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Abstract 
Background and aims  Above- and below-ground 
signals for and responses to competition in mixed-
species stands have mostly been studied separately. 
This leaves unclear if aboveground signals specific 
to mixed stands have consequences for how plants 
respond and compete belowground. This study inves-
tigated the effect of an aboveground signal, the ratio 
of red to far-red light (R/FR), on plant biomass allo-
cation and root architecture and morphology when 
plants grow with different species.
Methods  A greenhouse experiment with a mixture 
of wheat (Triticum aestivum) and faba bean (Vicia 
faba) and their respective mono stands was carried 
out in deep pots (22.6 L, 72 cm in depth) for 52 days 
of growth. Light-emitting diode (LED) lights were 

used to enrich FR levels (i.e., reduce the R/FR) of the 
light environment.
Results  Exposure of the shoots to FR-enriched light 
predominantly affected adventitious roots, with spe-
cies-specific effects. Especially in species mixtures, 
increased FR caused wheat to produce more adventi-
tious roots per tiller, while adventitious root mass of 
faba bean decreased. The influence of FR on rooting 
depth (D75, i.e. depth of 75% of root biomass) was 
species specific, with higher FR levels causing a 
reduction in D75 in wheat, but a greater D75 in faba 
bean.
Conclusions  Our findings demonstrate the plastic-
ity of adventitious roots; they are highly responsive 
to the R/FR level to which the shoot is exposed and 
to whether neighboring plants are of the same or a 
different species. This highlights the complexity of 
plants’ responses to environmental cues and how they 
modify interspecific interactions.

Keywords  Crop mixture · Intercropping · R/FR · 
Biomass allocation · Root vertical distribution · Root 
morphology

Introduction

In both natural vegetation and crop stands, increased 
species richness may increase whole-stand perfor-
mance in terms of growth, reproductive yield or 
resource-use efficiency (van der Plas 2019). Many 
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studies have focused on understanding the mecha-
nisms driving these positive effects, particularly in 
agriculture, as mixed-species cropping is presented as 
a means towards more sustainable biodiversity-posi-
tive production (Kelty 1992; Malezieux et  al. 2009; 
Li et al. 2023).

Mixed-species cropping, also known as intercrop-
ping, refers to simultaneously growing more than one 
crop species on a field. Mixed-species crops typically 
use resources more efficiently than pure stands (i.e. 
monocrops) (Li et al. 2023). The mechanisms under-
lying the effect of species richness on performance 
include: (i) competition between species is on average 
less intense than competition between plants of the 
same species; (ii) facilitation between two species, 
with at least one of the species positively affecting the 
other. The former is also called the complementarity 
effect, which is one of the key factors that enhance 
the performance of mixed cropping (Li et  al. 2020). 
Reduced interspecific competition, in turn, can be due 
to: (i) both species being intrinsically different from 
each other, which reduces the competition due to less 
overlap in resource types and spatial and temporal 
niches; and/or (ii) species exhibiting plastic responses 
to each other’s presence or size. Environmental cues 
drive phenotypic plasticity, which may contribute sig-
nificantly to the complementarity effect and, conse-
quently, lead to overyielding (Zhu et al. 2015; Zhang 
et al. 2022).

Combinations of cereal and legume species typi-
cally have enhanced belowground resource-use effi-
ciency, which can be partially attributed to differences 
in root system architectures (Li et al. 2006). Cereals, 
being monocotyledonous (monocot), have fibrous 
root systems with a cylindrical root system shape. 
Legumes, on the other hand, being dicotyledonous 
(dicot), have a taproot systems and conical root sys-
tem shape (Herben et al. 2022). The different strate-
gies of crop root foraging create different ecological 
niches, e.g., topsoil by the relatively shallow, slower-
growing root system of legume and deeper exploi-
tation by the deeper and faster-growing cereal root 
system (Hamblin and Tennant 1987; Ofori and Stern 
1987). These differences in vertical root distributions 
between cereals and legumes have for example been 
documented in barley/pea (Hauggaard-Nielsen et  al. 
2001) and maize/faba bean systems (Xia et al. 2013).

While intrinsic differences in resource capture 
between species have been widely studied (McKane 

et  al. 2002; Silvertown 2004; Turnbull et  al. 2016), 
the role of plasticity in mixed cropping has received 
less attention (Zhu et al. 2015). Plant roots are highly 
plastic (Schneider and Lynch 2020), typically show-
ing strong morphological and physiological responses 
to changes in e.g., water status (Fromm 2019), nutri-
ent availability (Gruber et al. 2013), and other abiotic 
stress (Karlova et  al. 2021). In mixed stands, plants 
will typically modify their root system in response 
to their neighboring species (Homulle et  al. 2022; 
Yu et al. 2022). However, which environmental cues 
drive these root responses remains unclear.

In pure and mixed plant stands, plants respond to 
environmental cues from neighboring plants such as 
light signals, biogenic volatile components, shading, 
changes in local nutrient concentration and root exu-
dates (Pierik et al. 2013). An important cue for plants 
to infer upcoming competition is the ratio of red (R) 
to far-red (FR) light. While plants absorb relatively 
more photosynthetically active radiation (PAR, radia-
tion with wavelengths between 400–700  nm), FR 
light (700-780 nm) is reflected and transmitted. When 
compared to a single plant, those growing in dense 
crop stands receive lower PAR, with a lower ratio of 
red (R, 600 to 700  nm, a part of PAR) to FR light. 
This low R/FR is an early warning for plant light com-
petition, as a reduction of R/FR can occur at an early 
stage of plant growth through horizontally reflected 
FR, prior to the onset of actual shading (Casal 2012; 
Pierik and de Wit 2014). When plants continue to 
grow, the canopy closes and actual shading happens 
with red and blue light depletion (Keuskamp et  al. 
2011). Plants respond to these signals through a suite 
of responses including an increase in shoot/root ratio, 
decrease in shoot branching and tillering, stem inter-
node elongation, leaf hyponasty and early flowering, 
collectively known as the shade-avoidance syndrome 
(SAS) (Ballaré and Pierik 2017).

