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Arbuscular mycorrhizal fungi improve legume seedling performance as the 
competition with conspecific neighbouring adult plants decreases 
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A B S T R A C T   

In temperate grasslands, the balance between competitive and facilitative interactions between adult plants and 
conspecific seedlings can be affected by defoliation intensity, soil nutrient deficiency and arbuscular mycorrhizal 
fungi (AMF). Here, we investigated the effect of AMF on the interactions between Lotus tenuis Waldst. & Kit. 
seedlings grown in the presence or absence of conspecific adult plants defoliated at different intensities (0, 50 
and 75%) in a P-deficient soil of the Salado River Basin (Argentina). Mycorrhizal seedlings grown near defoliated 
and non-defoliated adult plants produced less shoot dry weight (DW) than non-mycorrhizal counterparts, 
whereas mycorrhizal seedlings alone showed 258% and 504% more shoot DW and shoot P content, respectively 
than non-mycorrhizal counterparts. This was associated with higher growth and P uptake of mycorrhizal adult 
plants than non-mycorrhizal counterparts. The competition index between seedlings and adult plants showed 
competition interaction in mycorrhizal systems (from − 2.6 to − 1.9) and neutral interaction in non-mycorrhizal 
systems (near to zero) despite the defoliation intensity. We propose that moderate defoliation (50%) allows 
maintaining high mycorrhizal benefits in adult plants (110.1% and 168.8% mycorrhizal growth and P response, 
respectively), whereas high defoliation (75%) decreases mycorrhizal benefits (27.18% and 80.21% mycorrhizal 
growth and P response, respectively). We highlight AMF symbiosis as an important strategy of L. tenuis adult 
plants to regulate the growth of neighbouring conspecific seedlings in a P-deficient soil.   

1. Introduction 

In temperate grasslands, competitive and facilitative interactions 
operate simultaneously between plants of the same or different species. 
The balance between interactions largely varies as a result of the in-
tensity of management practices, environmental conditions, plant 
developmental stage and species composition (Valladares et al., 2015; 
Rehling et al., 2021). In particular, intraspecific plant interactions be-
tween adults and seedlings constitute an interesting scenario to inves-
tigate the persistence of species over time. For example, adult plants may 
either provide suitable microsites for seedling establishment by 
improving the soil conditions (facilitative interaction) or decrease 
seedling growth in nutrient-poor grassland soils (competitive in-
teractions) (Aguilera and Lauenroth 1993; Dyer and Rice 1997). 

The balance between facilitative and competitive interactions be-
tween adult plants and conspecific seedlings can also be affected by soil 

symbiotic microorganisms involved in improving plant nutrition and 
increasing stress tolerance, such as arbuscular mycorrhizal fungi (AMF) 
(Smith and Read 2008; Tedersoo et al., 2020). Plants can also enhance or 
reduce AMF colonisation of neighbouring plants, conditioning the out-
comes of plant interactions (Klironomos 2002; van der Heijden and 
Horton 2009). In this sense, previous studies have demonstrated the 
existence of facilitative interactions between seedlings and adult plants 
through AMF symbiosis, as well as an opposite effect of AMF on seedling 
growth, depending on particular environmental conditions and plant 
species (Nakano-Hylander and Olsson 2007; Höpfner 2014). 

The temperate grasslands of the Salado River Basin (Argentina) are a 
typical area for beef cattle production in which soils exhibit low phos-
phorus (P) availability for plant growth (García and Mendoza 2008). In 
addition, as a consequence of land use or selective grazing, a decline or 
even absence of native perennial legumes is evident in this area (Vecchio 
et al., 2019), a common feature among temperate grasslands over the 
world. In this context, an alternative to increase forage production is the 
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promotion of native or naturalised legumes. Lotus tenuis Waldst. & Kit., a 
cosmopolitan species (Diaz et al., 2005), is a naturalised perennial 
legume in the Salado River Basin highly appreciated by farmers due to 
the quantity and quality of forage production (Cahuépé 2004). This 
legume plays a central role in grasslands and pastures because of its 
ability to fix atmospheric nitrogen (N2) through rhizobia symbiosis 
(Estrella et al., 2009) and to maintain the AMF inoculum in the soil over 
time (García and Mendoza 2008). However, the successful implantation 
of this legume in grasslands and pastures is usually limited by its low 
growth rate during early developmental stages, which strongly de-
creases its ability to compete with other plants (Blumenthal and McGraw 
1999). Thus, to increase forage production, it is necessary to implement 
cultural practices that allow promoting L. tenuis in temperate areas, 
improving seedling growth together with a rational cattle management. 

