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14.1  Introduction

In the southern cone of South America, Subantarctic Temperate Forests develop on 
both sides of the Andes Mountains, in Chile and Argentina. These ecosystems are 
the southernmost forests on Earth and have been relatively undisturbed by man, 
which makes them unique and extremely valuable for diverse research purposes 
(Marchelli et al. 2021). They cover a narrow but long latitudinal strip from 35° S 
(Maule River, Chile) to 55° S (in the Southern extreme of Chile and Argentina) and 
are considered a biogeographic island due to their geographic discontinuity from 
the other forests of South America. The climate of these forests is cold temperate, 
with an average temperature ranging from 9.5 °C in the North to 5.4 °C in the South. 
Precipitation depends primarily on the humidity of the Pacific Ocean and forms an 
abrupt decreasing gradient, fluctuating from more than 4000  mm in the West to 
700 mm in the East over less than 50 km (Armesto et al. 1995). Altitude gradients 
are also characteristic of this region, particularly at Northern latitudes where the 
Andes reach higher heights (Fig. 14.1a). Together with temperature and precipita-
tion, elevation gradients also impose strong adaptive challenges for plants because 
of the marked changes in environmental conditions over relatively short distances, 
such as low temperatures, frosts and snow, high radiation, shorter growing season, 
and changes in soil characteristics (Marchelli et al. 2021). Disturbances of different 
origins (natural and anthropogenic) and at different scales have also influenced, and 
still do, the structure and dynamics of Subantarctic Temperate Forests. Some of the 
main influencing factors are those of geological origin, being volcanic eruptions 
relatively frequent high-magnitude disturbances in this region (Fig. 14.1c, j). Fire is 
another disturbance severely affecting these forests and probably the most impor-
tant since the European colonization (González et  al. 2014). At present, a large 
proportion of these forests is under protection (e.g., National Parks, natural reserves), 
but this was not always the case, and some regions have a long history of unsustain-
able exploitation and use, mainly because of grazing, overexploitation, and the 
establishment of extensive plantations of fast-growing exotic species, such as pines. 
Therefore, these forests are characterized by a high heterogeneity imposed by prom-
inent environmental gradients, which influences species distribution and determines 
the occurrence of different forest formations (Marchelli et al. 2021, Fig. 14.1).
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Fig. 14.1 Environmental gradient characteristic of the Subantarctic Temperate Forests in Southern 
South America (a) and some typical Nothofagus forests from Argentina (b–h) and Chile (j–k). (b) 
Yuco, Neuquén; (c) Paso Cardenal Samoré, Neuquén; (d) Puerto Blest, Río Negro; (e) El Foyel, 
Río Negro; (f) El Chaltén, Santa Cruz; (g) Calafate, Santa Cruz; (h) Ushuaia, Tierra del Fuego; (i) 
Laguna arcoiris, Conguillio; (j) Llaima volcano and (k) Curacautín, Araucanía region. Photo’s 
credits: Fernández N: (b–e, g); Knoblochová T: (f, h); and Cornejo P: (i–k)

