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Abstract

The relationship between arbuscular mycorrhizal fungi (AMF) and secondary vegetation (SV) species at early
phenological stages is critical for the successful establishment of these plants on disturbance sites in temperate
forests. The main objective of this research is to evaluate the effect of AMF colonization on the early phenological
stages (germination and early growth) of three shrub species present in the SV of a temperate forest in central
Mexico. We collected soil from different sites in the Abies religiosa forest in central Mexico. We collected seeds of
Acaena elongata, Ageratina glabrata, and Solanum pubigerum. We used a controlled experimental design with
pasteurized soil ((-AMF treatments) and unpasteurized soil (+ AMF treatments). We monitored germination
percentage, growth (shoot and root weight and total biomass), AMF root colonization, and the mycorrhizal
response index (MRI) for each plant species. All three species tested benefited by AMF, showing higher
germination rates. Shoot and root weight and total biomass were significantly higher in the + AMF treatment.
Solanum pubigerum showed greater stem length and Ageratina glabrata showed greater root development due to
AMF. Ageratina glabrata and Acaena elongata were the most responsive to AMF as indicated by MRI. This
research underscores the critical role of AMF in the early phenological stages of SV and highlights the potential
ecological benefits of AMF in supporting plant germination and plant growth. This information suggests the
integration of mycorrhizal inoculation into restoration practices to enhance ecological resilience in temperate
forest ecosystems.

Introduction

Temperate forests are the second most widespread ecosystem in North America, Central America, Northeast Asia,
Western Europe and Central Europe, accounting for 16% of the global forest area (665.8 million ha) (Gilliam 2016;
FAO 2020). These forests face conservation challenges and have experienced significant degradation due to
human activities, extreme climate events, fires, pests and diseases (Rawat et al. 2022; Lin et al. 2024).
Consequently, there has been a notable increase in the expansion of secondary temperate forests worldwide (FAO
2020).

Disturbance alters the structure of plant communities, leading to the establishment of secondary vegetation (SV)
species, which play a crucial role in increasing the resilience and functionality of temperate forests by mitigating
the loss of ecological functions, interactions and processes (van Hall et al. 2017). Structurally, SV species
contributes to the forest fragment connectivity (Sayer et al. 2004), and significantly influences soil formation and
structure (Alvarez-Yépiz et al. 2008; van Hall et al. 2017). In addition, SV species actively participate in nutrient
cycling and maintain critical biotic interactions through its root system (Post and Kwon 2000; Lesschen et al.
2008; van Hall et al. 2017).

A way to satisfy the low nutrient availability in temperate forest soils, plants are associated with soil
microorganisms, such as arbuscular mycorrhizal fungi (AMF). These fungi are obligate symbionts forming
arbuscular mycorrhizae with ca. 75% of plant families (Brundrett and Tedersoo 2018), and facilitate the efficient
transfer of nutrients and water (Smith and Smith 2011). This symbiotic relationship enables host plants to
withstand both biotic and abiotic stresses, while gaining advantages in germination (Kumar et al. 2023) and
growth in their host plants (Smith and Smith 2012; Cavagnaro et al. 2015). On the other hand, SV species mitigate
the loss of taxonomic and functional diversity of AMF by acting as temporary hosts for these fungi until mature
forest species colonize the area (Guadarrama-Chavez et al. 2014).
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Plant species of SV exhibit highly competitive ability, rapid germination and growth rates, and a tendency to rapidly
colonize disturbed sites (Leck et al. 2008). These traits suggest a significant investment of resources by SV plants,
including nutrients, water, and light. Thus, the association of SV species with AMF may serve as a buffer against
the stressful environmental conditions they encounter at different life cycle stages in a changing environment due
to anthropogenic disturbance.

The AMF are known to favor the germination and growth of their host plants (Sortibran et al. 2018; Souza et al.
2023; Tian et al. 2023; Yang et al. 2024). The nutrient requirements of plants differ at early phenological stages
due to the adaptive dynamics of their physiological and metabolic processes (Milla et al. 2009). This adaptation of
nutrient requirements reflects the specific response of plants to changing demands during their germination and
early growth phases.

The early phenological stages are critical for plant establishment as they are the periods during which seedlings
overcome their vulnerability to abiotic and biotic stresses. This ensures the proper formation of tissues that will
support critical processes such as photosynthesis and nutrient uptake (Ismail et al. 2012; Gioria et al. 2018).
Recent studies have shown that AMF promote seed germination and seedling growth in the presence of abiotic
stresses, such as drought and heavy metal toxicity (Van Der Heijden 2004; Soto-Cruz et al. 2022), and can even
modulate plant-parasite interactions to the benefit of the host plant (Maighal et al. 2016).

The role of AMF in enhancing seed germination is of great importance (Kumar et al. 2023) and may have
implications for the tolerance and establishment of plant species in disturbance sites. It has been proposed that
AMF may contribute to the establishment of favorable microsites for seed germination through the formation of
micro- and macroaggregates in the soil and the production of hyphal exudates that can scarify seeds (Koide
2000). However, the specific physical or chemical mechanisms underlying this enhanced germination remain
largely unknown. It is also likely that the interacting plant and fungal species also regulate the effect of AMF on
seed germination.

In contrast, during early growth, resource allocation shifts to biomass formation and accumulation, a critical
process for tissue development and leaf growth (Lambers et al. 2019). This shift implies different requirements for
essential nutrients such as nitrogen (N) and phosphorus (P) for optimal growth, both of which are critical for plant
tissue formation. Agren (2008) showed that nutrient concentrations in the tissues of Lycopersicum esculentum,
Betula pendula and Selenastrum minutum vary with time. These variations are related to the plants relative growth
rates and affect the stoichiometry of key elements such as carbon (C), N, and P (C:N:P). In particular, N
concentrations increase more slowly than P concentrations. In this context, AMF can be an important option to
meet the nutrient requirements of plants at each stage (Mosse and Hayman 1971; van der Heijden 2004). Thus,
the shift in phenological phase and nutrient demand of the host plant also suggests a functional shift in the
mycorrhizal association. During the early growth phase, the primary function of the AMF is nutrient and water
transport, which is critical for both aboveground and belowground biomass plant production (Smith and Smith
2011; Chongtham and Pandey 2020; Zhou et al. 2022).

Evolutionarily, some plant species are classified as 'obligate or facultative mycotrophic', while others fall into the
'non-mycotrophic' category (Li et al. 2016; Wang et al. 2021). AMF colonization shows variability among plant
species, with four possible responses: a) no colonization and no growth response, b) no colonization and reduced
growth, c¢) colonization with growth stimulation, and d) colonization with increased P concentration without
changes in biomass (Helgason et al. 2002). Responses ¢ and d do not fully capture changes in colonization
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throughout plant phenology. Investigating these variations may provide a more complete understanding of the
dynamics of plant-AMF associations and their effects on different plant phenological phases.

The outcome of this association depends on factors such as the identity of the host plant and fungus, interactions
with other beneficial organisms, and the level of abiotic stress (Baslam et al. 2011; Copetta et al. 2011; Smith et al.
2011; Baslam and Goicoechea 2012; Carillo et al. 2020). For example, low P and high nitrogen (N) availability in the
soil have been observed to promote AM association, whereas in soils with high availability of both nutrients, this
association may become parasitic or even inhibited (Johnson 2010). In addition, under limited light conditions,
AMF may have an antagonistic effect on the plant due to their ability to extract carbon from the plant. Therefore,
changes in the cost-benefit balance of the mycorrhizal association occur in a continuous mutualism-antagonism
(Johnson 2010).