An important feature of L. tenuis seedlings to grow and survive longer 
within grasslands and pastures of the Salado River Basin is its ability to 
establish in low fertility conditions (García and Mendoza 2014). This 
feature would in turn be associated with its ability to establish early 
symbiotic associations with soil microorganisms like AMF or rhizobia, 
which are important to improve its access to available nutrients in low 
fertility soils, and to alleviate stressful environmental conditions (García 
and Mendoza 2014). In general, AMF are of high value for the func-
tioning and sustainability of temperate grasslands and pastures. In this 
sense, we expect that AMF would change the competitive balance be-
tween L. tenuis adult plants and seedlings in favour of seedlings and then 
modify the forage production. Surprisingly, despite the importance of 
L. tenuis in the productivity of pastures and the key role of AMF in its 
development, to our knowledge, there is no information about the effect 
of the association with native AMF on the growth and P uptake of 
L. tenuis seedlings in the neighbourhood of conspecific adult plants 
inP-deficient soils of temperate grasslands such as the Salado River 
Basin. 

To improve a sustainable forage production, the interaction between 
seedlings and adult plants is a factor of great importance for the main-
tenance and propagation of L. tenuis in grasslands and pastures under 
different management conditions. Other factors that affect L. tenuis 
persistence and growth are grazing (Vecchio et al., 2019) and defoliation 
(García and Mendoza 2012; Vignolio et al., 2016). The plant response to 
defoliation depends on the intensity and frequency of removal of 
photosynthetic tissue and the nutrient availability in the soil to sustain 
shoot regrowth (Faghihinia et al., 2020). The loss of root tissue in 
response to defoliation is ascribed to a decrease in photosynthate pro-
duction and a reallocation of carbon (C) resources to the regrowth of 
photosynthetic tissue (Iqbal et al., 2012; van der Heyde et al., 2019). 
Factors which reduce the photosynthetic capacity of plants will also 
negatively affect AMF function since the fungal partner is entirely 
dependent on the C fixed by the plant (van der Heyde et al., 2019). 
Therefore, the defoliation pressure may alter the AMF symbiosis and its 
benefits on plant growth depending on the amount of shoot biomass 
removed and the soil nutrient availability (van der Heyde et al., 2019; 

Faghihinia et al., 2020). 
Defoliation removes part of the plant canopy, allowing higher light 

penetration (Song et al., 2020). Thus, a controlled defoliation pressure 
may decrease the shoot competition between neighbouring adult plants 
and conspecific seedlings, favouring seedling growth. In addition, 
seedlings growing near conspecific adult plants may access nutrients 
using the pre-existing hyphal network and may gain nutritional benefits 
from AMF symbiosis (Tedersoo et al., 2020). Although defoliation could 
change the mycorrhizal benefits on L. tenuis growth and P nutrition, 
little is known about how the presence of defoliated neighbouring plants 
affects the development of conspecific seedlings in P-deficient soils of 
temperate grasslands. 

Based on all the above, this study aimed to investigate the effect of 
the association with native AMF on the interactions between L. tenuis 
seedlings grown in the presence or absence of conspecific adult plants 
defoliated at different intensities in a P-deficient soil of the Salado River 
Basin. We also aimed to study the effect of AMF association and defo-
liation intensity on the ability of adult plants to recover the clipped 
biomass. Specifically, we proposed that (1) AMF symbiosis affects the 
competitive balance between seedlings and defoliated adult plants in 
favour of seedlings, and (2) high defoliation intensity decreases the 
ability of mycorrhizal adult plants to recover the clipped biomass 
compared to non-mycorrhizal plants. We predict that, as the defoliation 
intensity of neighbouring adult plants increases, mycorrhizal seedlings 
will show higher growth and improved P nutrition than non-mycorrhizal 
seedlings. 

2. Materials and methods 

2.1. Experimental set up 

We performed a greenhouse experiment in which L. tenuis seedlings 
were grown in the presence or absence of conspecific adult plants with 
and without native AMF of the Salado River Basin. Each adult plant was 
assigned to one of the three following defoliation treatments: 0, 50 and 
75% of the aboveground biomass. The experiment was conducted using 
a factorial arrangement with a completely randomized design. The 
competitive effect of seedlings on adult plants was assumed to be 
negligible. 

Soil was collected from the top 0.15 m layer of a grassland of the 
Salado River Basin (35◦37′S, 58◦50′W, Buenos Aires Province, 
Argentina). The site sampled was dominated by Cynodon dactylon (L.) 
Pers., L. tenuis, Lolium multiflorum Lam., Stenotaphrum secundatum 
(Walt.) Kuntze, Paspalum dilatatum Poir and Trifolium repens L. The soil 
was classified as Typic Natraquoll and its chemical characteristics were 
pH 5.81 (1:2.5 water), electrical conductivity 1.5 dS m− 1, total nitrogen 
0.26%, total organic carbon 2.0%, organic matter 3.9%, NO3

− 10.5 μg 
g− 1, exchangeable sodium percentage 7.1%, clay content 33%, silt 51%, 
sand 16% and field water capacity 36% (w/w). The soil sample was 
sieved through a 2-mm mesh screen and sterilised by solarisation (Raj 
and Sharma 2009). After sterilisation, the available P (Bray I) was 10.46 
mg kg− 1. 

