the cash crop, hereafter referred
to as outer-edge, and at the edges within the three adjacent
GM strips, hereafter referred to as inner-edge. To determine
the relative deviation of the edges from the middle of the strips
the following equation was used:
relative deviation = (edge - middle) / middle
In order to make spider graphs, the average relative difference
between treatments had been determined, using the following
equation:
average treatment 1 / average of all treatments
3. Results
First, I present an overview of the effects of spatial
diversity on biomass production and nutrient yield. This
focusses on strip cropping only, since in the SC-exp
measurements had been done to compare the edge of a strip
with the middle. Secondly, the effect of genetic diversity on
biomass production, nutrient uptake, C/N ratio and root
distribution is shown. For this both experiments have been
used, and in the SC-exp we only look at the middle of the
strips.
3.1. Effects of spatial diversity
There are no significant differences in root and shoot
biomass production between the edges and the middle of the
strips. This counts for all treatments and green manure crops
in the SC-exp. However, in Fig. 1a and 1b, it can be seen that
in most cases the edges do perform worse, compared to the
middle (70% of the points are below the zero line). Though,
the inner edges in black oats, from the Ref-time treatment, are
performing better in comparison with the outer edges (all black
oat Ref-time-inneredge points are above the zero line in Fig.
1a); nevertheless, we do not see this for the inner edges of
horseradish (Fig 1b). The same trend can be found for NPK
yield of the GM crops. In Fig. 1c and 1d 73% of the points are
below the zero line and in Fig. 1c all Ref-time-inneredge points
are above the zero line. However, here the shoots of the Stripvar treatment of horseradish even have a significantly lower
NPK yield at the edges (N: p=3,6*10-3; P: p=6,3*10-7; K:
p=2,4*10-4), compared to the middle. Also, the NPK content in
the roots for the Strip-add treatment of black oat is significantly
5

Fig. 1. Strip crop experiment. Biomass production for black oat (a) and horseradish (b) and total NPK content for black oat (c) and horseradish (d),
11 weeks after sowing for black oat and 7 weeks after sowing for horseradish, expressed as the relative deviation of the edges of the strips, from the
middle of the strips. When data points are below the zero line, the performance at the edges was lower in comparison with the performance in the
middle of the strips.

lower at the edges, compared to the middle; and the N content
in the roots of black oat in the Ref-time treatment is
significantly lower in the outer edge, compared to the inner
edge (Annex 3). So, in this study, having an edge adjacent to
a fully established crop, in this case sugar beets, carrots or
buckwheat, is not beneficial for biomass production and
nutrient yield of the GM crops.
3.2. Effects of genetic diversity
3.2.1. Biomass production
In both the GM-exp and the SC-exp there are no significant
differences in shoot and root biomass production between the
different treatments; except in the GM-exp the shoot biomass
of black oat is significantly higher (p=3,1*10-3) in comparison
with the other treatments, and in the SC-exp the shoot
biomass of the Strip-add treatment in horseradish is
significantly lower (p=1,1*10-3), compared to the other three
treatments (Annex 4). Though, 29% of the individual
observations for root biomass production in the mixtures are
higher than the best performing monoculture. Individual
observations for shoot biomass production are never higher in
the mixtures, compared to the best performing monocultures.

So, overall we can see, when biomass production is higher
with increasing genetic diversity, this is protruded in the roots,
not in the shoots.
3.2.2. Nutrient uptake
For the nutrient uptake, we find the same image as for
biomass production. There are no significant differences
between the treatments; except in the SC-exp, where the NPK
yield of the shoots in the horseradish Strip-add treatment is
significantly lower (N: p=9,4*10-4; P: p=8,5*10-4; K: p=1,2*103
) in comparison with the other treatments (Annex 5). 20% Of
the individual observations for root NPK yield in the mixtures
are higher than the best performing monoculture, which never
happens for the shoot NPK yield. So, higher NPK yield with
increased genetic diversity is also protruded in the roots, not
in the shoots.
At the time of sampling no leaching occurred in the GMexp, since for all treatments at that moment N in the crop plus
available N in the soil is higher than the available N in the soil
before sowing. We assume, this is also valid for the SC-exp
and for other nutrients.
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Fig. 2. Strip crop (a) and green manure experiment (b). Available N in the soil and average N yield in the GM crops, 11 weeks after sowing for black
oat, 7 weeks after sowing for horseradish and 14 weeks after sowing for the GM-exp.

