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Abstract

Background and aims Intercrops offer multiple
advantages over sole crops. The aim of our study
was to characterize root growth and interactions in
spring wheat/faba bean intercrops to better under-
stand belowground interactions that govern resource
capture.

Materials and methods A field experiment was con-
ducted with one faba bean cultivar and two spring
wheat cultivars sown at three sowing densities, defin-
ing three intercropping designs. Destructive root cor-
ing was conducted (0-100 cm) in the intercrops and

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s11104-024-06742-3.

Communicated by Rui-Peng Yu.

S. Hadir (P<) - D. T. Demie - T. Gaiser - F. Ewert -
S.J. Seidel

Crop Science, Institute of Crop Science and Resource
Conservation, University of Bonn, Katzenburgweg 5,
53115 Bonn, Germany

e-mail: shadir@uni-bonn.de

T. F. Doring - M. Paul - R. Kemper

Agroecology and Organic Farming, Institute of Crop
Science and Resource Conservation, University of Bonn,
Auf dem Hiigel 6, 53121 Bonn, Germany

E. Justes

Persyst Department, CIRAD (Centre de Coopération
Internationale en Recherche Agronomique pour le
Développement), Montpellier F-34398, France

Published online: 27 May 2024

sole crops at two development stages. FTIR spec-
troscopy was used to discriminate the species’ root
masses. The plant-plant interaction index was calcu-
lated to represent the belowground interactions.

Results A negative impact of intercropping on
total root mass was observed in the treatment with
high sowing density in both stages. For the fully and
partial replacement design treatments, plant-plant
facilitation was more pronounced than competition
in all layers. Competition dominated root growth
in the treatment with high sowing density in both
stages. Lower sowing densities encouraged deep root
growth of wheat (both cultivars) in intercropping.
The early root growth in depth and in density of one
spring wheat cultivar impacted negatively faba bean
root growth. Intercropping resulted in a grain yield
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advantage in both fully and only one partial replace-
ment design treatment.

Conclusion In the intercrops, total root mass and
plant-plant interactions were affected more by sow-
ing density than by the spring wheat cultivar. Under-
standing the effect of sowing density on root growth
in intercropping can help to support the design of sus-
tainable intercropping systems.

Keywords FTIR spectroscopy - Intercropping -
Crop mixture - Land equivalent ratio - Root carbon
and nitrogen

Introduction

Crop mixtures or intercrop or intercropping is the
practice of cultivating two or more crops with dif-
ferent rooting abilities, canopy structure, height, and
nutrient requirements simultaneously (Hauggaard-
Nielsen et al. 2008; Lithourgidis et al. 2011). To
study interactions in intercrops, different experimen-
tal designs can be applied. A common one is the
replacement (substitutive) design, in which the densi-
ties of the partners relative to the respective densities
of the sole crops add up to 100% (Snaydon 1991). In
the additive design, the intercrop is formed by add-
ing the plants of both species in the same densities
as in their sole crops; as a result, the total density of
the intercrop is higher than the density of sole crops
(Snaydon 1991).

The mixture mechanisms that affect intercrop per-
formance are (resource use) complementarity (e.g.
through different rooting habits/structures), competi-
tion (for light, soil water, and nutrients), and facilita-
tion (e.g. of phosphorus and micronutrient acquisi-
tion via root-root interactions) (Vandermeer 1989;
Brooker et al. 2015; Stomph et al. 2020; Zhang et al.
2021). So, the behavior and performance of inter-
crops is governed by complex interactions. According
to Justes et al. (2021), Competition occurs when one
species has a greater ability to use limiting resources
(e.g., nutrients, water, space, light) than others.
Complementarity occurs when intercropped plants
have different requirements for abiotic resources
in space, time, or form. Cooperation (or facilita-
tion) is observed when the modification of the envi-
ronment by one specie is beneficial to the other(s).
Compensation occurs when the failure of one specie
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is compensated by the other(s) because they differ
in their sensitivity to abiotic or biotic stress (Justes
et al. 2021; Doring and Elsalahy 2022). The review
on interspecific root-root interactions in competition-
based and facilitation-based intercropping systems by
Yu et al. (2022) describes in detail the mechanisms
that drive interspecific below-ground competition
(e.g. driven by resource depletion) and facilitation
(e.g. due to nutrient or water enrichment or enrich-
ment of beneficial microbiome) in intercropping.
Due to the mentioned interactions, intercrops offer
the possibility of increasing the productivity of a
defined piece of land (Lithourgidis et al. 2011), limit-
ing the use of synthetic fertilizers (Jensen et al. 2020),
suppressing weeds (Den Hollander et al. 2007), as
well as increasing biodiversity and maintaining and
regenerating ecosystem services (Kremen and Miles
2012). Intercrops also minimize risks related to vola-
tile market prices, drought, and/or floods (Brooker
et al. 2015; Bedoussac et al. 2015). Further ecosys-
tem services offered by intercrops include below-
ground biomass advantage which is directly linked
to better nitrogen (N) mineralization and carbon (C)
sequestration (Cong et al. 2015) and soil stability
which decreases soil erosion (Obalum and Obi 2010,
Sharma et al. 2017).