The nature and dynamics of the R/FR cues per-
ceived by a plant are largely driven by the above-
ground architectural traits and growth dynamics of 
its neighbors and therefore may be dependent on 
whether neighbors are con- or hetero-specific (i.e. 
same species or different species). In addition, in the 
case of mixed crops, temporal and spatial R/FR dis-
tribution also depends on whether species are sown 
simultaneously or at different times as in relay-crop-
ping. For example, in a maize-soybean relay mixed 
cropping, the intercropped soybean plants received 
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lower R/FR and PAR than soybean in sole crops, and 
this difference became larger at lower row distances 
between maize and soybean (Yang et  al. 2014). A 
simulation exercise also showed that the difference of 
canopy structure between the wheat and pea species 
provided different values of R/FR (Didier et al. 2018). 
To date, several studies have investigated how above-
ground traits in crops respond to the light environ-
ment in mixed stands, especially responses in tiller/
branch initiation and shoot architecture (Yang et  al. 
2014; Wang et al. 2017; Li et al. 2021). For example, 
in maize/wheat mixed cropping, plasticity in wheat 
tillering mainly attributed to 23% more total light 
capture (Zhu et al. 2015).

While SAS responses at shoot level to low R/FR 
have been explored in depth for decades (Ballaré and 
Pierik 2017), low R/FR effects on whole-plant bio-
mass allocation and root distribution and architec-
ture have been much less studied. Low R/FR could 
directly influence root development via repressing 
auxin signaling and transport around the developing 
lateral root primordium (van Gelderen et  al. 2021). 
Also, the shoot may respond to low R/FR and develop 
a different canopy structure, therefore resulting in dif-
ferent light capture and assimilation of carbon, which 
may subsequently influence root growth. However, 
contradicting results of altered R/FR on biomass allo-
cation to roots in different plant species exist. For 
example, research on soybean suggests that under 
low R/FR conditions, there is a reduction in total 
plant biomass and no effect on biomass allocation 
to roots (i.e. root/shoot ratio) (Murphy and Dudley 
2007; Green-Tracewicz et  al. 2011). However, stud-
ies on common lamb’s-quarters (Chenopodium album 
L.), redroot pigweed (Amaranthus retroflexus L.), and 
tomato (Solanum lycopersicum  L.) seedlings show 
that low R/FR conditions have no significant effect on 
total plant biomass of all plants while lamb’s-quarters 
showed a decreased shoot/root ratio (Ma and Upad-
hyaya 2016).

The capture and utilization of resources in mix-
tures such as light aboveground and water and nutri-
ents belowground have been studied independently 
for the past decades (Keating and Carberry 1993; 
Morris and Garrity 1993; Yin et al. 2020). While the 
signaling pathways between shoot to root have been 
widely studied on individual plants (Shabala et  al. 
2016; Ko and Helariutta 2017), the potential rele-
vance of such mechanisms for mixed cropping studies 

have received less attention. An improved under-
standing of this may allow better informed selection 
of key traits for mixed cropping, e.g. the appearance 
and growth or different root classes and decisions on 
the mixed cropping design. It is not clear if mixed 
cropping specific light signals have consequences 
for how plants respond and compete belowground, 
when growing next to a different species (Gundel 
et  al. 2014). Thus, it is important to explore: (i) the 
existence, type and magnitude of root responses to 
variation in the strength of the aboveground R/FR 
signals present in mixed stands, and (ii) if this light 
signal influences root interaction between species. In 
this paper we address the following question: to what 
extent do R/FR light signals in mixed-species stands 
cause responses in growth and development of differ-
ent root classes and how does this interact with the 
species of neighboring plants?

To address these questions, we conducted a pot 
experiment on a typical cereal/legume mixed crop-
ping system consisting of wheat and faba bean, as 
they have dissimilar root system architectures. As 
the response to R/FR ratio is species dependent 
(Demotes-Mainard et  al. 2016), we chose these two 
species, also the same cultivars as they have proven 
response to low R/FR in field conditions (Dong et al. 
2024). They were grown as sole crops or in a mixture 
and were exposed to different levels of FR enrich-
ment. The study’s finding will provide information 
on the impact of an aboveground light signal (R/FR) 
on root architecture and morphology when (i) analyz-
ing the functioning and performance of mixed species 
vegetations, and (ii) designing the density and spatial 
arrangement of mixed cropping systems involving 
cereals and legumes, as the variation of arrangement 
will result in different R/FR environment.

Materials and methods

Experimental design

An experiment was conducted from 25 March to 16 
May 2022 in a temperature-controlled greenhouse 
of the Unifarm facility at Wageningen University & 
Research in the Netherlands. The climate was set to 
22  °C/17  °C  day/night temperatures with 70% air 
humidity. The experiment was laid out in a split-
plot design with three replicate blocks. The blocks 
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were laid in a North–South orientation, and the three 
blocks were parallel located from East to West. In 
each block, three levels of FR enrichment (i.e., high, 
medium and low R/FR) were randomly assigned 
as the main-plot treatment. In each light treatment 
plot, three species combinations (wheat/wheat, faba 
bean/faba bean and wheat/faba bean) were randomly 
assigned to six pots as the sub-plot factor. Pots were 
watered daily with drip irrigation system to maintain 
80% of water holding capacity based on the estima-
tion of water loss per plant. On 22 April, biological 
control (Neoseiulus californicus, Stratiolaelaps scim-
itus, Franklinothrips vespiformis, Eretmocerus eremi-
cus and Encarsia formosa) and fungicide (Amistar, 
2 mL L−1 diluted, 625 mL m−2) was applied as a pre-
cautionary measure.

