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Arbuscular mycorrhizal fungi: a multifunctional soil biotic component 

Abstract: Arbuscular mycorrhizal fungi (AMF) are soil microorganisms that play an important role in terrestrial ecosystems. This review 
highlights the diverse functions of AMF and emphasizes their potential as biological tools to address current and future environmental 
challenges. They contribute to organic matter decomposition, with evidence that AMF enhance soil microbial activity and nutrient cycling in 
organic-rich soils. AMF also improve soil structure by increasing aggregate stability. In plant communities, AMF influence reproductive 
phenology, and promoting higher germination rates and biomass accumulation in different species, especially herbs and shrubs. These 
fungi are involved in climate change mitigation by enhancing carbon sequestration and buffering environmental stressors such as prolonged 
drought. Despite these well-documented functions, research on AMF has primarily focused on their role in nutrient transport, overlooking 
their broader ecological implications. Key ecological filters, such as elevation, nutrient availability, host identity, and anthropogenic activities, 
modulate AMF community structure and functionality. In conclusion, AMF are a multifunctional biotic component of soils because they are 
involved in a variety of ecological processes. Future research should address the multifunctionality of AMF in soil quality, their interactions 
with other soil microbiota, and their potential applications in large-scale ecological restoration. 
Keywords: ecosystems; biotic interactions; arbuscular mycorrhiza; multifunctionality; mutualism; resilience 

Hongos micorrícicos arbusculares: un componente biótico multifuncional del suelo 

Resumen: Los hongos micorrízicos arbusculares (HMA) son microorganismos del suelo que desempeñan un papel fundamental en los 
ecosistemas terrestres. Esta revisión destaca la multifuncionalidad de los HMA y resalta su potencial como herramienta biológica para 
enfrentar los desafíos ambientales actuales y futuros. Los HMA contribuyen a la descomposición de la materia orgánica, ya que se ha 
demostrado que aumentan la actividad microbiana del suelo y el reciclaje de nutrientes en suelos ricos en materia orgánica. Además, 
mejoran la estructura del suelo al aumentar la estabilidad de los agregados. En las comunidades vegetales, los HMA influyen en la fenología 
reproductiva, y promueven la germinación y acumulación de biomasa, principalmente herbáceas y arbustivas. Asimismo, estos hongos 
participan en la mitigación del cambio climático, al favorecer el secuestro de carbono y actuar como reguladores de estrés ambiental como 
las sequías. A pesar de estas funciones ampliamente documentadas, el estudio sobre HMA se ha centrado en su función de transporte de 
nutrientes, dejando de lado otras funciones ecológicas. Diversos filtros ecológicos, como la elevación, disponibilidad de nutrientes, 
identidad del hospedero y actividades antropogénicas, modulan la estructura y función de las comunidades de HMA. En conclusión, los 
HMA son un componente biótico multifuncional del suelo, ya que participan en una amplia variedad de procesos ecológicos. Futuras 
investigaciones deben abordar la multifuncionalidad de los HMA en la calidad del suelo, sus interacciones otros microorganismos edafícos 
y sus aplicaciones potenciales en la restauración ecológica a gran escala. 
Palabras clave: ecosistemas; interacciones bióticas; micorriza arbuscular; multifuncionalidad; mutualismo; resiliencia 

Introduction 
Soil microorganisms are essential components of ecosystem function and resilience (Graham et al. 2014). These 

microorganisms play fundamental roles in key ecological processes such as biogeochemical cycling, organic matter (OM) 
decomposition, carbon (C) sequestration, net primary productivity, and natural regeneration (Zheng et al. 2019; Creamer et al. 
2022). Among the great diversity of soil microorganisms, arbuscular mycorrhizal fungi (AMF) play a crucial ecological role as 
widespread symbionts, forming mutualistic associations with approximately 75% of plant species (Brundrett and Tedersoo 2018). 
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Traditionally, the assumed primary function of AMF has been to enhance the uptake of water and macronutrients from the soil, 
primarily phosphorus (P) and nitrogen (N), thereby benefiting the survival and growth of their host plants (Smith and Read 2008; 
Smith and Smith 2011). This has led to extensive studies on the beneficial effects of native AMF inoculum on growth indicators 
such as seedling height and biomass production of agriculturally important crops such as Triticum spp. Zea mays, Solanum 
lycopersicum, Solanum tuberosum and Coffea arabica (Vosátka and Gryndler 2000; Zhu et al. 2001; Al-Karaki 2006; Begum et 
al. 2019; Perea-Rojas et al. 2019; Abrar et al. 2024). Likewise, this paradigm has overlooked the deeper exploration of other 
functions of this fungal group in various ecological processes of ecosystems, such as OM decomposition, soil structure, 
reproductive phenology of wild plants, and seed germination. These processes become particularly relevant in the current scenario 
of global changes such as climate change and soil desertification. 