Closed-bottom pots (1.6 L) were filled with 1000 g of air-dried soil. 
The pots were divided into two groups, with and without AMF source. 
The soil sampled was used as the source of native AMF and previously 
maintained in pots using L. tenuis and Lolium perenne L. as trap plants 
under greenhouse conditions for six months. The AMF source contained 
36 spores per gram of dry soil. The taxonomic identification of AMF 
spores was previously described in Chippano et al. (2021). The pots were 
assembled following Chippano et al. (2021). The AMF source was added 
as a thin layer, 4 cm below the soil surface at a rate of 50 g kg− 1 of dry 
soil. Non-mycorrhizal pots received the AMF source previously sterilised 
by microwave for 10 min at 900 W and 25 mL of AMF filtrate to equalise 
the microbial community. The AMF filtrate was prepared by filtering a 
dilution (1:3) of the soil used as AMF source through a 35-μm sieve to 
remove AMF spores and root fragments but allowing other soil 

Abbreviations 

AMF arbuscular mycorrhizal fungi 
M with arbuscular mycorrhizal fungi 
NM without arbuscular mycorrhizal fungi 
DW dry weight 
MGR mycorrhizal growth response 
MPR mycorrhizal P response 
RGRs relative growth rate for shoot 
RGRr relative growth rate for root 
SRL specific root length 
LRR logarithmic relative rate  
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microorganisms, including soil pathogens. Mycorrhizal pots received 
the AMF source and 25 mL of the AMF filtrate previously sterilised in a 
boiling water bath for 15 min to equilibrate the nutrients added to all 
pots. 

Seeds of L. tenuis cv. Esmeralda were superficially sterilised and pre- 
germinated in sterile conditions. Four seedlings per pot were planted 
and the soil surface was covered with 1 cm of sterilised sand to minimise 
water evaporation. Pots were maintained near field capacity by daily 
watering to constant weight. Pots were randomized and daily rotated to 
minimise potential gradient effects. The mean day and night tempera-
tures during the experimental period were 30±3 ◦C and 20±3 ◦C 
respectively, the mean relative humidity was 65 ± 9%, the photoperiod 
length was 10–12 h, and the midday photon flux density was 900–1300 
μmol m− 2 s− 1 on sunny days and 400–700 μmol m− 2 s− 1 on days with 
cloud cover. 

2.2. Defoliation treatments and seedling establishment 

After 62 days of growth, five pots of mycorrhizal and non- 
mycorrhizal L. tenuis plants were harvested (initial time) and the 
remaining pots were subjected to defoliation treatment replicated five 
times. The defoliation treatment consisted in removing 50% and 75% of 
the above-ground biomass with respect to the pots harvested at the 
initial time. Plants of five pots were not defoliated and used as control 
(0% defoliation intensity). 

Immediately after plant defoliation, ten L. tenuis seedlings were 
planted in each pot. The seedlings were homogenously distributed 
around adult plants with 0, 50, and 75% of defoliation intensity and ten 
seedlings alone (seedlings alone) were planted to test the effect of the 
absence of neighbouring adult plants. Pots with seedlings alone were 
prepared by removing all the aboveground biomass of mycorrhizal and 
non-mycorrhizal adult plants (100% defoliation intensity) and then 
planted with ten seedlings in the same way as pots with the defoliated or 
non-defoliated adult plants. This ensures that nutrient levels and 
development of microbial communities are the same in all pots where 
seedlings grow alone or around non-defoliated or defoliated adult plants 
for mycorrhizal and non-mycorrhizal systems, respectively. After seed-
ling planting, mycorrhizal and non-mycorrhizal systems were grown for 
an additional 34-day period (recovery period), and then adult plants and 

seedlings were harvested (final time). The experimental set up is shown 
in a schematic diagram (Fig. 1). 

After each harvest (initial and final time), adult plant and seedling 
biomass was separated into shoots and roots. Shoot biomass of adult 
plants and seedlings was oven-dried separately at 70 ◦C for 48 h and 
weighed for subsequent determination of shoot dry weight (DW) and 
tissue P concentration. The biomass of the clipped shoots was dried and 
weighed, and later included in the shoot fraction of the corresponding 
plants at the end of the experiment to determine the accumulated shoot 
DW. The root biomasses of adult plants and seedlings were separated 
from the soil by tap water, then washed with distilled water, and 
weighed to determine the root fresh weight (FW). Root samples of adult 
plants were cut into 1-cm-long segments, homogenised and divided in 
two subsamples: one was oven-dried to make the same determinations 
as for shoots, and the other was used to measure AMF colonisation. The 
root biomass of seedlings was cut into 1-cm-long segments to measure 
AMF colonisation. Rhizobia nodules were counted in whole fresh root 
system of adult plants and seedlings under a binocular stereomicroscope 
(×7.5). 