Pot set up and soil conditions

Polyvinyl chloride (PVC) tubes with a diameter of 
20 cm and a height of 78 cm (22.6 L in volume) were 
used for the pots in this experiment. A plastic liner 
in the pots (100  μm thickness PE transparent tubu-
lar film, SPRINTIS Schenk GmbH & Co. KG) with 
drainage holes was used to facilitate root sampling at 
harvest. Thermal isolation foil was wrapped around 
the outside of the pot to minimize soil temperature 
fluctuations. The growth substrate used in this experi-
ment was a mixture (v/v, 1:1) of cyclone sand (Van 
Leusden) and agriculture soil (30  cm topsoil, with 
4.4  mg N kg−1 and 0.38  mg P kg−1) which was air 
dried for 48 h and sieved to 2 mm before mixing. The 
nutrient solution was added during the soil mixing 
process and was evenly distributed in the pot. The 
nutrients (mg kg−1 of dry substrate) supplemented 
included 15.59 NO3 from KNO3, 2.23 NH4 from 
NH4NO3, 16.43 P from KH2PO4, 31.03 K from KNO3 
and KH2PO4, 21.22 Ca from CaCl2·2H2O, 3.22  Mg 
from MgSO4·7H2O, 0.04 B from H3BO3, 0.02 Mn 
from MnSO4·H2O, 0.02 Zn from ZnSO4·7H2O, 
0.005 Cu from 150 CuSO4·5H2O, 0.006 Mo from 
Na2MoO4·5H2O, 0.004 Co from CoCl2 and 1.48 Fe-
DTPA. Pots were filled with this substrate to a depth 
of 72  cm at a 1.46  g  cm−3 bulk density. The mixed 
substrate had a water holding capacity of 14% (v/v). 
Throughout the experiment pots were watered every 
day by dripping irrigation system based on the esti-
mation of water loss to ensure moisture levels were 
approximately 80% water-holding capacity.

Light treatment setup

Shading screens and additional lights (Philips, SON-
T) were utilized in the greenhouse to control the light 
conditions. To avoid direct sun light on the pots and 
artificial light sources at night from lighting surround-
ing the greenhouse, the shading screens were closed 
when radiation levels exceeded (1125 µmol m−2 s−1) 
in the daytime, and from 19:00 to 7:30 during the 
night. The additional lights were consistently opera-
tional during daytime (16 h). In total, six light bulbs 
were used, covering an area of 40 m2. Together with 
natural light, photosynthetic photon flux density 
(PPFD) was approximately 200–400  µmol  m−2  s−1 
during solar noon. To ensure uniform distribution of 
light across all plants, the pots were rotated by 180 
degrees every week.

To investigate the effect of reduced R/FR while 
maintaining a constant PAR, an FR enrichment 
source was introduced into the experiment. This 
methodology was well established in the shade 
avoidance studies with Arabidopsis (Casal 2012). 
To set up three R/FR levels, supplemental FR light 
was set at 7.9, 15.8, 23.7 µmol m−2 s−1 in the high, 
medium and low R/FR treatments, respectively (note 
that more FR means a lower R/FR ratio). The FR 
light was provided by LED light bars (Philips GP 
LED production 2.1 Dyn DR/W/B/FR 120). The 
LED light bars were installed at a height of 85 cm 
from the floor on two sides of each light treatment 
unit to mimic the early light signals reflecting from 
neighboring plants (Fig.  1). Each light bar had ten 
evenly distributed light points. The light bars were 
turned on three days after transplanting when the 
shoots emerged from the soil. The distance between 
the light treatment units was 95  cm east–west and 
65 cm north–south. R/FR ratio was measured (SKL 
904 SpectroSense2) to the direction of the far-red 
light with horizontal distance of 15  cm from the 
light source at pot level (78 cm) in different time of 
a day for all six pots (Fig. S1).

Seed germination and transplanting

Wheat (Triticum aestivum L. cv. Nobless) and Faba 
bean (Vicia faba L. cv. Fanfare) were used for this 
study. On 22 March, seeds of both species were 
pregerminated on wet blotting paper in petri dishes at 
room temperature, then graded by eye for uniformity. 
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On 25 March they were transplanted to pots. The 
planting depth for wheat and faba bean seeds were 
2 cm and 4 cm, respectively. There were two seeding 
positions in pots of pure stand faba bean, six seeding 
positions in pots of pure stand wheat, and four seed-
ing positions (one for faba bean and three for wheat) 
as replacement design in pots of wheat/faba bean 
mixture (Li et al. 2016). To ensure the desired number 
of plants growing in each pot, two seeds were placed 
carefully in each seedling position, and covered with 
growing substrate. Between 29 and 30 March (4 and 
5  days after transplanting, DAT), the extra plants 
were carefully thinned by removing the shoots (thus 
preventing disrupting the remaining seedling).

Data collection

Both species were sampled and measured sepa-
rately. Wheat from pure stand and mixture was 
regarded as pure wheat and mixed wheat, respec-
tively. The same definitions were applied to faba 
bean. Shoots were cut off at the soil surface on the 
16 May (52 DAT) and the number of tillers in wheat 
were counted. Plant height and leaf area of both 
species, internode length of faba bean (counting 
from soil surface) was measured. Then the leaves, 
stems and reproductive organs (flowers and spikes/
pods) of both species were dried at 70 °C for 48 h 

and weighed separately. Soil with roots was care-
fully taken out by pulling out the plastic liners from 
the pots and then vertically divided into six equal 
bulks. Each soil bulk was a cylinder of 20  cm in 
diameter and 12  cm in height, representing one of 
the six soil layers. The top bulk with the soil sur-
face was regarded as first layer and the subsequent 
layers were counted downwards. For the first layer, 
soil was gently washed out with running water in a 
coarse sieve (1.6 mm mesh size), minimizing dam-
age to the root structure.

Then, the faba bean roots were divided into three 
categories: adventitious roots (with attached lateral 
roots), epicotyl roots (with attached lateral roots) 
and lateral roots that initiate from taproot (i.e. LR-
tap, only first 3  cm of the taproot was sampled, see 
Fig. 2). Since plants were experiencing the light treat-
ment continuously from the time of transplanting and 
lateral root density is not altered with tissue age, we 
chose the first 3 cm of the taproot as a representative 
tissue for lateral branching density. The wheat roots 
were divided into two categories: adventitious roots 
(with attached lateral roots) and seminal roots (with 
attached lateral roots) (Fig.  2). The number of roots 
in different categories were counted before further 
measurement.

For the remaining soil layers, a 1.6  mm sieve 
was used to sieve out the roots from the soil, then 

Fig. 1   Left panel: the diagram of pots and light position 
in a light treatment compartment. Red arrows represent the 
FR light direction from the LED bars which were positioned 

85  cm in height from the floor. Pots were 40  cm in distance 
to each other. Right panel: photo of the LED light setup. The 
length and the width of the supporting frame is 140 cm × 60 cm
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roots were cleaned with running water. All roots 
were stored in 60% ethanol (v/v) at 4  °C before 
they were scanned. For pots with both species, 
roots of faba bean and wheat were distinguished 
based on differences in color and diameter. Faba 
bean roots were dark colored and thick, while 
wheat roots were light colored and thin. Root 
samples in different categories in the first layer 
and representative samples in the remaining lay-
ers were placed in a 20 × 25  cm transparent tray 
with water and then scanned with the dual scan-
ner (EPSON perfection V700 photo, J221A) and 
analyzed by RhizoVision (Version 2.0.3) (Seeth-
epalli et al. 2021). After that nodules on the root 
system were removed and stored separately, dried 
and weighed. Root samples were oven dried at 
70 °C for 72 h and weighed.