Fig. 2 shows the amount of N left in the soil and the N yield
of the GM crops. In most cases more than 50% of the available
N is taken up by the green manure crops. In general GM crops
with a higher biomass production also took up more of the
available N. In the GM-exp it can be seen that, compared to
the bare soil, the GM crops especially used the N in the deeper
soil layers, which prevents it from leaching. The vetch, being
a legume, does not take up much N. In the SC-exp the
horseradish leaves quite a lot of N in the deeper soil layers.
This can be caused by the combination of relatively low
biomass production of horseradish and onions as a previous
crop, which are known to leave quite some N in the soil. The
Strip-add treatment in black oat took up more N, compared to
the other treatments. However, the N left in the soil is similar
to the other treatments, which means that more N was
available in this treatment before sowing. The total amount of
N in the Strip-add treatment for horseradish was also higher
in comparison with the other treatments.
3.2.3 C/N ratio
For both experiments there are no significant differences
between C/N ratios of the different treatments. Though, in the
SC-exp 50% of the observations of the Strip-add treatment for
black oat are lower, compared to the monoculture and 50% of
the observations of the Strip-add treatment for horseradish are
higher in comparison with the other observations (Annex 6).
3.2.4. Root distribution
The root images cannot be used for statistical analysis, but
they can show interesting effects of growing mixtures on root
distribution. For example, the horseradish in the SC-exp
shows a more even spread and dense root structure, with
increasing genetic diversity (Fig. 3); suggesting, the mixture
uses the soil space and available resources more optimally.
However, this does not show up in the results of biomass
production and nutrient uptake.

Fig. 3. Strip crop experiment. Root images in horseradish, 9 weeks
after sowing. a) Strip treatment, b) Strip-var treatment, c) Strip-add
treatment. For the root images in black oat and the green manure
experiment see Annex 8.

3.2.6. Summery genetic diversity
Fig. 4 shows spider graphs for all treatments in both the
SC-exp and the GM-exp. Points, further away from the centre
of the graph, represent a better performance. Therefore, the
C/N ratio is turned around to a N/C ratio, so that a lower C/N
ratio has been shown further away from the centre. We regard
a lower C/N ratio as better, since GM biomass with a lower
C/N ratio degrades faster (Fageria et al., 2005), so the
7

4. Discussion
It was hypothesised that most benefits, provided by GM
crops, are related to their biomass production (RamirezGarcia et al., 2015; Finney et al., 2016; Murrel et al., 2017). In
this study we indeed found a positive relation between
biomass production and nutrient uptake, especially for nonlegume crops.
4.1. Effects of spatial diversity

Fig. 4. GM-exp (c) and SC-exp
with black oat (a) and horseradish
(b). Performance of different
indicators, 15 weeks after sowing
for the GM-exp, 11 weeks after
sowing for black oat and 7 weeks
after sowing for horseradish

following cash crop can use the released nutrients. Biomass
production is separated for roots and shoots, but total NPK
yield has been shown. Soil cover percentage (Annex 7) is only
available in the SC-exp.
In the spider graphs we see, for the SC-exp, that for black
oat the Strip-add treatment is performing better, compared to
the other treatments, though for the horseradish the Strip-add
treatment is performing worse. There are no particular
differences between the Strip-var treatments and the
monocultures. In the GM-exp it is hard to distinguish a clear
pattern, though black oat clearly has a higher shoot biomass
and horseradish a higher N yield. Vetch is performing quite
low, except for N yield. In both experiments GM mixtures
always result in higher root biomass production, though not
necessarily in higher shoot biomass production.

