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Increasing diversity gradient in lentil mixtures for intercropping with wheat 
reveals an increase in lentil biomass with minimal impact on 
mycorrhizal activity 
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A B S T R A C T   

The management of arbuscular mycorrhizal fungi (AMF) is crucial for sustainable agricultural systems, given its 
beneficial impacts on soil health and crop productivity. This study aimed to assess the effect of lentil (Lens 
culinaris Medik.) mixtures for intercropping with durum wheat (Triticum durum Desf.) on mycorrhiza and 
investigate the role of legume intraspecific diversity in mycorrhizal development and crop biomass production. 
Since both intraspecific and interspecific diversity (i.e., cultivar mixtures and intercropping) have an effect in 
shaping soil microbiota in the rhizosphere, we hypothesised that increasing the level of diversification in the 
system enhances the provision of services (e.g., aboveground biomass accumulation), due to enhanced microbial 
activity and diversity. Specifically, increasing diversity within lentil cultivar mixtures strengthens the affinity of 
wheat for mycorrhiza, thereby influencing wheat mycorrhization in wheat-lentil intercrops. To test our hy
pothesis, we designed three lentil cultivar mixtures with increasing diversity levels using a trait-based approach, 
drawing from a pool of Italian lentil landraces characterised in a previous study. As an additional factor, we 
intercropped lentil mixtures with wheat and compared it with sole wheat and sole lentil commercial cultivar. In 
both experimental years, intercropping lentil mixtures with wheat consistently yielded higher soil mycorrhiza
tion levels (46% in 2021 and 52% in 2022) compared to sole wheat cultivation (23% in 2021 and 34 % in 2022). 
Nevertheless, AMF colonisation in lentil roots was significantly higher in sole crops (55% in 2021 and 70% in 
2022, except for the commercial cultivar) compared to intercrops (35% in 2021 and 60% in 2022). This dif
ference could be attributed to the presence of wheat, which might have suppressed the capacity of lentils to 
establish successful symbiosis with mycorrhiza. On the other hand, AMF colonisation of wheat roots in 2022 was 
significantly higher (52%) when intercropped with lentils than when cultivated as sole wheat (40%). Concerning 
biomass production in lentil mixtures in 2022, we observed a positive correlation between lentil biomass and the 
number of functional groups in the mixtures, both as pure stands (R2 = 0.19, p = 0.06) and intercrops (R2 = 0.29, 
p = 0.01). Additionally, in 2022, the total biomass of the intercropped system increased with the increase in 
diversity. Further experiments, incorporating microbial genetic analysis, are necessary to uncover potential as
sociations between functional mixtures and AMF composition.   

1. Introduction 

Ecological approaches in agriculture have demonstrated that higher 
biodiversity correlates with increased productivity, stability, sustain
ability, and resilience of the agroecosystems, particularly within organic 
and low input management systems (Renard and Tilman 2021; Wuest 
et al., 2021). 

Leveraging crop diversity in agriculture may occur at different levels 
and scales. A first level of genetic diversification may be represented by 

cultivar mixtures, i.e., the simultaneous cultivation of multiple cultivars 
of a given species (Lazzaro et al., 2018). It is widely acknowledged that 
cultivar mixtures contribute to the reduction of pathogen spread 
(Newton, 2016), enhancement of production stability, especially under 
stressful conditions (Creissen et al., 2016; Lorenzetti et al., 2022), and 
provision of ecological services such as weed control, promotion of 
beneficial insects, soil quality improvement, and reduction of nutrient 
leaching (Wuest et al., 2021). 

A second level of spatial crop diversification can be achieved through 
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intercropping, i.e., the cultivation of two or more species in the same 
field (Vandermeer, 1992). Intercropping is associated with yield gains; 
for instance, Renard and Tilman (2021) reported a yield surplus in in
tercrops ranging from +16% to +30% compared to yields from mono
cultures. Intercropping can contribute to the reduction of synthetic 
fertilizer use (Jensen et al., 2020), pesticides, and herbicides by 
improving pest and disease control (Lopes et al., 2016) as well as weed 
suppression (Leoni et al., 2022, Amossé et al., 2013). The practice is also 
reported to stabilize yields, diversify farmers’ incomes, and promote 
human health through dietary diversity (Koskey et al., 2022a; Renard 
and Tilman 2021). 