Calculation of variables

Root length and root surface area was the output 
of RhizoVision, from which the root length den-
sity (RLD), specific root length (SRL), specific root 
area (SRA) were estimated based on the dry weight 
of the sample and presented on a whole-plant level 
(weighed average throughout the soil depth and root 
classes) (Table 1). Biomass allocation to organs was 
quantified as the fraction of biomass invested in 
leaves (leaf mass fraction, LMF), stem (stem mass 
fraction, SMF), roots (root mass fraction, including 
nodule mass, RMF) and reproductive organ biomass 
(ROMF). The ROMF in wheat was the combination 
of flower and spike, and in bean was flower and pods 
(Table 1). D75 is the depth above which 75% of the 
total root biomass within the pot was located (Schenk 

Fig. 2   Schematic presenta-
tion of root systems of 
wheat (left) and faba bean 
(right). The text colors 
are the same with the root 
categories. Dashed lines 
represent the soil surface

Table 1   Definition of the root variables

*Mass of the plant materials is the dry weight

Abbreviation Explanation Definition Units

D75 Depth of 75% of root biomass depth above which 75% of the total root biomass within the 
pot was located

cm

RLD Root length density root length / soil volume cm cm−3

SRL Specific root length root length / root mass* cm mg−1

SRA Specific root area root surface area / root mass cm2 mg−1

LMF Leaf mass fraction leaf mass / plant mass g g−1

SMF Stem mass fraction stem mass / plant mass g g−1

RMF Root mass fraction root mass / plant mass g g−1

ROMF Reproductive organ mass fraction wheat: (spikes mass + pod mass) / plant
faba bean: mass (flower mass + pod mass) / plant mass

g g−1
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& Jackson 2002). The value of D75 was estimated 
by linear interpolation between the cumulative root 
weights of samples in six vertical soil bulks (Schenk 
and Jackson 2002; Trachsel et  al. 2013, see Supple-
mentary Material for details).

Statistical analysis

We used R (R Core Team 2022) and lme4 package 
(Bates et al. 2015) to perform a linear mixed effects 
analysis of the relationship between tested variables 
and two factors (mixed/mono stands and FR light 
intensity). We performed the analysis for each spe-
cies separately. Multiple measurements (pots) per 
replicate were averaged before statistical analysis. 
As fixed effects, light intensity was considered as a 
continuous variable and cropping system was a cat-
egorical variable. The random effect on each light 
compartment (sub-plot) was nested in the random 
effect on replicate block effect (main-plot). Visual 
inspection of residual plots did not reveal any obvious 
deviations from homoscedasticity or normality. P-val-
ues were obtained by likelihood ratio tests of the full 
model with the effect in question against the model 
without the effect in question. Models with the lowest 
second-order Akaike Information Criterion (AICc) 
were chosen.

Results

Biomass allocation to roots for wheat and faba bean 
was most sensitive to FR enrichment

Plants expressed shade-avoidance responses, with 
decreased wheat tiller number, increased wheat plant 
height and increased faba bean internode length, 
while leaf area of both species was not influenced to 
FR enrichment (Fig S4 and S5). Mixed wheat had 
more shoot biomass (on average of all light treat-
ment, 0.55 g, 0.46 g, 0.33 g of leaf, stem, and repro-
ductive organs per plant, respectively) than the pure 
wheat, while allocating more biomass (on average 
of all light treatment, 0.06  g) to roots than the pure 
wheat (Fig.  S3, a-d). Wheat root biomass was posi-
tively correlated with FR enrichment (low R/FR), 
with a slope of 4.0 mg per μmol m−2  s−1 ± 1.9 (SE), 
and root biomass of mixed wheat was 8.0% greater 
than wheat in pure stand (Fig.  S3,d, (root_biomass 

mixed wheat—root_biomass pure wheat)/ root_biomass 
pure wheat). In faba bean, the biomass of leaf, stem, 
and reproductive organs were significantly reduced 
(1.45  g, 0.82  g, 0.49  g, respectively) in mixed faba 
bean compared to pure faba bean while FR enrich-
ment did not influence allocation to those organs 
(Fig.  S3, e–h). However, high FR enrichment (low 
R/FR) significantly reduced the root biomass of faba 
bean, and this effect had a strong interaction with the 
cropping system, with the relationship being more 
strongly negative in mixture (slope -67.7 mg per μmol 
m−2 s−1 ± 31.5 SE) than in pure faba bean (Fig. S3, h, 
slope -8.0 mg per μmol m−2 s−1 ± 22.3 SE).

Total whole‑plant biomass and biomass faction were 
partially influenced by the FR enrichment

To assess whether the observed changes in absolute 
organ biomass were influenced by alterations in allo-
cation strategy or plant size, the total biomass and 
biomass fraction were further investigated. Increas-
ing the intensity of FR enrichment (lowering R/
FR) had a positive effect on wheat total biomass 
both in the pure and mixed stand, with an increase 
of 19.1  mg per μmol m−2  s−1 ± 7.6 (SE) per unit of 
FR enrichment (Fig.  S2). In addition, wheat whole-
plant biomass in the mixture was 31.8% increased 
compared to pure wheat, from 5.80  g ± 0.15(SE) to 
4.40 g ± 0.07 (SE). Faba bean biomass decreased with 
FR enrichment with a slope of -48.8  mg per μmol 
m−2  s−1 ± 43.8 (SE), and the mixture had 31.7% less 
biomass than pure faba bean per plant (Fig. S2)., from 
7.64 g ± 0.57(SE) to 11.19 g ± 0.19 (SE).