Current knowledge on changes in intraradical colonization during early phenological stages in temperate forest
species is still scare. Researchers often focus on the effect of AMF on later stages of plant growth. In turn, our
study aims to contribute to the understanding of this interaction, particularly in temperate forest SV plant species.
The hypothesis was that if the nutritional requirements of host plants vary according to their phenological stage,
and this will affect arbuscular mycorrhizal colonization, then we could observe different degrees of colonization
that vary interspecifically during each phenological stage of the host plant. The main objective of this research is
to evaluate the effect of AMF colonization on the early phenological stages (germination and early growth) of three
shrub species present in the SV of a temperate forest in central Mexico. The study of arbuscular mycorrhizal
association in early phenological stages of SV species will allow a better understanding of the initial

establishment and long-term effects of this symbiosis on plant development.

Material and methods
Study area

This research was carried out in the temperate forest dominated by Abies religiosa (H.B.K.) Schl. & Cham. (Fir) in
the Magdalena river basin (MRB), located in Mexico City (Fig. 1). The climate is temperate subhumid,
characterized by summer rains, with an average annual temperature of 18°C, an average annual rainfall of 1 250
mm, and a minimal thermal oscillation, typically below 5°C (Garcia 1988). The forest has a strong seasonality, with
a rainy season ranging from May to October and a dry season from November to April (Delgadillo-Duran 2011).
The predominant soil group is classified as humic Andosol, according to the WRB (2022). This soil is characterized
by its acidity, abundant presence of allophane, high organic matter content and remarkable ability to adsorb
phosphates on the surface of amorphous mineral clays. This phosphate fixation, documented by Galicia et al.
(2016) and INEGI (2011), may limit P availability to plants.

Study species

In this study, the effect of arbuscular mycorrhizal association on germination and growth of three SV species was
addressed. The selected plant species are common shrubs in the SV of the study forest (Santibafiez-Andrade et al.
2015): Acaena elongata L., Ageratina glabrata (Kunth) R.M. King & H. Rob., and Solanum pubigerum Dunal. These
plants thrive in the understory and contribute significantly to natural regeneration through sources such as seed
rain and the seed bank (Argiielles-Mayao 2018). Variations in flower and fruit types, seed size, and reproductive
phenology patterns are observed among the three plant species.
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Soil collection and processing

From July 2019 to January 2020, 56 kg of soil was collected randomly in the A. religiosa forest of the MRB. The
soil was collected at 20 cm of depth, previously removing the litter. It was homogenized and divided into two equal
parts: the first part was used as inoculum for the “+AMF” treatments, assuming that sufficient AMF propagules
were present, such as spores (70 spores / 50 g soil), fragments of colonized roots and mycelium. The second part
was subjected to a pasteurization process; this part of the soil was used for the “~AMF” treatments, where the AMF
propagules were eliminated. To pasteurize the soil, we used a pressure cooker heated to 55 kPa at approximately
90°C (194°F). We maintained these conditions for 45 minutes before allowing the cooker to cool. This method was
repeated on the same soil sample for three consecutive days at a constant temperature.

Inoculum description

Vazquez-Santos (2019) characterized the species richness and spore abundance of arbuscular mycorrhizal fungi
(AMF) in 80 soil samples. The study reported 70 spores per 50 g of soil. These samples were collected from
established plots within the A. religiosa forest in study. Analysis revealed a diverse array of 29 morphospecies
representing nine families and ten genera. Notably, the genus Acaulospora dominated the AMF community,
accounting for 77.7% of the total spores recorded. This was closely followed by Ambispora with 9.07%,
Claroideoglomus with 4.96%, Funneliformis with 3.8%, while other genera such as Archaeospora, Diversispora,
Glomus, Rhizophagus, Sclerocystis and Scutellospora accounted for less than 2.5% each.

Experiment set up: germination

From 50 individuals we randomly collected ripe fruits directly. For each study species, we had a collection of eight
hundred seeds. The seeds were homogeneously mixed and a subsample of 160 mature seeds was extracted.
General characterization (length, width, and weight) was performed. Subsequently, 80 seeds per species were
disinfected with 10% of an initial concentration of 3.5% sodium hypochlorite for 10 min and washed with distilled
water. The seeds were germinated in pots containing 250 g of soil, with pasteurized soil (-AMF) and unpasteurized
soil (+ AMF). We set up a greenhouse (4 x 6 m) in March 2021, where we installed two HOBO DATA Loggers (easy
LogUSB-ONSET, Massachusetts, USA) to record the variation in environmental temperature and moisture during
the experimental period.

The pots were watered daily at 10:00 a.m. to field capacity while seed germination was monitored by checking for
signs of radicle emergence, and once the germination process had begun, radicle or root fragments were made,
with a minimum of 5 individuals and a maximum of 8 individuals per extraction. The radicles and/or roots were
processed according to Koske and Gemma’s method (1989), in order to obtain the mycorrhizal colonization
percentage and the fungal structures characteristics of AM according to the method of McGonigle et al. (1990).
Seedling collection was completed when cotyledon emergence was observed. Therefore, the remaining seedlings
are destined for the next phase.

Experiment set up: growth

After the previous experiment, another 90 seeds of each species were set to germinate, in pots with a capacity of
250 g, in pasteurized soil ((-AMF) and unpasteurized soil (+ AMF). The total number of pots was 360 (12 individuals
x 3 species x 2 mycorrhization treatments x 5 crops). The pots were distributed in species x treatment blocks
design.

Page 5/24



Measurements started in August 2021. We worked with a minimum of 30 individuals/species/treatment, with a
total of 180 seedlings (6 individuals x 3 species x 2 treatments x 5 harvests). Five harvests were made each
month, with an extraction of six individuals per species and treatment, to determine plant height, root length, stem
length, fresh root weight and fresh shoot weight. The seedlings were then dried in a Riossa ® oven at 72 °C for 24
hours (until constant weight) and the dry weight of the root and aerial part was determined using an OHAUS ®
analytical balance. The fresh weight and the dry weight of the root and stem were combined to give the total dry
weight (TDW). These dry tissue samples were used for chemical analysis of the phosphorus and nitrogen content
of the plant tissue for each harvest.

Arbuscular mycorrhizal fungi roots colonization

Simultaneously with the seed extraction for growth measurements, we carried out five root extractions from six
individuals/species/treatment (6 individuals x 3 species x 2 treatments x 5 harvests), during the same months, to
determine the AMF colonization percentage. We extracted the finest roots to process them according to Koske
and Gemma (1989) and to obtain the mycorrhizal colonization percentage and per AM structures according to
McGonigle et al. (1990).

The effect of mycorrhizal fungi on plants TDW was estimated using the mycorrhization response index (MRI).
Treatments were compared where the only difference was the presence of mycorrhizae. This index ranges from -
o to 100% (Plenchette et al. 1983), and expresses the difference in dry weight between mycorrhizal and non-
mycorrhizal plants as a percentage of the dry mass of the mycorrhizal plant.