Most of the benefits delivered from cultivar mixtures and inter
cropping stem from the exploitation of ecological complementarity 
among crops: each different species/cultivar has a different and com
plementary contribution to a given ecosystem function (Bàrberi and 
Moonen 2020). Consequently, the total value of ecosystem services 
provided by crop diversification increases with greater differences and 
complementarity among crop species/cultivars. Therefore, when uti
lizing agrobiodiversity to achieve multiple benefits, considerations 
should be given not only to genetic diversity but also to functional 
biodiversity (Ranaldo et al., 2020; Moonen and Bàrberi 2008). In this 
context, we adopt the definition of “functional biodiversity” from 
Moonen and Bàrberi (2008) as “that part of the total biodiversity 
composed of clusters of elements (at the gene, species or habitat level) 
providing the same (agro)ecosystem service, that is driven by 
within-cluster diversity”. For example, cereal-legume intercropping is 
considered highly effective due to the combined weed suppression ca
pacity of cereals and enhanced nutrient availability from legume sym
biosis with rhizobacteria and mycorrhiza (Bedoussac et al., 2015; 
Koskey et al., 2023; Layek et al., 2018). 

Different species/cultivars may not only complement each other but 
also enhance each other’s functions. In cropping systems, it has been 
demonstrated that in a fava bean-maize intercropping, maize promoted 
nitrogen (N) fixation in fava beans by regulating gene expression and 
root exudates, supported flavonoid synthesis, and increased nodulation 
(Li et al., 2016). Intercropping effect on root exudates was later sup
ported by several researchers (Liu et al., 2017; Leoni et al., 2021; 
Chamkhi et al., 2022). As well as different crop species, also different 
cultivars of the same species may have partially different microbiota. 
Therefore, increasing diversity through the use of cultivar mixtures in 
intercropping systems can enrich the total pool of microorganisms in the 
soil and enhance the provision of below-ground ecosystem services 
(Mauger et al., 2021; Yang et al., 2019; Xiao et al., 2023). In this study 
we designed a pot experiment to investigate the effect of intercropping 
between wheat and lentil cultivar mixtures on soil biological fertility, 
with a special focus on mycorrhizal inoculum potential (MIP), arbus
cular mycorrhizal fungi (AMF) root colonisation, and crop biomass 
production. The lentil cultivar mixtures were organized into three levels 
of increasing diversity using a trait-based approach. We hypothesised 
that increasing the level of diversification in the system enhances the 
provision of services (e.g., biomass production), due to enhanced mi
crobial activity and diversity. Specifically, increasing diversity within 
lentil cultivar mixtures reinforces wheat’s affinity for mycorrhiza, 
thereby influencing wheat mycorrhization in intercrops. 

The choice to examine mycorrhiza within the soil microbiota was 
driven by its crucial contributions to nutrient uptake, protection from 
salinity and drought, and the reduction of toxicity from phytotoxic el
ements (Ganugi et al., 2019). In the case of legumes, mycorrhiza also 
enhances N fixation (de Novais et al., 2020). Although cereals generally 
exhibit less affinity for mycorrhiza compared to legumes, intercropping 
has been shown to enhance the mycorrhization status of both crops 
(Harinikumar et al., 1990) or in some cases elevates the mycorrhization 
levels of the less mycotrophic crop (Koskey et al., 2023). The MIP 
bioassay provides an estimate of mycorrhizal propagules available in the 
soil that can actively colonize the host plant (Njeru et al., 2014). In 
addition, assessing the proportion of roots colonized by mycorrhiza can 

suggestively indicate the extent of fungal development in the plant and 
its potential effect on improving nutritional status and growth (Ingraffia 
et al., 2019; Koskey et al., 2023). We hypothesize that increasing the 
diversity in lentil cultivar mixtures may increase affinity for mycorrhiza 
and, consequently, influence wheat mycorrhization in the intercrop. 

Furthermore, we examined plant biomass to assess the overall 
growth and vigour of the crops, assuming that higher functional di
versity in lentil cultivar mixtures corresponds to increased responsive
ness in plant growth and competitive ability with the companion crop. 