Through nutrient transport, AMF influences the nutritional status of the host plant and its physiological ability to respond to 
adverse environmental conditions. Therefore, these fungi are recognized as buffers against environmental stress and protectors 
against pathogen attack (Pozo et al. 2008). A meta-analysis by Veresoglou and Rillig (2012), which analyzed 106 previous studies, 
found that AMF can reduce the severity of disease, and that the efficacy of this suppression is highly dependent on the specific 
identity of the AMF involved. For example, Funneliformis mosseae is particularly effective in protecting against fungal pathogens, 
whereas Rhizoglomus intraradices is particularly effective in protecting against plant-parasitic nematodes. This perspective has 
promoted the study of AMF in systems where environmental conditions are challenging, such as agricultural areas, arid and semi-
arid zones (Varela-Fregoso et al. 2017). In contrast, AMF have been poorly studied in temperate forests, for example, because it 
has long been assumed that the characteristic tree species of these forests are exclusively associated with ectomycorrhizal fungi. 
This claim has been challenged in recent studies, for example, Bueno et al. (2017) showed that arbuscular mycorrhizal 
associations vary according to environmental gradients, such as latitude and elevation, suggesting that our understanding of these 
associations is still incomplete. Likewise, the involvement of AMF in the early stages of the life cycle of tree species (Olivera-
Morales et al. 2011) and in ecological succession (Zobel and Öpik 2014; Krüger et al. 2017) is now recognized. 

The study of the multifunctionality of AMF should be considered in future research, not only considering their role in soil nutrient 
uptake and transport, but also their influence on other ecological processes. This review aims to: i) deepen and highlight the 
functions of AMF in key processes of terrestrial ecosystems, such as OM decomposition, soil structuring and plant ecology 
(reproductive phenology and seed germination), and ii) propose some ecological filters that influence the composition of AMF. The 
study of the multifunctionality of these soil microorganisms is urgent given the current conditions of deforestation and soil 
desertification and the unprecedented alteration of terrestrial ecosystems. 

Information search 
For the review on the multifunctionality of AMF, a literature search was conducted in interdisciplinary databases such as Web 

of Science, Scopus and EBSCO. Specific keywords combined with Boolean operators (AND, OR) were used to optimize the 
retrieval of relevant studies in five main axes: (1) organic matter decomposition; (2) soil structure, highlighting their influence on 
aggregate formation; (3) reproductive phenology, evaluating their influence on flowering and fruiting of host plants; (4) seed 
germination, considering their contribution to early root colonization and mycorrhizal resistance; and (5) ecological filters regulating 
AMF activity, such as elevation gradients, nutrient availability, host identity, and anthropogenic disturbance. This strategy provides 
a comprehensive approach to understanding the contribution of AMF to soil dynamics. 

The search was conducted between March and June 2024 and included publications from 1990 to 2024. A total of 208 articles 
were initially retrieved. After applying inclusion and exclusion criteria, 117 articles were selected for detailed analysis. Inclusion 
criteria included peer-reviewed articles in English or Spanish that presented empirical data or comprehensive reviews that directly 
addressed at least one of the five axes of AMF functionality. Exclusion criteria included duplicate entries, non-peer-reviewed 
sources, publications with insufficient methodological information, or studies focused exclusively on ectomycorrhizal fungi. This 
process ensured a rigorous selection of literature  

Arbuscular mycorrhizal fungi in OM decomposition 
Early research on AMF suggested that they had saprophytic activity, as they were found to colonize litter and proliferate in 

various types of OM (Nicolson 1959; Gerdemann and Trappe 1974). This led to the formulation of the 'direct mineral cycling' 
hypothesis proposed by Went and Stark (1968), which postulated the direct involvement of AMF in OM decomposition and 
subsequent transport of nutrients to their host. However, this hypothesis was rejected for lack of convincing evidence. 

AMF lack the enzymatic machinery necessary to degrade organic molecules (Tisserant et al. 2013), so they only transport 
inorganic forms of nutrients from soil to plants. This has been the paradigm for nutrient flow from fungi to plants in the arbuscular 
mycorrhizal association. However, this model is currently being challenged by studies using in vitro systems showing that species 
of the genus Glomus assimilate organic forms of N (Hodge et al. 2001; Hodge and Storer 2015) and P (Koide and Kabir 2000). 
The role of AMF extracellular enzymes in OM degradation is unclear, and recent findings on access to organic forms of nutrients 
have been seriously questioned due to lack of reproducibility and heterogeneity in the results obtained (Koide and Kabir 2000; 
Jansa et al. 2013). Furthermore, most experiments have focused on two specific species, Rhizoglomus irregulare and Simiglomus 
hoi (Leigh et al. 2011), which limits inferences to higher taxonomic categories, as it is unknown whether other species or genera 
exhibit similar behavior. 

