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Introduction: Soil Biodiversity
and Ecosystem Functions

Soils represent the largest deposit of organic matter on land, storing ~1500 Gt
carbon, which is almost as much as the vegetation (~560 Gt) and atmosphere
(~750 Gt) together (Crowther et al. 2019). Soil microorganisms play crucial roles
in this storage and in many other ecosystem functions, processes, and services.
Studying these roles is one of the main objectives of soil ecology. Over the last
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15 years, soil ecology has significantly expanded to a continental and global scale,
with a strong focus on broad collaborations and networking among scientists from
many countries. For example, several studies have targeted the whole soil microbial community (Bahram et al. 2018; Luan et al. 2020), soil bacteria (DelgadoBaquerizo et al. 2018), earthworms (Phillips et al. 2019), protists (Singer et al.
2019), fungi (Tedersoo et al. 2014, 2021, 2022; Egidi et al. 2019), arbuscular
mycorrhizal fungi (AMF; Davison et al. 2015; Vasar et al. 2022), and root mycorrhizal colonization worldwide (Iversen et al. 2017), among others. Most of these
macro-ecological-scale studies were summarized and analyzed by Guerra et al.
(2020), who found that in just about 0.3% of 17,186 sampling plots on the planet,
both soil biodiversity and the ecosystem functions/services provided by those
organisms were jointly investigated.
Although studying the causal relationships between biodiversity and ecosystem
functioning has gained attention in the last three decades, at least regarding soil, this
issue has been studied since the publication of The Formation of Vegetable Mould
Through the Action of Worms by Darwin (1881). Despite this, it is surprising how
little soil biodiversity and ecosystem functions are, in practice, integrated and jointly
studied (Guerra et al. 2020), although analyses at national scales (in Chile) show a
more optimistic scenario of integration (Marín et al. 2022). Still, sound inferences
can be made with the current data, for example, Delgado-Baquerizo et al. (2020)
show that climate (specifically, aridity and mean annual temperature), plant richness
and cover, soil pH, and carbon and clay soil content were the main factors determining global soil biodiversity – within their dataset. In turn, this global biodiversity
and soil total carbon content explained ecosystem multifunctionality – defined as
“the simultaneous performance of multiple functions” (Byrnes et al. 2014; Manning
et al. 2018).
When studying biodiversity and ecosystem functions, one central ecological
quest is to find causal links between them (Xu et al. 2020). This has been also a
major research priority recently in soil macro-ecological research (Crowther et al.
2019; Wagg et al. 2019; Delgado-Baquerizo et al. 2020; Zhou et al. 2020), in particular asking, does an increase in soil (and/or mycorrhizal) biodiversity at a particular site results in increased ecosystem functioning? (Marín and van der Heijden
2020). It is particularly important to experimentally test this question, the global
patterns mentioned above (i.e., Tedersoo et al. 2014, 2021; Crowther et al. 2019;
Delgado-Baquerizo et al. 2020) at finer scales, and evaluate temporal changes in
soil biodiversity and ecosystem function (Guerra et al. 2021). When metrics of functional diversity and community structure of soil microbial communities are added to
environmental and climatic variables, the explanatory power of models for carbon
and nitrogen cycling significantly increases (Graham et al. 2016). How to go from
these correlations to causality? Hall et al. (2018) suggest that microbial processes
(i.e., nitrogen fixation, denitrification, nitrification) more directly affect a nutrient
pool or flux (i.e., NO3 or NH4), while the effects of community properties (i.e.,
emergent properties as biomass C: N ratio or community-aggregated traits as functional gene abundance, functional diversity overall) and microbial membership (i.e.,
taxonomic and phylogenetic diversity, community structure, co-occurrence networks)
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are more indirect, mediated by their concatenate effect on microbial processes.
There is already some evidence for this approach, as for example, Wagg et al. (2019)
have shown that microbial network complexity and mycorrhizal abundance were
the most significant predictors of ecosystem multifunctionality in experimental
grassland microcosms.