2. Materials and methods 

2.1. Mixtures compositions 

The choice of the lentil accessions was based on the results of a 
previous characterisation involving a collection of 112 landraces, 
sourced from seed saver associations and gene banks (Lorenzetti et al., 
2023). The agronomic performance and phenotypic characterization of 
lentils (Lens culinaris Medik.) were monitored for two consecutive years 
in a field adjacent to our pot experiment. Building on an extensive 
literature review and the findings of Lorenzetti et al. (2023), three target 
functional traits were selected for the composition of lentil mixtures: (i) 
early flowering and maturing, aiming for a synchronized harvest time 
with wheat to benefit from symbiosis before the drought season; (ii) 
plant height and biomass, for good competitive ability and a wide root 
surface for microbial interaction (Bektas et al., 2016; Figueroa-Bustos 
et al., 2018); (iii) grain yield, ensuring a positive land equivalent ratio 
and incrementing nutrients in the system, as highly productive cultivars 
are associated with higher nitrogen uptake (Dobert et al., 1993; Roy 
et al., 2019). For each trait we identified four candidate accessions, thus 
composing a functional group. The main criterion for accession selection 
was exclusivity, so that accessions complying with more than one of the 
chosen traits were discarded (a Principal Component Analysis was per
formed to observe lentil differentiation based on the target traits, see 
Fig. 1). In the early group, we included two Italian accessions and two 
from Ethiopia, whereas for the biomass and yield groups, we used ac
cessions from southern Italy (Table 1). 

Mixtures were designed to create a gradient of diversity in terms of 
the number of species and functional groups. To define the first level of 
diversity, the early functional group was considered as a baseline (mix 1, 

Fig. 1. Principal Component Analysis of phenotypic diversity of the lentil 
cultivars composing the mixtures, based on Lorenzetti et al. (2023) data. Vec
tors represent the explanatory magnitude and direction of selected traits. Points 
represents lentils cultivars: Earliness groups is indicated with pink colour and 
letter E, Height and Biomass group is indicated with green colour and letter H, 
Yield group is indicated with blue colour and letter Y. Number order within 
each group represents landrace order in Table 1: 1E from Italy, 2E from Lat
ium’s Islands (IT), 3E and 4E from Ethiopia; 1H–4H from Sicily (IT); 1Y from 
Sicily (IT), 2Y from Abruzzo (IT), 3Y from Basilicata (IT) and 4Y from Campania 
(IT). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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with 4 individuals), then the other groups were added incrementally: the 
biomass group, constituting the mix 1.2 (with 8 individuals), and the 
yield group (mix 1.2.3, with 12 individuals). To constitute the mixtures, 
we used a partial replacement approach, reducing the recommended 
sowing rate of each cultivar to 25% in mix 1, to 12.5% in mix 1.2, and to 
8.3% in mix 1.2.3 as compared to pure stands (considering a sowing 
density of 300 plants m− 2). 

2.2. Experimental design 

A pot experiment was conducted for two consecutive growing sea
sons (2021 and 2022) at the Centre of Agro-Environmental Research E. 
Avanzi (CiRAA) (43.6628N, 10.3485E), 9 km southwest of Pisa, Central 
Italy. Given the scarcity of literature and empirical data on the use of 
mixtures in intercropping systems (Kabululu et al., 2014), this pre
liminary experiment in pots was designed to explore the potentiality of 
this system in a controlled environment. This approach allowed us to 
focus on specific interactions between lentil cultivar mixtures and wheat 
without the interference of weeds, soil variability, and water stress, 
which can collectively affect the activity of AMF. Additionally, lentil 
landrace seeds were not readily available, and the quantity at hand was 
limited. 

Durum wheat (Triticum durum Desf. cv. Minosse) and lentil mixtures 
were sown on February 9 and December 16, respectively, for the first 
(2021) and second (2022) repetitions of the experiment in pots of 27 
litres (33 cm x 33 cm x 25 cm). The trial was arranged in a completely 
randomised block design with 6 replicates and 7 treatments in 2021, and 
8 treatments in 2022. The first treatment (mix 1) consisted of a mixture 
of the early functional group, the second treatment (mix 1.2) included 
the addition of the biomass group to the early one, and the third treat
ment (mix 1.2.3) involved the addition of the yield group to the former 
two. The mixtures were cultivated in intercropping with wheat and as a 
sole crop. Sole cropping of wheat was sown as a control treatment in 
both years. During the second repetition of the experiment, we included 
an additional control treatment of the sole commercial lentil (cv. Robin), 
a Canadian cultivar (Vandenberg et al., 2002), to compare the perfor
mance of a pure stand commercial cultivar with that of landrace 
mixtures. 

In the case of intercropping, lentil mixtures and wheat were sown in 
rows (3 rows of wheat and 2 rows of lentil) with a wheat-lentil row 
distance of 6 cm. For sole cropping, plants were arranged in 3 or 2 rows, 
respectively, for wheat and lentils. Plant density was determined ac
cording to the standard seeding dose used by farmers in Pisa’s plain area. 
Therefore, lentil mixtures were sown at 300 plants m− 2, and wheat were 
sown at the standard dose of 350 plants m− 2. Due to the high compet
itiveness of wheat during the first repetition, which resulted in very low 
lentil biomass, we reduced the wheat density to 116 plants m− 2 during 
the second repetition (1/3 of the initial dose). 