Subantarctic Temperate Forests are mainly composed of monotypic or mixed 
stands of two or three dominant tree species, with an understory of bamboo and/or 
several accompanying shrubs and herbs. In the tree layer, there is a predominance of 
angiosperms, accompanied by some long-lived gymnosperms, like Austrocedrus 
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chilensis, Araucaria araucana, Fitzroya cupressoides, and Saxegothaea conspicua 
(Armesto et al. 1995; Marchelli et al. 2021). Among the angiosperms, Nothofagus 
is by far the dominant genus, conforming about 80% of these forests (Fig. 14.1). 
This genus has a disjoint distribution with more than 40 species worldwide, occur-
ring in New Zealand, Australia, New Guinea, New Caledonia, and South America 
(Gondwanan origin). In South America, ten species and three recognized hybrids 
can be found. Six of these species are present in both Argentina and Chile (N. alpina, 
N. antarctica, N. betuloides, N. dombeyi, N. obliqua, and N. pumilio) and the other 
four only in Chile (N. alessandri, N. glauca, N. macrocarpa, and N. nitida) 
(Marchelli et al. 2021). Independently of their geographic location, species in the 
Nothofagaceae form ectomycorrhizas (EcM) (Tedersoo et al. 2009; Nouhra et al. 
2013; Fernández et al. 2015; Truong et al. 2017; Barroetaveña et al. 2019; Godoy 
and Marín 2019). Due to the ecological and economical importance of the 
Nothofagus species and to their close and vital relationship with EcM, several stud-
ies have focused on describing their mycorrhizal associations (Nouhra et al. 2019), 
including diverse ecological aspects as well as the diversity and distribution of the 
associated ectomycorrhizal fungi (EcMF). In this chapter, we describe different 
approaches used for studying this symbiosis in Nothofagus from South America and 
the influence of different biotic and abiotic factors on it.

14.2  Mycorrhizas in Nursery-Cultivated Nothofagus

Anthropogenic activities have caused persistent and prominent losses of forest 
cover all over the world. Natural regeneration of forest trees is usually challenging 
due to the lack of available seeds and to the harsh conditions for germination and 
seedlings’ establishment (e.g., plant competition, unfavorable climatic and micro-
site circumstances, consumption by herbivores). Therefore, artificial reforestation 
using nursery-grown seedlings is usually required (Haase and Davis 2017). 
Moreover, estimations of future effects of global climate change suggest that the 
need for forest restoration will increase, as environmental conditions become 
harsher, and the incidence of megafires increases. In this context, the availability of 
good-quality nursery-cultivated seedlings will be of crucial importance for deliver-
ing effective and successful restoration programs (Haase and Davis 2017; Marchelli 
et al. 2021).

Forest nurseries comprise a set of facilities (greenhouses) and lands (nursery 
beds) used to produce seedlings under favorable conditions, until they are ready for 
planting in the field, either for commercial or restoration purposes. Seedlings are 
commonly produced using two main cultivation systems: (i) containerized seed-
lings (grown in different types of pots and substrates) and (ii) bare-root seedlings 
(grown in open-field soil beds) (Menkis et al. 2011). Nursery managers have known 
for a long time that nursery-cultivated seedlings should be colonized by mycorrhi-
zas to ensure adequate field survival and growth (Cordell et al. 1987; Rudawska and 
Leski 2021). Such is so that mycorrhizas should be taken into account as an integral 
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component of nursery production and considered when determining seedlings’ 
quality. Besides, inoculation with selected growth-promoting fungi is an energy- 
efficient and environment-friendly alternative to fertilization with inorganic prod-
ucts (Cordell et al. 1987; Domínguez-Núñez and Albanesi 2019). However, a good 
understanding of the cultivation system and of the mycorrhizal status of the pro-
duced forestry seedlings is needed to be able to use mycorrhizal fungi as biotechno-
logical tools (Cram and Dumroese 2012; Rudawska and Leski 2021).

Nursery cultivation is also a good way of obtaining novel information on diverse 
ecosystem processes, which complements what can be observed or described 
directly in the field. This is because this type of experimental approach, performed 
under controlled conditions, simplifies the complex influence of different environ-
mental factors and allows to focus on particular variables (e.g., warming, drought, 
nutrient availability) or attributes of the species under study (e.g., genetic and phe-
notypic plasticity, adaptive potential). The description of mycorrhizas in Nothofagus 
seedlings cultivated in forest nurseries as part of domestication programs will be 
presented in Sect. 14.2.1, while the employment of nursery trials for the study of 
plant traits and ecosystem processes will be addressed in Sect. 14.2.2.