For wheat, the leaf mass fraction (LMF) 
declined slightly by increase of FR enrichment 
(slope = 0.0006), while on average of the light treat-
ments the LMF was 5.6% greater in the mixed than 
in the pure wheat, from 0.342 g  g−1 ± 0.003 (SE) to 
0.324 g g−1 ± 0.005 (SE). Stem mass fractions (SMF), 
reproductive organ mass fraction (ROMF) and root 
mass fraction (RMF) were not significantly affected 
by enrichment, while mixed wheat is 3.9% greater 
than pure wheat in ROMF from 0.211 g  g−1 ± 0.004 
(SE) to 0.203 g g−1 ± 0.003 (SE), and 17.7% smaller 
in RMF (Fig.  3), from 0.121  g  g−1 ± 0.002 (SE) to 
0.147 g g−1 ± 0.005 (SE).

For faba bean, LMF and ROMF were 9.8% 
and 23.8% lower in the mixed faba bean than the 
pure faba bean, from 0.327  g  g−1 ± 0.004 (SE) to 
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0.295 g g−1 ± 0.010 (SE) and from 0.088 g g−1 ± 0.005 
(SE) to 0.067  g  g−1 ± 0.008 (SE), respectively. 
However, the SMF increased with amount of FR 
enrichment, and this relationship was steeper in the 
mixed (slope = 0.0061) than in the pure faba bean 
(slope = 0.0015) as indicated by the significant FR by 
species-combination interaction. On the other hand, 
FR enrichment decreased the RMF of mixed faba 
bean (slope = -0.0061), while in the pure faba bean 
the influence was smaller (slope = 0.0001) (Fig.  3). 

Faba bean (0.295  g  g−1 ± 0.009 SE) had a greater 
RMF than wheat (0.134 g g−1 ± 0.006 SE).

Adventitious roots were the most responsive root 
class to FR enrichment

The root morphological traits were also investi-
gated. Roots located in the topsoil layer (0–12 cm 
of soil depth) were analyzed based on root class 
(adventitious roots and seminal roots for wheat, 

Fig. 3   Dose response curve of the wheat (left panel) and faba 
bean (right panel) dry biomass fraction of leaf (a, e), stem (b, 
f), reproductive organs (c, g), and root (d, h) to different lev-
els of FR enrichment (μmol m−2 s−1). Lines show the predicted 

biomass fraction in different FR enrichment base on the out-
come of best fitted model. Dashed lines indicate FR enrich-
ment effect was not significant
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and adventitious roots, epicotyl roots and lateral 
roots emerging from the tap root (LR-tap) for faba 
bean; Fig. 2). While the number of wheat adventi-
tious roots was not affected by FR enrichment nor 
cropping system, interaction between those fac-
tors was found on seminal root number (Table 2). 
The number of adventitious roots per tiller in 
wheat increased with the intensity of FR enrich-
ment for both pure and mixed wheat (Table  2). 
The biomass of wheat adventitious roots increased 
with FR enrichment. Seminal root biomass in 
the mixed wheat were 31.19% lower compared 

to pure wheat, on average of light treatment, 
from 56.9  mg ± 5.0 (SE) to 82.7  mg ± 7.1(SE) 
(Table 2). For faba bean, there was no significant 
difference between the number of adventitious 
roots, epicotyl and lateral roots emerging from the 
taproot (LR-tap) under different FR enrichment 
levels and species combinations (Table  2). There 
was however a significant FR enrichment by spe-
cies-combination interaction effect on adventi-
tious root biomass, and adventitious root biomass 
declined more strongly with FR enrichment in the 
mixed than in pure faba bean (Table 2).

Table 2   Number and biomass of wheat adventitious roots, 
seminal roots; faba bean adventitious roots, faba bean epi-
cotyl roots and lateral roots from the taproot. Values are 

Mean ± SE, n = 3. Asterisks denote significant probability 
level: *** = p < 0.001, ** = p < 0.01, * = p < 0.05,—= not sig-
nificant, n.a. = not applicable

FR enrichment
(μmol m−2 s−1)

Wheat 
adventitious root
number per plant

Wheat 
seminal root
number per plant

Wheat 
adventitious root
number per tiller

Wheat 
adventitious root
mass per plant 
(mg)

Wheat 
seminal root
mass per plant 
(mg)

Pure wheat
7.9 19.1 ± 1.1 13.8 ± 0.5 4.9 ± 0.2 137.3 ± 17.7 93.7 ± 10.5
15.8 20.5 ± 0.4 12.3 ± 0.9 5.8 ± 0.4 201.9 ± 33.9 72.9 ± 4.3
23.7 20.3 ± 0.6 10.4 ± 1.2 6.2 ± 0.4 210.1 ± 29.8 81.5 ± 19.0
Mixed wheat
7.9 21.7 ± 1.2 8.9 ± 0.7 5.2 ± 0.3 197.0 ± 10.0 44.1 ± 2.5
15.8 21.4 ± 1.6 11.9 ± 2.4 6.1 ± 0.1 143.1 ± 3.3 68.5 ± 7.7
23.7 20.3 ± 2.0 11.0 ± 0.8 6.3 ± 0.4 223.1 ± 14.8 58.2 ± 8.8
Interaction - * - - -
System - n.a - - *
Light - n.a * * -
FR enrichment
(μmol m−2 s−1)

Faba bean
adventitious root
number per plant

Faba bean
epicotyl root
number per plant

Faba bean
lateral root from 

tap root
number per plant

Faba bean
adventitious root
mass per plant 

(mg)

Faba bean
epicotyl root
mass per plant 

(mg)

Faba bean
lateral root from 

tap root
mass per plant 

(mg)
Pure faba bean
7.9 35.8 ± 2.6 19.7 ± 1.6 25.5 ± 1.8 467.1 ± 87.4 421.1 ± 48.4 407.5 ± 74.8
15.8 31.2 ± 7.2 18.3 ± 1.7 30.7 ± 4.6 256.3 ± 25.7 375.5 ± 35.4 399.0 ± 101.8
23.7 37.5 ± 11.4 18.3 ± 2.3 28.3 ± 1.9 388.2 ± 20.9 326.4 ± 33.8 437.8 ± 145.5
Mixed faba bean
7.9 26.8 ± 3.1 17.5 ± 3.1 26.7 ± 0.6 665.5 ± 150.4 545.8 ± 246.5 457.8 ± 55.5
15.8 24.7 ± 2.9 20.3 ± 3.1 27.8 ± 2.6 332.5 ± 58.7 438.3 ± 224.0 489.8 ± 57.1
23.7 34.0 ± 8.0 14.5 ± 1.3 29.8 ± 2.6 414.2 ± 38.6 210.0 ± 20.4 331.0 ± 122.1
Interaction - - - * - -
System - - - n.a - -
Light - - - n.a - -
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Faba bean in mixed system had higher SRA with FR 
enrichment