MRI = (TDWm(ri)D—;ngm(g) ) * 100 [Equation 1]

Where: TDWm = total dry weight of the mycorrhizal plant and TDWnm = total dry weight of the non-mycorrhizal
plant.

Data analysis

We used a simple random design with a 3 x 2 factorial arrangement (three species, two mycorrhization
treatments), with five replicates. The accumulated germination percentages for each treatment were calculated
using the following equation:

Germinatedseeds
Seedstotal

Germination (%) = < ) (100)

[Equation 2]

Two-way analyzes of variance (Two-way ANOVA) was used to determine the effects of species (Acaena elongata,
Ageratina glabrata and Solanum pubigerum), mycorrhization (+ AMF and -AMF) and the interaction between these
factors on germination, growth, phosphorus and nitrogen contents of the plants tissue and arbuscular mycorrhizal
colonization.

To meet the assumptions of normality and homogeneity of variances, the cumulative germination percentages
were transformed using Eq. 3 (Zar 1974). Similarly, the first day of germination, the maximum day of germination,
the average germination time and seed vigor were transformed using the natural logarithm (In).
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100
[Equation 3]
Growth parameters such as root and shoot length, root and shoot dry weight, total dry weight, and root/shoot ratio
were transformed with the natural logarithm to meet the assumptions of normality and homogeneity of variances.
On the other hand, total colonization percentages by hyphae, arbuscules and spores were transformed with the
arcsine function (Eq. 2). For all the parameters evaluated, a multiple comparison of means was performed using
Tukey tests, with a significance level of p< 0.05. All statistical analyzes were performed with the RStudio software.

Results

Germination

The two-way ANOVA showed significant differences between treatments with mycorrhiza (+AMF) and without
mycorrhiza (-AMF) for the three species studied (Figure 2). The +AMF treatments showed a higher value of
accumulated germination percentages compared to the -AMF treatments.

Mycorrhiza had a positive effect on the accumulated germination values of the species over time. We observed
that this value was significantly higher in all species with the (+AMF) treatment compared to the treatment without
mycorrhiza (-AMF) (Figure 3).

Our results show that the first day of germination, maximum day of germination, and the average germination time
differed significantly between the mycorrhization treatments (+AMF, -AMF) (Table I). On the other hand,
differences in seed vigor were observed between species. No differences were observed between treatments
(+AMF, -AMF).

We observed that Acaena elongata and Solanum pubigerum seeds with mycorrhiza (+AMF) germinated earlier
than seeds without it ((-AMF). However, Ageratina glabrata seeds showed no significant differences in the first day
of germination between the mycorrhiza treatments. The day of maximum germination was significantly earlier for
Ageratina glabrata in the mycorrhiza treatment. Similarly, the mean germination time occurred earlier in the +AMF
treatment compared to the -AMF treatment, for Ageratina glabrata and Solanum pubigerum (Table II).

Growth

According to two-way ANOVA, significant differences were found for shoot length, shoot dry weight, root dry
weight, total dry weight and root/shoot ratio between plant species, mycorrhization and the interaction of these
factors (Table IlI).

Solanum pubigerum showed a higher stem length in the +AMF treatment, but not Ageratina glabrata and Acaena
elongata. Root length was greater in Ageratina glabrata in the +AMF treatment, but not in the other species. Shoot,
root and total biomass were significantly higher in the +AMF treatments for Acaena elongata and Ageratina
glabrata, but not for Solanum pubigerum. The root-shoot ratio was significantly higher in the -AMF treatments only
for Ageratina glabrata and Solanum pubigerum (Figure 4).

Growth-Nutrient content

Page 7/24



Concentrations of nitrogen and phosphorus in plant tissues varied significantly among species, between aerial
parts and roots, and among mycorrhization treatments. However, no significant differences were observed for the
three-way interaction among species, plant part, and mycorrhization treatment, as reported in Table IV for the
species:AMF interaction.

Arbuscular mycorrhizal fungi (AMF) generally increase nutrient levels in plant tissues, although the extent of this
increase varies among species. In Acaena elongata, the presence of AMF increased nitrogen and phosphorus
levels in both shoot and root tissues. In Ageratina glabrata, AMF treatments also increased nitrogen and
phosphorus concentrations, with the most notable difference occurring in the roots. In the case of Solanum
pubigerum, the AMF effect was more muted, but there was a noticeable increase in nitrogen and phosphorus
levels in the aerial parts when AMF were present (Figure 5).

Significant differences were observed in the MRI of the three species (X?=28.24, P<0.001) (Figure 6). Ageratina
glabrata showed the highest growth response to AMF colonization (x = 77 +S.D.= 13), followed by Acaena
elongata (x =59+27), and Solanum pubigerum (x =-14+41) showed the lowest. However, the species with
significant differences in MRl was Solanum pubigerum.

Arbuscular mycorrhizal fungi roots colonization

Significant differences between species and between mycorrhization treatments were observed for the total and
hyphal colonization percentages (Table V).

Acaena elongata and Solanum pubigerum showed the highest percentages of AMF colonization. Ageratina
glabrata showed significantly lower percentages of total and hyphal colonization (Figure 7). Colonization by
arbuscules and spores showed no differences between species.

Discussion

This study provides evidence of the positive effect of AMF on the germination and early growth of three
characteristic SV plant species, which are considered as important in natural regeneration sources of this
temperate forest: Acaena elongata, Ageratina glabrata, and Solanum pubigerum. Germination and growth are key
stages in a plant's life cycle that are strongly influenced by the symbiosis with AMF (Smith et al. 2011), as
observed in this study. Knowledge of the role of AMF in the early phenological stages of SV plant species is crucial
for understanding their ecological dynamics. These fungi are key players in enhancing plant establishment in
disturbed ecosystems, contributing to ecosystem resilience and natural regeneration. This has been demonstrated
in studies of different plant species (Ramos-Zapata et al. 2012; Ramos-Zapata et al. 2013).

The influence of AMF on germination was found to vary between plant species. The greatest benefit was shown by
Ageratina glabrata, followed by Solanum pubigerum and the least for Acaena elongata (Fig. 2). This variability can
be attributed to differences in biological traits between plant species, such as fruit type, seed dormancy, seed size,
and reserve content (Closa and Goicoechea 2011; Orozco-Segovia and Sanchez-Coronado 2013; Zamora-
Crescencio et al. 2018). For instance, Ageratina glabrata produces the smallest seed size (0.0001 g), while
Solanum pubigerum has the intermediate seed size (0.002 g). In contrast, Acaena elongata produces the largest
seed size (0.02 g) (Calderén and Rzedowski 2005). It is possible to observe a direct correlation between seed size
and seed reserve content (Soriano et al. 2011), since smaller seeds (such as those of Ageratina glabrata), which
have fewer stored reserves, may need to establish arbuscular mycorrhizal associations more quickly to obtain
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nutritional benefits and be able to allocate them to plant tissue production. In contrast, larger seeds, such as those
of Acaena elongata, take longer to establish such symbiotic relationships and may benefit less due to their higher
reserve content. In this context, Jin et al. (2009) found a strong negative correlation between seed size and AMF
colonization. This suggests that species with smaller seeds may be more dependent on AMF for nutrient
acquisition, especially during early growth stages, possibly due to their limited seed reserves.

