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Abstract
Diversifying cropping systems by increasing the number of cash and cover crops in crop rotation plays an important role in
improving resource use efficiency and in promoting synergy between ecosystem processes. The objective of this study was to
understand how the combination of crop diversification practices influences the performance of arable crop sequences in terms of
crop grain yield, crop and weed biomass, and nitrogen acquisition in a temperate climate. Two field experiments were carried out.
The first was a 3-year crop sequence with cereal or grain legume as the first crops, with and without undersown forage legumes
and forage legume-grass crops, followed by a cereal crop. The second experiment was a 2-year crop sequence with cereal or
legume as the first crops, a legume cover crop, and a subsequent cereal crop. For the first time, crop diversification practices were
combined to identify plant-plant interactions in spatial and temporal scales. The results partly confirm the positive effect of
diversifying cereal-based cropping systems by including grain legumes and cover crops in the crop sequence. Legume cover
crops had a positive effect on subsequent cereal grain yield in one of the experiments. Using faba beans as the first crop in the crop
sequence had both a positive and no effect on crop biomass and N acquisition of the subsequent cereal. In cover crops composed
of a forage legume-grass mixture, the grass biomass and N acquisition were consistently increased after the grain legume,
compared to the cereal-preceding crop. However, differences in the proportion of legume to grass in mixture did not influence
crop yield or N acquisition in the subsequent cereal. In conclusion, these results support that increased crop diversity across
spatial and temporal scales can contribute to resource-efficient production and enhance the delivery of services, contributing to
more sustainable cropping systems.
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1 Introduction
In European agriculture, cropping systems have been simplified to facilitate crop management of large-scale fields (Landis
2017). The types of crop rotations have been reduced to include only a few resource-demanding crop species, which
may be profitable while making crop production vulnerable
to pests and diseases (Altieri et al. 2015). There is considerable
interest in spatially and temporally diversifying cropping systems to enable the delivery of a wider range of products and
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raw materials and to contribute to multiple functions and ecosystem services, thus facilitating a higher degree of sustainability in agroecosystems (Liebman and Dyck 1993; Wezel
et al. 2014). Combining different plant characteristics and
functional traits (e.g., soil cover, root growth, nutrient retention, symbiotic nitrogen fixation, and nectar-rich flowers) may
improve soil quality and nutrient availability to crops; reduce
soil nutrient losses (Tonitto et al. 2006); provide habitats for
pollinators (Wezel et al. 2014); minimize the risk associated
with weeds, pests, and diseases (Angus et al. 2015); and reduce the requirement for synthetic fertilizers and pesticides
(Davis et al. 2012).
Crop diversification can be defined as the increase in crop
diversity through the implementation of practices such as
intercropping, cover crops, diversified crop rotations, and integration of perennial crops. Intercropping, i.e., the cultivation
of two or more species in the same field simultaneously, for at
least part of their growth cycle, has been shown to improve
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yields and stability with reduced inputs when one of the components is a legume (Bedoussac and Justes 2010;
Raseduzzaman and Jensen 2017), especially in low N-input
and organic farming systems. The increase in yield may occur
by the complementarity effect in the intercropping, allowing for
a more efficient use of resources (Hauggaard-Nielsen et al.
2012). For instance, in cereal-legume intercropping, cereals tend
to be more competitive for soil mineral nitrogen at the beginning
of their growth cycle than legumes, and therefore legumes are
forced to rely on atmospheric nitrogen fixation. In the case of
implementing cover crops in the crop rotation, they may offer
weed suppression through increased competition, reduce N
leaching, and promote soil organic carbon sequestration
(Abdalla et al. 2019; Poeplau and Don 2015; Valkama et al.
2015). Furthermore, diversifying crop rotations with legumes
will both complement and facilitate the capture and cycling of
nutrients by the legume input of biologically fixed nitrogen and
the carryover effect of nutrients to the following crop (Peoples
et al. 2009). However, the variation in the use of resources due to
the inclusion of different species or groups of species in the crop
sequence generates challenges in following the mechanisms involved in resource acquisition and thus requires a better understanding of the interactions between species and the consequences of niche differentiation in the cropping system.
Several studies have shown the capacity to diversify crop
rotation to influence yield responses on the subsequent crop.
For example, the combination of undersown forage legumes
in winter wheat and lower fertilization rates may increase the
soil N availability and thus benefit the subsequent spring crop
(Bergkvist et al. 2011). Similarly, the combination of grain
legumes and cover crops in a rotation may reduce the N fertilization rates without affecting the yields of the subsequent
cereal (Plaza-Bonilla et al. 2017). Since the dynamics of resource acquisition is context specific, a better understanding is
needed on the combination of different crop diversification
practices in both time and space (Fig. 1). Nevertheless, most
Fig. 1 Combination of crop
diversification practices:
a lucerne-cocksfoot undersown in
faba bean field, and b lucerne
undersown in faba bean field.
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previous studies of crop diversification have focused on single
practices, e.g., the integration of cover crops or diversification
of the crop rotation, and results from studies of combined
diversification practices are very scarce in the scientific literature. Knowledge about synergies and trade-offs when combining several crop diversification practices is key in providing decision support for the practical implementation of crop
diversification.
The aim of this study was to investigate how the
combination of several crop diversification practices affects plant-plant interactions and crop performance in
cereal-based crop rotation sequences in a temperate climate. More specifically, we introduce grain and forage
legumes as a sole crop or in mixture (intercropping) and
undersown cover and forage crops to determine how
increasing crop diversity in the cropping systems influences the use of N resources, weed suppression, and
crop yields. In two field experiments with cereal-based
crop sequences, we determined the effects of the following three crop diversification practices individually and
in combination: diversified rotation, cover crops, and
intercropping. We hypothesized that:
i)

ii)

The yield and total N accumulation of the subsequent
cereal crops will be influenced by the crops earlier in
the crop sequence through niche differentiation between the nutrient acquisition strategies of legume and
non-legume crops. This result will be more pronounced
when intercropping legumes and non-legumes in forage
crops since higher competition for soil N resources will
promote biological N2 fixation in the forage legume
component.
The yield of the first crop will not be influenced when a
forage or cover crop is undersown, due to the complementarity created by the niche differentiation in the nutrient acquisition strategies of legume and non-legume
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crops as well as by temporal differences in resource
needs between the main and undersown crops.
Adding a forage crop or cover crop into the crop sequence will provide increased weed suppression since
the competition for resources will extend to a longer
period as compared to sequences without cover/forage
crops.