To assess root morphological traits of wheat and 
faba bean, RLD (cm cm−3), SRL (cm mg−1) and 
SRA (cm2 mg−1) were analyzed. No evidence was 
found for the relationship between FR enrichment 
and RLD for either crop (Fig. 4). Wheat roots had 
a greater RLD in mixed wheat (11.8 cm cm−3 ± 0.6 
SE) compared to the pure stand (9.2 cm cm−3 ± 0.3 

SE), while a contrary result was found in faba 
bean with RLD reduced in the mixed faba bean 
(2.3  cm  cm−3 ± 0.2 SE) compared to the mix-
ture (3.0  cm  cm−3 ± 0.1 SE). Our results for wheat 
SRL and SRA showed a similar pattern, with 
wheat having greater values in the mixed than in 
the pure stand, and there being no influence of FR 
enrichment (Fig. 4). Faba bean SRL and SRA was 
increased with FR enrichment in the mixed stands 
but decreased in pure faba bean stands.

Fig. 4   Root length density (RLD), specific root length (SRL) 
and specific root area (SRA) of wheat (left panel, a-c) and faba 
bean (right panel, d-f) under different FR enrichment (μmol 

m−2 s−1). Lines show the predicted biomass in different far-red 
light intensity base on the outcome of best fitted model
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Root vertical biomass allocation (D75) showed 
contrasting responses to the FR enrichment

D75 is a metric indicating vertical root distribu-
tion and is defined as the depth at which 75% of the 
total root biomass is allocated at or above (Fig.  5). 
For wheat, FR enrichment (low R/FR), restrained the 
rooting depth while no difference was found between 
pure and mixed wheat. On the contrary, FR enrich-
ment enhanced the rooting depth of faba bean with 
it being much (54.7%) lower in mixed faba bean 
(on average of all light treatments, 32.2  cm ± 1.6 
SE) compared to pure faba bean (17.9  cm ± 1.3 SE, 
p < 0.001).

Discussion

Our results showed a pattern whereby root responses 
to low R/FR (FR enrichment) of light incident on 
the shoot differed between faba bean and wheat 
were context (species × cropping system) depend-
ent (Fig. 6). The responses of faba bean to low R/FR 
depended on whether faba bean grew in pure stands 
or in mixture with wheat. In both species adventi-
tious roots were the most plastic root class, in terms 
of their response to both low R/FR on the shoot and 
the presence of hetero-specific neighbors. Faba bean 
responded to low R/FR light by producing less root 

biomass, but this response was much stronger in the 
mixture than in the pure stand. This could mostly be 
attributed to similar responses in adventitious root 
growth. For wheat both low R/FR and growth in 
mixture resulted in increased root growth and these 
effects were additive. In addition, wheat produced 
more adventitious root biomass and a larger number 
of adventitious roots per tiller when tiller number per 
plant was constrained by low R/FR. Low R/FR coun-
teracted the niche differentiation in root depth in the 
wheat/faba bean mixtures, reducing the D75 in wheat 
and increasing it in faba bean.

Growing with neighbors: resource competition and 
processing multiple signals

Low R/FR decreased the biomass allocation to faba 
bean roots, and this effect was stronger in the mixture 
(Fig. 3). In the mixed faba bean plants, a higher frac-
tion of biomass was allocated to the stem under low 
R/FR conditions, at the expense of a reduced biomass 
fraction allocated to the roots (Fig.  3 and S3). This 
could be attributed to the combined effects of reduced 
R/FR ratio and potentially other aboveground signals 
from the neighboring wheat plants, which stimulated 
a greater proportion of biomass allocation towards the 
stem. This result is in line with a study with oilseed 
rape, like faba bean a dicot, where shoot/root ratio 
was increased with additional FR light (Fortineau 

Fig. 5   D75 value of wheat (a) and faba bean (b) under different FR enrichment (μmol m−2 s−1) in pure and mixed systems. Lines 
show the predicted biomass in different FR enrichment base on the outcome of best fitted model
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et  al. 2021). Additionally, the relatively rapid root 
growth rate of wheat might have resulted in nutrient 
limitation for faba bean. In species mixtures, wheat is 
more competitive belowground and typically causes 
nutrient and water limitation for the less competitive 
faba bean (Qiao et al. 2015). Specifically, the adventi-
tious root biomass in wheat was enhanced in low R/
FR, which strengthened the competitiveness of wheat 
roots, especially in the topsoil layer.

Supplemental FR can also increase photosynthesis 
as demonstrated e.g. for soybean and rice (Yang et al. 
2020; Huber et  al. 2024) which could have affected 
overall plant size and hence competitiveness. Indeed, 
in wheat plant biomass was somewhat increased by 
supplemental FR (Fig. S2). This effect however was 
small while in faba bean FR enrichment had the 
opposite effect. Besides the size of root system, root 
morphological traits also plastically respond to com-
petitiveness of the neighbors (Fig.  4). Wheat roots 
showed a plastic response to the presence of faba bean 
while not to low R/FR, by having higher RLD, SRL 

and SRA values. This response of mixed wheat was 
consistent with the previous root studies on wheat/
faba bean (Li et al. 2006; Streit et al. 2019). The RLD 
was lower in the mixed faba bean compared to the 
pure faba bean, which could be attributed to the sup-
pression from neighboring wheat. While the influence 
of the low R/FR on pure-faba bean SRL and SRA was 
negative, it increased these traits in mixed faba bean. 
Higher SRL and SRA indicate that plants produce 
more length and surface area for the same amount of 
carbon invested, which is a known response to inter-
specific competition (Ravenek et al. 2016). Given the 
lower biomass allocation to roots in mixed faba bean, 
plants produced thinner roots to form more surface 
area for water and nutrient uptake.