To optimize the intercrop cultivation (e.g. choice
of partners, sowing density) and to enhance ecosys-
tem services (e.g. root-based C input for enhanced C
sequestration), a better understanding of the underly-
ing mechanisms responsible for belowground growth
and interactions in species mixtures and of other eco-
system services is needed (Li et al. 2006; Tosti and
Thorup-Kristensen 2010; Bargaz et al. 2015; Brooker
et al. 2015; Shao et al. 2019). As root studies are
generally laborious, particularly in (in-row) species
mixtures, little is known about the effect of intercrop
management practices on belowground growth espe-
cially under field conditions and in temperate climatic
zones. Several methods for root species identification
in mixtures have been applied. Methods based on
DNA, 3C, or root morphology are time-consuming
and need extensive training (Rewald et al. 2012). The
monolith excavation method combined with visual
distinction (Li et al. 2011; Yu et al. 2022) is rather
simple and cheap but less accurate. Infrared spectros-
copy has been proven to be a fast tool to discriminate
roots of different species such as corn-soybean (White
et al. 2011), pea-oat (Naumann et al. 2010), pea-oat
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and maize-barnyard grass (Legner et al. 2018), faba
bean-wheat (Streit et al. 2019), and blue lupin-winter
rye (Kemper et al. 2022). Fourier transform infrared
(FTIR) spectroscopy can be applied to separate roots
of species in mixtures and can also give an estima-
tion of the species specific proportions within a root
sample (Meinen and Rauber 2015; Streit et al. 2019;
Kemper et al. 2022). In these studies, mean root mass
LER (over differential depths) ranged from 0.52 to
1.50 depending on the experimental year and the spe-
cies (Streit et al. 2019; Kemper et al. 2022).

One important aspect in studying intercrop per-
formance and the linkage of root traits in species
mixtures is to understand the effect of management
practices such as sowing density and cultivar (cv.)
selection as a way to improve intercrop design and
cultivation (Demie et al. 2022; Yu et al. 2022). The
sowing density is important because it dictates the
number of intraspecific and interspecific neighbors
(Homulle et al. 2022). Sowing density affects above-
ground productivity mainly through intra- and inter-
specific competition for resources capture (Yu et al.
2016). Belowground, studies on the impact of sow-
ing density on root growth are still scarce, especially
when sowing densities of both species are varied. To
the best of our knowledge, only Wang et al. (2018)
evaluated the effect of increasing total sowing density
in a maize/spring wheat strip intercropping system on
root growth. They found that with increasing sowing
density of maize in species mixtures, root growth of
the intercropped maize was increased significantly in
comparison to the maize sole crop.

Shao et al. (2019) found that genotypes with less
variation in root size, as well as medium root size,
medium to broad root system, and more inter-row
root distribution, help to reduce root-to-root compe-
tition and tend to have higher yield at high planting
densities in a strip intercropping system. Hence, the
genotype plays an essential role in determining the
root traits and eventually the complementarity and/or
competition between intercropped species.

Currently, knowledge of the root systems contri-
bution to intercrop yield advantage and the related
effects of cultivar choice and sowing density is
scarce. Specific belowground processes between the
species should be considered to improve interspe-
cific facilitation in future species mixture designs (Yu
et al. 2022). The aim of this study was therefore to
investigate the effect of faba bean and spring wheat

intercropping on root and shoot growth as a first step
to understand root interactions in intercrops and to
study the effects of different sowing densities and cul-
tivars on belowground growth and interactions.

Materials and methods
Site description, field design, and crop management

The research facility Campus Klein-Altendorf (CKA)
of the University of Bonn, Germany, is located in
Rheinbach near Bonn (50° 37’ 31°° N, 6° 59 21"’
E). The soil at the experimental station was classified
as Haplic Luvisol, derived from loess and character-
ised by a silty-loamy texture with clay accumulation
in the subsoil between about 45 and 95 cm soil depth
(Barej et al. 2014). The climate at the experimental
station can be described as moderately humid with
maritime influences. The mean annual air tempera-
ture and precipitation are 10.3 °C and 669 mm (1991
to 2020), respectively. In 2021, an in-row mixture
trial of spring wheat (Triticum aestivum L.) and faba
bean (Vicia faba L.) with two spring wheat and one
faba bean cv. and three total sowing densities (7.SD)
representing three types of intercropping designs was
established. Each cultivar was also sown as a sole
crop. In a subset of these plots, the presented root
observations were conducted (Table 1). The sowing
densities of sole crops considered in this study are
higher than the usually applied densities in Germany,
but as the emergence rate is not well known we kept
them to better reflect the interactions in intercrops.
The sowing densities in grain/m2 and in % are given
in Table 2.