Relative growth rates for shoot (RGRs) and root (RGRr) dry mass of 
non-defoliated and defoliated plants during the recovery period (34 
days) were calculated as described in Kingsbury et al. (1984), as follows:  

RGRx = (ln DWf – ln DWi) / (tf-ti)                                                    (1) 

where RGR is the relative growth rate (day− 1) and x stands for any shoot 
or root, tf is the total period of growth (days) from planting, ti is the 
initial period of growth (62 days), DWf is the shoot or root dry mass at 
the end of the whole experimental period (96 days), DWi is the shoot or 
root dry mass at the beginning of the experimental period (62 days), and 
(tf-ti) is the difference between the initial and the final period of growth 
(34 days). For each defoliation treatment, DWi of the shoot is the 
remaining dry mass in each pot after defoliation. To compare treat-
ments, we assumed that the daily growth rates over the 34-day recovery 
period were constant. 

Shoot DW of adult plants and seedlings and root DW of adult plants 
were digested separately in a nitric-perchloric acid mixture (3:2) to 
determine P concentration by the molybdovanadophosphoric acid 
method (Jackson 1964) and calculate tissue P content. 

Fig. 1. Experimental set up: Non-mycorrhizal (NM) 
and mycorrhizal (M) L. tenuis adult plants were 
defoliated under different intensities (Def 0, 50, 75 
and 100%) after 62-day period of growth. Immedi-
ately after plant defoliation, ten L. tenuis seedlings 
were planted in each pot. After seedling planting, NM 
and M systems were grown for an additional 34-day 
period (recovery period), and then adult plants and 
seedlings were harvested (final time).2.3 Plant yield, 
relative growth rate and P in plant tissue.   
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2.3. AMF root colonisation and mycorrhizal response 

Arbuscular mycorrhizal colonisation was measured in fresh roots of 
adult plants and seedlings cleared in 10% KOH for 12 min at 90 ◦C and 
stained in 0.05% lactic–glycerol–Trypan Blue (Phillips and Hayman 
1970). Thirty-five root segments per plant sample were examined under 
a microscope at ×200 magnification. AMF colonisation was assessed 
following McGonigle et al. (1990). 

Accumulated shoot DW and shoot P content of mycorrhizal and non- 
mycorrhizal adult plants and seedlings from each treatment were used to 
estimate mycorrhizal growth response (MGR) and mycorrhizal P 
response (MPR), respectively, according to the following equations 
presented by Cavagnaro et al. (2003):  

MGR = 100 × ((shoot DW M – mean shoot DW NM)/ mean shoot DW NM) 
(2)  

MPR = 100 × ((P content M – mean P content NM)/ mean P content NM)(3) 

where M is shoot biomass (Eq. (2)) or shoot P content (Eq. (3)) of 
mycorrhizal adult plants or mycorrhizal seedlings and NM is the mean of 
shoot biomass (Eq. (2)) or shoot P content (Eq. (3)) of the corresponding 
non-mycorrhizal adult plants or non-mycorrhizal seedlings. 

2.4. Competition intensity index 

Competition intensity between adult plants and seedlings grown 
with and without AMF was calculated through the Logarithmic Relative 
Rate (LRR) index according to the following equation presented by 
Choler (2001):  

LRR = ln (Xd / Xc)                                                                          (4) 

where Xd is the shoot DW of seedlings grown in the neighbourhood of 
non-defoliated and defoliated adult plants (50 and 75%) and Xc is the 
shoot DW of seedlings grown alone. LRR positive values correspond to 
facilitative responses and negative values to competitive responses. 

2.5. Statistical analyses 

Treatment effects were analysed through two-way ANOVA. When 
testing effects on the adult plant variables, the factors were defoliation 
intensity (three levels: 0, 50 and 75%) and AMF (two levels: with and 
without AMF), as the first and second factor, respectively. When testing 
effects on seedling variables, the two factors were defoliated neigh-
bouring adult plants (DefAd) (four levels: seedlings alone, with 0, 50 and 
75% defoliation intensity of neighbouring adult plants) and AMF (two 
levels: with and without AMF), as the first and second factor, respec-
tively. AMF root colonisation, MGR and MPR of adult plants and seed-
lings were analysed through one-way ANOVA. Mean separation was 
performed by the Tukey test. Non-normal distributed data were ln 
transformed (shoot DW, root FW, shoot P concentration and MPR of 

seedlings) to compare treatment means. Relationships among shoot and 
root DW, shoot and root P content, specific root length and RGR for 
shoot and root of adult plants, and LRR of seedling shoots were evalu-
ated by principal component analysis (PCA) in Infostat (2017) (Di 
Rienzo et al., 2017). 