A trend is observed in the SC-exp, where the edges of the
green manure strips perform worse, compared to the middle
of the strips. In field number J10, the carrots, growing next to
the horseradish, were harvested in such a way that the
machines drove through the edges of the horseradish,
damaging the GM crops. This resulted in significant
differences between the edges of field number J10 and J8.
However, this cannot be the only explanation for the difference
in performance between the edges and the middle of the
strips, since we also found the edges performing worse for
horseradish in field number J8 and for black oat in both fields.
Indirect competition from the adjacent cash crop can also be
an explanation for this difference. During a part of the growing
season of the GM crops, especially during germination and
early establishment, fully grown cash crops were growing in
the adjacent strips (Table 1). There was most likely no direct
competition between the roots of the cash crops and GM
crops, since the roots could not cross over to the adjacent
strip, because controlled traffic farming formed a barrier with
compacted soil between the strips (Chamen, 2015; Whalley et
al., 2000). However, transpiration of the fully established cash
crop could have created a water potential gradient, pulling
water (and thus nutrients) from the GM strip to the cash crop
strip (Barber et al., 1963). In this case, the effects were
supposedly most severe at the edges of the GM strips,
causing lower productivity and nutrient yield. So, in this study,
the effect of creating more spatial diversity by means of strip
cropping was not beneficial for biomass production and
nutrient uptake of the GM crops. However, the edges of the
cash crop could have benefited from the nutrients, supplied by
the GM crop, though we do not see this in their yield
production. For the carrots there were no significant
differences in yield dry weight between the edges and the
middle of the strips, and for sugar beet the yield dry weight in
the edges was even significantly lower (p=1,3*10-2), compared
to the middle (Song, 2020). Data on nutrient content of the
cash crops was not available.
Contrary to outer edges, the inner edges from the Ref-time
treatment, especially for black oat, performed better in
comparison with the middle. This shows potential for
increasing GM biomass production and nutrient uptake as an
effect of spatial diversity. When the potential benefits of strip
cropping are to be applicable for GM crops, GM strips should
probably be adjacent to each other and the GM crops should
be sown at approximately the same time, to avoid competition
from an already established crop (Wixley, 1983). Tough,
research with such an experimental design would be required
to confirm this.
4.2. Effects of genetic diversity
A clear or significant trend of better performance with
increasing genetic diversity has not been found in this study.
The growing conditions for green manure crops were quite
good in the winter of 2019-2020. It was a warm winter without
many frost events. The temperature never dropped below
zero during the day and in the period of August 2019 through
February 2020 there were only 18 nights with temperatures
slightly below zero; the lowest temperature was -3.6 °C.
Especially December 2019 and February 2020 were
8

exceptionally warm. (Weerstatistieken, 2020). None of the GM
crops in this study froze to death. Other studies have shown,
plant interactions shift from competitive to facilitative with
increasing stress (Bertness & Hacker, 1994; He et al., 2013;
Callaway at al., 2002; Lortie & Callaway, 2006). Especially
physical stresses like cold create a strong shift to facilitation
(He et al., 2013; Badano et al., 2007), so the absence of cold
weather increases competition in mixtures, thus decreasing
the beneficial effect that mixtures can potentially have under
more stressful conditions. According to Gómez‐Aparicio
(2009) this effect is even stronger for annuals, compared to
perennials. This might be the reason, no significant
differences have been found between the mixtures and
monocultures. We also see that in case of increasing genetic
diversity, the observed data points are more scattered, with a
higher standard deviation. This might be caused by the high
variety of plant characteristics within the mixtures, especially
in the roots. For example, there are GM crops with very big
(e.g. tillage radish) and very small (e.g. flax) roots. Since only
four samples were taken per treatment, these differences can
have a high impact on the final results, and it is hard to judge
outliers. Therefore, even if the average results in the mixtures
are higher or lower in comparison with the monocultures,
these results are often not statistically significant. Per
treatment more samples are needed in order to better judge
the results.
When we look at average performance, in terms of
biomass production and nutrient uptake, we find that in the
SC-exp the Strip-add treatment in black oat performs better,
compared to the other treatments, though the Strip-add
treatment in horseradish performed worse in comparison with
the other treatments. The difference in performance between
the two Strip-add treatments in the SC-exp cannot be caused
by a difference in initial available nutrients. In both Strip-add
treatments more total nutrients (soil + GM crop) were available
at the beginning of the green manure crop season, compared
to the other treatment. To explain this difference in initial N
availability between the Strip-add treatments and the other
treatments in the SC-exp, we have to look back in the crop
rotation. In the SC-exp, the cash crops, grown before the GM
crops, were also divided in the four treatments (Ref-time,
Strip, Strip-var and Strip-add) and were located in the same
strips. Before black oat a barley crop was grown, of which the
Strip-add treatment was a barley, mixed with peas. Before
horseradish, onions were grown, but their Strip-add mixture
did not contain an additional legume. However, before the
onions a wheat crop was grown, of which the Strip-add
treatment was a mix with field beans. These mixtures with a
legume can leave more nitrogen in the soil, explaining the
higher amount of N available in the Strip-add treatments in this
study.
The differences in performance between the two Strip-add
treatments were more likely caused by their different
compositions. As mentioned in the introduction, different crop
types have different benefits and disadvantages as a green
manure crop. The Strip-add mixture for black oat contained
more crucifers and legumes, while the Strip-add mixture for
horseradish contained more grasses (Table 2). The black
oats, being a grass, performed better when a crucifer was
added and the horseradish, being a crucifer, performed worse
when a grass was added. So, it seems that crucifers as a GM
crop have a positive effect on biomass production and nutrient
uptake. This is confirmed by other studies. For example,
Thorup-Kristensen et al. (2003) found that crucifer species
have a better N uptake capacity, compared to grasses, and
according to Laine et al. (1994) the N uptake of crucifers is
less sensitive than grasses to cold weather, which would be
the case for GM crops, grown in the autumn/winter season.