14.2.1  Domestication of Nothofagus Species

Domestication of forest trees refers to the development of technologies for high- 
quality seedling production, for both productive and restoration purposes. Tree 
domestication is mostly based on the selection of appropriate gene pools and con-
siders other important aspects, such as the improvement of seedlings’ growth, out-
planting in the field, and plantation management (Pastorino 2021). The forestry 
industry in South America has been mainly focused on introduced fast-growing 
species, as those included in the Pinus, Pseudotsuga, Populus, and Salix genera 
(González et al. 2008; Pastorino 2021). However, in the last decades, much more 
attention has been paid to native forestry species, since there is a social and govern-
mental consensus on the importance of conserving and restoring natural ecosystems 
and on moving toward more sustainable forestry practices. Among the native spe-
cies of greatest interest to domesticate and cultivate are those comprised in the 
genus Nothofagus (Pastorino 2021).

There is a growing concern in finding alternative technologies to chemical inputs 
(pesticides and fertilizers) used for agriculture and forestry production. In South 
America, Argentina, Brazil, and Colombia are playing a leading role in using bio-
products (e.g., biofertilizers, biocontrol agents). However, most of their effort is 
focused on agriculture (Goulet 2021), being still necessary to develop more sustain-
able options for the forestry industry. Since the 1950s, mycorrhizal fungi have been 
frequently applied as biofertilizers in forestry production, as their effectiveness in 
seedlings’ field survival and growth was experimentally demonstrated (Cram and 
Dumroese 2012; Domínguez-Núñez and Albanesi 2019). Despite one of the aspects 
that should be included in Nothofagus domestication is the application and 
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management of EcM (Fernández et al. 2013), the occurrence of this symbiosis is 
generally overlooked. This is mostly due to the lack of information on the mycor-
rhizal status of seedlings during cultivation, the appropriate ways of inoculating 
EcMF, and on the evaluation of seedlings’ performance after being established in 
the field. In order to fill these knowledge gaps, some studies have been performed 
and are described below.

In a two-year experiment, Fernández et al. (2013) analyzed the abundance and 
diversity of mycorrhizas naturally established in N. alpina seedlings cultivated 
under the same conditions as those used for domestication programs (i.e., seed strat-
ification, containerized seedlings production, fertigation, lack of EcMF inocula-
tion). Seedlings were grown under two different techniques in the nursery of the 
Instituto Nacional de Tecnología Agropecuaria (INTA) EEA Bariloche (Fig. 14.2): 
(1) two years in pots inside the greenhouse (containerized) or (2) the first year in the 
greenhouse followed by a second year in the nursery soil bed (containerized + bare- 
root). For each plant, EcM colonization percentage  in addition to richness and 
diversity of EcMF were determined. It was observed that seedlings naturally devel-
oped EcM between six and 12 months after germination, right after the rustification 
stage, when nutrient supply (mainly N and P) and irrigation frequency were signifi-
cantly reduced. Seedlings that continued for a second year in the greenhouse were 
significantly bigger (higher values of stem length, root diameter, and stem diameter) 
and had significantly higher EcM colonization (73%) than those transplanted to the 
nursery soil (65%), which were subjected to transplant stress and harsher environ-
mental conditions (e.g., radiation, frosts, wind). However, bare-root seedlings were 
colonized by a higher number of EcMF species (six) with respect to those that 
remained in the greenhouse (two). The most abundant EcMF in seedlings from both 
cultivation techniques were Tomentella ellisii (Basidiomycota, 54–71%) and a still 
unidentified fungus named Ascomicetos EcM sp.  1 (29–37%) (Fig.  14.2). Four 
EcMF species were only found in bare-root seedlings, two basidiomycetes 
(Hebeloma cavipes and Rickenella sp. 1) and two ascomycetes (Peziza sp. 1 and 
Peziza sp. 2). This is in agreement with other studies that also reported that mycor-
rhizal fungi adapted to greenhouse conditions often remain in the roots after trans-
plantation, but they are gradually replaced by soil-borne species better adapted to 
natural environmental conditions (Fernández et al. 2013; Rudawska and Leski 2021).