The colonization of AMF in litter (Bunn et al. 2019; Kemmelmeier et al. 2022) and the proliferation of these fungi in some forms 
of OM (Gavito and Olsson 2003; Hodge and Fitter 2010; Barrett et al. 2011; Paterson et al. 2016) clearly indicate that AMF 
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somehow intervene in decomposition and even transfer some of the released nutrients to their host (Fig. 1) (Bunn et al. 2019). 
However, the exact mechanisms remain unknown, as it is complex to establish the direct involvement of these microorganisms, 
considering that they are completely dependent on their host for C acquisition (Smith and Read 2008). 

 

Figure 1. Schematic representation of a hypothetical soil profile highlighting the litter layer and its progressive transformation, 
including colonization by AMF (Arbuscular mycorrhizal fungi). The figure shows the decomposition of plant litter and its 
interaction with AMF structures. Elaborated by Vázquez-Santos LM (2024). 

Figura 1. Representación de un perfil de suelo hipotético en el que se resalta el mantillo y su transformación progresiva, 
incluida la colonización por HMA (hongos micorrízicos arbusculares). Se muestra la descomposición del tejido vegetal y su 
interacción con las estructuras de HMA. Elaborado por Vázquez-Santos LM (2024). 

 

The rapid growth of AMF extraradical mycelium in OM patches can be interpreted as 'direct foraging' of these fungi towards 
nutrient-rich sites (Welc et al. 2010; Hodge 2014). It has been suggested that AMF biochemically recognize nutrient patches and 
grow towards them through chemical signaling mechanisms, similar to the pre-symbiotic recognition signals between plant and 
fungus (Barrett et al. 2011). However, it is also likely that the hyphae randomly locate the patches and, once there, branch out into 
the nutrient-rich zone (Barrett et al. 2011). 

While the direct involvement of these microorganisms in OM decomposition is inconclusive, indirect mechanisms of their 
involvement have been proposed. AMF hyphae can penetrate sites of mineralization activity within the decomposing substrate 
(Jansa et al. 2013), facilitating the intervention of other decomposer microorganisms such as bacteria. It has been suggested that 
'hyper-symbionts' are transported at the hyphal tips, physically decomposing the organic substrate and forming a 'secondary 
symbiosis' with the AMF (Jansa et al. 2013). At the same time, fungi release C through hyphal exudates, stimulating microbial 
activity associated with the hyphosphere, the zone of interaction between the hyphae and the soil (Toljander et al. 2007). 

The colonization of different soil habitats may be an important ecological strategy of these fungi to increase their exploration 
area, especially in topographically heterogeneous sites with low P availability. Indeed, a recent study suggests that there is habitat 
selection by certain AMF families. It was observed that Archeosporaceae were found exclusively in litter, Paraglomeraceae in 
plant roots and Ambisporaceae in mineral soil (Kemmelmeier et al. 2022). The authors do not provide a conclusive explanation 
for this pattern, but speculate that it is related to the morphological (e.g., spore size, hyphal architecture, and root colonization 
strategies) and functional traits (e.g., nutrient exchange efficiency, response to environmental stress, and host specificity) of AMF 
that are conserved at the family level (Hart and Reader 2002; Powell et al. 2009). 

Arbuscular mycorrhizal fungi in soil structure 
OM improves the stability, porosity, and water-holding capacity of soils because its presence promotes the formation and 

stability of aggregates by acting as a cementing agent (Six et al. 2000). Likewise, the mycelium of AMF acts as a cementing agent, 
binding soil particles and promoting the formation of aggregates (macro [>250 µm] and micro [< 250 µm]) that are more resistant 
to erosion and increase porosity, which means an increase in soil solution infiltration and gas exchange, and a decrease in soil 
bulk density, which is crucial for the maintenance of agroecosystems because it contributes to increasing the physical fertility of 
the soil (Fig. 2) (Lehmann et al. 2017; Fall et al. 2022; Wang et al. 2022). 
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Figure 2. Example of AMF (arbuscular mycorrhizal fungi) distribution in soil aggregates. The figure illustrates the spatial 
organization of AMF within soil micro- and macroaggregates, highlighting their hyphal networks, spore localization, and potential 
interactions with soil organic matter and mineral particles. Elaborated by Vázquez-Santos LM (2024). 

Figura 2. Ejemplo de distribución de HMA (hongos micorrícicos arbusculares) en los agregados del suelo. Se ilustra la 
organización espacial de los HMA dentro de los microagregados y macroagregados, destacando sus redes hifales, localización 
de esporas, y potenciales interacciones con la materia orgánica del suelo y partículas minerales. Elaborado por Vázquez-Santos 
LM (2024). 

AMF have different strategies to colonize the soil, which is reflected in the production of extraradical mycelium as a result of 
the search for nutrients (Hart and Reader 2002, 2005). As well as they have different extraradical mycelial architecture and 
thickness (Dodd et al. 2000; Drew et al. 2003; Beck et al. 2007), which affects differently in the aggregates ‘construction. On the 
other hand, it has been reported that the process of soil aggregate formation depends on the mycorrhizal species as well as the 
interaction with its host plant (Piotrowski et al. 2004). 