For faba bean there was an interactive effect of 
R/FR reduction and the presence of wheat on SMF, 
RMF, adventitious root mass per plant, SRL and 
SRA. This suggests that faba bean is capable of inte-
grating these two signals. This is different from a 
study on soybean suggesting that plant responses 

Fig. 6   Model diagram showing the effect of supplemented far-
red light in a crop mixture on plant traits of wheat (left) and 
faba bean (right). Solid arrows indicate an increase (up, green) 
or decrease (down, red) in a trait value under the far-red light 

enrichment. Open arrows indicate the interaction of light treat-
ment and crop system (pure vs mixed) and only the result for 
the mixed system is presented. Traits without arrows means no 
response. Created with BioRender.com
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to the belowground con-species neighbor competi-
tion cues occurred independently from responses to 
the aboveground low R/FR competition cues (Mur-
phy and Dudley 2007). In addition, a common-gar-
den experiment with light competition simulated 
by a transparent green filter showed that roots of P. 
oleracea would grow towards the green filter which 
reduced the R/FR, regardless of the location of the 
nutrient patch (Gottlieb and Gruntman 2022). It is 
therefore suggested that for faba bean, other than 
depletion of resources, the presence of neighbor-
ing wheat might produce other forms of signals 
such as root exudates (Wang et  al. 2021), volatile 
organic compounds (Kegge and Pierik 2010) and 
common mycorrhizal networks (Walder et al. 2012). 
These additional signals may have contributed to the 
observed signaling interaction between faba bean and 
wheat. Furthermore, genetic variation in phenotypic 
plasticity within one species may also play a role 
in the response of the root system in crop mixtures 
(Streit et  al. 2019). Therefore, further investigation 
is needed to explore i) the extent signals other than 
changes in resources availability play a role in the 
wheat-faba bean or possibly interspecific interactions, 
ii) to which extend these are integrated physiologi-
cally with the response to low R/FR, and iii) if the 
root responses in crop mixtures is genotype-specific 
and interacts with the hetero-specific neighbor.

Adventitious roots are the most sensitive roots to low 
R/FR and their responses vary between species

Adventitious roots play a major role in the nutrient 
uptake capacity and stability of plants (Schneider 
et  al. 2020) and in the adaptation of plants to vari-
ous environments (e.g., flooding and drought) (Stef-
fens and Rasmussen 2016; Gonin et  al. 2019). Our 
results indicate that exposure to low R/FR predomi-
nantly affects the adventitious roots (shoot-borne) 
compared to other root classes, and that these effects 
differ between species. Several studies on ornamental 
plants have revealed that supplementing R light with 
FR light (high R/FR) stimulates adventitious rooting 
in plants (Christiaens et al. 2016). A study on Chry-
santhemum morifolium cuttings showed that a low 
R/FR increased the number, biomass, and length of 
adventitious roots, and this was most likely associated 
with either a higher auxin biosynthesis or improved 
auxin transport (Christiaens et al. 2019). In contrast, 

for woody plants, R light (high R/FR) was shown to 
promote adventitious root initiation by decreasing 
the accumulation of the phytohormones jasmonate 
and cytokinins in Norway spruce (Picea abies Karst.) 
seedlings (Alallaq et  al. 2020) and by influencing 
the auxin biosynthesis transport and signaling path-
way in Eucalyptus globulus (Ruedell et  al. 2015). 
In short, the effect of low R/FR on the development 
and growth of adventitious roots did not show a clear 
response across species and cropping systems, and it 
might be species or growth form (trees vs herbaceous 
plants) dependent. In our case of wheat, low R/FR 
increased the biomass of adventitious roots, which is 
consistent with the ornamental plants (Table 1). How-
ever, the fact that in faba bean, low R/FR decreased 
adventitious root mass (though not number), seems to 
be in line with the findings for woody species.

For wheat, the adventitious root number per tiller 
and mass per plant was increased by low R/FR, even 
though the total number of adventitious roots per 
plant did not show difference in any FR light intensity 
in either cropping system (Table 1). Tiller number in 
wheat decreases under low R/FR (Kasperbauer and 
Karlen 1986; Evers et al. 2006), which is confirmed 
in the present study (Fig. S4). The reduction in tiller 
number could result in less light competition between 
tillers, leading to greater biomass assimilation per 
tiller (Fig.  S4). Therefore, to support the ensuing 
increase in water and nutrient demands per tiller, each 
tiller may have produced more adventitious roots. 
This plastic response in adventitious roots contributed 
to the absence of a significant effect of FR enrichment 
on root biomass fraction (Fig. 3). We showed that low 
R/FR promotes the initiation of adventitious roots per 
tiller; however, the whole plant responded to light 
conditions by forming fewer tillers in wheat.

The timing and type of cues may affect root plas-
ticity. In cereals, seed-borne seminal roots are rel-
evant only for the early seedling stage, and thereafter 
Adventitious roots (shoot-borne) roots take a major 
role in root function (Hochholdinger and Zimmer-
mann 2008). Adventitious roots, which are mainly 
regulated by auxin, represent a major part of the root 
system (Hochholdinger et al. 2004; Cho et al. 2014) 
and play a dominant role in root functioning (Hoch-
holdinger and Zimmermann 2008). In dicots, adven-
titious-root formation follows a similar initiation 
pattern as lateral-root formation and mainly relies 
on gene networks regulated by hormones like auxin, 
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jasmonic acid and strigolactones (Atkinson et  al. 
2014). High plant density decreased the tiller number 
and nodal root (shoot-borne) number per barley plant, 
while nodal roots number per tiller was not affected 
(Hecht et al. 2019). Nutrient deficiency can also stim-
ulate the growth of maize roots from different classes. 
For example, a larger number of crown roots (shoot-
borne) in maize improves phosphorus acquisition 
under low phosphorus availability (Sun et  al. 2018). 
Increased seminal root (seed-borne) number in maize 
also improves nitrogen and phosphorus uptake (Per-
kins and Lynch 2021). These different root responses 
to changes in environmental conditions implies that it 
is essential to understand what and how environmen-
tal cues trigger the formation of different root classes 
in future studies, as it might have as it may have sub-
stantial effects on plant growth and stress tolerance.