2 Materials and methods
2.1 Study site
Two field experiments were established at the SITES
Lönnstorp Research Station (Fig. 2), SLU Alnarp (55° 38′
N, 13° 3′ E). The soil is a loam (Eutric Cambisol according
to FAO classification) with 10–20% clay (<0.002-mm particle
size), 30–40% silt (0.002–0.06-mm particle size), 40–50%
sand (0.06–2-mm particle size), 2–4% organic matter (1–
2.5% organic carbon), and pHH2O of 6.5–7.5 in the top (0–
20 cm) soil profile. Soil phosphorous (P) and potassium (K)
availability at the site are around 0.1 g kg−1 of ammonium
lactate (AL) extractable P, 0.5 g kg−1 total P, 0.09 g kg−1
AL-extractable K, and 1 g kg−1 total K. The total annual precipitation and mean annual temperatures during the experimental period between 2015 and 2017 were 699 mm and
9°C in 2015, 667 mm and 9°C in 2016, and 656 mm and
9°C in 2017 (LantMet-SLU 2020). The annual potential
evapotranspiration in the region is between 500 and 700 mm
(Brandt and Grahn 1998). The field experiments were carried
out on land used for conventional crop rotation with oilseed
rape, winter wheat, sugar beet, and spring barley. In the

Fig. 2 Illustration of the crop sequences in the field experiments.
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growing season before establishing the experiments, winter
wheat was grown on the field used in Experiment 1 and sugar
beet in the field of Experiment 2 (see below).

2.2 Experimental sequences, establishment, and
management
In Experiment 1, a 3-year crop sequence was employed from
2015 to 2017. Faba bean (F) (Vicia faba L., cv. Gloria) and
oats (O) (Avena sativa L., cv. Symphony) were the first crops
in the crop sequence, grown without an undersown forage
crop (denoted No_CC) and with undersown forage legume
or forage legume-grass mixtures (relay cropping—also functioning as cover crop during the first autumn-winter-spring).
The undersown forage crops (referred to as second crop) were
either lucerne (L) (Medicago sativa L., cv. Daphne) or red
clover (RC) (Trifolium pratense L., cv. Titus) in pure stands
or mixtures of lucerne and cocksfoot (Dactylis glomerata L.,
cv. Donata) (L+C), and red clover with timothy (RC+T)
(Phleum pratense L., cv. Switch). The first crops were sown
at 60 (faba bean) and 450 (oats) viable seeds m−2, according to
regional recommendations for plant densities of spring-sown
crops. Forage crops were sown into the annual first crop at
their recommended sowing density for establishment as sole
crops: 15 kg ha−1 lucerne seeds in L, 7.5 kg ha−1 lucerne seeds
and 10 kg ha−1 cocksfoot seeds in L+C (50% of each species),
12 kg ha−1 red clover seeds in RC, and 6 kg ha−1 red clover
seeds and 6 kg ha−1 timothy seeds in RC+T (50% of each
species). The field was plowed and harrowed in spring before
sowing the first crops and the undersown forage crops, with a
Wintersteiger-Öyjord experimental sowing machine on 22
April 2015 (sowing depth: 5–6 cm). The forage crops were
sown in a second passing directly after the first crops to place
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the small forage legume and grass seeds less deeply in the soil
than the grain legume and cereal seeds. The row spacing in all
treatments in the experimental plots was 12 cm. Lucerne seeds
were inoculated with a commercial inoculant before sowing,
while red clover seeds were not inoculated (rhizobia that
nodulate clover are known to be present in the soil). The
experimental plots were laid out in a complete randomized
block design consisting of 12×2-m plots, with each crop sequence replicated four times. These field experiments were
part of a larger experimental design in a 4-year project called
LEGATO (Legumes for the Agriculture of Tomorrow). No
fertilizers or pesticides were applied during the first year of
the experiments, and there was no mechanical weed control
after sowing. Faba bean and oats were harvested on 2
September 2015, with an experimental plot combine harvester, which collects the grains and distributes the straw (chopped
into 5–10-cm pieces) on the surface of the harvested plot. The
biomass of the forage crops was also cut and left on the surface
of the plot. The forage crops were then left to re-grow until the
end of May in the following year when they were harvested
using a forage harvester which cut the plants at approx. 10 cm
above ground, collected, and removed the cut biomass from
the plots. The forage crops were then allowed to re-grow until
mid-August when they were harvested again with the same
machine (aboveground biomass removed). No fertilizer was
applied, nor was there any chemical or mechanical control of
weeds or pests during the second year of the crop sequence.
Two weeks after the second harvest of the cover crops, the
plots were plowed to a depth of 25 cm (2 September 2016),
and the field was harrowed twice before sowing winter wheat
(Triticum aestivum L., cv. Brons; third crop in the sequence)
on 19 September 2016 at a density of approx. 370 viable seeds
m−2 (according to regional recommendations). The wheat was
not fertilized during the autumn but received 100 kg N ha−1
(56 kg N as NH4+, 44 kg N as NO3−), with 11 kg ha−1 each of
P and K on 18 April 2017. A herbicide treatment with
Ariane™ S (2 l ha −1 ; active ingredients: MCPA 20%,
fluroxypyr 4%, and clopyralid 2%) was applied on 30
May 2017. The wheat was harvested on 22 August 2017 using
the same experimental combine harvester as for the first crops
in 2015.
Experiment 2 was established in 2016 and comprised a 2year crop sequence. Faba bean (cv. Gloria, 60 viable seeds
m−2) and oats first crops (cv. Belinda, 425 viable seeds m−2)
were sown as sole crops with and without undersown lucerne
(cv. Daphne, 15 kg seeds ha−1) or red clover (cv. Titus, 12 kg
seeds ha−1). In this case, the undersown forage legumes only
have the function as cover crops since they were not harvested
and destroyed after the first winter. No forage legume-grass
mixture was included as cover crop in Experiment 2, but an
intercrop of faba bean and oat (50% density of each species,
seeds mixed before sowing) without undersown cover crop
was included as an additional first crop treatment. The first
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crops and undersown cover crops were sown on 22 April 2016
after plowing and harrowing the field, as described above for
Experiment 1 regarding plot size, experimental design and
replication, sowing depth, and row spacing. No fertilization,
pesticide application, or mechanical weed control was applied
during the first year after sowing. The first crops were harvested on 22 August 2016, with the same straw management as in
Experiment 1, and the cover crops were left to re-grow until
23 March 2017, when they were destroyed by herbicide
(glyphosate, 1.8 kg active ingredient per ha) before sowing
spring barley (Hordeum vulgare L., cv. Planet, approx. 375
viable seeds m−2) by direct drilling (no tillage) on 11 April
2017. For this establishment, a special-built experimental
sowing machine was used, with discs that place seeds in untilled soil. The spring barley (second crop in the sequence)
was fertilized with 60 kg N ha−1 (33 kg N as NH4+, 27 kg N
as NO3−) and 6,7 kg ha−1 each of P and K, on 18 April 2017,
and herbicide Ariane™ S (2 l ha−1; active ingredients: MCPA
20%, fluroxypyr 4%, and clopyralid 2%) and fungicide
Flexity® (0.3 l ha−1; active ingredient: metrafenone) were
applied on 23 May 2017. The spring barley crop was harvested on 19 August 2017 with the same combine harvester as in
Experiment 1.