In a different forest nursery, which is also involved in Nothofagus domestication 
programs (INTA-EEA Trevelin) and uses the same cultivation protocols, 
Barroetaveña et al. (2009) evaluated how the inoculation of three native basidiomy-
cetous EcMF (Hallingea purpureus, Austropaxillus statuum, and Setchelliogaster 
fragilis) affected the mycorrhization and growth of three Nothofagus species. These 
EcMF species were selected based on the following criteria: (1) the presence of 
abundant fruiting bodies in native forests, (2) a high number of spores in the sporo-
carps, and (3) their occurrence in more than one Nothofagus species. Seedlings were 
inoculated using spores of the different selected EcMF. After one year in the green-
house, it was observed that EcM colonization was relatively low and differed sig-
nificantly between Nothofagus species (mean values: 14.5, 8.6, and 3.6% for 
N. pumilio, N. obliqua, and N. alpina, respectively). Only two EcMF were found in 
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Fig. 14.2 Cultivation of Nothofagus alpina seedlings in the greenhouse (a–f) and soil bed (g) of 
the INTA EEA Bariloche forest nursery, and most abundant ectomorphotypes observed in their 
roots and formed by Ascomicetos EcM sp. 1 (h, i) and Tomentella ellisii (h, j). Photo’s credit: 
Fernández N
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seedlings’ roots, and none of them corresponded to the inoculated species. The most 
abundant EcMF was Thelephora terrestris (Basidiomycota), while Cenococcum 
geophilum (Ascomycota) was registered in just a few root tips. Significant relation-
ships between growth parameters and inoculation treatments were not detected. 
These results are in agreement with the abovementioned study (Fernández et  al. 
2013), in which only two EcMF were described in containerized seedlings, being 
the basidiomycetous species much more abundant than the ascomycetous. The 
unsuccessful inoculation of native EcMF in Nothofagus seedlings was most proba-
bly a consequence of their intolerance to fertigation and cultivation conditions in the 
greenhouse and/or to their incapacity of outcompeting EcMF normally present in 
forest nurseries and better adapted to these conditions (Barroetaveña et al. 2009). 
This is supported by the fact that Valenzuela et al. (2008) succeeded in inoculating 
the native EcMF Descolea antarctica (Basidiomycota) in N. obliqua seedlings 
grown without any kind of fertilizer. It is known that most of the techniques applied 
for intensive seedling production typically suppress or delay mycorrhizal coloniza-
tion, particularly when high fertilization rates are used (Cram and Dumroese 2012; 
Fernández et al. 2013), so this information has to be considered for successful EcM 
inoculation during Nothofagus cultivation.

In a different study, Carron (2021) analyzed the EcM behavior of five Nothofagus 
species (N. alpina, N. antarctica, N. dombeyi, N. obliqua, and N. pumilio) cultivated 
in three different nurseries located in northern Patagonia, Argentina. These nurser-
ies used different seed provenances and cultivation conditions (e.g., substrate, pot 
type and size, irrigation frequency, fertigation regimes). All the analyzed specimens 
had EcM despite not being artificially inoculated, and a total of 16 ectomorphotypes 
were recorded. Colonization percentages, EcMF richness, and diversity varied 
widely between the different nurseries. The nursery which produced the seedlings 
with the highest colonization values (72%) also presented the highest EcM richness. 
It was also noticed that EcM abundance and richness differed significantly not only 
between different Nothofagus species but also between seed provenances. Therefore, 
this study highlights the importance of contemplating plant material (e.g., seed 
provenance) in addition to nursery production conditions (e.g., substrate, fertiga-
tion) for managing the establishment and development of EcM in Nothofagus seed-
lings. Later on, some of these seedlings were transplanted into a native N. antarctica 
shrubland, and after four growing seasons, EcM abundance and diversity were ana-
lyzed again. Colonization values of the transplanted plants did not vary significantly 
between the nurseries and the field, but, as previously found by Fernández et al. 
(2013), EcM richness and diversity were much higher in seedlings growing under 
natural conditions.