Munkholm, & Hansen (2012) found, crucifers have a higher
root biomass production in comparison with grasses.
When we look to average performance of the mixtures,
compared to the monocultures, we also find that the biomass
production of the roots is always higher in the mixtures, though
biomass production in the shoots is often lower in the
mixtures. In autumn/winter light is scarcer. Therefore, light
competition is expected, which would cause above ground
differences, instead of below ground. However, in this study
measurements were only done at one moment in time. For
some crops, especially crucifers, the roots develop first,
before the shoots continue to develop. Since the crucifers are
performing better, this effect can be more profound, and the
results might be different when measurements were done at a
later moment after sowing. Though, another explanation could
be, as mentioned above, the mixtures have a higher variety of
root shapes. When some of the samples were taken on big
roots, the average performance suddenly increases. Again,
only four samples are not enough to justify taking a good
average.
Overall, the green manure mixtures do not perform
significantly better, compared to the monocultures, but they
also do not perform significantly worse. This adds to the
potential of mixtures, as they can have other benefits, like
improving soil structure (Fageria et al., 2005; Kinderienė,
2009) and increasing biodiversity, including diversity and
abundance of natural enemies, thus reducing pest pressure
(Dahlin et al., 2018), while not decreasing production and
nutrient uptake. Even though crucifers perform better in this
study, in terms of biomass production and nutrient uptake
there are disadvantages of having a monoculture of crucifers.
A crucifer monoculture can host pathogens (Couëdel et al.,
2019). Different crops promote different types of diversity;
crucifers, for example, are not beneficial for supporting
earthworm populations, though legumes and grasses are
(Roarty et al., 2017). A green manure monoculture leaves
biomass with similar C/N ratios. When this GM monoculture is
incorporated into the soil, it releases nutrients at the same
time, where a mixture with different C/N ratios could spread
the release of nutrients (Poffenbarger et al., 2015; Couëdel et
al., 2018). Also, increasing the diversity of the incorporated
GM material can support diverse and abundant microbial
communities (Couëdel et al., 2019). This study is focused on
biomass production and nutrient uptake, but these are only
part of the performance of a GM crop. In order to assess the
full performance of a GM mixture, compared to a GM
monoculture, more research is needed on other aspects like
biodiversity, pest pressure and soil structure.
4.3. Methods
In this study we found scattered data for treatments with
higher genetic diversity. It is hard to judge if an average of this
scattered data is a good representation of performance of the
treatment, since only four samples per treatment have been
taken. A higher or lower value could be an outlier or a trend.
Increasing the sample size can increase the power of
significance (Mecklin, 2003). Models can be used to
determine the minimum sample size, required for statistical
significance (Morse, 1999). The spider graphs only show
averages; they can be used to distinguish general trends, not
statistically significant differences. At Eurofins Agro the crude
ash of the GM plant material was determined. However, this
was not done for the GM plant material, analysed at
Wageningen University. For consistency it was decided to not
subtract the cured ash weight from the dry matter weight. This
means that it could be, that the root and shoot biomass weight
and NPK yield are a little overestimated.
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5. Conclusion
In this study we found a positive relation between biomass
production and nutrient uptake. Thus, green manure crops
with high biomass production are beneficial for storing
nutrients over the autumn/winter season, and so preventing
them from leaching.
Contrary to what was expected in the strip crop
experiment, we found that spatial diversity, in the form of
strips, was not beneficial for biomass production and nutrient
uptake of green manure crops, since the edges of the strips
performed in general worse, compared to the middle of the
strips. However, in the Ref-time treatment the inner edges
were performing better in compared with the outer edges. This
means there is potential for increasing biomass production
and nutrient uptake with strip cropping. In this study, fully
established cash crops were grown adjacent to the green
manure strips, causing indirect competition. The GM crops
could have been beneficial for the cash crops, though this did
not show in their yield production. Further research is needed
with GM strips adjacent to each other, sown at approximately
the same time, to further explore the potential benefits of strip
cropping for GM crops.
Also, increased genetic diversity did not significantly
improve green manure crop performance, in terms of biomass
production and nutrient uptake. On average, the roots
biomass production of mixtures was always higher, compared
to the monocultures, whereas shoot biomass production was
often lower. Differences in performance were most likely
caused by the composition of the mixtures. Crucifers seemed
to improve biomass production and nutrient uptake most,
compared to grasses and legumes. However, mixtures can
also have other benefits like increased biodiversity, decreased
pest pressure and improved soil structure. Since in this study
mixtures also did not significantly decrease biomass
production and nutrient uptake, it might be interesting to
further investigate the potential of these other benefits of
green manure crop mixtures.
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Annex 1 – Experimental design layout