2.3 Plant sampling and analysis
Aboveground plant biomass of the first crops and forage crops
was sampled in the last week of August 2015, and the forage
and crops in the last week of May and first week of August in
2016 in Expt. 1 and the first crops and cover crops in Expt. 2
were sampled in mid-August 2016. The third crop in Expt. 1
(winter wheat) and second crop in Expt. 2 (spring barley) were
sampled in mid-August 2017. The samples were collected by
hand, cutting 5-cm above ground level in two 0.25 m2 subplots per experimental plot. The intercrops and mixtures were
sorted into legumes, grasses, and cereals, while the weed species were pooled into one sample. Thus, total weed biomass
and N content at crop harvest were used as an integrated measurement of weed growth and N accumulation during the period of crop growth, to assess if and how the crop diversification practices influenced the crops’ competitive ability against
weeds. The aboveground biomass of the sorted grain and forage legume, grass, cereal, and weed samples was dried at
60°C for 24 h and milled to a fine powder. Samples were
packed into tin capsules and the N concentration analyzed
using a Flash 2000 Thermo Scientific elemental analyzer (at
SLU, Alnarp, Sweden). The N concentration and 15N abundance of the cover crops were measured in 2016 in Expt. 1
using an elemental analyzer (CE 1110, Thermo Electron,
Milan, Italy) coupled in continuous flow mode to a Finnigan
MAT Delta Plus isotope ratio mass spectrometer (Thermo
Scientific, Bremen Germany) at Copenhagen University,
Denmark. Grain yields of the cereals and grain legumes were
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determined by direct measurements of fresh weight yield per
plot using the experimental combine harvester, and subsamples from each plot were used to determine the dry matter
content and the fraction of crop grains (sorted per species for
intercrops), weed seeds, and crop residues in the harvested
grains.

The nitrogen accumulation was calculated by multiplying the
N concentration by the biomass dry weight. N2 fixation in the
legume cover crops was determined using the 15N natural
abundance method (Unkovich et al. 2008). The proportion
of nitrogen derived from the atmosphere (%Ndfa) in legumes
was calculated based on their deviation from atmospheric 15N
abundance (δ15Nleg) (Eq. 1), using the mean δ15N value in
grass growing together with lucerne and red clover from each
block as the reference, δ15Nref . Grass growing in mixture with
the forage legumes was chosen as reference plants to avoid
over-estimation of %Ndfa, as recommended by Carlsson and
Huss-Danell (2014). The correction factor associated with
symbiotic N2 fixation processes β was −0.92 for lucerne and
−1.30 for red clover (Unkovich et al. 2008). The amount of
nitrogen fixed (Ndfa) was calculated from the product of nitrogen accumulation in the legume cover crop (N
accumulationleg) and %Ndfa (Eq. 2). Soil N acquisition
(Ndfs) was calculated as the difference between the total crop
N accumulation and the Ndfa for legumes and was assumed to
be equal to the total N acquisition in grasses.
δ15Nref −δ15Nleg
δ15Nref −β


%Ndfa
Ndfa kg ha−1 ¼ N accumulationleg x
100

comparisons. All statistical analyses were computed in the
open-source program R (R Core Team 2020) using the R
packages emmeans and lmerTest (Kuznetsova et al. 2017).

3 Results and discussion
3.1 Effect of undersown forage or cover crops on the
first crops of the crop sequence

2.4 Calculations

%Ndfa ¼ 100 x
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ð1Þ
ð2Þ

2.5 Statistical analysis
Total dry matter contents of legumes, grasses, cereals, and
weeds were log-transformed before analysis to fulfill the requirement for a normal distribution. A two-way analysis of
variance (ANOVA), with a significance level of p < 0.05, was
conducted on linear mixed effect models to determine the
effect of fixed factors (first crops and forage/cover crops) on
each dependent variable, e.g., total dry matter yield, grain
yield, N accumulation, proportion, and amount of N2 fixed
by the legumes. This analysis was performed for each of the
experimental years, and the block was included as a random
factor. In the case of the forage crop biomass in May and
August 2016 (Expt. 1), cutting time was also included as a
random factor. Pairwise comparisons test in the model was
performed using the Tukey method to adjust for multiple