2.3. Soil and growing conditions 

The experimental site is located in a Mediterranean zone character
ized by mild, relatively rainy winters and hot, dry summers. 

During the first growing season, the total precipitation in the study 
period (February–June) was 167 mm, but unevenly distributed, with an 
atypical deficiency in March (Fig. S1 in Supplementary Material). 
Additionally, two late frosts occurred in mid-April with temperatures 
reaching − 5 ◦C before the reappearance of precipitation on the 7th and 
8th of April 2021. The second growing season (December–May) had a 
total precipitation of 290 mm (Fig. S1 in Supplementary Material). In 
both years, emergency irrigation was evenly provided to all the pots 
when necessary. 

The plant growth medium consisted of a loamy-sand soil (USDA) 
comprising 79% sand, 13% loam and 8% clay; organic carbon was 11.16 
g kg− 1, total N 0.8 g kg− 1, available P 33 mg kg− 1, total CaCO3 21 g kg− 1, 
and pH 7.55. The soil type was chosen to enhance drainage and aeration, 
preventing compaction in the pots and allowing for better root pene
tration and development. The experiment was conducted according to a 
low-input management where no fertilisers and pesticides were used, 
mimicking a nutrient limitation condition to boost microbial symbiosis 
(Hoeksema et al., 2010). 

2.4. Sampling and analysis 

Crop establishment was assessed on the whole pot surface around 30 
days after sowing. Then, at the grain-filling stage (wheat BBCH scale 73, 
“early milk”), plants were collected: first, the shoots were cut off at 
ground level and separated by species, dried at 40 ◦C to a constant 
weight to obtain the total dry biomass. Secondly, the roots were washed 
with running tap water and prepared for staining with acidified trypan 
blue dye following the procedure described by Phillips and Hayman 
(1970). The percentage of colonized root length was determined with a 
dissecting microscope at × 40 magnification using the gridline intersect 
method described by Giovanetti and Mosse (1980). 

Before sowing, soil samples were collected from a depth of 20 cm at 
three randomly selected points in each pot using a 5-cm diameter soil 
probe. The three sub-samples were mixed to form one homogenous 
representative sample for each pot and was used to assess MIP at zero 
point. At the crop termination stage (grain-filling stage), 200 g of soil 
was collected from the root rhizosphere of lentils and wheat. In the 
intercrop pots, the rhizosphere soil from both species was pooled to form 
a homogenous sample. The soil from each pot was used to assess 
mycorrhizal activity in the soil following the soil MIP bioassay described 
by Njeru et al. (2014). Soil MIP is commonly used as a biological indi
cator of mycorrhizal propagules to colonize plant roots within a given 
period (Njeru et al., 2014; Koskey et al., 2022b). 

2.5. Statistical analysis 

Statistical analyses were carried out in R environment version 4.1.0 
(R Core Team 2021). Depending on the data type and error distribution, 
linear and generalized linear mixed-effects models were fitted using the 
R/‘lme4’ package (Bates et al., 2015). Wheat, lentil dry biomass (g m− 2) 
and cumulative biomass of intercropping (lentil + wheat) were analysed 
separately using a generalized linear model (LMER), assuming mixtures 
typology (three levels: mixture 1, 1.2 and 1.2.3), intercropping (two 

Table 1 
Composition of the lentil cultivar mixtures: functional groups and collection site of the components.  

Mixture Functional Groups Cultivar 

Mix 1 Earliness ITALY, ITALY -Latium’s island LT, ETHIOPIA, ETHIOPIA 
Mix 1.2 Earliness 

+

Height and Biomass 

ITALY, ITALY -Latium’s island LT, ETHIOPIA, ETHIOPIA 
+

ITALY -Sicily (Villalba CL, Mussomeli CL, Modica RG, Montagnola PA) 
Mix 1.2.3 Earliness 