Fig. 1. Strip crop experimental layout of field J10. Every strip is 60 m long and has a width of 3,15 m, so the Ref-time treatment has a width
of 9,45 m. Only the green strips are used for this study.
.

Fig. 2. Strip crop experimental layout of field J8. Every strip is 55 m long and has a width of 3,15 m, so the Ref-time treatment has a width
of 9,45 m. Only the green strips are used for this study.

Fig. 3. Green manure experimental layout of field BH207. Every plot is 20 m long and has a width of 3,15 m. Data from plot 13 has not
been used in this study.
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Annex 2 – Time table of sampling dates
Table 1
Sampling dates in the strip crop experiment and in the green manure experiment.

Measurement

Experiment

Date

Soil nutrients before sowing

Green manure

21-08-2019

Photos soil cover

Strip crop

05-11-2019 – 11-11-2019

Shoot and root biomass

Strip crop

05-11-2019 – 11-11-2019

Root images

Strip crop

18-11-2019 – 26-11-2019

Shoot and root biomass

Green manure

01-12-2019

Soil nutrients

Strip crop

05-12-2019 – 10-12-2019

Soil nutrients

Green manure

16-12-2019

Bulk density

Strip crop

07-01-2020 – 09-01-2020

Root images

Green manure

21-01-2020 – 28-01-2020

Annex 3 – NPK content
Table 2
Strip crop experiment. NPK content of roots and shoot in the middle and edges of the strips. Statistical significance could not be determined for the
difference between the treatments for NPK percentage in the shoots, since only one data point is available per treatment.

Crop

Treatment

Position

Black oat

Ref-time

Middle

Black oat

Ref-time

Middle

Black oat

Ref-time

Middle

Black oat

Ref-time

Middle

Black oat

Ref-time

Shoot N (%)

2,5

Shoot P (%)

0,5

Shoot K (%)

4,3

Outer edge

Root N (%)

Root P (%)

Root K (%)