At the harvest of the first crop in 2015 (Expt. 1), the different
combinations of undersown forage crops (i.e., second crops,
functioning as cover crops at this early time point in the sequence) were not found to have any significant effect on the
total biomass and grain yields of the main faba bean or oat
crops (Table 1). This is consistent with the findings reported
by Hauggaard-Nielsen et al. (2009, 2012), who neither observed any effect of an undersown clover-grass cover crop
on the dry matter yields of faba bean or oats in a temperate
organic cropping system with sandy loam soils. Conversely,
other studies have shown that the inclusion of an undersown
cover crop mixture improved cereal grain yields in the main
crop in organic farming systems (Doltra and Olesen 2013),
while a recent review on cover crop practices found that the
main crop grain yield may be reduced by an undersown cover
crop in comparison with no cover crop (Abdalla et al. 2019).
However, the large range of main crops included in the analysis may eliminate the effects of cover crops on individual
main crops with potentially different responses to the treatment. Nonetheless, cover crops may provide several other
benefits, such as inputs of biologically fixed N, weed reduction, soil carbon sequestration, nutrient retention, and reduced
risk of soil erosion, among others (Hauggaard-Nielsen et al.
2009; Hunter et al. 2019). Furthermore, N2-fixing faba bean
crop accumulated a higher amount of N than oats in Expt. 1, as
expected (Table 2), and there was a high variation depending
on the forage crop treatment. Indeed, the effects of undersown
cover crop on the grain N yield of the cash crop might vary,
being positive with a legume cover crop, negative with nonlegumes, and neutral effect for legume-non-legume cover crop
mixtures (Abdalla et al. 2019). The weed biomass in the first
crops was not influenced by the early stages of the forage
crops nor by the cover crops (Fig. 3a). But there was an interaction between the effect of the first crop and the forage crop
on weed N accumulation (Table 2), which was higher N in
faba bean than in oats and likely reflected a higher soil availability of N due to the symbiotic N2 fixation in faba bean.
Furthermore, N accumulation in the weeds under faba bean
was significantly higher in the treatment with RC+T than in
RC.
In 2016, the biomass and grain yield of the faba bean and
oats was not affected by the undersown cover crops. However,
the biomass of the oats in the intercrop with faba bean showed

Experiment 1
F-No_CC
F-L
F-L+C
F-RC
F-RC+T
O-No _CC
O-L
O-L+C
O-RC
O-RC+T
Source of variance
First crop
Forage crop
First crop × forage
crop
Experiment 2
F-No_CC
F-L
F-RC
O-No_CC
O-L
O-RC
F+O (Total)
F+O (Faba)
F+O (Oats)
Source of variance
First crop
Cover crop
First crop × cover
crop

Cropping systems

0.9±0.2a
0.8±0.1a
0.9±0.2a
0.6±0.1a
***
***
**

***
ns
ns

0.4±0.1b
0.2±<0.1b
0.3±<0.1b
0.2±<0.1b

3.0±0.1b
3.0±0.1b
2.8±0.1b
2.8±0.1b
2.9±0.1b
4.6±0.2a
4.6±0.1a
4.4±0.2a
4.4±0.3a
4.5±0.1a
***
***
***

<0.1±<0.1b

<0.1±<0.1b

0.1±<0.1a

0.1±<0.1a

***
***
*

0.9±0.2a
0.8±0.1a
0.9±0.2a
0.6±0.1a

0.4±0.1b
0.3±0.1b
0.3±0.0b
0.2±0.1b

***
ns
ns

1.4±0.1b
1.2±0.1b
1.2±0.1b
4.3±0.1a
4.4±0.1a
4.2±0.1a
4.1±0.2
0.4±0.1c
3.7±0.2a

Grain

***
ns
ns

1.0±0.2 †
1.2±0.1a †

0.8±0.2 †
0.5±0.1b †

*
***
***

11.5±1.0
10.9±0.4a
10.4±0.7
10.0±0.3

11.8±1.1A
6.7±0.3bB
11.1±0.3A
9.8±1.0A

Biomass

***
***
***

0.2±<0.1bB

1.4±0.2bA

2.0±0.5aB

3.8±0.1aA

Grass

ns
ns
ns

11.5±1.0
12.3±0.5
10.4±0.7
10.2±0.4

11.8±1.1
10.5±0.2
11.1±0.3
11.8±1.3

Total forage
or CC

ns
***
ns

6.7±0.2B
7.3±0.1A
7.2±0.2AB
6.6±0.2B
6.8±0.1AB
7.2±0.1A
6.4±0.1

10.1±0.2
10.5±1.7
10.7±0.6
9.2±1.0
10.9±0.7
11.5±1.0
9.9±0.8

ns
ns
ns

ns
ns
ns

5.8±0.4
6.1±0.9
6.2±0.8
6.1±0.7
5.4±0.8
6.4±0.8
5.3±0.5
5.9±0.7
4.8±0.6
4.8±0.4

Grain

ns
ns
ns

10.1±0.9
11.5±1.6
12.1±2.2
12.7±2.3a
11.2±1.9
12.4±1.0
11.0±0.7
11.2±1.9
7.9±1.2b
9.5±1.4

Biomass

Cereal

Subsequent crop

Agron. Sustain. Dev.

***
ns
ns

3.8±0.3b
3.3±0.3b
3.4±0.3b
8.3±0.6a
7.3±0.7a
7.7±0.1a
8.7±0.2
1.1±0.1c
7.3±0.3a

Biomass

Legume

Forage or cover crop*

2017
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p value

6.9±0.7
5.9±0.7
7.3±0.6
6.7±0.8
5.9±0.3b
8.0±0.7
7.7±1.0
6.0±0.5
7.2±0.8
8.0±0.3a
p value
*
ns
ns

Biomass

Grain

Biomass

Faba bean/oats

Legume

Faba bean/oats

Total CC

First crop

Cover crop†

First crop
Grass

2016

2015

Aboveground biomass and grain dry matter yields (Mg ha−1)