3. Results 

3.1. Plant yield and P in tissue 

The accumulated shoot DW of L. tenuis adult plants was affected by 
AMF and the interaction of AMF and defoliation intensity (Fig. 2a; 
Table S1). The root DW was affected by the defoliation intensity, AMF, 
and the interaction of both factors (Fig. 2b; Table S1). Accumulated 
shoot DW and root DW of mycorrhizal plants decreased as defoliation 
intensity increased and reached higher amounts than non-mycorrhizal 
plants (Fig. 2a; b). Non-defoliated and defoliated plants without AMF 
showed similar amounts of accumulated shoot and root DW (Fig. 2a; b). 

The shoot and root P concentration of adult plants was affected by 
the defoliation intensity and the presence of AMF, and shoot P con-
centration was also affected by the interaction of both factors (Fig. S1a, 
b; Table S1). Shoot P concentration of mycorrhizal plants was higher in 
defoliated than in non-defoliated plants (Fig. S1a). Mycorrhizal and 
defoliated plants showed higher shoot P concentration than their non- 
mycorrhizal counterparts. 

The shoot DW and root FW of seedlings were affected by defoliated 
neighbouring adult plants, AMF and the interaction of both factors 
(Fig. 3a and b; Table S2). The shoot DW of non-mycorrhizal seedlings 
grown in the presence of non-defoliated and defoliated plants was 
similar, even without competition with neighbouring adult plants 
(seedlings alone) (Fig. 3a). The shoot DW of mycorrhizal seedlings 
grown near non-defoliated plants showed the lowest value and the same 
as that achieved by seedlings grown near 50%-defoliated plants (0.03 g) 
(Fig. 3a). The shoot DW of mycorrhizal seedlings grown near 75%- 
defoliated plants (0.06 g) was higher than that of those grown near 0%- 
and 50%-defoliated plants, while the highest value was reached by 
mycorrhizal seedlings alone (0.41 g). The root FW of mycorrhizal and 
non-mycorrhizal seedlings showed a pattern similar to that of shoot DW 
(Fig. 3b). 

The shoot P concentration of L. tenuis seedlings was affected by 
defoliated neighbouring adult plants, AMF and the interaction of both 
factors (Fig. S2; Table S2). The shoot P concentration of non-mycorrhizal 
seedlings was similar among all growth conditions. The shoot P con-
centration showed a marked increase only in mycorrhizal seedlings 
grown near 75%-defoliated plants (Fig. S2). 

3.2. Relative growth rate 

The RGRs and RGRr were affected by the defoliation intensity and 
the interaction of both factors, and RGRs was also affected by the 

Fig. 2. Accumulated shoot DW (a) and root 
DW (b) of L. tenuis adult plants under 
different defoliation intensities (Def 0, 50 
and 75%) with (M) and without (NM) AM 
fungi (AMF). Continuous and dashed lines in 
(a) and (b) represent the biomass DW after 
62 days of growth (initial time) of mycor-
rhizal and non-mycorrhizal adult plants, 
respectively when defoliation treatments 
were applied. Dotted columns in (a) repre-
sent the shoot DW removed at different 
defoliation intensities. Values are means ±
SE (5 replicates). Different letters indicate 
significant differences among treatments 
according to the Tukey test. *P < 0.05, **P 
< 0.01, ***P < 0.001, ns P > 0.05.   
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presence of AMF (Fig. 4a and b; Table S1). The RGRs of mycorrhizal and 
non-mycorrhizal plants increased as defoliation intensity increased 
(Fig. 4a). In 75%-defoliated plants, RGRs increased by 250% in non- 
mycorrhizal plants and by 175% in mycorrhizal plants compared to 
the respective non-defoliated plants. The RGRr of non-mycorrhizal and 
mycorrhizal plants showed a similar pattern (Fig. 4b). 

3.3. Mycorrhizal growth and P response 

The MGR and MPR of adult plants decreased only in 75%-defoliated 
plants compared to 50%-defoliated plants (Fig. 5a, c). The MGR of 
seedlings grown in the neighbourhood of non-defoliated and defoliated 
plants reached a negative value and increased by 258% in seedlings 
grown alone (Fig. 5b). The MPR of seedlings grown in the neighbour-
hood of non-defoliated and 50%-defoliated plants reached a negative 
value and increased by 71% for seedlings grown in the neighbourhood of 
75%-defoliated plants and by 504% for seedlings grown alone (Fig. 5d). 

3.4. Arbuscular mycorrhizal colonisation and rhizobia nodulation 

No AMF colonisation was observed in non-mycorrhizal adult plants 
and seedlings of any of the treatments. Defoliation intensity did not 
change AMF colonisation of adult plants (Fig. S3a). AMF colonisation of 
seedlings showed a similar pattern in all treatments (Fig. S3b). 

The rhizobia nodulation of adult plants and seedlings was affected by 
the defoliation intensity and AMF, and nodulation of seedling roots was 
also affected by the interaction of both factors (Tables S1 and S2). The 
rhizobia nodulation of mycorrhizal and non-mycorrhizal adult plants 
showed a similar pattern (Fig. S3c). Mycorrhizal seedlings grown in the 
neighbourhood of non-defoliated and defoliated adult plants reached 
higher number of nodules per gram of root FW than non-mycorrhizal 

ones, whereas seedlings alone reached the lowest number of nodules 
despite the presence of AMF (30 and 37 nodules per gram of root FW for 
non-mycorrhizal and mycorrhizal seedlings, respectively) (Fig. S3d). 