A positive effect of AMF on accumulative germination was observed in the three species studied. Germination
rates were significantly higher in treatments with AMF (+ AMF) than without (-AMF). This indicates that these fungi
can induce seed germination (Tian et al. 2023). In this context, Varga (2015) reported a negative effect of AMF
spores on seed germination, while Rueda-Puente et al. (2010) suggested that AM fungi could induce seed
germination, although the underlying mechanisms remain unclear. AMF may contribute to the establishment of
favorable microsites for seed germination through the formation of micro and macro aggregates in the soil and
the production of hyphal exudates (Koide 2000). The presence of micro and macroaggregates can increase
nutrient availability and maintain a more stable moisture regime, AMF create a nurturing environment that can
enhance germination rates and subsequent growth of plant seeds. Therefore, AMF may play a role in creating
moisture microenvironment conditions conducive to seed germination of tree species in temperate forests
(Olivera-Morales et al. 2011).

It is also possible that seed exudates may stimulate germination of AMF spores, and as a result, rapid
establishment of AM association has been observed. These exudates contain a variety of organic compounds
such as sugars, amino acids, and other signaling molecules that may act as chemical cues to induce AMF spores
to germinate (Besserer et al. 2008). However, the specific physical or chemical processes of AMF were not
examined in this study.

Acaena elongata and Solanum pubigerum showed an earlier germination in the + AMF treatment. This early
response could give mycorrhizal plants an initial competitive advantage, facilitating early establishment (Van Der
Heijden 2004; Varga 2005; Jansa et al 2008). These results highlight the importance of arbuscular mycorrhiza in
the early stages of the life cycle of SV plant species in temperate forests. Ageratina glabrata, however, did not
show a significant difference in the first day of germination in any treatment. It is very important to note that other
mechanisms, such as the presence of beneficial fungi and bacteria, may also contribute to seed germination in +
AMF treatments. These microorganisms could provide a "priming" effect similar to AMF, increasing nutrient
availability and possibly even providing protection against soil pathogens.

Significant differences were found in the time to 50% germination (T5,) between treatments, with Ageratina
glabrata and Solanum pubigerum taking longer to germinate 50% of their seeds in the + AMF treatment. This
suggests that AMF symbiosis affects not only the germination rate and total percentage, but also the synchrony of
germination, as seen in the T, (Table Il). Such synchronization may be advantageous for establishment as it
allows seeds to remain viable in the soil for a longer period of time. Seed priming can be facilitated by treating
seeds with specific osmotic agents, soaking times, cold or heat to achieve more synchronized germination in a
seed population. Marimuthu et al. (2018) propose that AMF may have a priming effect on seeds, and seedlings
inoculated with AMF at the seed stage may show increased resistance to water stress. However, the
ecophysiological mechanisms underlying these observations remain poorly understood.

For Acaena elongata, no significant differences were observed between treatments, suggesting that mycorrhizae
do not significantly affect germination synchrony in this species. Acaena elongata is typically found in disturbed
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areas of temperate forests and is the most common species near agricultural fields and open canopy forest sites
among the three species studied. High seed viability rates (95% as determined by the tetrazolium test) have been
previously documented for this species. However, the presence of high seed heteromorphism within woody
Rosaceae species and a non-deep physiological dormancy, as in the case of Acaena elongata (Martinez-Camacho
et al. 2018) could contribute to a lack of synchrony in germination, even in the presence of AMF. In relation to A.
elongata's response to AMF, it has been previously shown that there are negative and significant correlations
between colonization and some phenological phases, and this varies seasonally (Vazquez-Santos et al. 2019).

For the growth stage, Closa and Goicoechea (2011) demonstrated interspecific variation in the percentage of
colonization by AMF in Oxalis acetosella and Viola riviniana. In this case, root structure and root hair
characteristics are considered to be the fundamental factors regulating the mycorrhizal association (Roumet et al.
2006). Solanum pubigerum has a taproot system (Bui et al. 2015), which could correlate with its ability to store
nutrients and therefore show a low colonization response during early phenological stages. We suggest that root
systems should be considered in future analyses of AMF dynamics.

A recently emerged seedling loses the resistance provided by the seed coat, making this phenological stage
particularly vulnerable as it lacks the physical robustness of an adult plant (Kitajima and Fenner 2000). During this
critical period, the plant must prioritize rapid growth and the development of a deep and branched root system to
ensure adequate water and nutrient supply. At the same time, the allocation of resources for maintaining the AMF
association increases (Vazquez-Santos et al. 2021). In our study, colonization percentages were significantly
higher in Acaena elongata and Solanum pubigerum compared to Ageratina glabrata. Despite the high colonization
rates observed in the first two species, they showed a low growth response.

It has been shown that AMF inoculation significantly enhances seedling growth, biomass, nutrient uptake and
improves biomass partitioning (Souza et al. 2023; Tian 2023; Yang et al. 2024). In this study, the greatest stem
length observed in Solanum pubigerum treated with AMF, together with the most notable response in total dry
weight in Acaena elongata and Ageratina glabrata, indicates the role of AMF in resource allocation to vegetative
structures. This was corroborated by the positive influence of AMF on shoot N y P concentration for Acaena
elongata and Ageratina glabrata, suggesting that association with AMF may be critical for the efficiency of soil
nutrient uptake and translocation to shoot. Notably, Solanum pubigerum showed the least response to mycorrhizal
colonization, with no significant differences in root length, stem dry weight, root dry weight or total dry weight. In
addition, this species showed a less pronounced effect of AMF, since only an increase in P accumulation in the
aerial part was observed in the presence of AMF, but not of N. This is consistent with its significantly lower rate of
mycorrhizal response compared to Acaena elongata and Ageratina glabrata, suggesting that Solanum pubigerum
is least dependent on AMF association during early growth.

It is important to clarify that plants can be colonized by different species of arbuscular mycorrhizal fungi (AMF)
and that AMF species do not colonize two different plant species with the same intensity (Helgason et al. 2002).
This AMF diversity may lead to different responses in germination and growth in different plant species. The
specificity of the relationship between plants and their fungal symbionts could reflect adaptations to particular
environmental conditions, leading to variation in colonization efficiency and consequently in the benefits derived
from mycorrhizal symbiosis, such as improved nutrient uptake and resistance to soil pathogens. Thus, it is
important for future research to recognize that intraradical colonization varies between plant and fungal species.
This consideration may lead to a more accurate understanding of AMF functions at different phenological stages
and the processes involved in their association.
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We conclude that the early phenological stages of a plant have a significant influence on the rate of AMF
colonization, as nutrient requirements vary at different stages of growth and development. During early
germination, rapid root development and robust vegetative growth are critical, requiring a substantial nutrient
supply in which AMF can play a key role. As the plant grows to later stages, the need for resource allocation for
AMF maintenance may change, reflecting a dynamic association that adapts to the developmental needs of the
plant. Furthermore, the variability in AMF colonization between host species suggests that specific plant-fungal
interactions are finely tuned to the plant's life cycle and environmental conditions, including soil properties.