+

Height and Biomass +
Yield 

ITALY, ITALY -Latium’s island LT, ETHIOPIA, ETHIOPIA 
+

ITALY -Sicily (Villalba CL, Mussomeli CL, Modica RG, Montagnola PA) 
+

ITALY -Sicily CL, ITALY -Abruzzo AQ, ITAY -Basilicata PZ, ITALY -Campania CE  
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levels: presence and absence), year (two levels: first and second repeti
tion), and their interactions as fixed terms, with blocks as a random 
term. To determine significant differences, Sidak post-hoc test was 
performed to separate means (p < 0.1) using the R/‘emmeans’ package 
(Lenth, 2020). A mixed effect model was used to determine the rela
tionship between lentil mixtures’ biomass production and functional 
diversity (i.e., the number of functional groups involved in a mixture) 
separately for intercrops and sole lentil, with blocks as a random effect. 
Model selection was based on Akaike selection criteria (Zuur, 2009), and 
only the most conservative model respecting the residual diagnostics 
was selected. Model comparison was performed using the R/‘AICcmo
davg’ package (Mazerolle, 2020). Soil mycorrhizal potential (MIP) and 
arbuscular mycorrhizal fungi (AMF) colonisation were analysed using a 
linear mixed-effect model (LME) when normally distributed, and using a 
generalized linear mixed model (GLMM) (Gamma distribution and 
identity link function) when not normally distributed. Mixture typology 
and intercropping were considered as fixed terms, block as a random 
term. The interaction between year and the explanatory variables was 
significant, leading to separate analyses for AMF and MIP in the two 
years. To determine significant differences, Tukey’s post-hoc test was 
performed to separate means using the R/‘emmeans’ package (Lenth, 
2020). 

3. Results 

3.1. Biomass production 

During the first repetition of the experiment, intercropping with 
durum wheat negatively affected the lentil biomass due to high 
competition from the cereal (Fig. 2). Overall, the intercropping with 
wheat led to a significant reduction in lentil mixture biomass by 92% 
compared with the biomass of sole lentil mixtures (297.5 vs 23.5 g m− 2). 
For the sole lentil, the mixture composition significantly affected the 
biomass production (p = 0.008). In particular, biomass production of the 
lentil mixture 1.2 (364.5 g m− 2) was significantly higher than mixture 1 
(218.3 g m− 2). Contrary to lentils, wheat biomass was not affected by 
intercropping (p = 0.81), averaging 357 g m− 2. 

During the second repetition of the experiment, to avoid competition 
between wheat and lentil observed in 2021, wheat density was reduced 
by 67% (350 plant m− 2 vs 116 plant m− 2). In this case, the lentil biomass 
was significantly affected by mixture composition (p < 0.001) but not by 
intercropping (p = 0.39). The biomass production of lentil mixtures was 
on average 306 g m− 2 and 283 g m− 2 for intercropped and sole lentils, 
respectively. In both intercrops and sole crops, the biomass production 

of lentil mixtures 1.2.3 (on average 355 g m− 2) was significantly higher 
than mixtures 1 (on average 225.6 g m− 2). Wheat biomass was not 
significantly affected by the lentil mixtures (p = 0.18). In the case of 
intercropping, the combined biomass of wheat and lentils was signifi
cantly higher compared to that of the sole lentil mixtures (p < 0.001). 
Specifically, the total biomass of mixture 1.2 (660 g m− 2) and 1.2.3 (596 
g m− 2) was significantly higher than lentil mixtures cultivated as sole 
crops (on average 283 g m− 2). 

In 2022, the relationship between lentil biomass and the number of 
functional groups in mixtures was slightly significant in sole crops (R2 =

0.19, p = 0.06) and significant in case of intercropping with wheat (R2 =

0.29, p = 0.01) (Fig. 3). In 2021, lentil mixtures as sole crop showed a 
similar trend, but not significant (R2 = 0.16, p = 0.13), while no trend 
was detected for lentil mixtures in intercropping. 

Fig. 2. Dry biomass production of lentil mixtures (grey) and wheat (orange) as pure crop or intercrop in 2021 (A) and 2022 (B). Different lowercase letters indicate 
statistically significant differences (p < 0.1) for lentil biomass (Sidak post-hoc test). Different uppercase letters indicate statistically significant differences (p < 0.1) 
for the total biomass (Sidak post-hoc test). Error bars represent the standard errors of the means (SE). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 3. Relationship between the number of functional groups in lentil mixtures 
and biomass production as observed in intercrops with wheat (red lines) and as 
a sole crop (blue line). In 2022, a significant correlation was found in inter
cropping (R2 = 0.29, p = 0.01), while a marginal significance was observed in 
sole crops (R2 = 0.19, p = 0.06). In 2021, lentil mixtures as sole crop showed a 
similar trend, but not significant (R2 = 0.16, p = 0.13), while no trend was 
detected for lentil mixtures in intercropping. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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3.2. Mycorrhizal inoculum potential in the soil 

In both experimental years, the mycorrhizal inoculum potential 
(MIP) in the soil at sowing time did not exhibit significantly differences 
between treatments, with a cumulative average of 17% in 2021 and 19% 
in 2022. 