1,1

0,3

1,8

1,0

0,3

1,8

1,6

0,5

2,4

1,0

0,3

1,9

a

0,2

1,1

a

0,7

0,2

1,2

0,9

0,3

1,6

0,5

Black oat

Ref-time

Outer edge

Black oat

Ref-time

Inner edge

Black oat

Ref-time

Inner edge

0,8

0,3

1,4

Black oat

Strip

Middle

1,2

0,3

1,8

Black oat

Strip

Middle

1,2

0,4

1,8

Black oat

Strip

Middle

1,3

0,3

2,2

Black oat

Strip

Middle

1,0

0,3

1,4

Black oat

Strip

Edge

1,2

0,4

2,0

Black oat

Strip

Edge

1,2

0,4

1,7

Black oat

Strip

Edge

1,3

0,4

2,1

Black oat

Strip

Edge

1,0

0,3

1,7

Black oat

Strip-var

Middle

0,9

0,3

1,4

Black oat

Strip-var

Middle

0,9

0,3

1,4

Black oat

Strip-var

Middle

1,3

0,3

1,7

Black oat

Strip-var

Middle

1,2

0,3

1,9

Black oat

Strip-var

Edge

0,9

0,3

1,4

Black oat

Strip-var

Edge

1,3

0,4

1,6

Black oat

Strip-var

Edge

0,9

0,3

1,7

Black oat

Strip-var

Edge

1,1

0,3

1,8

c

0,7

4,2c

1,8c

0,8c

3,3c

c

1,6

c

0,5

4,2c

Black oat

Strip-add

Middle

Black oat

Strip-add

Middle

2,5

2,4

2,4

2,3

2,2

0,5

0,5

0,5

0,5

0,5

4,1

4,3

4,2

4,3

4,2

C

1,8
2,9

0,6

4,1

Black oat

Strip-add

Middle

Black oat

Strip-add

Middle

1,7c

0,5c

4,2c

Black oat

Strip-add

Edge

1,2a

0,4a

1,6a

a

1,4

a

0,3

1,4a

1,4a

0,4a

3,7a

1,0a

0,3a

1,8a

Black oat

Strip-add

Edge

Black oat

Strip-add

Edge

Black oat

Strip-add

Edge

3,1

0,6

4,7
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Horseradish

Ref-time

Middle

2,5

0,7

3,6

Horseradish

Ref-time

Middle

2,9

0,7

3,3

Horseradish

Ref-time

Middle

Horseradish

Ref-time

Middle

2,5

0,7

3,8

2,3

0,6

3,3

Horseradish

Ref-time

Outer edge

2,4

0,7

3,4

Horseradish

Ref-time

Outer edge

Horseradish

Ref-time

Inner edge

2,4

0,7

3,4

2,4

0,7

3,7

Horseradish

Ref-time

Inner edge

2,4

0,7

3,7

Horseradish
Horseradish

Strip

Middle

2,6

0,7

4,0

Strip

Middle

2,6

0,7

4,1

Horseradish

Strip

Middle

2,6

0,6

4,1

Horseradish

Strip

Middle

2,5

0,7

4,1

Horseradish

Strip

Edge

2,5

0,7

3,9

Horseradish

Strip

Edge

2,5

0,7

3,8

Horseradish

Strip

Edge

2,3

0,7

3,8

Horseradish

Strip

Edge

2,5

0,7

4,1

Horseradish

Strip-var

Middle

2,1

0,6

3,1

Horseradish

Strip-var

Middle

2,3

0,7

3,7

Horseradish

Strip-var

Middle

2,5

0,7

4,3

Horseradish

Strip-var

Middle

2,6

0,7

4,4

Horseradish

Strip-var

Edge

2,3

0,6

3,6

Horseradish

Strip-var

Edge

2,2

0,6

3,3

Horseradish

Strip-var

Edge

2,5

0,7

4,0

Horseradish

Strip-var

Edge

2,5

0,7

3,9

Horseradish

Strip-add

Middle

2,3

0,7

3,8

Horseradish

Strip-add

Middle

2,6

0,7

4,3

Horseradish

Strip-add

Middle

2,5

0,6

3,9

Horseradish

Strip-add

Middle

2,6

0,6

4,2

Horseradish

Strip-add

Edge

2,3

0,7

3,7

Horseradish

Strip-add

Edge

2,5

0,7

3,9

Horseradish

Strip-add

Edge

2,3

0,6

3,7

Horseradish

Strip-add

Edge

2,1

0,6

3,3

4,3

3,9

4,6

4,2

4,4

3,6

4,4

4,3

0,6

0,5

0,5

0,5

0,6

0,5

0,6

0,6

3,4

3,2

3,1

3,3

3,8

3,3

3,6

3,7

a: edges are significantly lower than the middle of that treatment, b: outer edge is significantly lower than inner edge, c: the middle of this treatment
is significantly higher than the middle of all other treatments.
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Table 3
Green manure experiment. NPK content of roots and shoots. Statistical significance could not be determined for the difference between vetch and
the other treatments for NPK percentage in the roots, since only one data point is available.

Crop
Horseradish
Horseradish
Horseradish
Horseradish
Black oat
Black oat
Black oat
Black oat
Vetch
Vetch
Vetch
Vetch
MIX
MIX
MIX
MIX
Solarigol
Solarigol
Solarigol
Solarigol

Shoot N (%)

2,0
1,9
4,3
2,0
3,8
2,1
3,8
2,7
2,2
2,6
2,7
2,4
1,9
4,4
2,8
1,9
2,6
2,6
2,9
1,9

Shoot P (%)

0,3
0,4
0,4
0,4
0,3
0,4
0,3
0,3
0,5d
0,5d
0,5d
0,5d
0,4
0,4
0,4
0,5d
0,5d
0,5d
0,5d