3.5. Competition intensity index 

The LRR of the shoot DW of seedlings was affected by AMF and the 
interaction of both factors (Fig. 6; Table S1). The LRR of non- 
mycorrhizal seedlings grown in the neighbourhood of non-defoliated 
and defoliated adult plants was similar and near zero (neutral interac-
tion). The LRR of mycorrhizal seedlings was negative despite the defo-
liation treatment of neighbouring adult plants, but lower in the seedlings 
grown near non-defoliated and 50%-defoliated plants than in those 
grown near 75%-defoliated adult plants (competitive interaction). 

3.6. Relationship between adult plants and competition intensity of 
seedlings 

The PCA explained 88.9% of the accumulated variance (Fig. 7; 
Table S3). The first PCA component (PC1) explained 75.1% of the 
variance, whereas the second PCA component (PC2) explained 13.8%. 
The analysis showed that mycorrhizal adult plants were associated with 
an increase in shoot and root biomass production and P content arrows, 
regardless of the defoliation intensities. RGRs and RGRr arrows were 
associated with P in tissue and plant biomass, respectively. On the other 
hand, non-mycorrhizal adult plants were associated with an increase in 
specific root length and the LRR of the shoot of seedlings (Fig. 7). The 
biplot separated mycorrhizal and non-mycorrhizal treatments. Eigen-
vectors are presented in Table S3. 

Fig. 3. Shoot DW (a) and root FW (b) of L. tenuis seedlings grown in the neighbourhood of conspecific defoliated adult plants with (M) and without (NM) arbuscular 
mycorrhizal fungi (AMF). Values are means ± SE (5 replicates). Different letters indicate significant differences among treatments according to the Tukey test. ***P 
< 0.001. 

Fig. 4. Relative growth rate of shoot (RGRs) (a) and root (RGRr) (b) of L. tenuis adult plants subjected to different defoliation intensities (Def 0, 50 and 75%) with (M) 
and without (NM) arbuscular mycorrhizal fungi (AMF). Values are means ± SE (5 replicates). Different letters indicate significant differences among treatments 
according to the Tukey test. *P < 0.05, **P < 0.01, ***P < 0.001, ns P > 0.05. 
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4. Discussion 

The present results indicate that the association with native AMF was 
beneficial to L. tenuis seedling growth and P nutrition in the absence of 
conspecific adult plants in a P-deficient soil. The ability of AMF to 
explore a greater volume of soil than the root system and absorb P 
beyond the limits of the P depletion zone (Smith and Read 2008) 
allowed reducing the impact of soil P deficiency and improving plant P 
nutrition. However, L. tenuis mycorrhizal seedling growth decreased by 
the presence of both defoliated and non-defoliated adult plants. This 
could be associated either with an increase in P deficiency stress caused 
by the P depletion zone in the rhizosphere created by adult plant growth 
(Janoušková et al., 2011) or with a C limitation caused by a decrease in 
the light received by seedlings due to the shading of adult plants (van der 

Heyde et al., 2019). Our results are in line with the conclusions of Moora 
and Zobel (1998) and Kytöviita et al. (2003), who found that mycor-
rhizal benefits are smaller in seedlings competing with adult plants than 
in seedlings growing alone. 

Defoliation changes mycorrhizal benefits in adult plants and induces 
a shift in mycorrhizal benefits in the neighbouring seedlings, depending 
on the intensity and frequency of removal of photosynthetic tissue of 
adult plants, the adult plant capacity to recover the shoot tissue 
removed, and the soil nutrient availability (van der Heyde et al., 2019; 
Faghihinia et al., 2020). In our study, the biomasses of mycorrhizal 
seedlings grown near non-defoliated and 50%-defoliated plants reached 
lowest values but showed a little increase near 75%-defoliated plants. 
Besides, the LRR index was negative in all mycorrhizal systems. In 
particular, mycorrhizal seedlings grown near 75%-defoliated plants 
showed a positive MPR value (70.77%), the highest shoot P concentra-
tion, and an improvement in the negative LRR index. Shoot regrowth 
after a drastic defoliation (75% defoliation intensity) requires large 
amounts of energy investment, which is derived from reallocating en-
ergy stored mainly in root tissue, and also depends on the ability of 
defoliated plants to increase P absorption from the soil. Although an 
increase in the defoliation intensity of neighbouring plants could in-
crease the light received by seedlings, and then improve their perfor-
mance, the competitive interaction between adult plants and seedlings 
could be also linked to soil P deficiency such as that observed in the 
Salado River Basin soils. This scenario leads to a decrease in the 
competitive pressure between seedlings and 75%-defoliated plants 
compared to the interaction between seedlings and non-defoliated and 
50%-defoliated plants in mycorrhizal systems. 