22.1.1 Mycorrhizal Biodiversity: Functions, Types,
and Their Relationship
The mycorrhizal symbiosis is crucially important in the soil food web, its physical
structure, and its ecosystem functioning (Soudzilovskaia et al. 2019; Steidinger
et al. 2019; Tedersoo et al. 2020). These fungi are central to nutrient and water
uptake, soil structure formation, plant productivity, and alleviating pathogens and
metal pollution (Tedersoo et al. 2020), among other functions. Establishing how
mycorrhizal fungi affect plant growth, nutrition, and defense, has been a central task
in mycorrhizal ecology since its beginnings. Establishing these relationships on a
global scale constitutes the next frontier (Soudzilovskaia et al. 2017; Martin et al.
2018). For example, Davison et al. (2015) and Steidinger et al. (2019) have shown
that AMF and AMF plants’ biodiversity reach their maximum in the tropics, respectively, while ectomycorrhizal fungi (EMF) and EMF plants have higher biodiversity
in temperate and boreal ecosystems – although they are not always linearly related
(Tedersoo et al. 2014, 2022). Few climatic variables related to the decomposition
process control the transition from EMF- to AMF-dominated forests worldwide
(Steidinger et al. 2019). Similarly, Barceló et al. (2019), while analyzing 37 climatic
and edaphic variables, found that temperature-related variables better predicted the
global distribution of different mycorrhizal hosts: AMF plants are favored by warm
climates, while EMF plants are favored by colder climates. Lastly, it has been shown
that AMF generally has very low endemism (i.e., 93% of taxa in multiple continents; Davison et al. 2015) and that climatic and soil parameter gradients control
their global community structure more than dispersal limitation and historic factors
(Vasar et al. 2022).
For several decades now, it has been suggested that to link mycorrhizal biodiversity and ecosystem functioning, newer conceptual and fundamental ecological theories should be developed, particularly for AMF (Hart and Klironomos 2003). This is
a necessity as the biology of this group is very particular, from their multiple nuclei
and particular nuclear and genomic dynamics (Young 2015; Kokkoris et al. 2020) to
processes and/or management that could be understood in a multilevel selection
theory framework (Johnson and Gibson 2021). Several research paths of mycorrhizal functioning have been proposed: quantify the role of mycorrhizal networks at
the individual, population, and community levels (Simard and Durall 2004), clarify
the functional specificity of different fungal taxa, particularly AMF families and/or
genera (Marro et al. 2022), test the effects of different host plants (Hart and
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Klironomos 2003), and look beyond nutritional functions. Trait-based approaches
have also gained much attention (van der Heijden and Scheublin 2007; van der
Heijden et al. 2015; Genre et al. 2020), for example, with some authors proposing
biological stoichiometry (AMF N: P ratio), as a functional parameter indicative of
facilitation, and weak and strong competition (Powell and Rillig 2018).
Under controlled experimental conditions (MyDiv experiment), it has been
shown that the most productive tree communities are those associated solely with
AMF and not (as the authors hypothesized) those associated with both AMF and
EMF (Ferlian et al. 2018). In addition to controlled experiments, to understand the
nature of the mycorrhizal fungal diversity–ecosystem function relationship, it is
also important to conduct more in situ assessments. A survey by Lekberg and
Helgason (2018) of articles published in New Phytologist over 30 years shows that
most mycorrhizal functioning studies are conducted under controlled conditions,
targeting mostly AMF and EMF (and not the other mycorrhizal types), and with a
strong focus on nutrient and carbon dynamics (and not other mycorrhizal functions). Thus, significant work on other mycorrhizal types, non-nutritional functions,
and especially in the field is crucially important to revisit or change old paradigms
(Albornoz et al. 2021), quantify realized – and not only potential – functions, and
discover new functions (Lekberg and Helgason 2018). Another unexplored area is
understanding how the genotypic and species diversity of both the plant hosts and
their fungal symbionts affects ecosystem functioning (Hazard and Johnson 2018).