The experiment presented in this study of a large
in-row mixture experiment. Due to a sowing error, the
intended field design could not be fully implemented
and there were therefore less than four field replicates
available for the current study (Table S1). Therefore,
root sampling was repeated four times in the selected
plots (one plot for each treatment). The plot size was
15m? (1.5 10 m) with a row distance of 21 cm and 6
rows per plot.

The preceding crop in 2020 was spring barley.
On 30/03/2021, the soil was harrowed to 10 cm soil
depth. Soil mineral N was 98 kg ha™!' (16 kg ha™!
from 0 to 30, 27 kg ha~! from 30 to 60 cm and 55 kg
ha™! from 60 to 90 cm) on 17/02/2021. Spring wheat
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Table 1 Treatments with spring wheat (cv. SU Ahab, cv. Anabel) and faba bean (cv. Fanfare) and the respective sowing densities at
Campus Klein-Altendorf in 2021. The total sowing density (7SD) is the sum of both sowing densities

Abbreviation Description Sowing density (%) TSD (%) Design of the cropping system
spring wheat faba bean

SW_SUAh_100 Sole crop spring wheat SU Ahab 100 Sole crop

SW_Ana_100 Sole crop spring wheat Anabel 100 Sole crop

FB_100 Sole crop faba bean Fanfare 100 100 Sole crop

FB_33_SW_Ana_33 Intercrop Fanfare x Anabel 33 66 Partial replacement

FB_33_SW_SUAh_33 Intercrop Fanfare x SU Ahab 33 66 Partial replacement

FB_50_SW_Ana_50 Intercrop Fanfare x Anabel 50 100 Full replacement

FB_50_SW_SUAh_50 Intercrop Fanfare x SU Ahab 50 100 Full replacement

FB_100_SW_SUAh_100 Intercrop Fanfare x SU Ahab 100 200 Additive

Table 2 Sowing density considered for each treatment and the
corresponding number of sown grains per m>

Sowing density (rate)  Spring wheat (grains Faba bean

in % per m?) (grains per
m?)

33 160 18

50 240 27

100 480 54

cultivars SU Ahab and Anabel and faba bean culti-
var Fanfare were sown on 30-31/03/2021. The culti-
vars are described in Paul et al. (2024). Spring wheat
emerged mid-April (BBCH 11/12 on 19/04/2021)
and faba bean emerged about one week later. Hand
harvest took place on 13/08/2021 (BBCH 99) and
machine harvest on 25 August 2021, when both crops
were fully ripened. No fertilizers or pesticides were
applied.

Root sampling

Root samples were taken with a soil auger with
an inner diameter of 9 cm down to 100 cm soil
depth in the selected plots on 09/06/2021 and on
05-06/07/2021. The root sampling in the inter-
crop treatments covered always one faba bean and
one wheat plant and the core was placed not exactly
above a row but next to the row (from the row to
1.5 cm from the middle of the row) (see Fig. S1). On
09/06/2021, the BBCH stages of wheat and faba bean
were 39 (end of shooting) and 63 (full flowering),
respectively. On 05-06/07/2021, the BBCH stages
of wheat and faba bean were 69 (end of flowering)
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and 71 (approx. 10% of the pods have a species or
variety-specific size achieved), respectively. Samples
were taken in eight plots (three sole crops and five
intercrops) replicated four times per plot (Table 1).
Soil cores were split into ten centimetre sections and
stored separately in plastic bags and dried under a
plastic crop tunnel before sample preparation and
evaluation performed at the University of Gottingen,
Germany.

Quantification of root biomass, root carbon and
nitrogen contents

The root samples were washed in a root washing
machine (custom made, mesh size 1 mm) and cleaned
of soil residues and non-root particular organic mat-
ter manually. The root samples were frozen in a tea
bag between different cleaning, scanning, and dry-
ing steps. Roots were scanned with a flat-bed scanner
(Expression 12000XL, Epson, Suwa, Japan) and ana-
lysed with WinRhizo 2016a software (Régent Instru-
ments Inc., Quebec, QC; Canada) to estimate the
root length density (RLD, cm cm™ soil). After scan-
ning, all roots were oven-dried at 40 °C for 48 h and
weighted. The samples were ground with an ultra-
centrifugal mill (Retsch, ZM 200, Haan, Germany)
and stored in glass vials for the next analysis (see Dis-
crimination between species).

Due to low absolute weights in deeper soil lay-
ers, the root mass samples of the subsoil layers
were pooled for weighing and for the C and N con-
tent determination (after the FTIR analyses) result-
ing in samples soil depths of 0-10 cm, 10-20 cm,
20-30 cm, 30-60 cm, and 60-100 cm. Root C and
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N were measured according to ISO 13,878 and ISO
10,694 standards with an elemental analyzer Vari-
oMAX cube (Elementar Analysensysteme GmbH,
Langenselbold, Germany).