According to the abovementioned studies (Barroetaveña et al. 2009; Fernández 
et al. 2013; Carron 2021), Nothofagus seedlings are naturally colonized by EcMF 
during their production in forest nurseries. It is possible that the EcMF inoculum is 
already present in the cultivation substrate or in the irrigation water, that it is caused 
by windblown spores, or even that resistant propagules remain in the greenhouse 
from one season to the other (Barroetaveña et al. 2009; Cram and Dumroese 2012; 
Fernández et al. 2013). It is also evident that colonization and diversity values of the 
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EcMF depend on the cultivation technique, as has been described for other nursery- 
cultivated forestry species (El Karkouri et al. 2005; Menkis et al. 2011; Rudawska 
and Leski 2021). It is important to consider that naturally established EcMF, such as 
Th. terrestris, To. Ellisii, and Ce. Geophilum, which have been found in forest nurs-
eries worldwide, are often well adapted to intensive nursery systems (Cram and 
Dumroese 2012; Rudawska and Leski 2021) and might outcompete the inoculated 
species, probably not tolerant to these conditions. Since the effectiveness of artifi-
cial inoculation can vary greatly depending on the host plant, the inoculated fungi, 
and the environmental conditions in the nursery or planting sites, a careful selection 
and testing of particular mycorrhizal inoculants able to ensure a positive benefit-to- 
cost ratio is needed before operational use (Cram and Dumroese 2012). An alterna-
tive to artificial EcMF inoculation would be to manage the cultivation system in 
order to obtain better EcM development and higher seedlings’ quality, for example, 
by reducing the amount of applied fertilizers so that more EcM are naturally formed, 
perhaps obtaining slightly smaller seedlings but with better adaptability to field con-
ditions (Menkis et al. 2011; Cram and Dumroese 2012).

Altogether, this information emphasizes the importance of considering all the 
steps of the cultivation process to accurately manage the mycorrhizal symbiosis as 
an effective and sustainable way of producing high-quality Nothofagus seedlings. 
Although progress has been made in this regard for different Nothofagus species, 
more studies are urgently needed to identify beneficial EcMF species and favorable 
cultivation conditions to optimize the development of this symbiosis and seedlings’ 
quality.

14.2.2  Description of Plant Traits and Ecosystem Processes

Nursery trials are also useful not only for describing the association between spe-
cific EcMF and certain forestry species but also for describing the effect of diverse 
factors on mycorrhizal development and its influence on plants’ growth or survival. 
For example, morphological and anatomical description of the ectomorphotypes 
formed by Laccaria laccata (Basidiomycota) and Paxillus involutus (Basidiomycota) 
in N. dombeyi and N. alpina, respectively, was investigated in nursery-cultivated 
seedlings (Godoy and Palfner 1997). Alberdi et al. (2007) and Álvarez et al. (2009) 
carried out greenhouse experiments for evaluating the physiological response of 
N. dombeyi seedlings to inoculation with a specific native EcMF (D. antarctica) and 
a nonspecific cosmopolitan EcMF (Pisolithus tinctorius, Basidiomycota) under 
drought stress conditions. They concluded that the inoculation with these EcMF 
favored plant resistance to water deficit (Alberdi et  al. 2007), stimulated plant 
growth, and increased foliar N and P concentrations, especially under drought stress 
conditions (Álvarez et al. 2009). Based on these results, they strongly suggested 
including EcM in afforestation and ecological Nothofagus restoration programs in 
order to optimize their production, reestablishment, and sustainability (Álvarez 
et al. 2009). In later studies, the importance of using EcM inoculation for carrying 
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out restoration activities with Nothofagus seedlings was confirmed (Godoy and 
Marín 2019). It was observed that the inoculation of N. alpina, N. obliqua, and 
N. pumilio with Ps. tinctorius and/or L. laccata improved not only seedlings’ growth 
in the nursery (Marín et al. 2018; Godoy and Marín 2019) but also their establish-
ment and development in the field (Godoy and Marín 2019).