22.2 Meta-Analyses of Mycorrhizal Biodiversity
and Functioning in South America
22.2.1 Literature Search and Coordinates Extraction
In November 2021, a Web of Science search of articles published between 1945 and
2021 was conducted focusing on four mycorrhizal types (arbuscular, ectomycorrhizal, orchidoid, ericoid) and non-mycorrhizal plants according to Moora (2014)
and on nine mycorrhizal ecosystem functions (plant growth, soil aggregation, N
uptake, P uptake, chemical defense, allelopathy, other nutrients uptake, soil water
content, and disease resistance) according to Lekberg and Helgason (2018). Three
different sets of keywords were used in order to increase the number of publications
obtained.
For publications centered in mycorrhizal biodiversity (classification, distribution, taxonomy) in South America, the following keywords were used: “((South
AND America) OR Colombia OR Venezuela OR Brazil OR Chile OR Paraguay OR
Guyana OR Argentina OR Bolivia OR Surinam OR Ecuador OR Uruguay OR Peru)
AND (clasification* OR diversity* OR distribution*) AND ((arbuscular AND
mycorrhiz*) OR mycorrhiz* OR ectomycorrhiz* OR (orchid AND mycorrhiz*) OR
(ericoid AND mycorrhiz*) OR (non-mycorrhiz*))).”

22

Gaps in South American Mycorrhizal Biodiversity and Ecosystem Function Research 449

For publications centered in mycorrhizal ecosystem functions in South America,
the following keywords were used: “((South AND America) OR Colombia OR
Venezuela OR Brazil OR Chile OR Paraguay OR Guyana OR Argentina OR Bolivia
OR Surinam OR Ecuador OR Uruguay OR Peru) AND function* AND ((arbuscular
AND mycorrhiz*) OR mycorrhiz* OR ectomycorrhiz* OR (orchid AND mycorrhiz*) OR (ericoid AND mycorrhiz*) OR (non-mycorrhiz*)) AND ((interplant
AND signal) OR (soil AND aggregation AND hyphae) OR (pathogen AND (resistance OR protection)) OR (allelopath*) OR ((‘water uptake’) OR (‘water transfer’)
OR (water AND uptake AND transfer)) OR (carbon AND dynamics) OR (nutrients
AND dynamics) OR (productivity) OR (microbial AND interaction))).”
For publications that integrate both mycorrhizal biodiversity and ecosystem
functioning in South America, the following keywords were used: “((South AND
America) OR Colombia OR Venezuela OR Brazil OR Chile OR Paraguay OR
Guyana OR Argentina OR Bolivia OR Surinam OR Ecuador OR Uruguay OR Peru)
AND function* AND (clasification* OR diversity* OR distribution*) AND ((arbuscular AND mycorrhiz*) OR mycorrhiz* OR ectomycorrhiz* OR (orchid AND
mycorrhiz*) OR (ericoid AND mycorrhiz*) OR (non-mycorrhiz*) AND ((interplant AND signal) OR (soil AND aggregation AND hyphae) OR (pathogen AND
(resistance OR protection)) OR (allelopath*) OR ((‘water uptake’) OR (‘water
transfer’) OR (water AND uptake AND transfer)) OR (carbon AND dynamics) OR
(nutrients AND dynamics) OR (productivity) OR (microbial AND interaction))).”
Each article was checked individually, discarding those that did not conduct a
direct analysis of plant roots or mycorrhizal fungi in South America, per the mycorrhizal types and functions defined. After compiling the articles, a database including
coordinates (UTM system), citation, DOI identifier, and mycorrhizal type and ecosystem function investigated was constructed (available upon request to the authors).

22.2.2 Spatial Data Processing and Analyses
Data was georeferenced using Qgis 3.6 (QGIS.org 2021) to create three-point layers
projected in WGS84. These were used to elaborate four spatial distribution cartographies, using in three of them the national administrative limits of South America
(from the site: https://www.efrainmaps.es/) and a fourth shape layer of ecoregions
extracted from the RESOLVE Ecoregions (Dinerstein et al. 2017) dataset (https://
ecoregions.appspot.com/).
The first three cartographies show distribution patterns according to the administrative limits of South American countries. The first cartography used three shape
layers, the first one contained the sampling sites of mycorrhizal biodiversity, the
second one contained the sampling sites of mycorrhizal ecosystem functions, and
the third one for sites containing both. For each layer, the parameters of points
grouping (or cluster) were applied in Qgis 3.6 properties, assigning a tolerance distance of 50 km. For the second and third cartographies, the same tools and parameters were used but applying four mycorrhizal types and non-mycorrhizal plants
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shape layers (second cartography) and nine mycorrhizal ecosystem functions shape
layers (third cartography). For the fourth cartography, which used the South
American biome limits, the same three shape layers from the first cartography were
used. For each layer, the Qgis 3.6 tool grouping assigns a tolerance distance of
50 km to cover the concentrations of sites in that range. The color gradient was
adapted to the design of previous cartographies. All cartographies were projected in
WGS84/EPSG:4326.