In 2021 and 2022 cropping seasons, the MIP at harvest did not show 
significant differences among treatments containing lentils, whether as 
mixtures (intercrops with wheat or sole crops), or as the cv. Robin in 
2022. However, soil MIP was notably lower in the pots with sole wheat 
(Fig. 4). 

3.3. Arbuscular mycorrhizal fungi in the roots 

In the 2021 cropping season, the colonisation levels in lentil roots did 
not show significant differences among the mixture levels but showed 
only among the intercropping levels. Lentils grown in intercrop condi
tions showed reduced root colonisation levels (cumulative average of 
35%) compared to that of the sole lentils (cumulative average of 55%). 
Regardless of the mixture level of the companion crop or the inter
cropping level, AMF root colonisation in wheat remained consistent, 
averaging approximately 14% (Fig. 5). 

In the 2022 cropping season, the trend remained the same as the 
previous year, but with an increase in the percentage of colonisation: ca. 
60% in intercropped lentils, and ca. 70% in the lentils grown alone. 
Conversely, cv. Robin, despite being cropped as a pure stand, had a 
significantly different colonisation level from the mixtures grown alone, 
showing lower AMF root colonisation (60%). Concerning AMF coloni
sation in wheat, a significant difference emerged between wheat inter
cropped with lentil mixtures (ca. 52% of root colonisation) and that of 
the pure wheat stands (ca. 40%) (Fig. 5). 

4. Discussions 

4.1. Biomass 

4.1.1. Wheat and total biomass 
In accordance with the findings of the previous studies (Koskey et al., 

2022b; Geren et al., 2008), the biomass of both lentils and wheat in 2022 
was generally unaffected by intercropping, except for mix 1.2.3 where 
wheat biomass experienced a reduction, though without impacting the 
total biomass of the intercrop. The total biomass produced by the 
intercrop in 2022 was significantly higher than the biomass of the sole 

crop. At the level of spatial diversification, the 2022 results confirm the 
diversity-productivity hypothesis (Tilman 2001), asserting that the 
higher the diversity in a limiting environment, the higher the total 
biomass. 

The yearly difference in biomass production of intercropped lentils is 
probably due to two main factors: i) in 2021, the cropping season 
commenced with harsh climatic conditions, characterized by low pre
cipitation and late frosts, which slowed down lentil development. ii) 
Wheat biomass in 2021 was three times higher than in 2022 (full dose vs 
1/3 dose), imposing strong competition on lentils and impeding recov
ery when climatic conditions became more favourable. Lentils grown 
alone could fully develop from mid-April, even though the biomass 
response to diversity showed different trends than in 2022. 

In 2021, the diversity levels of lentil mixtures did not significantly 
affect biomass production (p = 0.16). The influence seems to be driven 
by functional groups, with mix 1.2 leading (containing the highest share 
of biomass functional group at 50%), followed by mix 1.2.3 (25% of the 
biomass functional group). The harsh climate may have played a role in 
selecting the most adapted functional group. However, in 2022, trends 
in lentil biomass support the diversity-productivity hypothesis (Tilman 
2001) at the level of cultivar (genetic) diversification: biomass produc
tion increased with the increase in functional group diversity in the 
mixtures, both when grown alone (p = 0.01) and in intercrop (p = 0.06). 
A recent study (Schnitzer et al., 2011) suggests that the driver for the 
diversity-productivity phenomenon may not be the 
niche-complementarity effect, as originally theorised, but the associated 
microbial activity and diversity. Niche-complementarity effect argues 
that increased productivity in diversified systems is due to complete 
resource utilization thanks to species specialization in resource use 
(Schnitzer et al., 2011). 