Declarations

Acknowledgements

We are grateful to Brenda Guerrero Bautista, Ariadna Peralta Valencia, and Irene Sanchez Gallén for their help with
field work and technical assistance in the laboratory. Romero-Romero M.A. for his help in maps edition. Doctor
Sampayo-Maldonado S. for their advice in data analysis. This research is part of the doctoral studies of Y.
Vazquez-Santos in the Posgrado en Ciencias Bioldgicas of the Universidad Nacional Autbnoma de México. Y.
Vazquez-Santos acknowledges the Consejo Nacional de Humanidades, Ciencia y Tecnologia (CONHACyT)-Mexico
(No. 818569) for scholarships to pursue her doctoral studies.

Funding

This research did not receive any specific grant from funding agencies in the public, commercial, or
not-for-profit sectors.

Competing interest

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

Availability of data and materials

The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Author Contributions

Author Contributions: [Yasmin Vazquez-Santos], [Silvia Castillo-Argiiero], [Noé Montafio] and [Francisco J.
Espinosa-Garcia): Conceptualization, reviewing and editing; [Yasmin Vazquez-Santos] [Yuriana Martinez-Orea] and
[Silvia Castillo-Arguiero]: Methodology and Fieldwork; [Yasmin Vazquez-Santos], and [César Flores-Ortiz]: Data
Collection and Data Analysis [César Flores-Ortiz]. [Yasmin Vazquez-Santos]: Writing - Original Draft; All authors
Writing- Reviewing and Editing.

References

1. Agren GI (2008) Stoichiometry and nutrition of plant growth in natural communities. Annual review of ecology,
evolution, and systematics 39:153-170. https://doi.org/10.1146/annurev.ecolsys.39.110707.173515

Page 11/24



2. Alvarez-Yépiz JC, Martinez-Yrizar A, Burquez A, Lindquist C (2008) Variation in vegetation structure and soil
properties related to land use history of old-growth and secondary tropical dry forests in northwestern
Mexico. Forest Ecology and Management, 256(3): 355-366. https://doi.org/10.1016/j.foreco.2008.04.049

3. Baslam M, Garmendia |, Goicoechea N (2011) Arbuscular mycorrhizal fungi (AMF) improved growth and
nutritional quality of greenhouse-grown lettuce. Journal of agricultural and food chemistry 59(10): 5504~
5515. https://doi.org/10.1021/jf200501¢

4. Baslam M, Goicoechea N (2012) Water deficit improved the capacity of arbuscular mycorrhizal fungi (AMF)
for inducing the accumulation of antioxidant compounds in lettuce leaves. Mycorrhiza 22: 347-359.
https://doi.org/10.1007/s00572-011-0408-9

5. Besserer A, Bécard G, Jauneau A, Roux C, Séjalon-Delmas N (2008) GR24, a synthetic analog of
strigolactones, stimulates the mitosis and growth of the arbuscular mycorrhizal fungus Gigaspora rosea by
boosting its energy metabolism. Plant Physiology 148(1):402-413. https://doi.org/10.1104/pp.108.121400

6. Brundrett MC, Tedersoo L (2018) Evolutionary history of mycorrhizal symbioses and global host plant
diversity. New Phytologist 220(4): 1108-1115. https://doi.org/10.1111/nph.14976

7. Bui HH, Serra V, Pages L (2015) Root system development and architecture in various genotypes of the
Solanaceae family. Botany 93(8): 465-474. https://doi.org/10.1139/cjb-2015-0008

8. Carrillo-Saucedo SM, Gavito ME (2020) Resilience of soil aggregation and exocellular enzymatic functions
associated with arbuscular mycorrhizal fungal communities along a successional gradient in a tropical dry
forest. Mycorrhiza 30(1): 109-120. https://doi.org/10.1007/s00572-019-00928-9

9. Cavagnaro TR, Bender SF, Asghari HR, van der Heijden MG (2015) The role of arbuscular mycorrhizas in
reducing soil nutrient loss. Trends in Plant Science 20(5): 283-290.
https://doi.org/10.1016/j.tplants.2015.03.004

Chin HF, Krishnapillay B, Stanwood PC (1989) Seed moisture: recalcitrant vs. orthodox seeds. Seed moisture
14:15-22. https://doi.org/10.2135/cssaspecpub14.c2

11. Chongtham |, Pandey RR (2020) Influence of Arbuscular Mycorrhizal Fungi (AMF) on seedling growth
responses of Cedrela serrata and Dipterocarpus tuberculatus. Journal of Mycopathological Research 58(3):
181-186. ISSN 0971-3719

Closa I, Goicoechea N (2011) Infectivity of arbuscular mycorrhizal fungi in naturally regenerating, unmanaged
and clear-cut beech forests. Pedosphere 21(1): 65-74. https://doi.org/10.1016/S1002-0160(10)60080-X
13. Copetta A, Bardi L, Bertolone E, Berta G (2011) Fruit production and quality of tomato plants (Solanum
lycopersicum L.) are affected by green compost and arbuscular mycorrhizal fungi. Plant biosystems 145(1):
106-115. https://doi.org/10.1080/11263504.2010.539781

14. Delgadillo-Duran E (2011) Productividad primaria neta de los bosques templados de la cuenca del rio
Magdalena. Master Thesis in Biological Sciences, UNAM, Mexico City.
https://hdl.handle.net/20.500.14330/TES01000669952

15. FAO (2020) Global Forest Resources Assessment 2020: Main report. FAO. Rome [WWWDocument], n.d.
www.fao.org. URL http://www.fao.org/forest-resources-assessment/2020 (accessed 2.2.21)

10.

12.

16. Galicia L, Gamboa AM, Cram S, Vergara B, Ramirez VP, Saynes V, Siebe C (2016) Stocks and dynamics of soil

organic carbon in temperate forests of Mexico. Terra Latinoamericana 34(1): 1-29. ISSN 2395-8030

17. Garcia E (1988) Modificaciones al sistema de clasificacién de Koppen para adaptarlo a las condiciones de la

Republica Mexicana (No. 551.59 G37 1988)

Page 12/24



18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

Gilliam FS (2016) Forest ecosystems of temperate climatic regions: from ancient use to climate change. New
Phytologist 212: 871-887. https://doi.org/10.1111/nph.14255

Gioria M, Pysek P, Osborne BA (2018) Timing is everything: does early and late germination favor invasions by
herbaceous alien plants? Journal of Plant Ecology 11: 4-16. https://doi.org/10.1093/jpe/rtw105

Helgason T, Merryweather JW, Denison J, Wilson P, Young JPW, Fitter AH (2002) Selectivity and functional
diversity in arbuscular mycorrhizas of co-occurring fungi and plants from a temperate deciduous woodland.
Journal of Ecology 90(2): 371-384. https://doi.org/10.1046/j.1365-2745.2001.00674.x

INEGI (2011) Instituto Nacional de Estadistica y Geografia. https://www.inegi.org.mx/. Accessed 10 Dec 2019

Ismail AM, Johnson DE, Ella ES, Vergara GV, Baltazar AM (2012) Adaptation to flooding during emergence and
seedling growth in rice and weeds, and implications for crop establishment. AoB Plants, pls019.
https://doi.org/10.1093/aobpla/pls019

Jansa J, Smith FA, Smith SE (2008) Are there benefits of simultaneous root colonization by different
arbuscular mycorrhizal fungi? New Phytologist 177(3): 779-789. https://doi.org/10.1111/j.1469-
8137.2007.02294 x