22.3 Main Trends of South American Mycorrhizal
Biodiversity and Ecosystem Functions Research
A total of 532 Web of Science articles were obtained for the South American continent, from which 266 investigated mycorrhizal biodiversity, 121 targeted mycorrhizal functioning, and 145 investigated both. The first registered article in this
search is from 1983, and up to the mid-2000s, there were very few studies, mostly
focusing on mycorrhizal biodiversity (Fig. 22.1). Over the last decade, however,
there has been a significant jump in South American mycorrhizal research, with
more and more studies also assessing mycorrhizal ecosystem functions and their
integration with the biodiversity of the fungal symbionts, reaching up to 50 studies
in 2019 (Fig. 22.1). This clear transition from more descriptive, baseline studies to
more function and applications-related studies has been shown before for global
soil biodiversity (Guerra et al. 2020), Chilean soil biodiversity (Marín et al. 2022),
and even for South American mycorrhizal fungi (Marín and Bueno 2019). Several

Fig. 22.1 Number of Web of Science articles (no. of papers) published for the South American
continent investigating mycorrhizal biodiversity (green), ecosystem functions (yellow), and both
(blue). The Web of Science search was conducted for the period 1945 to 2021, but the first study
appears in 1983
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recent insights (Aguilera et al. 2017, 2019, 2022; Becerra et al. 2019) about the different applications of this symbiosis in South America support this view.
From the 532 Web of Science articles obtained, a total of 1528 sampling sites
were extracted (Fig. 22.2). This means that on average, each study targeted less than
three sampling sites. The top three countries with the most sampling (almost 80% of
the total sampling sites) were Brazil (609), Argentina (416), and Chile (190).
Colombia had 92 sampling sites, while this number was 61 and 55 for Ecuador and
Venezuela, respectively. Guyana had 33 sampling sites, Bolivia 29, Peru 26, and
Uruguay 2 sites. Our search for countries like Paraguay and Suriname did not return
any results, but this is probably an artifact of the search itself; further inquiries in
both countries should be conducted. It seems that in the countries with more mycorrhizal research, the sampling sites are concentrated next to the most developed areas
with big universities, like in Brazil, with a high concentration in the south from Rio
de Janeiro to Porto Alegre but also a significant concentration in the northeast,
around Natal and Recife (Fig. 22.2). This pattern is in accordance with previous
analyses for Glomeromycota in Brazil (Maia et al. 2020) and South America – especially the concentration of points in the northeast (Cofré et al. 2019). In Chile, the