Because studies of AMF and saprophytic fungi and their interactions with soil particles and other components of the biota have 
been conducted destructively or in isolated photographs showing soil aggregates and only one AMF species, various models have 
been proposed for how the process of soil aggregate formation occurs (Rillig and Mummey 2006; Lehmann and Rillig 2015; 
Jeewani et al. 2021). However, as mentioned above, many species of AMF have distinct traits that are not represented in such 
schemes. On the other hand, the stability of aggregates in water as a product of mycorrhizal interactions is also carried out in a 
disruptive manner, thus altering the relationship between hyphae, macro- and microaggregates, and porous space (Kemper and 
Rosenau 1986; Jiménez-Martínez et al. 2024). 

Jiménez-Martínez et al. (2024) showed through micromorphological studies, image analysis (with thin sections) and 
destructive techniques how Funneliformis mosseae, Rhizophagus intraradices and Gigaspora gigantea contribute differently to 
the formation of stable aggregates in water (modified system) and how through thematic maps with high resolution mosaics 
(unmodified system) they showed for one year how these mycorrhizal fungi contribute differently to the formation of aggregates.  

Therefore, it has been proposed as a complementary technique to study the interactions between mycorrhizal fungi and other 
components of the biota, such as bacterial communities (biofilms), as well as processes of OM decomposition and how it relates 
to the processes of formation of soil aggregates (Gutiérrez-Castorena et al. 2018; González-Vargas and Gutiérrez-Castorena 
2022; Jiménez-Martínez et al. 2024). 

Arbuscular mycorrhizal fungi in the reproductive phenology of the host 
Experimental studies have shown that AMF significantly improve nutrient uptake efficiency, particularly for P and N, both of 

which are essential for plant metabolism and reproductive success (Derelle et al. 2015; Vosnjak et al. 2021). Wang and Tang 
(2022) highlight that AMF influence key reproductive traits, including flowering time, seed production, and fruit set, ultimately 
enhancing the functional fitness of host plants. Their findings suggest that AMF-mediated nutrient acquisition directly contributes 
to higher reproductive efficiency, especially under nutrient-limited conditions. 
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In addition to their role in nutrient uptake, AMF actively modulate plant phenology by modulating flowering and fruit production 
(Vázquez-Santos 2019; Bennett and Meek 2020). Field studies in temperate forests indicate that AMF colonization varies with the 
nutrient requirements of plants during their reproductive stages, with significant correlations between AMF root colonization and 
fruiting in species such as Acaena elongata, Ageratina glabrata, and Solanum pubigerum (Vázquez-Santos 2025). Similarly, Vega-
Frutis and Guevara (2009) reported that higher AMF colonization during the dry season was associated with increased flower and 
fruit production in Carica papaya, suggesting that AMF play an important role in maintaining reproductive success under water-
limited conditions. 

AMF affect flower and fruit production by modifying hormone levels, promoting the accumulation of gibberellins and cytokinins, 
and increasing nutrient and water uptake by the plant (Roman-García et al. 2004; Ludwig-Müller 2010). The study of reproductive 
phenology in relation to AMF has hardly been addressed in wild plant species. However, increased intraradical colonization of 
these fungi during the reproductive period of their host has been observed in agriculturally important plant species and semi-arid 
ecosystems (Bennett and Meek 2020). This suggests that these fungi indirectly contribute to the reproductive success of plants 
and may be a key component in the reproductive plasticity of their hosts in different environments. 

Mountains are ideal systems for comparing the responses of organisms to the environment because of the presence of an 
elevation gradient that produces variation in abiotic factors. In plant populations established at lower elevations, the onset of the 
reproductive period (flower bud burst) occurs earlier, and reproductive maturity is reached more slowly, whereas in populations 
growing at higher elevations, flower bud burst is delayed and flowers and fruits develop rapidly (Laiolo et al. 2015). Early flowering 
results in reduced reproductive output due to frost damage to developing floral tissues, a decrease in pollinators, intense herbivory, 
and lack of sufficient resources (Hegland et al. 2009). At the same time, late flowering individuals are unable to complete their 
reproductive cycles before the onset of adverse conditions such as drought or frost (Anderson et al. 2012). In this context, by 
increasing nutrient uptake and water transport, AMF would allow the plant to buffer adverse environmental conditions during its 
reproductive period along the elevation gradient. 

Variation in plant reproductive response along the elevation gradient triggers changes in C metabolism and microenvironmental 
conditions that affect AMF activity in roots and soil. Patterns indicate that intraradical colonization and AMF diversity are negatively 
correlated with elevation (Lugo et al. 2008; Gai et al. 2012; Vázquez-Santos et al. 2019). Thus, we can conclude that at higher 
elevations, the high allocation of plant resources to the production of reproductive structures, together with low temperature, high 
humidity and acidic pH, limit intraradical colonization and AMF spore production. At the same time, the low availability of nutrients at 
higher elevations favors the maintenance of the association. At lower elevations, the colonization and sporulation of a greater number 
of AMF species is favored by high plant C transfer, low water availability, and warmer temperatures, which favor soil microbial activity 
and, consequently, OM decomposition. The relationship between reproductive phenology, AMF and elevation has not been proven 
and represents an excellent field of study that would allow predicting the variability of the arbuscular mycorrhizal association in the 
face of future severe environmental changes, especially under the scenario of climate change. 