4.2. Mycorrhizal response to lentil mixtures and intercropping 

In both experimental years, the mycorrhizal inoculum potential 
(MIP) in the soil at sowing time was lower than that at crop harvesting 
time, indicating an increase in MIP with crop development. This is in 
line with the previous observations of Turrini et al. (2018) and Njeru 
et al. (2014), who similarly observed an increase in AMF activity across 
plant developmental stages. Different crop species have differing affin
ities to AMF and sometimes, the identity of plant host and fungal sym
biont may induce a stronger selection effect than that of a rich or 
diversified plant-AMF communities (Turrini et al., 2018; Koskey et al., 
2023). However, in our study, no differences in MIP were observed 

Fig. 4. Soil mycorrhizal inoculum potential (MIP) activity as influenced by intercropping (orange-grey striped bars), cultivar mixtures (grey bars, Mix 1, Mix 1.2, Mix 
1.2.3) and sole wheat (orange bar) during 2021 (A) and 2022 (B). In figure B) dark grey for commercial cv. Robin). Lowercase letters indicate statistically significant 
differences between treatments at 0.05 level (Tukey’s post hoc test). Error bars represent the standard errors of the means. For each treatment, the bars indicate the 
mean MIP values at grain-filling stage, the hatching indicates the mean MIP values before sowing. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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among treatments containing lentil mixtures, whether as intercrops with 
wheat or sole crops. This suggests that the mycorrhizal activity induced 
in the soil was the same in all the treatments containing lentil mixtures. 
As expected, sole wheat induced lower soil mycorrhization in compar
ison with the lentils, which agrees with the findings of Talukdar and 
Germida (1994), who observed that wheat is less mycotrophic than 
lentils. 

Nevertheless, AMF colonisation in lentil roots was significantly 
higher in sole crops (except for cv. Robin in 2022) compared to that of 
intercrops in both years. This contrasts with MIP performances, that did 
not show any difference between intercropped and sole lentils. MIP is an 
indicator of mycorrhizal propagules present in the soil and ready to 
colonize plant roots (Njeru et al., 2014). The soil MIP differences 
observed between the sole and intercropped lentils could be explained 
by the presence of wheat, which may have suppressed the capacity of 
lentils to interact with mycorrhiza (Talukdar and Germida, 1994). This 
suppression could be attributed to allelopathic compounds released by 
wheat into the soil, interfering with the signalling between lentil roots 
and the mycorrhizal fungi in the soil (Javaid 2008). The observed var
iations in AMF colonisation from year to year could be due to differences 
in plant development, which were in turn influenced by varying mete
orological conditions and competition among the plants. High wheat 
density, experienced in 2021 intercropped treatments, may have asser
ted a stronger competition, supressing lentil growth in the mixtures. 
Similar competition effect has been reported in another study (Koskey 
et al., 2022b). 

In contrast, AMF colonisation of wheat roots in 2022 was signifi
cantly higher when intercropped with lentils than when cultivated as 
sole wheat, even though, still significantly lower than any lentil treat
ment. This suggests that the more aggressive and competitive plant, in 
this case wheat, may have benefited from the facilitation of root- 
mycorrhiza-dependent biochemicals released by lentils, which may 
have led to the enhanced root AMF colonisation. This may have impli
cations on nutrient uptake and plant development, especially, under 

poor soil conditions. In 2021, due to the very low lentil biomass, 
intercropped and sole wheat did not show differences in AMF coloni
sation, but there were significant differences in terms of propagule for
mation (MIP). This implies that the presence of a legume in the 
intercrop, even if the crop failed to reach its full growth potential, could 
have a residual effect in the soil in terms of MIP by favouring the for
mation of mycorrhizal propagules beneficial for subsequent crops in the 
rotation (Jie et al., 2013). However, this hypothesis requires validation 
in a long-term rotational study considering the use of the same field/pot 
for subsequent years. 

Concerning lentil mixtures, we could not detect any effects of di
versity levels on MIP and AMF root colonisation. However, we suspect 
that, rather than affecting AMF quantity, lentil diversity may have 
influenced AMF and microbiota quality, which was not explored in this 
study. The increase in lentil biomass may have been driven by the in
crease in microbiota diversity and quality, as observed in previous 
studies (Schnitzer et al., 2011; Njeru et al., 2017; Turrini et al., 2018). 
Therefore, we recommend further research focusing on the genetic 
characterisation of AMF and rhizosphere microbiota in order to validate 
this emerging hypothesis. In addition, investigating the long-term effects 
of interspecific plant diversity on soil microbial composition and di
versity and, subsequently, on farming system health, appears to be a 
promising field for future investigations, considering the services pro
vided in short-term observations (Van Der Heijden et al., 2008; Sessitsch 
et al., 2018). Interesting results in this direction indeed were observed in 
grasslands (Eisenhauer et al., 2010). 