Table 1 Dry matter yield of first crops, forage and cover crops, and subsequent cereals in the crop sequences of experiments 1 and 2 during 2015–2017. Data are presented as means (n = 4) with standard
errors. The biomass of the forage crops in 2016 is the sum of two cuts in Experiment 1. Means with different letters indicate significant differences within a year at p < 0.05, where lowercase letters indicate
significant differences of first crops with the same forage/cover crop treatment, while uppercase letters indicate significant effects of forage/cover crops among treatments with the same first crop.
Abbreviations used for the various treatments are as follows: F-No_CC faba bean without cover crop, F-L faba bean and undersown lucerne, F-L+C faba bean and undersown lucerne-cocksfoot grass
mixture, F-RC faba bean and undersown red clover, F-RC+T faba bean and undersown red clover-timothy grass mixture, O-No_CC oats without cover crop, O-L oats and undersown lucerne, O-L+C oats
and undersown lucerne-cocksfoot grass mixture, O-RC oats and undersown red clover, O-RC+T oats and undersown red clover-timothy grass mixture, F+O intercropped faba bean and oats. Values in bold
indicate statistical significance. Results of ANOVA (ns, non-significant; *p < 0.05; ** p < 0.01; ***p < 0.001)
†Cover crop biomass at harvest of the first main crop
*The undersown forage crop was incorporated into the soil at plowing before establishing winter wheat in Experiment 1, while in Experiment 2, the cover crop was killed by glyphosate in the spring before
establishing barley with direct drilling (no tillage before sowing).

48
(2021) 41:48

Agron. Sustain. Dev.

(2021) 41:48

similar values as the oats with undersown cover crops, while
the biomass of the faba bean component was considerably
lower than the biomass of faba bean when undersown with
cover crops (Expt. 2; Table 1). Cereals have been proven to
suppress red clover biomass accumulation, while the cereal
crop is still present (Gaudin et al. 2013). Early biomass accumulation by the oats (Fradgley et al. 2017) could have resulted
in the shading of the undersown forage and cover crop, thus
limiting their growth during this phase. However, the competitive pressure is lowered after the cereal harvest, thus allowing
for improved growth later in the season (Bergkvist et al.
2011). Similar to Expt. 1, the undersown cover crops did not
show any effect on the weed biomass in the first crop of the
sequence (Fig. 3d).
In the context and conditions of this study, adding a forage
or cover crop into the first crop did not show any effect on
yield in the main crop, which agrees with our first hypothesis.
In this early stage of the crop sequence, detectable benefits
from facilitation processes cannot be expected. However, having no negative influence from the cover or forage crop on the
first crop imply that the crop sequence components complement each other, possibly exploiting different spatial sources
of nutrients and water and allowing for an adequate light
capture.

3.2 Forage crops
3.2.1 Forage crops—cover crop phase
In the first year (2015) of the crop sequence, the total biomass
production of the forage crops (which at this stage are functioning as undersown cover crops) was significantly higher for
oats than faba bean in all treatments (Expt. 1; Table 1). Similar
results were found for the legume component of the forage
crops, while the grass component produced more biomass
having faba bean as the first crop than in the oats crop. De
Notaris et al. (2021) found similar results of less biomass of
the undersown cover crop mixtures in faba bean than oats in
long-term organic crop rotation in a temperate climate with
different fertility management (with and without animal manure; between 80 and 110 kg N ha−1), which was attributed
mainly to the longer growth period of the faba bean (faba bean
was harvested 2–3 weeks after the cereal). The aboveground
growth pattern of oats provides less shading than does faba
bean, thus resulting in better light conditions for the early
stages of the forage crop. Moreover, the biological N2 fixation
is increased under the coexistence with a cereal or grass crop
(Peoples et al. 2001), which might have positive implications
for the resulting amount of legume forage crop biomass produced when grown a preceding cereal crop compared to when
undersown in a grain legume crop. This facilitation process
may be explained by the benefits of species mixture with
different plant functional traits. Furthermore, the undersown
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forage crops showed lower total N accumulation in faba bean
than in oats, despite that the cereal crop is expected to compete
more strongly for soil N than the N2-fixing faba bean crop
(Table 2). The relative proportions of legume and grass biomass in the forage crop mixtures indicate that the forage legumes were more competitive against grass when undersown
in oats treatments than in faba bean (Hauggaard-Nielsen et al.
2012). In the first year of the crop sequence, when the forage
crops were functioning as undersown cover crops, the weed
biomass seemed to be higher in the faba bean-preceding crop
compared to in the oats, but the difference was not statistically
significant (Fig. 3a). This is consistent with the findings of
Hill et al. (2016), claiming the higher availability of N from
faba bean to promote weed growth.
3.2.2 Forage crops—cash crop phase
In the second year of the crop sequence, the total biomass of
the forage crop did not show any difference between the treatments. However, the biomass of both legume and grass was
affected by the first crop and the forage crop composition. In
particular, lucerne biomass was strongly reduced in the L+C
mixture compared to the other cover crop treatments after faba
bean and compared to L+C after oats as the first crop
(Table 1). Furthermore, the grass biomass was higher after
faba bean than after oats. The forage grass may have benefitted more when undersown in faba bean than in oats due to less
intense competition for plant-available soil N from faba bean.
In addition, the more N-rich plant residues of faba bean are
likely to contribute to further increases in soil N availability
for grasses undersown in faba bean than in oats. This is in
accordance with previous findings (Hauggaard-Nielsen et al.
2012; Neugschwandtner et al. 2015), where the increase in
soil N availability due to the grain legume improves the
growth of the grass compared to the forage legume. This
may be due to the ability of grasses to better compete for soil
mineral N (Blanco-Canqui et al. 2015). Indeed, the grass forage crops showed a higher amount of N accumulated after
faba bean than after oats, and higher N accumulation was seen
in cocksfoot than in timothy after both faba bean and oats
(Table 2). The only significant difference in total forage crop
N accumulation during 2016 (sum of the two biomass harvests) was that it was higher in the lucerne and cocksfoot
mixture after oats than after faba bean. This may be supported
by the higher Ndfa in lucerne grown together with cocksfoot
after oats than after faba bean (211 vs 94 kg N ha−1) (Fig. 4).
The results on Ndfa indicate that the forage legumes acquired
a large part, often more than 50%, of their N from soil, with
lucerne in mixture with cocksfoot after oats being the main
exception with a relatively high proportion of N from N2 fixation (Fig. 4). Forage legumes undersown in faba bean likely
had access to relatively high levels of soil N, due both to the
inputs of fixed N from faba bean and the lack of competition