The AMF extraradical hyphae of a plant root system look for the 
nutrients throughout the soil and induce the colonisation in the roots of 
neighbouring plants, leading to the formation of hyphal networks 
(Smith and Read 2008). In the present study, although the presence of a 
hyphal network was not directly demonstrated, the AMF root coloni-
sation of seedlings likely resulted from the contact with hyphae growing 
from the mycorrhizal roots of adult plants. Besides, the better growth of 

Fig. 5. Mycorrhizal growth response (MGR) and mycorrhizal phosphorus response (MPR) of L. tenuis adult plants (a, c) and seedlings (b, d). Adult plants were 
subjected to three defoliation intensities (0, 50 and 75%), and seedlings were grown with and without mycorrhizal and non-mycorrhizal conspecific defoliated adult 
plants or alone. Values are means ± SE (5 replicates). Different letters indicate significant differences (P < 0.05) among treatments according to the Tukey test. 

Fig. 6. Logarithmic relative rate (LRR) of shoot of L. tenuis seedlings grown in 
the neighbourhood of conspecific adult plants defoliated at different intensities 
(0, 50 and 75%) with (M) and without (NM) AM fungi (AMF). Values are means 
± SE (5 replicates). Different letters indicate significant differences among 
treatments according to the Tukey test. ***P < 0.001, ns P > 0.05. 
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the mycorrhizal seedlings grown alone compared with non-mycorrhizal 
ones was an indicator that the preexisting hyphal network was func-
tioning as an important nutrient absorber. On the other hand, the 
mycorrhizal association tends to intensify intraspecific competition 
through an increase in the soil P availability (Facelli et al., 1999; 
Tedersoo et al., 2020). Moreover, the AMF benefits may be unequally 
distributed if the plants differ in their sink strength for the shared re-
sources in the hyphal network (Kytöviita et al., 2003). In our study, 
L. tenuis adults obtained higher AMF benefits than seedlings. In partic-
ular, mycorrhizal L. tenuis adult plants modified the competitive balance 
with seedlings in their favour. Thus, the negative effect of the compe-
tition on seedlings was stronger than the positive effect of the AMF 
benefits. A possible explanation for this can be that AMF colonisation 
may favour more adult plants (positive MGR and MPR) than seedlings 
(negative MGR and MPR, with the exception of MPR of seedlings near 
75%-defoliated plants), possibly because adult plants are not as C 
limited as seedlings (Moora and Zobel 1996). In addition, mycorrhizal 
L. tenuis seedlings grown near non-defoliated and defoliated adult plants 
produced less shoot biomass than their non-mycorrhizal counterparts. 
This is also partly because mycorrhizal adult plants absorbed more P and 
produced more biomass than their non-mycorrhizal counterparts (PCA 
diagram), and this could affect the photosynthetic efficiency of mycor-
rhizal seedlings and their growth. Moreover, non-mycorrhizal adult 
plants did not affect seedling growth since seedlings grown alone and 
near adult plants reached the same biomass production and the LRR 
index was near zero despite the increase in defoliation intensity. In this 
sense, the PCA diagram confirmed a positive correlation between the 
LRR index and non-mycorrhizal adult plants, opposite to that observed 
in mycorrhizal adult plants. We highlight AMF symbiosis as an impor-
tant strategy of L. tenuis adult plants to regulate the growth of neigh-
bouring conspecific seedlings in a P-deficient soil. The first hypothesis is 
not accepted. 

Our results are in line with those of Sevilla et al. (1996), who found 
that L. tenuis shows higher emergence and survival rates in heavily 
grazed areas than in lightly grazed areas of a grassland of the Salado 
River Basin and that heavily grazed areas provide microsites that 

enhance its survival related to a decrease in plant competition. In this 
Basin, “promotion” is a commonly used agronomic practice, which 
consists in minimising above-ground biomass to favour the establish-
ment and growth of species with high agronomic value such as L. tenuis. 
To our knowledge, this is the first study that elucidates the role of AMF 
in improving L. tenuis seedling growth through an increase in P uptake, 
when grown without competition. It is also the first study to demon-
strate that the positive effect of AMF fungi on seedling growth vanishes 
in the presence of conspecific adult plants under P-deficient conditions. 

The interaction between defoliation intensity and AMF affected 
L. tenuis adult performance. Mycorrhizal non-defoliated and defoliated 
plants showed similar quantities of shoot biomass, with the biomass 
produced by defoliated plants showing a tendency to decrease. This 
result was a consequence both of the higher RGRs of defoliated plants 
compared to that of non-defoliated plants, and of sufficient P availability 
to sustain shoot regrowth, in which AMF play a key role in P uptake. In 
this sense, the PCA diagram showed that an improvement in shoot P 
content is associated with mycorrhizal defoliated plants. This is mainly 
related to the fact that AMF maximise the volume of soil explored and 
thus the plant ability for P uptake (Smith and Read 2008). 