4.3. Mycorrhizal response to landrace mixtures and commercial cultivar 

The lower AMF colonisation in lentil cv. Robin compared to that of 
the landrace mixtures can be elucidated through insights from the 
studies of Valente et al. (2019) and Mauger et al. (2021). Their findings 
demonstrated variations in microbial composition between ancient and 
modern wheat cultivars. Similar results have been reported when 

Fig. 5. Root mycorrhizal colonisation (AMF) in 2021 (A, B) and 2022 (B, C) respectively for lentil (A and C) and wheat (B and D). Grey-orange striped bars represent 
intercropping (W + Mix 1, W + Mix 1.2, W + Mix 1.2.3), whereas light grey and orange bars refer respectively to sole lentil mixtures (Mix 1, Mix 1.2, Mix 1.2.3) and 
sole wheat (W-CNT). Dark grey bar represents the commercial lentil cultivar cv. Robin. Lowercase letters indicate statistically significant differences between 
treatments at 0.05 level (Tukey’s post hoc test). Error bars represent the standard errors of the means. For each treatment the bars indicate the mean AMF values at 
grain-filling stage. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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comparing wild, traditional, and modern cultivars of Barley (Bulgarelli 
et al., 2015) or lettuce cultivars and their ancestors (Cardinale et al., 
2015). This discrepancy appears to be related to the capacity of ancient 
cultivars to actively filter the microorganisms, promoting the beneficial 
symbiosis first in the rhizosphere through root exudates and then in the 
root tissues. Modern cultivars may have lost this ability due to breeding 
efforts focused on increased yield, leading to a loss of genetic diversity at 
the expense of genes controlling microorganisms filtering (Valente et al., 
2019; Mauger et al., 2021). In addition, according to Mauger et al. 
(2021), this loss has implications in enhancing susceptibility of the 
breeds to pathogenic microbes. 

In addition, the different levels of intraspecific diversity (sole crop vs 
cultivar mixture) may have played a role. Mauger et al. (2021) 
demonstrated that cultivar mixtures can have a synergistic effect on the 
selection of fungal microbiota. It can be hypothesised that the higher 
AMF colonisation in cultivar mixtures is as a result of increased AMF 
diversity induced by cultivar diversity (Jie et al., 2013). Alternatively, 
the lower AMF colonisation in cv. Robin may be attributed to competi
tion with other soil microorganisms (Leigh et al., 2011) not adequately 
filtered (Valente et al., 2019). Even though a recent meta-analysis has 
excluded the effect of breeding on mycorrhizal affinity (Lehmann et al., 
2012), it did not take into consideration the entire soil microbiota, 
referred to herein as microbial diversity, and the resulting interaction 
effect on mycorrhizal colonisation. Further experiments are required to 
confirm this hypothesis: e.g., genetic characterisation of the soil 
microbiota could deepen the understanding of AMF dynamics and 
possibly highlight new insights concerning functional mixtures. More
over, additional research is needed to compare how individual lentil 
landraces and commercial varieties influence mycorrhizal associations. 
This will help discern whether the observed effects on mycorrhizal 
colonisation are attributed to specific cultivar identity or the overall 
diversity within the cultivar mixtures. 

5. Conclusions 

This study assesses the effect of wheat-lentil intercropping and the 
role of intraspecific diversity within intercrop on mycorrhiza and 
biomass development. AMF colonisation in lentil roots was significantly 
higher in sole crops (except for the commercial control) compared to 
intercrops. Conversely, AMF colonisation of wheat roots in 2022 was 
significantly higher when intercropped with lentils. This observation 
was not confirmed in 2021, probably due to the high wheat density, 
which exerted strong competition on lentils, supressing their growth. 
The lower AMF colonisation in the commercial lentil cultivar may be 
due to the effect of the different microbial composition in ancient and 
modern cultivars. However, this hypothesis should be tested in further 
studies that consider analysis of microbial composition and diversity. 

Concerning biomass development, yearly differences were noted, 
likely influenced by environmental effects and varying wheat sowing 
rates. In 2022, the total biomass produced by the intercrop was signif
icantly higher than the sole crop biomass, thereby supporting the 
diversity-productivity hypothesis of Tilman (2001) at the interspecific 
level (the higher the species diversity, the higher the biomass). In 
addition, the biomass produced by different lentil mixtures was signif
icantly correlated with the number of functional traits in the mixtures. 
This finding further supports the diversity-productivity hypothesis of 
Tilman (2001) but at the intraspecific level (the higher the number of 
functional traits within lentil cultivar mixtures, the higher the biomass). 
Considering both, intraspecific and interspecific diversity, the highest 
total biomass in the system was recorded when both were maximised. 
Whether this result was driven by niche-complementarity effects or by 
the diversity of the microbiota, is still to be tested. 
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