Jin L, Wang S, Wang X, Shen Y (2009) Seed size influences arbuscular mycorrhizal symbiosis across
leguminous host-plant species at the seedling stage. Symbiosis 49: 111-116.
https://doi.org/10.1007/s13199-009-0013-2

Johnson NC (2010) Resource stoichiometry elucidates the structure and function of arbuscular mycorrhizas
across scales. New Phytologist 185(3): 631-647. https://doi.org/10.1111/j.1469-8137.2009.03110.x

Jordaan LA, Downs CT (2012) Nutritional and morphological traits of invasive and exotic fleshy-fruits in South
Africa. Biotropica 44(6): 738-743. https://doi.org/10.1111/j.1744-7429.2012.00875.x

Kitajima K, Fenner M (2000) Ecology of seedling regeneration. In Seeds: the ecology of regeneration in plant
communities (pp. 331-359). Wallingford UK: CABI publishing. https://doi.org/10.1079/9780851994321.03

Koide RT (2000) Mycorrhizal symbiosis and plant reproduction. En: Kapulnik Y, Douds DDJ (eds) Arbuscular
Mycorrhizas: physiology and function. Kluwer academic, Dordrecht, pp 19-46.

Koske RE, Gemma JN (1989) A modified procedure for staining roots to detect VA mycorrhizas. Mycological
Research 92(4): 486-488. https://doi.org/10.1016/S0953-7562(89)80195-9

Lambers H, Oliveira RS, Lambers H, Oliveira RS (2019) Growth and allocation. Plant Physiological ecology
385-449. https://doi.org/10.1007/978-3-030-29639-1_10

Leck MA, Parker VT, Simpson R (Eds.) (2008). Seedling ecology and evolution. Cambridge University Press.
Cambrige, Reino Unido, 514 pp.

Lesschen JP, Cammeraat LH, Kooijman AM, van Wesemael B (2008) Development of spatial heterogeneity in
vegetation and soil properties after land abandonment in a semi-arid ecosystem. Journal of Arid
Environments 72(11): 2082-2092. https://doi.org/10.1016/j.jaridenv.2008.06.006

Li M, Jordan NR, Koide RT, Yannarell AC, Davis AS (2016) Meta-analysis of crop and weed growth responses to
arbuscular mycorrhizal fungi: implications for integrated weed management. Weed Science 64(4): 642-652.
https://doi.org/10.1614/WS-D-16-00050.1

Lin S, Fan C, Wang J, Zhang C, Zhao X, von Gadow K (2024) Chronic anthropogenic disturbance mediates the
biodiversity-productivity relationship across stand ages in a large temperate forest region. Journal of Applied
Ecology 00:1-11. https://doi.org/10.1111/1365-2664.14588

Page 13/24



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Maighal M, Salem M, Kohler J, Rillig MC (2016) Arbuscular mycorrhizal fungi negatively affect soil seed bank
viability. Ecology and Evolution 6(21): 7683-7689. https://doi.org/10.1002/ece3.2491

Marimuthu P, Kumutha K, Sivakumar U (2018. Seed priming effect of arbuscular mycorrhizal fungi against
induced drought in rice. Journal of Pharmacognosy and Phytochemistry 7(2): 1742-1746. ISSN:2278-4136

Martinez-Camacho YD, Castillo-Argiliero S, Martinez-Orea Y, Sdnchez-Coronado ME (2018) Ecofisiologia de la
germinacion de Acaena elongata (Rosaceae), una especie indicadora de perturbacién de un bosque
templado, al sur de la Ciudad de México. Revista mexicana de biodiversidad 89(3):806—814.
https://doi.org/10.22201/ib.20078706€.2018.3.2306

Martinez-Orea Y (2021) Fisiologia ecologica de la germinacién de especies comunes de la vegetacion
secundaria en un bosque templado en la cuenca de México. Tesis de Doctorado, Facultad de Ciencias, UNAM.
http://132.248.9.195/ptd2020/0octubre/0804466/Index.html

McGonigle TP, Miller MH, Evans DF, Fairchild GL, Swan JA (1990) A new method which gives an objective
measure of colonization of roots by vesicular-arbuscular mycorrhizal fungi. New Phytologist 115: 495-501.
https://doi.org/10.1111/j.1469-8137.1990.tb00476.x

Milla R, Giménez-Benavides L, Escudero A, Reich PB (2009) Intra-and interspecific performance in growth and
reproduction increase with alti- tude: a case study with two Saxifraga species from northern Spain. Functional
Ecology 23:111-118. https://doi.org/10.1111/j.1365-2435.2008.01484.x

Mosse B, Hayman DS (1971) Plant growth responses to vesicular-arbuscular mycorrhiza: Il. In unsterilized
field soils. New Phytologist 70(1):29-34. https://doi.org/10.1111/j.1469-8137.1973.tb02017.x

Munoz AA, Celedon-Neghme C, Cavieres LA, Arroyo MT (2005) Bottom-up effects of nutrient availability on
flower production, pollinator visitation, and seed output in a high-Andean shrub. Oecologia 143:126-135.
https://doi.org/10.1007/s00442-004-1780-3

Neuenkamp L, Prober SM, Price JN, Zobel M, Standish RJ (2019) Benefits of mycorrhizal inoculation to
ecological restoration depend on plant functional type, restoration context and time. Fungal Ecology 40: 140 -
149. https://doi.org/10.1016/j.funeco.2018.05.004

Olivera-Morales D, Castillo-Argiiero S, Guadarrama P, Ramos-Zapata J, Alvarez-Sanchez J, Hernandez-Cuevas
L (2011) Establecimiento de plantulas de Quercus rugosa Née inoculadas con hongos micorrizégenos
arbusculares en un bosque templado de México. Boletin de la Sociedad Botanica de México 89:115-121

Orozco-Segovia A, Sanchez-Coronado Ma E (2013) Germinaicén. In: biologia de angiospermas. Marquez
Guzman J, Collazo Ortega M, Martinez-Gordillo M, Orozco-Segovia A, Vazquez Santana S (eds). Universidad
Nacional Auténoma de México. Ciudad de México, México. 602 p

Plenchette C, Fortin JA, Furlan V (1983) Growth responses of several plant species to mycorrhizae in a soil of
moderate P-fertility. |. Mycorrhiza dependency under field conditions. Plant Soil 70:199-209

Post WM, Kwon KC (2000) Soil carbon sequestration and land-use change: processes and potential. Global
change biology 6(3): 317-327. https://doi.org/10.1046/j.1365-2486.2000.00308.x

Ramos-Zapata J, Marrufo-Zapata D, Guadarrama-Chavez P, Solis-Rodriguez U, Salinas-Peba L (2013) Ruderal
plants: temporary hosts of arbuscular mycorrhizal fungi in traditional agricultural systems? Tropical and
Subtropical Agroecosystems 16(3): 399-406

Ramos-Zapata JA, Marrufo-Zapata D, Guadarrama P, Carrillo-Sanchez L, Hernandez-Cuevas L, Caamal-

Maldonado A (2012) Impact of weed control on arbuscular mycorrhizal fungi in a tropical agroecosystem: a
long-term experiment. Mycorrhiza 22: 653-661. https://doi.org/10.1007/s00572-012-0443-1