Arbuscular mycorrhizal fungi in seed germination 
The AMF can directly and indirectly influence seed germination by modulating soil conditions and biochemical signals that 

trigger the germination process. It has been observed that seed germination is higher in substrates with the presence of AMF 
propagules (Fig. 3) (spores, previously infected roots). Their role goes beyond creating 'optimal' microenvironmental conditions, 
as they also release signaling molecules and secondary metabolites, such as strigolactones, that can stimulate seed germination 
in certain plant species (Akiyama et al. 2005; Besserer et al. 2006). Strigolactones act as chemical signals in the rhizosphere that 
promote hyphal branching in AMF and influence plant root architecture, thereby facilitating early root colonization and enhancing 
seedling establishment (Akiyama et al. 2005). This suggests that these fungi may induce seed germination (Koide 2000). 

 
Figure 3. Illustration of the early stages of root colonization by AMF (arbuscular mycorrhizal fungi) in the rhizosphere. The 
image shows a germinating seed with its radicle surrounded by AMF hyphae, spores, and associated rhizosphere bacteria. 
Elaborated by Vázquez-Santos LM (2024). 

Figura 3. Ilustración de las primeras etapas de la colonización intra-radical por AMF (hongos micorrícicos arbusculares). La 
imagen muestra una semilla en germinación con su radícula rodeada de hifas de HMA, esporas y bacterias asociadas a la 
rizosfera. Elaborado por Vázquez-Santos LM (2024). 
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The germination stage is crucial for the establishment of an individual and is one of the most vulnerable in the plant life cycle 
(Jurado and Flores 2005). Therefore, the rapid establishment of the arbuscular mycorrhizal association will allow the seedling to 
obtain the necessary nutrients for its survival, growth and development. Experimental studies have shown that AMF have a positive 
effect on seed germination. Vázquez-Santos et al. (2024) found that species such as Acaena elongata, Ageratina glabrata, and 
Solanum pubigerum exhibited higher germination percentages when inoculated with AMF. Similarly, Olivera-Morales et al. (2011) 
reported that AMF inoculation increased germination and seedling establishment of Quercus rugosa in a temperate forest in 
Mexico. Research by Ballina-Gómez et al. (2017) demonstrated that the interaction between AMF and light availability significantly 
increased germination rates in tree species from tropical dry forests, such as Tecoma stans, Sapindus saponaria, and Bauhinia 
forficata. Additionally. These findings suggest that the presence of AMF not only facilitates germination but also enhances seedling 
establishment and survival, making them a key biotic factor in plant recruitment and restoration strategies. 

The role of AMF in seed germination and seedling establishment can also be analyzed from another perspective: their 
contribution to plant defense through mycorrhizal-induced resistance (MIR), a priming effect that enhances the ability of seedlings 
to respond more efficiently to biotic and abiotic stresses (Pozo and Azcón-Aguilar 2007). This priming effect may play an important 
role in seed germination by modulating signaling pathways such as jasmonic acid and salicylic acid, which are crucial for plant 
stress responses. Activation of these pathways could increase the likelihood of successful germination and early seedling 
establishment by enhancing pathogen resistance and optimizing resource allocation during this critical developmental stage (Pozo 
and Azcón-Aguilar 2007). These findings highlight the potential dual role of AMF, not only as facilitators of optimal germination 
conditions, but also as biological enhancers that prepare the seedling for environmental challenges, ultimately improving plant 
recruitment and survival under dynamic ecological conditions. 

Bacteria and other organisms associated with the AMF hyphosphere (Jansa et al. 2013) could act as scarifying agents for 
seeds, thus enhancing their germination in association with these fungi. Understanding the role of AMF in seed germination is an 
important step that will elucidate the function of these fungi in forest natural regeneration. In addition, it is important to understand 
whether these microorganisms represent an adaptive strategy of plants that favors their germination and establishment in 
topographically heterogeneous sites. 

Ecological filters that affect arbuscular mycorrhizal fungi 
AMF are subject to various ecological filters that influence their distribution, diversity and functionality within ecosystems. 

These filters can be natural, such as elevation gradients, the availability of essential nutrients and the biological identity of the 
host plant, or anthropogenic, resulting from human activities such as deforestation, agricultural intensification, and land-use 
change that alter the composition and structure of AMF communities (Chagnon et al. 2021). On a global scale, climate change is 
altering temperature and precipitation patterns, affecting the functionality of these fungi and their interactions with plants (Alguacil 
et al. 2021). Ecological filters act as selection mechanisms that determine which species colonize a given habitat, a concept 
extensively explored by Zobel (2016), who analyzes the interaction between species, environmental filters, and functional traits in 
community structuring. Future research on ecological filters is essential to predict how AMF will respond to environmental change, 
and to develop conservation and management strategies that ensure their ecological role in ecosystems. 