Discrimination between species
Fourier Transform Infrared Spectroscopy (FTIR)

The roots of the sole crops of the two spring wheat
cultivars (SU Ahab and Anabel) and one faba bean
cultivar (Fanfare) were used to evaluate the species’
root proportion in the intercrop samples. Absorp-
tion spectra of the ground root samples of the sole
crops, as well as of the intercrops, were measured
by the FTIR-ATR spectrometer (Alpha-P with a dia-
mond crystal attenuated total reflection (ATR) device,
Bruker Optics, Ettlingen, Germany) with a resolu-
tion of 4 cm™! and 32 scans in the spectral range of
4000-400 cm~!. Each sample was measured 3 to 5
times. The evaluation of the FTIR-ATR spectra was
conducted with the Opus software Quant 2 (version
7.2, Bruker Optics, Ettlingen, Germany). The FTIR
spectra of the sole crop sample species were used for
a cluster analysis (Opus software, version 7.2, Bruker
Optics) to allow for species discrimination. For the
cluster analyses, the spectra were pre-processed by
second derivative and vector normalization, the fre-
quency range was reduced and the Euclidian’s dis-
tance and Ward’s algorithm was applied (Fig. S2,
S3 and S4). The interspecific heterogeneity for both
species was higher than the intraspecific heterogene-
ity permitting a separation of the two species. Both
spring wheat cultivars separately but also combined
were clearly separable from faba bean via cluster
analysis (Fig. S5). Since the average FTIR spectra of
both spring wheat cultivars were very similar, both
spring wheat cultivars were combined for the second
sampling date analyses (Fig. S5 and S6).

Model establishment

For the quantification of the root proportion of each
species in the intercrops root samples, the FTIR spec-
tra of the single species samples were used to gener-
ate a model. For establishing a two-species model, a
calibration set of 35 “artificial mixtures” was gener-
ated in 3% steps from 0 to 100% for spring wheat and
faba bean, respectively. These mixtures covered the

complete calibration range. 20 additional “artificial
mixtures” with known species composition were gen-
erated to be used for external calibration of the model.
With the FTIR spectra of these calibration mixtures,
a model was calculated on the basis of multivariate
calibrations with the method of partial least square
(PLS) regression using the software Quant 2 (Opus,
version 7.2, Bruker Optics, Ettlingen, Germany). The
absorption of infrared radiation is correlated to the
concentration of compounds in a multi-compound
system. The established model was evaluated by an
internal validation (cross validation) and was sub-
sequently optimized by the Quant 2 software. This
optimization process detected the best data prepara-
tion and the best frequency range to explain the actual
mixtures of the calibration samples. Six to eight of the
proposed optimized models were verified by an exter-
nal calibration (20 additional “artificial mixtures”).
Both internal validation and external calibration were
compared with the calculated statistical parameters of
each calibration. For the first sampling date for each
wheat cultivar, a separate model was generated. The
statistical parameters of the model (calibration/inter-
nal validation and external calibration) are shown in
Tables S2 (first sampling date, 09/06/2021) and S3
(second sampling date, 05-06/07/2021). With the
chosen model, the FTIR spectra of the mixed species
samples were evaluated with the associated model.
The output of this evaluation was the percent share of
each species within the mixed species root mass sam-
ples which were used for further calculations. Val-
ues outside the calibration range (below 0% or above
100%) were corrected to 0% and 100%.

Data analysis and statistics
Root parameters and indexes

Root length density (RLD, in cm cm™) per layer was
calculated using the following equation:
Rootlengthperlayer

RLD = — (1)
Soilvolumeofthelayer

The soil volume of each layer is equal to 636 cm®
(core diameter: 9 cm, sample height: 10 cm).
Root mass (t ha™') was calculated according to the

Eq. (2):
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rootmassforthecorrespondinglayer

Rootmass = -
surfaceareaofcylinder

The surface area of cylinder (core auger) is equal
to 63.6 cm?.

Specific root length (SRL; m g~!) was calculated
as follows:

SRL Rootlengthperlayer

"~ Rootmassforthecorrespondinglayer @)

The FTIR method used in this study to sepa-
rate between the intercropped species allows only
to determine the root mass of the two species, sepa-
rately. Thus, the RLD and SRL in this study refer to
the whole intercropping system rather than to the spe-
cific crop species.

Various terminologies for characterizing the
yield advantages in intercrops exist in the literature,
namely, ‘overyielding’ (Li et al. 2013; Streit et al.
2019; Nelson et al. 2021; Yang et al. 2022) or ‘Rela-
tive Yield Total’ (Willey and Osiru 1972), which is
identical to ‘Land Equivalent Ratio’ (LER) defined by
De Wit and Van den Bergh (1965). In the context of
our study, we use also the term root mass advantage
to characterize the positive effect of intercrops on root
biomass.