Defoliation generally results in reduced root growth (Iqbal et al., 
2012; van der Heyde et al., 2019). In the present study, the decrease in 
root biomass in mycorrhizal plants in response to defoliation intensity 
would be attributable to such a decrease in root growth (RGRr de-
creases), a diversion of assimilated substances, and a mobilisation of 
nutrients (P and N) from roots for the regrowth of shoot tissues, in 
agreement with the findings of previous studies (García and Mendoza 
2012; García 2021). In legume plants, the regrowth additionally de-
pends on the C and N reserves allocated in the crown (Ourry et al., 1994; 
Striker et al., 2011), which allow L. tenuis to regrow under high defoli-
ation intensity. 

Non-mycorrhizal non-defoliated plants produced similar amounts of 
shoot and root biomass than defoliated ones. In this sense, the PCA di-
agram showed that non-mycorrhizal plants were associated with a 
decrease in plant biomass and P content and an increase in specific root 
length, possibly as a strategy to increase root surface for P uptake due to 

Fig. 7. Principal component analysis diagram for shoot and root DW, shoot and root P content, specific root length and RGR for shoot and root of L. tenuis adult 
plants defoliated at 0, 50 and 75% of intensity; and LRR shoot of conspecific seedlings grown near defoliated and non-defoliated adult plants, with (M) or without 
(NM) AM fungi. The variables are represented by arrows. 
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the lack of AMF. In particular, non-mycorrhizal 75%-defoliated plants 
showed similar shoot and root biomass and higher RGRs and RGRr than 
their mycorrhizal counterparts. These results could be explained partly 
by the C limitation hypothesis, which predicts that defoliation should 
decrease C availability for AMF, reducing fungal colonisation and AMF 
benefits in some situations (van der Heyde et al., 2019). In the present 
study, the 75% defoliation intensity did not change AMF root coloni-
sation but decreased AMF responses (MGR and MPR) with respect to 
non-defoliated ones. We postulate that C compounds transferred from 
roots to shoots after a drastic defoliation intensity were mainly used to 
recover the clipped biomass in non-mycorrhizal plants. However, C re-
sources were also invested to maintain AMF symbiosis in mycorrhizal 
plants, showing a net decrease in regrowing shoot tissue compared to 
non-mycorrhizal plants. It is important to note that rhizobial nodules 
were observed in both non-mycorrhizal and mycorrhizal L. tenuis adult 
plants of all defoliation treatments. There is evidence that C costs of both 
rhizobia and AMF are additive (Smith and Read 2008). Then, the high P 
requirement of L. tenuis to grow could be partly related to the high P 
demand of the symbiotic N2 fixation established with soil rhizobia 
(Robson et al., 1981), especially under defoliation. 

On the basis of the present results, we propose that, in a P-deficient 
soil such as that of the Salado River Basin, moderate defoliation in-
tensities in L. tenuis plants such as 50% allow maintaining high mycor-
rhizal responses (MGR and MPR), and that high defoliation intensities 
such as 75% decrease the AMF benefits. The results allow accepting the 
second hypothesis. 

5. Conclusion 

The results of this study highlight an important aspect of AMF effects 
on the coexistence of conspecific adult plants and seedlings in P-defi-
cient soils, especially related to P nutrition. In P-deficient soils, L. tenuis 
seedlings can take advantage of the benefits provided by native AMF 
communities depending on the degree of competition between adult 
plants and seedlings. When seedlings are grown alone, the early asso-
ciation between seedling roots and AMF and rhizobia is a key factor to 
improve growth and P nutrition. This beneficial effect of AMF on seed-
lings decreases as the competition with adult plants increases. However, 
a subsequent intense defoliation may decrease the competitive effect of 
the adult plants on seedling growth. Further studies are needed to 
investigate whether a decrease in the recovery period after defoliation 
could enhance mycorrhizal seedling growth. Besides, our results show 
that competition between L. tenuis adult plants and seedlings for P 
mediated by AMF could be an important factor that may contribute to 
regulating the seedling growth of this legume in the Salado River Basin. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

We thank the financial support by Consejo Nacional de Inves-
tigaciones Científicas y Técnicas (CONICET, Argentina) (PIP 0950). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.rhisph.2022.100509. 

References 

Aguilera, M.O., Lauenroth, W.K., 1993. Seedling establishment in adult neighbourhoods- 
intraspecific constraints in the regeneration of the bunchgrass Bouteloua gracilis. 
J. Ecol. 81, 253–261. https://doi.org/10.2307/2261495. 

Blumenthal, M.J., McGraw, R.L., 1999. Lotus adaptation, use, and management. Trefoil: 
The Science and Technology of the Lotus 28, 97–119. https://doi.org/10.2135/ 
cssaspecpub28.c6. 
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