Natural filters: elevation gradient 

Along the elevation gradient, there are changes in temperature and precipitation that result in differences in soil properties. As 
elevation increases, temperature and pH decrease and soil moisture increases (Chen et al. 2017). Nutrient availability is deficient 
at higher elevations due to low enzymatic and mineralization activity caused by low temperatures, resulting in an apparent 
accumulation of litter (Fahey et al. 2015; Laiolo et al. 2015). An inverse pattern is found at lower elevations where temperature is 
warmer, pH is less acidic, soil moisture decreases, and microbial activity increases (Fahey et al. 2015; Laiolo et al. 2015). 

AMF respond significantly to these elevation changes. Studies conducted in different mountains have shown that AMF diversity 
and colonization tend to decrease with increasing elevation due to harsher conditions and lower nutrient availability (Guo et al. 
2020). At lower elevations, where conditions are more favorable for microbial activity, AMF colonization and diversity tend to be 
higher. For example, on Mount Taibai in China, AMF diversity peaked at intermediate elevations and declined at the highest and 
lowest elevations, suggesting optimal adaptation to the edaphic conditions of intermediate elevations (Zhang et al. 2022). Another 
study on Mt. Helen in the UU EE showed that the structure of the AMF community varied significantly with elevation and was 
influenced by factors such as soil pH, organic matter content, and nutrient availability (Guo et al. 2020). Therefore, the effect of 
elevation gradient on AMF activity is governed by the microenvironmental changes resulting from the interaction of climate, 
topography, relief, and elevation. 

Nutrient availability 

Soil nutrient availability has a significant impact on AMF colonization and diversity (Johnson 2010). P is a key nutrient that 
directly affects AMF colonization. In soils with low phosphorus availability, plants tend to rely more on AMF for the uptake of this 
nutrient. This is because AMF have the ability to explore larger volumes of soil than roots to access P reserves. One study showed 
that under low P conditions, mycorrhizal colonization and extraradical mycelium length increased significantly, thereby improving 
plant nutrition (Akter et al. 2024; Xiao et al. 2023). 
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Nitrogen availability also plays a critical role. However, the effect of N can be twofold. Studies have shown that high N 
availability can reduce plant dependence on AMF, thereby reducing mycorrhizal colonization. This occurs because plants can 
obtain sufficient N directly from the soil without the need to establish energetically costly symbiotic associations. However, in soils 
with limited N, plants increase their dependence on AMF, which can increase the colonization and diversity of these fungi in the 
soil (Fall et al. 2022). 

It is important to clarify that this interaction is not always beneficial for the plant. Johnson (2010) proposes the functional 
equilibrium model, which suggests that a high concentration of N and P in the soil can have an antagonistic effect on the plant-
fungus relationship. In this model, a high concentration of N and low P strengthens the mycorrhizal association because plants 
are more dependent on fungi for P uptake. On the other hand, a low N and high P can turn the interaction into a commensal one, 
where the benefits to the plant are significantly reduced. 

The consideration of other macronutrients besides P and N, such as potassium (K), is essential in the study of the arbuscular 
mycorrhizal association. The K is essential for osmotic regulation and enzyme activation in plants, but the role of AMF in potassium 
transfer is poorly understood. Plants also take up these essential nutrients for growth and development. Similarly, micronutrients 
such as zinc (Zn) and iron (Fe) are essential for many enzymatic and structural functions in plants (Xiao et al. 2023). The transfer 
of these other nutrients by AMF remains largely unexplored and an active area of research. 

Plant biological identity 

Plant biological traits, such as root structure, leaf area, and life form, have a significant impact on AMF colonization and function 
(Davison et al. 2011). Plant biological identity acts as an important ecological filter, determining the degree of "functional 
compatibility" between fungi and plants through specific biochemical and physiological interactions (Chagnon et al. 2013). Recent 
studies suggest that these associations are not random but rather regulated by factors that influence the efficiency and specificity 
of the symbiosis. 

Root architecture strongly influences AMF colonization. Plants with fine, highly branched roots, such as grasses, tend to 
support higher AMF diversity and colonization rates than species with thicker, less branched roots (Morris et al. 2013; Li et al. 
2023). Studies in temperate and subtropical grasslands have shown that species with fibrous root systems have more colonization 
sites, allowing for greater diversity of AMF taxa (Garrido et al. 2023). In addition, root longevity and turnover rates influence the 
persistence and structure of AMF networks, reinforcing the role of plant functional traits in symbiotic efficiency (Sepp et al. 2009). 