So, the LER for the faba bean and spring wheat
mixtures was calculated for aboveground biomass
(LERgp) at the two growing stages and at harvest as
well as for belowground biomass (LERg,,) accord-
ing to Eqgs. 4-6. The LER was only calculated for the
treatments with fully replacement design. The LER
for bean and wheat in intercrops is the sum of the par-
tial LER for bean (pLERg,,,) and wheat (pLERy;,.,):

LER = pLERBe(m + pLERWhem (4‘)
Biomassbeaninintercrop
PLERp, = = . . (5)
Biomassbeaninsolecropping
Biomasswheatinintercrop
pLERWheat = (6)

Biomasswheatinsolecropping

The expected values of grain yield, root mass,
RLD and SRL were estimated based on the Eq. (7):

Yexpected = p*M (7)
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Where p is the sowing density of the species in the
intercrop divided by the sowing density in the sole
crop and M is either the grain yield, root mass, SRL
or the RLD of the sole crop.

We applied an adapted version of the 4 C approach
of Justes et al. (2021) to find out when and where
facilitation or competition dominates. Here, instead
of using the pLER as presented in Justes et al. (2021),
the calculation is being adapted by dividing the root
biomass by the ratio of plant density DR (Egs. 8§-10).
The novel index is called plant-plant interaction index
(PPII), where:

PPII = PPII ., + PPII ., @®)
with

Rootmassof beaninintercrops

PPII = +DR
Bean Rootmassofbeaninsolecrops Bean

PPIL __ Rootmassof wheatinintercrops .
Wheat -

Rootmassof wheatinsolecrops

©))

R Wheat

and ratio of plant density DR (with density in
plants per m?);

__ Densityof wheatinintercrops
DRWheat -

Densityof wheatinsolecrops
Densityofbeaninintercrops ( 1 O)
DRBean =

- Densityofbeaninsolecrops

If PPII=1, neutral effect. If PPII < 1, net competi-
tion. If PPII > 1, net facilitation.

This approach has the advantage of giving the
information on the net effect of plant-plant interac-
tions, expressed by plant density.

Statistical analyses

The statistical analyses were performed using the pro-
gramme R version 4.2.1 (23/06/2022) (R Core Team
2018).

Shoot biomass, root mass and RLD were analysed
by a one-factorial analysis of variance (Anova) (fac-
tor treatment), as well as two-factorial analysis of
variance (factors cultivar and sowing density) for all
treatments. Mean values of treatments were com-
pared with a Tukey post-hoc test at a significance
level of =0.05. Outliers were detected for each of
the response variables (root mass, RLD, FTIR predic-
tions) using the package rstatix in the programme R.
Values above- Q3+ 1.5 x IQR or below Q1-1.5 x IQR
were considered as outliers and were deleted. Q1 and
Q3 are the first and third quartile, respectively. IQR is
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the interquartile range IQR=Q3 - Q1). A one-sam-
ple t-test against 1 was used to test the significance of
LER,,, and one sample t-test against 0.5 was used to
test the significance of pLERyy,.,, and pLERg.,,. For
the calculation of PPII, infinite values induced by 0
when dividing root masses were deleted and not con-
sidered in the calculation of the means. Also, we con-
sidered the mean across replicates.

Shoot sampling, soil water, and nutrient derivation
Shoot biomass, plant height, number of plants per m?
and volumetric soil water content at 0, 30, 45, 60 and
90 cm soil depth were measured in the days preced-
ing the two dates when the root sampling took place.
Shoot samples for estimation of shoot dry weight
were collected destructively with one sample per
plot on 06.06 and 06-08/07/2021. Hand harvest of 2
row meters took place on 13/08/2021 in which 1 m
from both the 3rd and 4th rows (2m in total per plot)
were harvested and ensuring that cuts were made a
minimum of 1 m from the plot boundary to reduce
boundary effects. Wheat and faba bean were sepa-
rated manually in case of intercrop treatments. The
fresh biomass samples were weighed and (in case of
large samples only aliquots) then oven-dried (105° C)
until constant weight was reached and weighed again
to estimate shoot, straw or grain dry matter. Due to
lack of replicates regarding shoot biomass and yield
at harvest, the aboveground dataset is only presented
as supplementary (Table S4).

The soil water content was measured at soil depth
of 0, 30, 45, 60, and 90 cm with a mobile FDR
probe (ThetaProbe ML3, ecolech Umwelt-MeBsys-
teme GmbH, Bonn, Germany) on 07/06/2021 and
05/07/2021. Soil samples from 0 to 30, 30-60, and
60-90 cm soil depth were collected to estimate soil
mineral nitrogen (Nmin) before sowing (17/02/2021,
pooled samples over field) and one day after harvest
(26/08/2021, pooled samples per plot) using a Piirck-
hauer auger. Nitrate-N and ammonium-N were deter-
mined photometrically using a continuous flow ana-
lyser (Seal QuAAtro 39, Norderstedt, Germany) after
K,S0O4 extraction of the soil sample.