Experiment 1
F-No_CC
F-L
F-L+C
F-RC
F-RC+T
O-No_CC
O-L
O-L+C
O-RC
O-RC+T
Source of variance
First crop
Forage crop
First crop × forage crop
Experiment 2
F-No_CC
F-L
F-RC
O-No_CC
O-L
O-RC
F+O
Source of variance
First crop
Cover crop
First crop × cover crop

Cropping systems

Total CC

0.1±<0.1b
**
ns
ns

***
*
ns

0.1±0.1b

1.0±0.6a

1.5±0.7a

17.3±4.7a
15.5±2.0a
13.8±2.3a
10.7±1.3a

9.3±2.8b
4.6±0.7b
7.5±0.9b
4.1±0.8b

***
ns
ns

17.3±4.7a
15.6±2.1a
13.8±2.3a
10.8±1.3a

9.3±2.8b
6.1±0.7b
7.5±0.9b
5.1±0.7b

***
ns
**

nd
1.0±0.3AB
1.1±0.2aAB
0.4±0.2B
2.8±0.6aA
nd
0.2±0.1
0.1±<0.1b
2.2±2.2
<0.1±<0.1b

nd
nd
nd
nd
nd
nd
nd

***
***
***

ns
ns
**

ns
ns
ns

298±39.8
361±17.1a
291±36.6
285±3.6

341±47.8
273±23.3b
296±5.7
295±34.7

Total forage or CC

ns
ns
ns

nd
2.4±1.1
2.3±0.6
2.8±1.2
2.3±1.0
nd
3.8±0.6
3.6±1.6
3.8±2.3
2.3±1.0

Weeds

ns
ns
ns

75.7±10.1
70.0±13.2
80.9±5.1
84.5±24.5
95.6±6.5
86.3±9.2
65.4±5.4

*
ns
ns

nd
121±15.5
113±20.0
114±18.2a
105±15.1
nd
107±5.5
105±19.6
67.6±11.0b
85.5±14.5

Cereal

ns
ns
ns

1.8±0.7
3.2±1.5
1.9±0.8
6.7±4.5
5.2±2.6
4.7±3.4
2.2±1.2

**
ns
ns

nd
21.6±6.9
13.0±3.9
20.9±8.2
19.2±5.9
nd
30.5±4.0
21.9±7.1
24.5±4.8
39.6±6.2

Weeds

Subsequent crop
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nd
nd
nd

nd
nd

5.8±0.9bB

31.5±4.7bA

38.9±9.7aB

74.4±4.1aA

Grass

298±39.8
329±13.4a
291±36.6
279±3.8

341±47.8A
198±24.2bB
296±5.7A
256±28.8AB

Legume

Forage or cover crop*

2017
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p value

nd
94.4±15.6a
103±21.4a
112±18.2a
89.7±6.5a
nd
44.6±11.9b
31.1±4.2b
36.9±6.2b
40.6±7.1b
p value
***
ns
ns

Faba bean/oats

Legume

Faba bean/oats

Grass

First crop

Cover crop†

First crop

Weeds

2016

2015

Nitrogen accumulation (kg ha−1)

Table 2 Nitrogen accumulation of the annual first crops, forage and cover crops, and subsequent cereals in Experiments 1 and 2 during 2015–2017. Data are presented as means (n = 4) with standard
errors. The values of N accumulation of forage crops in 2016 are the sum of two cuts in Experiment 1. Values with different letters indicate significant differences within a year at p <0.05, where lowercase
letters indicate significant differences of the first crops with the same forage/cover crop treatment, while uppercase letters indicate significant effects of forage/cover crops among treatments with the same
first crop. Values in bold indicate statistical significance; 'nd' stands for not determined. Results of ANOVA (ns, non-significant; *p < 0.05; ** p < 0.01; ***p < 0.001)
†Cover crop N accumulation at harvest of the first main crop
*The undersown forage crop was incorporated into the soil at plowing before establishing winter wheat in Experiment 1, while in Experiment 2, the cover crop was killed by applying glyphosate in spring
before establishing barley with direct drilling (no tillage before sowing). Abbreviations are as described in Table 1
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Fig. 3 The weed dry biomass
(DM) during 2015–2017, in
Experiment 1 (a, b, c) and
Experiment 2 (d, e). Values are
means (n = 4) with standard errors
of treatments in the crop
sequence. The first crops are faba
bean (green) and oats (orange),
which were grown without a
forage/cover crop (No_CC) and
undersown with forage/cover
crops: lucerne (L), lucernecocksfoot grass mixture (L+C),
red clover (RC), and red clovertimothy grass mixture (RC+T).
Experiment 2 includes an
additional treatment of
intercropped faba bean and oats
(blue). In Experiment 1, the data
for forage crops in 2016 are the
mean of two cuts. Bars with
different letters indicate
significant differences within a
year at p < 0.05, where lowercase
letters indicate significant
differences of the first crops with
the same forage/cover crop
treatment, while uppercase letters
indicate significant effects of
forage/cover crops among
treatments with the same first
crop. Note the differences in scale
on the y-axis between subfigures.
Abbreviations used for the
various treatments are defined in
Table 1.