Leaf traits, particularly plant leaf area and photosynthetic capacity, also influence the AMF interactions. Plants with larger leaf 
areas and higher photosynthetic rates allocate more carbohydrates to AMF, supporting higher colonization rates and improved 
nutrient uptake (Li et al. 2023). A study conducted in a subtropical forest found that plant species with larger leaf areas and higher 
photosynthetic rates had more intense AMF colonization in their roots (Li et al. 2023). 

Plant life form, whether trees, shrubs, herbs, or epiphytes, also plays an important role in the diversity and structure of AMF 
communities. Trees, for example, tend to host a more diverse AMF assemblage than herbs and shrubs due to their longer root 
life, deeper rooting systems, and more stable microenvironmental conditions (Chen et al. 2020). Recent research using multilayer 
network analysis has shown that plant-AMF interactions follow specific structural patterns, with plant species differentially filtering 
AMF based on their functional traits (Garrido et al. 2023). These findings highlight the importance of understanding plant functional 
diversity is crucial for predicting AMF community structure and ecosystem functioning. 

Anthropogenic filters 

Nutrient availability, plant community structure, and AMF activity in soils are affected by anthropogenic activities (Dickie et al. 
2013). The magnitude of these changes depends on the intensity, frequency, and type of disturbance (Teste and Dickie 2017; van 
der Heyde et al. 2017). Low-intensity disturbances, such as selective weeding, minimally alter the physical properties (e.g., 
structure and bulk density) and chemical properties (e.g., nutrient availability and pH), while promoting gradual changes in plant 
community composition that largely preserve native plant species (Sánchez-Fuente 2019). However, even mild disturbance can 
lead to shifts in AMF community structure, decreasing species richness and favoring the proliferation of AMF taxa that are less 
sensitive to environmental changes in soil properties (Schnoor et al. 2011; Brundrett and Ashwath 2013). Changes in richness 
may not be observed, but there may be changes in abundance of some AMF species (Fig. 4) (Violi et al. 2008). 
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Figure 4. Arbuscular mycorrhizal fungi in a preserved soil vs. a disturbed soil. Prepared by Vázque-Santos LM (2024). 

Figura 4. Hongos micorrícicos arbusculares en un suelo conservado frente a un suelo alterado. Elaborado por Vázque-Santos 
LM (2024).  

High-intensity disturbances, such as intensive agriculture and deforestation, exert strong selective pressures on AMF 
communities, leading to phylogenetic and trait-based filtering (Chagnon et al. 2022). Long-term agricultural practices tend to favor 
AMF species with specific functional traits, particularly those adapted to disturbed environments, while reducing overall community 
diversity. These findings are consistent with the evolutionary framework proposed by Verbruggen and Kiers (2010), which suggests 
that anthropogenic management practices drive selection for AMF species with traits that enhance their persistence in intensively 
managed soils. 

Chronic disturbance also shapes plant community dynamics, favoring species with disturbance-tolerant traits that dominate 
ecosystems (Mayfield et al. 2010). As a result, physical, chemical, and biological properties of soil are negatively altered, leading 
to functional degradation (Mayfield et al. 2010). Plants that successfully colonize degraded soils tend to be strong competitors for 
resources (Ramos-Zapata et al. 2013), and their mycorrhizal associations can significantly influence local AMF composition. 
Frequently, more degraded sites have lower alpha and beta diversity compared to less affected areas, highlighting the cascading 
effects of ecosystem degradation on AMF networks (García et al. 2018). Furthermore, prolonged disturbance may weaken the 
mutualistic balance of the symbiosis, reducing the benefits provide by AMF to plant hosts and shifting interactions towards more 
neutral or even parasitic associations (Verbruggen and Kiers 2010). 

The life history strategies of both AMF species and their plant hosts determine the colonization success and persistence of 
species in degraded sites. Chagnon et al. (2013) propose that severe anthropogenic disturbance favors the presence of generalist 
AMF species, which tolerate high levels of disturbance and have rapid growth and early investment in the formation of large 
numbers of small spores. The family Glomeraceae has been classified as predominantly generalist (Klironomos and Hart 2002; 
Hart and Reader 2005). However, recent studies indicate a significant diversity of life history traits within Glomeraceae, 
comparable to the variation observed in other AMF families (Horsch et al. 2023). In this context, Davison et al. (2011) suggest that 
plant species with similar functional traits associate with functionally analogous AMF taxa, i.e., generalist plants tend to form 
symbioses with generalist AMF species. However, more evidence is needed to support this hypothesis. 

Arbuscular mycorrhizal fungi in climate change 

Rising temperatures, shifts in precipitation regimes, and elevated carbon dioxide (CO₂) concentrations are well recognized 
abiotic factors that influence plant reproductive phenology (Beaubien and Hamann 2011; Zhang et al. 2021). These extreme 
weather events characteristics of global climate change are expected to drive local changes in plant phenology, species 
distributions, extinctions, and disruptions in above- and belowground biotic interactions (Alberton et al. 2005). For example, earlier 
flowering and fruiting may negatively affect plant-pollinator and plant-disperser interactions, leading to cascading effects on 
ecosystem functionality (Haggerty and Galloway 2011). 