General characteristics of the growth period

The growing season in 2021 can be characterized as
chilly in April and May with a normal rainfall pattern,

however, a storm with a heavy rainfall occurred on
14-15/07/2021 with about 120 mm of rainfall. In the
growth period from 30/03/2021 to 25/08/2021, total
rainfall was 395 mm and the mean air temperature
was 14 °C (Fig. S7).

Results
Aboveground overyielding in intercrops

Total dry matter grain yield in intercrops varied from

4.5 t ha-1 to 5.6 t ha-1 (Table S4). In intercrops with
cv. SU Ahab, the grain yield attained values were
higher for the treatments of the partial replacement
design and fully replacement design but lower that
for the additive design (Table 3). For intercrops with
the cv. Anabel the lower sowing density of the par-
tial replacement treatment (7SD=66%) resulted in
grain yield value lower than the expected one. How-
ever, for that same cultivar, a value of grain yield
attained higher than the expected one was found
under fully replacement design (FB_50_SW_Ana_50,
TSD=100%).

In intercrops, LER could only be calculated for the
fully replacement design treatments (FB_50_SW_
Ana_50 and FB_50_SW_SUAh_50), the shoot LER
values ranged from 1.03 to 1.42 (Table S5) with a
mean across both varieties of 1.28 +0.20 at the first
sampling date and 1.10+0.10 at the second sampling
date. At harvest, the wheat contributed less (lower
pLERg.,,) than the faba bean to the positive grain
yield overyielding (1.27+0.28, mean across both
cultivars). The comparison between both wheat vari-
eties revealed that the grain yield LER of the inter-
crops with cv. SU Ahab was higher than in intercrops
with cv. Anabel. The cv. SU Ahab seems to be more
advantageous for mixtures (higher LER for grains and
higher absolute grain yield in mixture) than the culti-
var Anabel (Table S5).

Root growth in intercrops

Characterisation of root mass

The cumulated root mass over the soil profile (all
soil depths measured) increased from the first to sec-

ond date by 19% (mean of the two cultivars) for the
sole crop wheat and 34% for the sole crop faba bean
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Table 3 Attained and expected values (n =1) of grain yield at
harvest (13/08/2021). Treatment abbreviations: FB_100 = Sole
crop faba bean Fanfare, SW_SUAh_100 =Sole crop
spring wheat SU Ahab, SW_Ana_100 =Sole crop spring
wheat Anabel, FB_33_SW_SUAh 33 =Intercrop Fan-
fare (SD=33%) x SU Ahab (SD=33%), FB_33_SW_

Ana_33 =Intercrop Fanfare (SD=33%) x Anabel (SD=33%),
FB_50_SW_SUAh_50 =Intercrop Fanfare (SD=50%) x
SU Ahab (SD=50%), FB_50_SW_Ana_50 =Intercrop
Fanfare (SD=50%) x Anabel (SD=50%), FB_100_SW_
SUAh_100 =Intercrop Fanfare (SD=100%) x SU Ahab
(SD=100%))

SW_ SW_Ana_100 FB_100 FB_33_ FB_33_SUAh_33 FB_50_ FB_50_  FB_100_
SUAL_100 Ana_50 SUAh_50 SUAh_100
Ana_33
SW GY 4 52 3 2.5 2.7 22
expected SW GY 1.716 1.32 2.6 2 4
FB GY 34 2.6 2 2.7 3.1
expected FB GY 1.122 1.122 1.7 1.7 34
Total GY 4 52 34 5.6 4.5 5.4 54
expected Total GY 6.916 2.442 43 37 7.4

(Table S6). For the intercrops, the greatest increase
between the two sampling dates were estimated in
treatments FB_50_SW_Ana_50 (46%) and FB_100_
SW_SUAh_100 (41%) and the lowest were estimated
for the treatments FB_50_SW_SUAh_50 (21%) and
FB_33_SW_Ana_33 (20%). On sampling date one
(09/06/2021), the significantly highest mean values of
total root mass (0—1 m) were observed in the intercrop
with wheat cv. SU Ahab with TSD=66% (FB_33_
SW_SUAh_33) and 100% (FB_50_SW_SUAh_50)
TSD with 2.11 t ha-1 and 2.03 t ha-1, respectively
(Table S6).

At the first sampling date (Fig. 1), the lowest root
mass values in the topsoil (0-30 cm) were deter-
mined for the wheat sole crops. The highest sowing
density (7SD =200%) showed lower total root mass
as compared to the two other sowing densities in
intercropping. For the upper subsoil (30-60 cm), the
sole wheat root mass was significantly higher than all
intercrop treatments. The intercropping of faba bean
with the wheat cv. Anabel at the lowest sowing den-
sity achieved the lowest root mass value, while the
faba bean sole crop achieved the second lowest total
root mass at this soil depth. For the deeper subsoil
layers (60—100 cm), the faba bean sole crop presented
the lowest value. At the first sampling date, spring
wheat cv. Anabel developed more roots in deeper soil
layers as a sole crop and in intercropping in compari-
son to cv. SU Ahab (Fig. 1).