for soil N from cereals or grasses. When interpreting these
results, it is important to be aware of the limited precision of
the 15N natural abundance method. We observed that the difference in 15N between reference plants and the β values of
lucerne and red clover was sometimes less than 5 δ15N units,
which limits the precision when calculating Ndfa (Unkovich
et al. 2008; Carlsson and Huss-Danell 2014). Despite this
methodological uncertainty, our results showed a clear positive effect of the presence of oats and cocksfoot on symbiotic
N2 fixation in lucerne (Fig. 4), which follows the logic that the
cereal and grass competed efficiently for soil N and forced
lucerne to rely relatively more on N2 fixation.
Perennial legumes may deposit N that can be recovered by
grasses in cover crop mixtures (Schipanski and Drinkwater
2012). Reiss and Drinkwater (2020) reported no difference
in the amount or the proportion of legume N derived from
N2 fixation in a cover crop mixture compared to the same
legumes as sole cover crop. Frankow-Lindberg et al. (2009)
showed that mixtures of forage crops have a higher ability to
suppress weeds but also pointed out red clover as a weaker

competitor. However, our results did not show any difference
among the forage legumes and legume grass mixtures in their
weed suppression during the second year of the forage crops
(Fig. 3b). In addition, there was no difference in the weeds N
accumulation either between crops or between preceding
crops in the second year (Table 2). We argue that wellestablished and dense forage stands developed all treatments
with undersown forage crops, thus restricting the weeds
through limited access to light and/or belowground
growth resources (Ringselle et al. 2017). The treatments
without undersown forage crops correspond to including
a 1-year fallow in the crop sequence, which is a very
uncommon practice in arable cropping systems with
similar conditions as the present study but used in some
semiarid temperate areas. It can therefore be argued that
the comparisons between the presence and absence of a
forage crop during the second year have little agronomic interest. Nevertheless, it was necessary to include the
treatments without forage crops to assess if and how the

48
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cover crops was confirmed (Fig. 3d), which further highlights
the context specificity of cover crop-weed interactions.
However, the biomass of weeds was lower in oats and the
faba bean-oats intercrop compared to the faba bean sole crop
(Fig. 3d). The improved weed suppression when adding a
cereal as an intercrop with a grain legume is one of the key
benefits reported in previous intercropping research
(Bedoussac et al. 2015).

3.4 Subsequent crops

Fig. 4 The N accumulated from the soil (Ndfs) by grass and legume
forage crops and the N accumulated through biological fixation of N2
from the atmosphere (Ndfa) by legume forage crops as affected by the
first crops in Experiment 1 during 2016. Bars with different letters
indicate significant differences for the legume N sources (Ndfa and
Ndfs legume) at p < 0.05, where lowercase letters indicate significant
differences of the first crops with the same forage crop treatment, while
uppercase letters indicate significant effects of forage crops among
treatments with the same first crop. Abbreviations used for the various
treatments are defined in Table 1.

undersown forage crops affect the first crop in the
sequence.

3.3 Cover crops
The total biomass production of the cover crops in Expt. 2 was
significantly higher only for red clover undersown in oats than
in faba bean (Table 1). Furthermore, the cover crops biomass
was slightly higher than the biomass obtained in the forage
sole legumes in 2015 (Expt. 1). Several studies have shown
higher aboveground biomass produced by undersown cover
crops (e.g., red clover) at winter wheat harvest in stockless
organic farming systems (Amossé et al. 2014) and conventional based cereal systems in similar climate conditions to our
field experiment (Bergkvist et al. 2011). Furthermore, results
showed no significant effect between the legume cover crops.
Contrary to our results, Amossé et al. (2014) found greater
biomass accumulation by the red clover than the lucerne cover
crop due to a higher N accumulation by the red clover, thus
indicating better competition by the red clover than lucerne
against the winter wheat.
Previous research has shown contrasting effects of cover
crops on weed suppression, from less successful (Teasdale
1996; Hiltbrunner et al. 2007) to greater weed suppression
with increasing cover crop biomass (Finney et al. 2016; Hill
et al. 2016). In the present study, no weed suppression by the