Fig. 22.2 Distribution of sampling sites for mycorrhizal types and ecosystem functions in South
America. (a) Mycorrhizal types and non-mycorrhizal plants (biodiversity) sampling sites. (b)
Mycorrhizal ecosystem functions sampling sites. (c) Sampling sites where both mycorrhizal type
biodiversity and ecosystem functions were conjointly studied. (d) Number of sampling sites per
mycorrhizal type. (e) Number of sampling sites per mycorrhizal ecosystem function. (f) Percentages
of sampling sites investigating soil mycorrhizal type biodiversity, ecosystem function, and both.
The size of the circles is based on a 50 km grid
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most mycorrhizal sampling sites concentrate in the southern-central region (northern Patagonia), in the regions of La Araucanía, Los Ríos, and Los Lagos (Fig. 22.2),
a pattern previously reported (Marín et al. 2017, 2022) and attributed to an almost
two-centuries-old mycological and soil ecological research tradition in those regions
(Marín et al. 2018; Godoy and Marín 2019). Ecuador concentrates most of its sampling sites across the Andes, from Quito to the Peruvian frontier (Fig. 22.2), where
most universities and croplands are located, while Colombia has its capital (Bogotá)
and surrounding areas, as the mycorrhizal research epicenter, although significant
research has also been conducted in the Amazon, near Leticia (Corrales et al. 2018;
Peña-Venegas and Vasco-Palacios 2019). Another Amazonian region with an important number of studies is the Guiana Shield (Fig. 22.2), particularly the frontier
between Venezuela and Guyana (Smith et al. 2011, 2013; Henkel et al. 2012;
Husbands et al. 2013; Roy et al. 2016), a highly diverse, unexplored, and difficult to
access area. Most Argentinian mycorrhizal sampling sites were located in the north
of the country, near a chain of cities starting in Buenos Aires (and through Rosario,
Córdoba, Mendoza, San Miguel de Tucumán) and ending in Salta and in the limits
with Bolivia (Fig. 22.2).
In most of the sampling sites (63.09%), mycorrhizal biodiversity was assessed,
while mycorrhizal functioning was targeted in 12.70% of the sites (Fig. 22.2). In
24.21% of the sampling sites, both mycorrhizal biodiversity and ecosystem functions were studied together (Fig. 22.2), a surprisingly high percentage compared to
global-scale analyses on soil biodiversity and ecosystem functioning (where this
percentage was 0.3%; Guerra et al. 2020) but comparable to similar analyses at a
national scale (Chile, where this percentage was 18.10%; Marín et al. 2022).
AMF was the mycorrhizal type most investigated (999 plots), followed by EMF
(345 plots) (Figs. 22.2d and 22.3). Particularly, the distribution of sampling sites for
both of these types matches the above-described patterns regarding where are
located the main research centers/universities, historical research hotspots, or capital cities (Fig. 22.3). The remaining mycorrhizal types and non-mycorrhizal plants
have been barely studied in the continent, with 103 sampling sites overall. This pattern can be partially explained because of the broad phylogenetic distribution of
AMF and EMF and the fact that the other two mycorrhizal types are more restricted
to specific plant families (Ericaceae and Orchidaceae). Furthermore, research into
ericoid mycorrhizas is relatively new on a global scale, with guides and protocols
for their isolation and identification being recently developed (Vohník 2020). As
expected, most studies on mycorrhizal functions focused on plant growth and surprisingly, in soil aggregation (Fig. 22.4).
As the main role of the mycorrhizal symbiosis is directly related to plant growth,
the result obtained in this regard (Fig. 22.4) was expected and matches previous
mycorrhizal functioning analyses on a broader scale (Lekberg and Helgason 2018).
Furthermore, there are databases dedicated to assess the effects of mycorrhizas on
plant growth, like MycoDB (Chaudhary et al. 2016). There are also some insights
and an important amount of research regarding the effects of mycorrhizas in soil
aggregation (Duchicela et al. 2013), with some emphasis on glomalin research
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Fig. 22.3 Distribution of the sampling sites for four mycorrhizal types and non-mycorrhizal
plants in South America. (a) Arbuscular mycorrhizas. (b) Ectomycorrhizas. (c) Orchid mycorrhizas. (d) Ericoid mycorrhizas. (e) Non-mycorrhizal plants. The size of the circles is based on a
50 km grid

(Cornejo et al. 2008) – which requires significant further development and better
techniques (Irving et al. 2021).
There were several South American biomes highly understudied, like the desert
and xeric shrublands of the Atacama Desert; the temperate grasslands, savannas,
and shrublands of the Patagonian Steppe; the tropical and subtropical grasslands,
savannas, and shrublands of the Cerrado and Chaco; and the tropical and subtropical
moist broadleaf forests of the Amazon (Fig. 22.5). This pattern coincides with previous reports about research gaps in South American mycorrhizas (Cofré et al.
2019; Marín and Bueno 2019; Nouhra et al. 2019). As belowground biodiversity
hotspots usually do not match aboveground hotspots (Cameron et al. 2019), it is
recommended to conduct more baseline studies especially directed toward places
with a transition of vegetation (Tedersoo et al. 2014). A recent study by Cazzolla
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Fig. 22.4 Distribution of the nine mycorrhizal ecosystem functions in South America. (a) Plant
growth. (b) Soil aggregation. (c) N uptake. (d) P uptake. (e) Chemical defense. (f) Allelopathy. (g)
Other nutrients uptake. (h) Soil water content. (i) Disease resistance

22

Gaps in South American Mycorrhizal Biodiversity and Ecosystem Function Research 455