At the second sampling date, no significant dif-
ferences between the treatments with regard to
topsoil root mass were observed (Fig. 2). The
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intercrops with low sowing density (FB_33_SW_
SUAh_33 and FB_33_SW_Ana_33) achieved the
significantly lowest values of root mass cultivars
in the upper subsoil (30-60 cm). In the deeper soil
layer (60—-100 cm), faba bean reached the lowest
root mass. Results of a two-way Anova (a=0.05)
indicated that the cultivar choice had no significant
effect on root mass but sowing density had. Also, no
significant interactions between the sowing density
and cultivar for root mass were found (Table S7).

Proportion of faba bean and spring wheat root
in intercrops

The results of discrimination between species using
the FTIR showed that wheat root mass dominated
in the subsoil (20/30-100 cm, Fig. 3). In general,
there were no significant differences in faba bean
root mass proportions between the different treat-
ments. Only in the first sampling date significant
differences in 0—10 cm (the very high sowing den-
sity led to low faba bean root proportions) and in
60-100 cm depth (the intercrop treatments with
wheat cv. Anabel had low faba bean root propor-
tions) were observed. The quick and deep root-
ing ability of the cv. Anabel in comparison to cv.
SU Ahab is illustrated by the greater proportion of
faba in intercrops with cv. SU Ahab in the deeper
soil depths (60-100 cm) at both sampling dates
(although the differences were only significant at
the first sampling date).
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Fig. 1 Mean (n=4) total root mass (sum of both crops)
in t ha™! at the first sampling date (09/06/2021) for three
soil layers. Different letters indicate significant differ-
ences (Anova and Tukey post-hoc test, a=0.05). Error bars
refer to the standard deviation. Treatment abbreviations:
FB_100=Sole crop faba bean Fanfare, SW_SUAh_100=Sole
crop spring wheat SU Ahab, SW_Ana_100=Sole crop
spring wheat Anabel, FB_33_SW_SUAh_33=Intercrop

Root mass advantage in intercropping

At the first sampling date (09/06/2021) in the topsoil
and upper subsoil layers (0—40 cm) for intercrops
with wheat cv. Anabel and 0-30 cm for intercrops
with wheat cv. SU Ahab), a positive root mass LER
was observed (Table 4). A the second sampling date
(05/07/2021), the root mass LER was above one for
the layers 0—20 cm for the intercrop with cv. SU Ahab
and above one from the layers 0-60 cm for the inter-
crops with cv. Anabel (Table 4).

Effect of sowing density on root mass of intercrops

The analysis based on the comparison between the
attained and the expected values of root mass revealed
that, on both sampling dates, under high sowing den-
sity (TSD=200%, additive design) the expected val-
ues of root mass in O—1 m soil depth were higher than
the attained values (Fig. 4). In contrast, for the lower
sowing densities (7SD=66%, partial replacement
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FB_33_SW_SUAh_33

ab ab

FB_33_SW_Ana 33 FB_50_SW_Ana_50
FB_50_SW_SUAh_50 FB_100_SW_SUAh_100

Fanfare (SD=33%) x SU Ahab (SD=33%), FB_33_SW_
Ana_33 =Intercrop Fanfare (SD=33%) x Anabel (SD=33%),
FB_50_SW_SUAh_50=Intercrop Fanfare (SD=50%) x
SU Ahab (SD=50%), FB_50_SW_Ana_50=Intercrop
Fanfare (SD=50%) x Anabel (SD=50%), FB_100_SW_
SUAh_100=Intercrop Fanfare (SD=100%) x SU Ahab
(SD=100%))

design and TSD =100%, full replacement design), the
attained values were higher than the expected one.

Root length density

On both sampling dates and in all soil layers, the
RLD of the tap rooted sole faba bean was lowest
(Figs. 5 and 6). In the upper subsoil (3060 cm),
mostly significant differences were found between
RLD of faba bean and spring wheat in sole cropping.
For the mixed cropping treatments, the RLD in the
upper subsoil was higher for the fully replacement
treatments (7SD=100%) as compared to the partial
replacement ones (7SD=66%) and vice versa in the
deeper subsoil 0-100 cm). Thus, lower sowing densi-
ties encouraged deep rooting in mixtures.