The subsequent winter wheat crop biomass or grain yield
(Expt. 1; 2017) did not show any consistent response to the
first crops or forage crops (Table 1). However, the total biomass production of winter wheat after faba bean undersown
with red clover was higher than when oats were undersown
with red clover. Hauggaard-Nielsen et al. (2009, 2012) found
similar results in that subsequent spring wheat production did
not vary with different preceding crops. However, they observed a significant reduction in the wheat yield when a
clover-grass cover crop was undersown in the previous crop.
This response was accompanied by a lower availability of N in
the soil (Hauggaard-Nielsen et al. 2009), suggesting an enhanced competition for soil N by the cover crop, short-term
N immobilization when incorporating cover crop biomass,
and, consequently, a reduced N availability for the subsequent
wheat crop compared to the treatment without undersown
grass clover. In the present study, the subsequent spring barley
(Expt. 2) was not influenced by the first crop (faba bean or
oats) as observed by Hauggaard-Nielsen et al. (2009, 2012).
This might be because of the relatively poor growth of faba
bean in 2016, limiting the amount of N inputs in faba bean
residues, and/or that the faba bean residue was slowly mineralized. The grain yield was higher when lucerne was included
as an undersown cover crop in faba bean and when red clover
was included in oats than in the treatments without a cover
crop (Table 1). In particular, the results underline that legume
cover crops can provide benefits in terms of increased crop
yields in cereal-based cropping systems and also that a legume
cover crop can partly compensate for low N inputs from the
first crop (main crop). Doltra and Olesen (2013) demonstrated
that spring barley was less responsive to the effect of previous
cover crops due to lower N recovery efficiency. However, the
magnitude of this effect depended strongly on the cereal species, cover crop species, and on soil and crop rotation type.
The treatments without a forage crop in Expt. 1 (No_CC) were
included mainly to assess the competition resulting from
undersowing forage crops on first crop performance. We
found that the winter wheat yield was as high after no forage
crop as after undersown of forage legumes. However, as
discussed above (end of Section 3.2), the practical relevance
of the fallow (No_CC) may be questioned, since for many
farmers, it would mean a reduction in income.
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The subsequent winter wheat crop consistently accumulated larger amounts of N after faba bean than after oats, although the difference was only significant in the treatment
with red clover as a forage crop. Usually, the N availability
for the subsequent crops depends on the N accumulation provided by the preceding legume crops, which is most often
linked to their production of biomass (Bergkvist et al. 2011).
However, there may be other factors affecting the N availability such as C/N and N/lignin ratio as well as the placement of
the cover crop, i.e., whether incorporated into the soil or left
on the soil surface. The lack of significant differences in winter wheat yield and N accumulation after forage crops may be
explained by the fact that all the aboveground forage biomass
had been removed, and thus a large part of the fixed N has left
the cropping system. However, residues from roots and stubbles are expected to leave a legacy of N in the rotation, where
the C/N ratio of forage crop residues influences the synchrony
between N mineralization and N demand of the following
crop (Blesh et al. 2019). According to Høgh-Jensen et al.
(2004), roots and stubble contain the equivalent of 25% of
the total amount of fixed N in harvested aboveground biomass
of lucerne and red clover, which in our case corresponds to
10–50 kg fixed N per ha left in the field after the second
harvest of the forage crops in Expt. 1. Asynchrony, through
the potential short-term immobilization of N, may have limited the use of the residual N by the subsequent winter wheat in
the present study, and some of this N might become available
for crops later in the rotation. In Expt. 2, the combination of
diversified crop rotations with legumes, cover crops, and intercrops showed no significant differences for the N accumulation in the spring barley. Long-term experiments have
shown yield improvements in crop rotations, including
grass-legume leys (Persson et al. 2008), and the crop diversification of our experiments might, thus, be expected to benefit
cereal grain yields in a longer perspective (Bowles et al.
2020).
In the present study, the inclusion of a forage crop did not
result in any effect on weed biomass in the subsequent winter
wheat (Fig. 3c). Several studies highlighted the benefits of
implementing green manures (perennial legumes as a sole
crop or in plant mixtures) in the crop rotation for weed suppression, by limiting the input of new seeds in the weed seed
bank (Melander et al. 2020) or by leaving the green manure
for longer periods (Sjursen et al. 2012). Indeed, weed biomass
is a less suitable indicator for understanding the mechanism of
plant-plant competition than plant density or ground cover by
weeds. From the present study, we cannot discern whether
forage crops also have had a weed-suppressing effect in the
subsequent winter wheat, and that this effect was counteracted
by cover crop plants re-emerging as weeds in the subsequent
crop. Conversely, in organic crop rotation, green manures
(plant material was removed) presented a residual effect on
weed seed banks 3 years after termination (Melander et al.
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2020). These results may be influenced by the duration of
the green manure, lack of soil disturbance, and the ability of
the green manure to re-grow. Furthermore, in Expt. 1, red
clover was encountered among the weed samples collected
from the subsequent winter wheat, indicating a poor effect
of the tillage and herbicide (or a strong effect of the clover
to survive). There is evidence that cover crops may return as
volunteer weeds in the subsequent crop, thus limiting the effect of the cover crop on weed suppression and the yield of the
subsequent crop (MacLaren et al. 2019). Likewise, cover
crops in Expt. 2 did not show any effect on weed suppression
in the following crop (Fig. 3e). Several factors such as cover
crop growth and biomass, decomposition rate, and method of
termination (Blanco-Canqui et al. 2015) or increase in N supply by legume cover crops (Sjursen et al. 2012) may have
influenced the weed biomass in the spring barley. Salonen
and Ketoja (2020) demonstrated a limited effect of cover
crops on weed suppression in organic cereal-based rotations
under reduced tillage. Furthermore, no significant differences
were observed in the N accumulation in weeds in the subsequent cereal crops in either of the two experiments (Table 2).
The total N accumulated by the weeds was higher after oats in
both experiments, although this was not statistically
significant.
The present study hypothesized that the yield and total N
accumulation of the subsequent cereal would be influenced by
preceding crops in the sequence. This was not fully achieved
by the different combinations of crop diversification practices.
However, adding a cover crop in the rotation increased the
grain yield of the spring barley, and adding a forage crop in
combination with faba bean in the crop rotation tended to
increase the yield of the winter wheat for both the biomass
(p = 0.2) and grain (p = 0.5). Furthermore, we hypothesized
that forage and cover crops could increase weed suppression.
However, this effect might be dependent on other management factors and plant species interactions. It is also possible
that the relatively small plot size used in our experiments (2 ×
12 m) was not sufficient for capturing potential patchiness in
the weed distribution, which might have caused large variations and thus reduced the possibility to obtain statistically
significant differences in weed biomass. Since the results of
this study did not show any penalty on the subsequent crop by
the weed biomass, there may be other services provided by
either the crops in the rotation or weed diversity. There are still
challenges associated with the implementation of crop diversification practices, such as better synchrony of the crops in
the rotation.
The novelty of this study lies in the combination of different crop diversification practices in cereal-based crop sequences in a temperate climate. We intended to give insights
on how diversified crop rotations relate to resource acquisition
by understating plant species interactions. The results demonstrated that replacing cereal with a grain legume earlier in the
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sequence and the addition of forage or cover crops had either
neutral or positive effects and could partly compensate for the
low preceding crop effects from cereals in less diverse cerealbased cropping systems in terms of crop productivity and N
acquisition. Our findings thus show promising effects of combining several crop diversification practices in crop rotations
and highlight the need for continued research for identifying
and optimizing the positive long-term effects of combined
crop diversification practices.
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Crop diversification practices through diversified rotation,
cover crops, and intercropping did not show a strong influence
on the performance of components of the crop sequence in
terms of productivity, weed suppression, and nitrogen acquisition. Until now, studies on the combination of crop diversification practices have been rare, and our results demonstrate
the complexity among different plant-plant interactions in diversified crop sequences. Although diversified rotation and
forage or cover crops may not directly benefit all
agroecosystem functions measured in this study, the benefits
of crop diversification should be considered in a wider perspective since implementing the crop diversification practices
studied here did not cause yield penalties or other trade-offs
with the agronomic performance of the crops. This is a valuable finding for the feasibility of crop diversification to promote other ecosystem services, not studied here, such as enhanced associated biodiversity, increased soil carbon inputs,
reduced risks of soil erosion and nutrient losses, and reduced
dependency on inputs. To further improve the knowledge
about ecosystem functions in diversified cropping systems,
more research is needed about combined diversification practices, including longer crop sequences and/or a more longterm crop rotation perspective and covering different
edapho-climatic conditions. Further research is also needed
to elucidate the mechanistic plant-soil interactions in diversified crops and cropping systems, including effects of soil nitrogen availability and feedbacks on short- and long-term soil
nitrogen dynamics.
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