Fig. 22.5 Distribution of the sampling sites across South American biomes. (a) Mycorrhizal biodiversity sampling sites. (b) Mycorrhizal functions sampling sites. (c) Sampling sites where both
mycorrhizal biodiversity and functions were jointly investigated
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Gatti et al. (2022) estimates that there are about 9200 tree species in the world, 40%
of them in South America, especially in the Amazon rainforest. This obviously adds
to the knowledge gaps in mycorrhizal research in the continent. Science funding
agencies across the continent should be more open to financing baseline studies
aimed to discover more species and describe their mycorrhizal types and hopefully
in more than one country, as in the European system. Broad collaborations and networking are novel scientific strategies to solve many gaps at the countries in South
America in the link between mycorrhizal biodiversity and ecosystems functions, as
through the South American Mycorrhizal Research Network and the International
Mycorrhiza Society, which are powerful tools for achieving such goals.
The contribution of mycorrhizal fungi to plant nutrition and growth is the key to
the formation of the symbiosis but not their only function. For example, on a global
scale, it was found a significant correlation between the abundance of mycorrhizal
fungi and P mineralization, soil respiration, available N, and in reducing antibiotic
resistance genes (Delgado-Baquerizo et al. 2020). Similarly, it is known that decomposition processes (and therefore saprophytic fungi) and the abundance of AMF and
EMF are related (Steidinger et al. 2019). It is not clear yet, at a global scale, which
specific mycorrhizal types are related to which ecosystem functions. Some functions, like soil aggregation, metal alleviation, and pathogen defense, among others,
have not been targeted at a global or even continental scale. Despite this, many
regional and local-scale studies have shown different relationships between mycorrhizal biodiversity and other ecosystem functions such as biogenic weathering
(Koele et al. 2014) and different components of the nitrogen cycle (Veresoglou et al.
2012). Also, in addition to global-scale analyses and studies and more baseline
explorations, conducting controlled mycorrhization experiments is still crucial to
understanding and quantifying mycorrhizal functions.
As mentioned earlier, trait-based ecology could make the relationship between
mycorrhizal types/biodiversity and functions clearer (Wurzburger and Clemmensen
2018). In this sense, Chen et al. (2018) have suggested using a plethora of mycorrhizal traits like hyphal exploration distance, hyphal turnover, and hyphal uptake
capacity and efficiency as proper functional traits because they heavily influence
the search for nutrients. Many of these traits, and others like hyphal life span or
mycelium structure (van der Heijden and Scheublin 2007), have been proven very
difficult to measure are still not widely used. Several “simpler” methods have been
suggested to solve these obvious methodological difficulties, AMF N:P stoichiometry (Powell and Rillig 2018) and relating different particular taxa to the acquisition
or bioavailability of a particular soil nutrient (Treseder et al. 2018; Marro et al.
2022). Several other traits and the feasibility of easily measuring them at broad
scales should be explored, like functional gene arrangements, enzymes, fatty acids,
and nutrient consumption profiles, among others. All these increasing efforts show
that the mycorrhizal scientific community is aware of the central role that trait-
based ecology will play in understanding the ecosystem functions of this symbiosis.
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22.4 Conclusion and Further Directions
In these analyses, we have shown that mycorrhizal research has many gaps in South
America. Just a few sites in the south-center of Chile, south and northeast of Brazil,
around a chain of cities in northern Argentina, around Bogotá (Colombia), south of
Quito (Ecuador), and in the frontier between Venezuela and Guyana presented a
good amount of sampling points, mainly targeting AMF and EMF, and plant growth
and soil aggregation as mycorrhizal types and ecosystem functions, respectively.
Thus, all other regions, mycorrhizal types, and mycorrhizal functions seem to be
understudied. Furthermore, much more baseline research of plant and fungal biodiversity and on mycorrhizal types and controlled experiments (i.e., response to
mycorrhization) are very needed. Additionally, we should ask in which of our nine
South American biomes are mycorrhizas playing more ecosystem roles (i.e., multifunctionality) and how different are the roles provided by each type. It is also important to understand how the relationships (either causal relationships or correlations)
change in plant communities dominated by different mycorrhizal types, which in
many South American ecosystems are relatively close (thus, controlling for environmental conditions). Importantly, we should ask how to relate different mycorrhizal
traits with different ecosystem functions. And finally, it is also important to assess
the interactions between other soil and rhizosphere organisms and mycorrhizal
fungi and the effect of such interactions on ecosystem functioning (Marín and van
der Heijden 2020).
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