No significant differences in RLD were observed
for the wheat cv. SU Ahab for all sowing densities on
either sampling date in any soil layer. For the wheat
cv. Anabel, RLD in the upper subsoil was signifi-
cantly higher in the 50%-50% treatment as compared
to the 33-33% treatment (both dates).
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Fig. 2 Total root mass (sum of both crops) in t ha™' of the
second sampling date (05-06/07/2021) for three soil lay-
ers. Different letters indicate significant differences (Anova
and Tukey post-hoc test, a=0.05). Error bars refer to the
standard deviation. Treatment abbreviations: FB_100=Sole
crop faba bean Fanfare, SW_SUAh_100=Sole crop
spring wheat SU Ahab, SW_Ana_100=Sole crop spring
wheat  Anabel, FB_33_SW_SUAh_33=Intercrop Fan-

For deep subsoil (60-100 cm) and for all treat-
ments, the RLD decreased with soil depth. However,
the mean RLD for the subsoil (60-100 cm) was found
to be highest in the 33%-33% mixture with the wheat
cv. SU Ahab. Additionally, in both treatments with
TSD 66%, the mean RLD from 60 to 100 cm was
higher in comparison to the mean RLD of 30-60 cm.
Both the intercrops and the spring wheat sole crops
attained slightly higher cumulative RLD values than
the faba bean, with a mean value over all intercrops
and sole crop spring wheat treatments of around
18 cm cm™ compared to 5 cm cm™ for the faba bean
(0-1 m soil depth) (Table S8).

Specific root length

On both sampling dates, the mean SRL (all depths)
was lower in faba bean compared to spring wheat
(Table S9). An enhanced SRL (more fine roots
in 0-100 cm) in intercrops as compared with the
expected SRL from sole crops was observed. A trend
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fare (SD=33%) x SU Ahab (SD=33%), FB_33_SW_
Ana_33 =Intercrop Fanfare (SD=33%) x Anabel (SD=33%),
FB_50_SW_SUAh_50=Intercrop Fanfare (SD=50%) x
SU Ahab (SD=50%), FB_50_SW_Ana_50=Intercrop
Fanfare (SD=50%) x Anabel (SD=50%), FB_100_SW_
SUAh_100=Intercrop Fanfare (SD=100%) x SU Ahab
(SD=100%))

for decreasing mean SLR values with increasing 7.SD
in the mixtures was observed.

Belowground interactions in intercrops

Generally, the mean PPII decreased from the topsoil
to the subsoil. The analysis of PPII showed that under
fully replacement design (7SD=100%) and partial
replacement design (7SD =66%), the facilitation were
the most dominant interaction. In contrast, the com-
petition between the species was more pronounced in
the additive design (Fig. 7), in both growing stages.

Root carbon content

The root C content, calculated as C concentrations
(mean: 45%) multiplied by root dry matter, did not
change significantly across the treatments for both
sampling dates. However there was a trend of higher
root C contents in the intercrop treatments compared
with the sole crops, with the exception of the treat-
ment with TSD=200% (Fig. S8). For the intercrop
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Fig.3 Mean values (n=4) of species proportion of root
mass (%) of spring wheat and faba bean in five intercrops.
Different letters indicate significant differences (Anova
and Tukey post-hoc test, «=0.05) between proportion of
root mass of faba bean within each soil layer (0-10 cm,
10-20 cm, 20-30 cm, 30-60 cm, 60-90 cm) in 09/06/2021
(top panel) and 05/07/2021 (bottom panel). Treatment
abbreviations: FB_33_SW_SUAh_33 =Intercrop Fan-

treatments with wheat c¢v. SU Ahab, there was a
decrease of root C content with increasing 7SD. The
opposite trend was observed for the wheat cv. Anabel.

Root nitrogen content

The mean root N content were 2.3% (sole faba bean),
0.7% (sole wheat), and 1.2% (intercrop). As expected,
the lowest values of root N content were estimated in
sole spring wheat treatments (Fig. S9). Root N con-
tent in several intercrop treatments was comparable to
the sole crop faba bean treatment. On the second sam-
pling date, no significant differences were observed
between the intercropping treatments and sole faba
bean. However, in faba bean, the root N content
was also found to be higher in the deeper soil layers
(20-60 cm).

fare (SD=33%) x SU Ahab (SD=33%), FB_33_SW_
Ana_33 =Intercrop Fanfare (SD=33%) x Anabel (SD=33%),
FB_50_SW_SUAh_50=Intercrop Fanfare (SD=50%) x
SU Ahab (SD=50%), FB_50_SW_Ana_50=Intercrop
Fanfare (SD=50%) x Anabel (SD=50%), FB_100_SW_
SUAh_100=Intercrop Fanfare (SD=100%) x SU Ahab
(SD=100%

~

Soil mineral N

Before the establishment of the crops, the initial
Nmin was 16 kg ha™! in the topsoil (0-30 cm), 27 kg
ha~! in the upper subsoil (30-60 cm) and 55 kg ha™
in the deeper soil (60-90 cm). After harvest, lower
Nmin values over the whole soil layers were found
in the spring wheat sole crop treatments. The top-
soil Nmin values were lower in sole cropping (wheat
and bean) as compared to the intercropping treat-
ments (Fig. S10). The highest topsoil value (25 kg
ha‘l) was determined in the treatment FB_100_SW_
SUAh_100. In the upper subsoil 30—60 cm, the low-
est value of 7.7 kg ha™! was measured i