Page 14/24



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Rawat M, Arunachalam K, Arunachalam A, Alatalo JM, Pandey R (2020) Predicting litter decomposition rate
for temperate forest tree species by the relative contribution of green leaf and litter traits in the Indian
Himalayas region. Ecological Indicators 119:106827. https://doi.org/10.1016/j.ecolind.2020.106827

Rawat M, Singh R, Sharma J, Saklani H, Chand T, Bhatt ID, Pandey R (2022) An Overview of the functioning of
temperate forest ecosystems with particular reference to Himalayan temperate forest. Trees, Forests and
People 8:100230. https://doi.org/10.1016/j.tfp.2022.100230

Roumet C, Urcelay C, Diaz S (2006) Suites of root traits differ between annual and perennial species growing
in the field. New Phytologist 170:357-368. https://doi.org/10.1111/j.1469-8137.2006.01667.x

Rzedowski J, Rzedowski GC de (2005) Portulacaceae. In: Rzedowski GC de, Rzedowski J (eds.). Flora del
Bajio y de regiones adyacentes. Acaena. Instituto de Ecologia-Centro Regional del Bajio. Consejo Nacional de
Ciencia y Tecnologia y Comisién Nacional para el Conocimiento y Uso de la Biodiversidad. Patzcuaro,
Michoacan, México.

Santibafiez-Andrade G, Castillo-Argiliero S, Martinez-Orea Y (2015) Evaluacién del estado de conservacién de
la vegetacion de los bosques de una cuenca heterogénea del Valle de México. Bosque 36(2): 299-313.
http://dx.doi.org/10.4067/S0717-92002015000200015

Sayer J, Chokkalingam U, Poulsen J (2004) The restoration of forest biodiversity and ecological values. Forest
ecology and management 201(1): 3—11. https://doi.org/10.1016/j.foreco.2004.06.008

Short HL, Epps Jr EA (1976) Nutrient quality and digestibility of seeds and fruits from southern forests. The
Journal of Wildlife Management 283-289. https://www.jstor.org/stable/3800427

Smith SE, Jakobsen |, Grgnlund M, Smith FA (2011) Roles of arbuscular mycorrhizas in plant phosphorus
nutrition: interactions between pathways of phosphorus uptake in arbuscular mycorrhizal roots have
important implications for understanding and manipulating plant phosphorus acquisition. Plant physiology
156(3): 1050—-1057. https://doi.org/10.1104/pp.111.174581

Smith SE, Smith FA (2011) Roles of arbuscular mycorrhizas in plant nutrition and growth: New paradigms from
cellular to ecosystem scales. Annual Review of Plant Biology 62: 227-250. https://doi.org/10.1146/annurev-
arplant-042110-103846

Smith SE, Smith FA (2012) Fresh perspectives on the roles of arbuscular mycorrhizal fungi in plant nutrition
and growth. Mycologia 104(1): 1-13. https://doi.org/10.3852/11-229

Soriano D, Orozco-Segovia A, Marquez-Guzman J, Kitajima K, Gamboa-de Buen A, Huante P (2011) Seed
reserve composition in 19 tree species of a tropical deciduous forest in Mexico and its relationship to seed
germination and seedling growth. Annals of Botany 107(6): 939-951. https://doi.org/10.1093/aob/mcr041
Sortibrdn, L., Verdd, M., Valiente-Banuet, A. (2019). A nurse plant benefits from facilitative interactions through
mycorrhizae. Plant Biology, 21(4): 670-676. https://doi.org/10.1111/plb.12948

Soto-Cruz FJ, Zorrilla JG, Rial C, Varela RM, Molinillo JM, Igartuburu JM, Macias FA (2021) Allelopathic activity
of strigolactones on the germination of parasitic plants and arbuscular mycorrhizal fungi growth. Agronomy
11(11): 2174. https://doi.org/10.3390/agronomy11112174

Souza GG, Santos SC, Santos, CC, Dias AS, Silverio JM, Trovato VW, Flauzino DS (2023) Arbuscular
mycorrhizal fungi promote the growth of Dipteryx alata Vogel. Brazilian Journal of Biology 83: €275172.
https://doi.org/10.1590/1519-6984.275172

Tian F, Wang JC, Bai XX, Yang YB, Huang L, Liao XF (2023) Symbiotic seed germination and seedling growth of
mycorrhizal fungi in Paphiopedilum hirsutissimun (Lindl. Ex Hook.) Stein from China. Plant Signaling &

Page 15/24



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

Behavior 18(1): 2293405. https://doi.org/10.1080/15592324.2023.2293405

Van Der Heijden MG (2004) Arbuscular mycorrhizal fungi as support systems for seedling establishment in
grassland. Ecology letters 7(4):293-303. https://doi.org/10.1111/j.1461-0248.2004.00577 .x

van Hall RL, Cammeraat LH, Keesstra SD, Zorn M (2017) Impact of secondary vegetation succession on soil
quality in a humid Mediterranean landscape. Catena 149: 836—843.
https://doi.org/10.1016/j.catena.2016.05.021

Varga S (2015) Effects of arbuscular mycorrhizal fungi and maternal plant sex on seed germination and early
plant establishment. American journal of botany 102(3): 358-366. https://doi.org/10.3732/ajb.1400361

Vazquez-Santos Y, Castillo-Argiiero S, Martinez-Orea Y, Sanchez-Gallen |, Vega-Frutis R, Camargo-Ricalde SL,
Herndndez-Cuevas LV (2019) The reproductive phenology of Acaena elongata and its relation with arbuscular
mycorrhizal fungi. Symbiosis 79: 129-140. https://doi.org/10.1007/s13199-019-00629-z

Vazquez-Santos Y, Martinez-Orea Y, Alvarez-Sanchez J, Montafio NM, Camargo-Ricalde SL, Castillo-Argiiero S
(2021) Interaction of Acaena elongata L. with arbuscular mycorrhizal fungi under phosphorus limitation
conditions in a temperate forest. Phyton 90(2): 605. https://doi.org/10.32604/phyton.2021.014208

Vega-Frutis R, Guevara R (2013) Greater mycorrhizal colonization of unisexual morphs than of hermaphroditic
morphs of Jacaratia mexicana during flowering and fruiting in central Mexico. Symbiosis 59: 173-181.
https://doi.org/10.1007/s13199-013-0230-6

Wang Y, Li Y, Li S, Rosendahl S (2021) Ignored diversity of arbuscular mycorrhizal fungi in co-occurring
mycotrophic and non-mycotrophic plants. Mycorrhiza 31: 93-102. https://doi.org/10.1007/s00572-020-
00997-1

WRB, World reference base for soil resources (2022) International soil classification system for naming soils
and creating legends for soil maps. FAO 85-117 pp.