Plant species will need to adapt in situ to climate change, and their association with AMF may provide a key advantage due 
to their roles in nutrient and water transfer, organic matter decomposition, pathogen protection, and temperature tolerance. AMF 
can also adapt rapidly to environmental changes, helping both fungi and their host plants to mitigate the effects of climate change. 
Experimental studies indicate that elevated CO₂ levels increase intraradical colonization and AMF biomass in soils, as plants 
allocate more photosynthates to fungal symbionts (Alberton et al. 2005). This suggests that AMF symbiosis may increase soil 
carbon sequestration because these fungi contribute to carbon storage through the production of glomalin, a highly recalcitrant, 
carbon-rich protein (Drigo et al. 2010). 
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However, climate change is not uniformly beneficial to AMF communities. Increased temperatures and altered precipitation 
patterns can reduce soil phosphorus (P) availability (Hou et al. 2018), limiting nutrient exchange in AMF-host interactions. In this 
scenario, AMF may enhance plant tolerance to heat stress and improve phosphorus uptake (Zhu et al. 2017). However, when 
climatic conditions exceed AMF tolerance thresholds, fungal biomass, intraradical colonization, and spore production decrease, 
negatively affecting plant-mycorrhizal mutualisms (Zhu et al. 2017). 

Further evidence suggests that the effects of climate change on AMF communities are highly context dependent. Weber et al. 
(2019) found that AMF responses to simultaneous drivers of global change-including increases in temperature, CO₂ levels, and 
nitrogen deposition-were highly variable. Their study highlighted species-specific and ecosystem-dependent differences in AMF 
functional traits, suggesting that some AMF taxa may be more resilient to climate change than others. Similarly, Alguacil et al. 
(2021) examined AMF responses to simulated climate warming and drying and demonstrated contrasting effects among AMF 
families, with some taxa benefiting from warmer conditions while others declined. In addition, Solaiman (2024) emphasized that 
AMF plays a critical role in organic matter decomposition and soil carbon sequestration, reinforcing their potential role in climate 
change mitigation. 

These findings highlight the need for a deeper understanding of how AMF diversity, functional traits, and ecological roles shift 
under climate stressors. Given the complex responses of AMF to multiple drivers of global change, future research should focus 
on identifying resilient AMF species, exploring their functional plasticity, and assessing their potential for ecosystem restoration in 
climate-altered landscapes. 

Main challenges in the study of arbuscular mycorrhizal fungi 
The SARS-CoV-2 pandemic in 2019 has affected the production of scientific research, including studies on AMF. As result, 

there is urgent need to integrate and synthesize existing data to compensate for research gaps and provide a clear understanding 
of AMF ecology. However, beyond pandemic-related disruptions, several key challenges persist in AMF research.  

One major challenge is understanding how global climate change affects AMF functionality. These fungi play an important role 
in plant adaptation to stress conditions such as prolonged drought, high temperatures, and soil degradation. Additionally, AMF 
enhance carbon capture and sequestration, contributing to climate change mitigation. However, it is unknown how increased 
temperatures, changes in precipitation regimes, and changes in soil factors will affect the functionality of AMF. Moreover, the 
functional diversity of AMF across ecosystems is still poorly understood, making it difficult to predict how these fungi will respond 
to environmental stressors and ecosystem disruptions. 

To address these gaps, meta-analysis serves as a powerful tool to synthesize results from multiple studies, increase statistical 
power and sample size, and identify consistent ecological patterns across diverse environments. By integrating data from 
independent studies, meta-analyses can provide stronger evidence of causal relationships and offer deeper insights into how AMF 
respond to climate change and anthropogenic pressures. In the context of AMF research, meta-analyses can clarify the effects of 
environmental variables on colonization, diversity, and functionality, helping to provide a stronger foundation for future studies and 
practical applications in ecosystem management. 

Conclusions 
Arbuscular mycorrhizal fungi are multifunctional soil microorganisms that play a crucial role in ecological processes. They 

facilitate the OM decomposition, mediate vegetation structure, enhance nutrient transport, and mitigate environmental stress 
during the reproductive period of their host plants. They also promote seed germination and contribute to soil formation and 
stability by forming and strengthening aggregates. 

Arbuscular mycorrhizal symbiosis is a key ecological strategy that enables plants to adapt to environmental change, from 
localized disturbances such as soil degradation to broader challenges such as global climate change. 

Despite significant advances in the understanding of AMF ecology and function, several knowledge gaps remain. Future 
research should focus on quantifying AMF contributions to carbon sequestration, elucidating their interactions with other soil 
microbiota, and exploring their potential in large-scale ecological restoration projects. In addition, investigating the functional 
diversity of AMF under different environmental conditions will provide valuable insights into their adaptability and effectiveness in 
addressing emerging ecological challenges. 
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