Shoot K (%)

3,7
4,7
4,4
4,2
3,4
3,9
3,6
3,4
3,5c
3,2c
3,3c
3,5c
4,1
4,3
3,2
4,7
4,1
4,8
3,8

Root N (%)

Root P (%)

Root K (%)

1,7
2,1
1,9
1,8
1,0a
1,0a
0,9a
0,8a

b

0,6
0,6b
0,6b
0,6b
0,2a
0,2a
0,2a
0,2a

3,3
4,2
4,0
3,7
1,4a
1,7a
1,6a
1,5a

3,2

0,5

3,5

1,8
1,9
2,1
1,9
1,5
1,7
1,8
1,9

0,5
0,5
0,5
0,4
0,5
0,5
0,5
0,5

3,7
3,7
4,2
3,2
4,1
4,5
4,4
3,9

a: this treatment is significantly lower compared to all other treatments, b: this treatment is significantly higher compared to all other treatments, c:
vetch is significantly lower than horseradish and Solarigol, d: vetch and Solarigol are significantly higher than horseradish, black oat and MIX.
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Annex 4 – Shoot and root biomass production

Fig. 4. Green manure and strip crop experiment. Root and shoot biomass production in the middle of the strips, 14 weeks after sowing for the GMexp, 11 weeks after sowing for black oat and 7 weeks after sowing for horseradish. a) roots GM-exp, b) shoots GM exp, c) roots black oat, d) shoots
black oat, e) roots horseradish, f) shoots horseradish. The area between the maximum and minimum N yield of the monoculture (GM-Exp) or the Reftime treatment (SC-exp) is marked, to show if the other treatments can outperform this
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Annex 5 – NPK yield

Fig. 5. Green manure and strip crop experiment. N yield of the roots and shoots in the middle of the strips, 14 weeks after sowing for the GM-exp, 11
weeks after sowing for black oats and 7 weeks after sowing for horseradish. a) roots GM-exp, b) shoots GM exp, c) roots black oat, d) shoots black
oat, e) roots horseradish, f) shoots horseradish. The area between the maximum and minimum N yield of the monoculture (GM -Exp) or the Ref-time
treatment (SC-exp) has been marked, to show if the other treatments can outperform this.
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Fig. 6. Green manure and strip crop experiment. P yield of the roots and shoots in the middle of the strips, 14 weeks after sowing for the GM-exp, 11
weeks after sowing for black oats and 7 weeks after sowing for horseradish. a) roots GM-exp, b) shoots GM exp, c) roots black oat, d) shoots black
oat, e) roots horseradish, f) shoots horseradish. The area between the maximum and minimum P yield of the monoculture (GM -Exp) or the Ref-time
treatment (SC-exp) has been marked, to show if the other treatments can outperform this.
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Fig. 7. Green manure and strip crop experiment. K yield of the roots and shoots in the middle of the strips, 14 weeks after sowing for the GM-exp, 11
weeks after sowing for black oats and 7 weeks after sowing for horseradish. a) roots GM-exp, b) shoots GM exp, c) roots black oat, d) shoots black
oat, e) roots horseradish, f) shoots horseradish. The area between the maximum and minimum K yield of the monoculture (GM-Exp) or the Ref-time
treatment (SC-exp) has been marked, to show if the other treatments can outperform this.
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Annex 6 – C/N ratio

Fig. 8. Strip crop experiment and green manure experiment. C/N ratio of the GM crops, 11 weeks after sowing for black oat, 7 weeks after sowing for
horseradish and 14 weeks after sowing for the GM-exp. The area between the maximum and minimum K yield of the monoculture (GM-Exp) or the
Ref-time treatment (SC-exp) has been marked, to show if the other treatments can outperform this.

Annex 7 – Soil cover

a

b

Fig. 9. Strip crop experiment. Soil cover, 11 weeks after sowing for black oat and 7 weeks after sowing for horseradish. The area bet ween the
maximum and minimum Ref-time treatment has been marked, to show if the other treatments can outperform this.
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Annex 8 – Root images

Fig. 10. Strip crop experiment. Root images in black oat, 13 weeks after sowing. a) Strip treatment, b) Strip-var treatment, c) Strip-add treatment.
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Fig. 11. Green manure experiment. Root images, 17 weeks after sowing. a) black oat, b) horseradish, c) vetch, d) Mix, e) Solarigol.
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