Yang W, Zhuang J, Tian Y, Wans S, Ding S, Zhang M (2024) The effect of arbuscular mycorrhizal fungi on the
growth of cyclocarya paliurus cutting seedlings. Turkish Journal of Agriculture and Forestry 48(1):102-115.
https://doi.org/10.55730/1300-011X.3166

Zamora-Crescencio P, Rico-Gray V, Ramirez-Medina LNG, Barrientos-Medina RC, Plasencia-Vazquez AH,
Villegas P, Dominguez-Carrasco M del R, Gutiérrez-Badez C (2018) Composicién Y Estructura De La Vegetacion
Secundaria En Bethania, Campeche, México. Composition and Structure of Secondary Vegetation in Bethania,
Campeche, Mexico. Polibotanica 45:57-74. https://doi.org/10.18387/polibotanica.45.5

Zar JH (1974) Biostatistical Analysis. Prentice-Hall, Inc., Englewood Cliffs, New Jersey

Zhou L, Zhou X, He Y, Fu Y, Du Z, Lu M, Thakur MP (2022) Global systematic review with meta-analysis shows
that warming effects on terrestrial plant biomass allocation are influenced by precipitation and mycorrhizal
association. Nature Communications 13(1): 4914. https://doi.org/10.1038/s41467-022-32671-9

Ziist T, Rasmann S, Agrawal AA (2015) Growth—defense tradeoffs for two major anti-herbivore traits of the
common milkweed Asclepias syriaca. Oikos 124(10): 1404—1415. https://doi.org/10.1111/0ik.02075

Tables

Table 1. Statistical summary of the two-way ANOVA for germination percentage = germination, day of first

germination = First germination, day of maximum germination = Max germination, average germination time = T50
and seed vigor, for Acaena elongata, Ageratina glabrata and Solanum pubigerum, for treatments with mycorrhiza
(+AMF) and without mycorrhiza (-AMF).
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Sources of
variation

Species
AMF
SpeciesxAMF

df
2
1
2

Germination

F P
4972 0.001
59.93 0.001
0.741 0.487

*Significant differences in bold

First
germination

F P
4.093 0.029
14.24  0.001
2.47 0.105

Max
germination

F P
1.648 0.21
9.905 0.004
2.13 0.14

T50

F P
0.207 0.81
32.28  0.001
4.6 0.0203

Vigor

39.32
0.063
0.277

0.001
0.93
0.75

Table 2. Means values (x * S.D.) of germination traits for species and treatments with mycorrhiza (+AMF) and
without mycorrhiza (-AMF).

day
Tso

Vigor (mm)

Firts germination day

Maximum germination

Acaena elongata

+AMF
8.4+04P

35.4+4.2b

20.3+2.6P

14.28+3.92

-AMF
13.710.442

37.5+2.042

2614.68

15.3%5.0°

Ageratina glabrata
+AMF -AMF
8+0.86°  8.5+0.442
26.5:4.9  40+1.92
12.6+1.2°  39.5:52
5.46+2.7° 5.31%1.6°

Solanum pubigerum
+AMF -AMF
8.25+0.22>  14+3.07°
31.25¢3.6  40.75+1.12
14.6:1.2°>  32.374.42
11.9248.4°  12.69+9.2P

* Significant differences are indicated by superscript letters

Table 3. Statistical summary of the two-way ANOVA for stem length, root length, SDW= stem dry weight, RDW=
root dry weight, TDW= total dry weight and root/stem ratio for Acaena elongata, Ageratina glabrata and Solanum
pubigerum. Var.exp= percentage variance explained.
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Source of variation

df
Species 2
AMF 1

Species:AMF 2

Source of variation

df
Species 2
AMF 1

SpeciesxAMF 2

Stem length

F P Var.
exp

10.03 0.001 11.29
15.73 0.001 8.85
4.44 0.013 499

RDW

F P Var.
exp

24813 0.001 19.7
47.56 0.001 18.89
10.8 0.001 8.58

*Significant differences are shown in bolds

Root length

F P
14.64 0.001
1.81 0.18
2.83 0.062
TDW

F P
12.66  0.001
58.28 0.001
12.36  0.001

Var.
exp

17.25
1.06
3.33

Var.
exp

7.58
17.69
7.51

SDW

F P
19.25 0.001
87.13 0.001
18.51  0.001
Root/stem

F P
74.36  0.001
20.04 0.001
8.03 0.001

Var.
exp

13.02
29.46
12.52

Var.
exp

46.79
6.3
5.05

Table 4. Statistical summary of the two-way ANOVA for nitrogen and phosphorus content in plant tissue for

Acaena elongata, Ageratina glabrata and Solanum pubigerum in +AMF and -AMF treatments.

Source of variation

Species

Plant tissue

AMF

Species:Plant tissue
Species:AMF

Plant tissue:AMF

Species:Plant tissue:AMF

*Significant differences are shown in bolds

Table 5. Statistical summary of the two-way ANOVA for the colonization by AMF parameters for Acaena elongata,
Ageratina glabrata and Solanum pubigerum in treatments with mycorrhiza (+AMF) and without mycorrhiza (-AMF).

Nitrogen
daf F P
2 389 <0.01
2 47.37 <0.0001
1 9.63 <0.001
2 1.99 0.153
2 1.28 0.291
1 5.12 <0.05
2 326 0.052
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Phosphorus

F P
10.359 <0.001
0.156 0.855
10.483 <0.01
6.057 <0.01
0.463 0.633
16.315 <0.001
0.044 0.957



Source of AMF Hyphae Arbuscules Spores

variation Colonization colonization colonization colonization

daf F P F P F P F P
Species 2 5.701 0.004 597 0.003 1.26 0.28 2.31 0.102
AMF 1 330.107 0.001 334.7 0.001 26.13 0.001 6.42 0.01
SpeciessAMF 2 1.29 0.29 1.28 0.27 1.25 0.28 1.71 0.18

*Significant differences are observed in bolds
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Figure 1
Figure 1
Geographical location of the Abies religiosa forest within the Magdalena River Basin, Mexico City, Mexico

showcasing A) Mexico, B) Mexico City, C) the Magdalena River Basin, with the Oyamel Forest area highlighted in
brown. Prepared by Romero-Romero M.A. (2024).
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Figure 2
Figure 2

Mean value (+S.D.) of germination percentages for Acaena elongata, Ageratina glabrata and Solanum pubigerum
seeds treated with mycorrhiza (+AMF) and without mycorrhiza (-AMF). Significant differences are indicated by
letters (p<0.001).
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Figure 3
Figure 3

Mean values of accumulated germination percentages (x +S.D.) for Acaena elongata, Ageratina glabrata and
Solanum pubigerum in two treatments: +AMF (with mycorrhiza) and -AMF (without mycorrhiza), over time in days.
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Figure 4
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Mean values of growth parameters for the three species from secondary vegetation in a temperate forest under
the treatments: with mycorrhiza (+AMF) and without mycorrhiza (-AMF). Different letters indicated statistical
differences between treatments p<0.05.
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Figure 5

Nitrogen and Phosphorus content in the shoots and roots of Acaena elongata, Ageratina glabrata, and Solanum
pubigerum, with (+AMF) and without (-AMF) arbuscular mycorrhizal fungi treatment. The bar graphs illustrate the
percentage of Nitrogen (above) and Phosphorus (below) in both the shoots and roots.
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Figure 6
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Figure 6

Mycorrhiza response index (x = D.S) of the three secondary vegetation species in a temperate forest
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Figure 7

Figure 7

Mean values of AMF hyphae colonization percentage of the three species from secondary vegetation in a

temperate forest. Different letters correspond to statistical differences p<0.05.
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