FR enrichment counteracts interspecific 
complementary

The low R/FR mainly influenced the adventitious root 
biomass, which had an indirect effect on the vertical 
root allocation of wheat and faba bean. Legume crops 
in general tend to have lower D75 than cereal crops 
for several reasons: (i) the taproot system of legume 
leads to a conical shape of the root system, which 
tends to result in lower D75 values, whereas mono-
cots have cylindrical shapes of root system that tend 
to make D75 higher; and (ii) legumes tend to place 
their roots in shallow soil layers to allow nitrogen-fix-
ing rhizobia, whom they host, to efficiently exchange 
gases with the atmosphere (Fan et  al. 2016; Herben 
et  al. 2022). The current study confirms this, with 
wheat’s D75 on average more than 10  cm deeper 
than that of faba bean (Fig.  5). Wheat D75 did not 
show active response to the presence of the faba bean 
neighbor, while for faba bean, a reduced D75 in the 
mixture suggests that faba bean root development in 
deeper soil layers might be restrained by the presence 
of wheat roots and therefore allocate a greater amount 
of biomass in the topsoil. Together, this provides evi-
dence for the role of plasticity in the size and place-
ment of the root system in response to the presence of 
another species contributing to improved spatial com-
plementary for soil foraging. However, supplemen-
tary FR enrichment mitigated the differences in root-
ing depth between the two species. Under the low R/
FR, wheat tended to have a shallower root system due 

to more adventitious root development, while faba 
bean developed a smaller but deeper root system, as 
adventitious root growth was constrained (Table  2). 
The observed interspecific response appears to have 
resulted in heightened competition among plants, 
which is undesirable in intercropping systems. There-
fore, it is crucial to understand if R/FR signal in inter-
crops possesses sufficient strength to trigger this root 
response. Such knowledge would extend our findings 
from this greenhouse study and contribute to our 
understanding of how root plasticity in response to 
above- and belowground cues modify niche differen-
tiation under field conditions.

Limitations, implications for mixed cropping studies 
and future research

This study investigated if low R/FR would influ-
ence the root development during early plant growth, 
before mutual shading between plants takes place. 
Therefore, the setup of this experiment, employing 
the additional FR light to pots with an open canopy, 
disentangled the effect of low R/FR and low PAR 
in the dense canopy in the field conditions. Fort-
ineau et al. (2021) discussed the technical limitation 
of locally applying an FR signal that is sufficiently 
strong to modify the R/FR, in a heterogeneous and 
fluctuating outdoor light environment. Compared 
to the control conditions, the current study also had 
varied R/FR depending on weather condition, time of 
the day/year, etc. (Fig. S1). Despite all these limita-
tions, we believe the different dosage of FR light did 
influence the development of wheat and faba bean, 
as evidenced by decreasing wheat tiller number, 
increasing wheat plant height and increasing faba 
bean internode length (Fig. S4 and S5). These are all 
typical responses of the shade avoidance syndrome 
(Demotes-Mainard et  al. 2016; Ballaré and Pierik 
2017).

Our findings have significant implications for mak-
ing informed decisions regarding intercropped spe-
cies choices and optimizing their configuration. The 
combination of cereal and legume provided spatial 
niche differentiation due to the intrinsic differences 
in root system architecture (Herben et  al. 2022). If 
the low R/FR counteracts this differentiation, then 
it could be considered to use a cultivar with lower 
plasticity on root growth in response to R/FR. Our 
results further suggest that it is better to plant faba 
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bean before wheat, given that wheat does not seem 
to respond as strongly to faba bean as vice versa. In 
reality, R/FR in the canopy is more dynamic tempo-
rally and spatially, and normally decreases as plants 
develop (Yang et  al. 2014). This could potentially 
influence the adventitious roots more as they develop 
later in plant development. Additionally, determining 
the optimum R/FR patterns through strategic choices 
in intercrop design and species population densities, 
can enhance the overall performance of intercropped 
systems. Planting density plays a major role in the 
ratio of R/FR in the plant canopy (Ballaré and Pierik 
2017). Designing the plant density of both species in 
the sense of providing the optimal R/FR may benefit 
not only the light capture (Bongers et  al. 2018) and 
photosynthesis capacity (Yang et  al. 2020; Huber 
et al. 2024) in aboveground, but also uptake of below-
ground resources. Functional-structural plant mod-
elling (Evers et  al. 2019) can be used to explore R/
FR in intercrops for optimal complementarity, by 
exploring the role root plasticity, relative sowing 
time, land proportion of species, and plant density. 
Furthermore, understanding the role of light signaling 
in relay intercropping systems, particularly its effects 
on adventitious root development and belowground 
resource uptake, needs further attention. Future 
research should explore these avenues to unravel the 
mechanisms behind the observed effects and facili-
tate the development of sustainable and efficient crop 
mixtures. Investigating the mechanisms underlying 
shoot–root signaling, including hormone-mediated 
processes such as auxin regulation, in response to R/
FR perception in the shoot represents an important 
direction for future research.

Conclusion

This study is, to our knowledge, the first to explore 
the effect of aboveground light signals (in this 
case variation in R/FR) in a mixed-species sys-
tem on the development of roots. In the combina-
tion of cereal/legume mixed cropping, crop species 
have unique strategies to respond to the environ-
ment that is altered by neighboring species. This 
plastic response is crucial to the complementarity 
effect as it affects the extent to which species can 
exploit different spatial niches. The current study 
quantified the extent of the root response to R/FR 

signals in mixed-species conditions. Specifically, 
we found that adventitious roots are the most plas-
tic, responding mainly to either the system or low 
R/FR (Fig. 2 and 6). In faba bean, changes in bio-
mass allocation to root and root vertical distribu-
tion under low R/FR are driven by a decrease in 
adventitious root growth. Wheat adapts its num-
ber of adventitious roots per tiller to the low R/
FR and produces more adventitious root biomass. 
Additional FR counteracts the original spatial 
niche differentiation, reducing the D75 (i.e. depth 
of 75% of root biomass) in wheat and increasing it 
in faba bean (Fig. 6). It is therefore suggested that 
this effect on the root system should be considered 
when designing the density and spatial arrange-
ment of the cereal/legume mixed cropping. Further 
studies could investigate the role of different nutri-
ent regimes on root responses to R/FR signals and 
examine the long-term effects of mixed cropping 
and FR enrichment on plant health and productiv-
ity, such as yield.
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