Due to the fertile volcanic soils and to the climatic similarities with the native 
range of different Pinus species (Bradford and Lauenroth 2006), large plantations 
with fast-growing exotic conifers have been successfully established in the 
Subantarctic Temperate Forest region. Despite being an important economic 
resource, the establishment of Pinus plantations has seriously impacted native eco-
systems, causing significant alterations in soils’ physical, chemical, and biological 
properties, with severe consequences on environmental processes and ecosystem 
services (Franzese and Raffaele 2017; Castro-Díez et  al. 2019; Fernández et  al. 
2020). Besides, some Pinus species can easily spread outside the plantations, there-
fore becoming successful invaders (Franzese et al. 2016). Biological invasions are a 
serious global threat. Although it has been demonstrated that belowground invaders 
can impact ecosystem processes and determine aboveground communities’ assem-
bly, the investigation of biological invasions has been mainly addressed from an 
aboveground perspective (Policelli et  al. 2020). Most of the EcMF identified in 
both, Nothofagus and Pinus, are basidiomycetes, but fungal communities in their 
roots are completely different. Members of the Cortinariaceae are the dominant 
EcMF taxa in Nothofagus (Nouhra et al. 2013; Fernández et al. 2015; Barroetaveña 
et al. 2019; Godoy and Marín 2019; Truong et al. 2019; Mestre and Fontenla 2021), 
but are not that frequent in Pinus. Among the most abundant EcMF in Pinus, espe-
cially in plantations, are Rhizopogon roseolus and Suillus luteus. These two EcMF 
species are native to the northern hemisphere and co-invaded with their hosts 
(Barroetaveña et al. 2007; Policelli et al. 2018). Therefore, the establishment of a 
Pinus plantation and their associated mutualists might significantly impact native 
fungal communities. In this context, Salgado Salomón et al. (2013) used a green-
house bioassay to assess the occurrence and abundance of EcM in seedlings of four 
Nothofagus species (N. alpina, N. antarctica, N. dombeyi, and N. obliqua) grown in 
soils from pure Nothofagus forests, from pure Ps. menziesii plantations, and from 
Nothofagus forests invaded by Ps. menziesii. They found that seedlings grown in 
soils from pure Nothofagus forests had higher EcM colonization rates (57.8%), but 
those cultivated in soils from the plantations or from the invaded forests were still 
able to form abundant EcM (44.6 and 42.5%, respectively). Similarly, Policelli et al. 
(2020) used cultivation approaches for evaluating the growth and EcM colonization 
of N. antarctica and Pi. contorta seedlings cultivated in soils from pine-invaded or 
non-invaded forests. They observed that both tree species grew equally well and had 
high colonization rates (>60%) in both types of soil. However, it is important to 
mention that  despite similar colonization values, the fungi forming EcM varied 
widely depending on the soil where each plant species was cultivated (e.g., in 
N. antarctica the most abundant EcMF found in seedlings cultivated in the soil from 
the invaded area -Sistotrema sp.- was not even present in those growing in the soil 
from the non-invaded area). Out of the 12 EcMF species registered in this work, 
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only one was common for both tree species when cultivated into the soil from pine- 
invaded area (Sistotrema sp., Basidiomycota). This study revealed that the soil from 
native forests where the invasive host is still absent is already preconditioned for 
invasion by the presence of compatible EcMF, so the presence of native below-
ground fungal mutualists is apparently not hindering the spread of the non-native 
species (Policelli et al. 2020).

The fact that Nothofagus species are able to form EcM in soils from Pinus plan-
tations has been registered in some other studies also using cultivation approaches. 
For example, Fioroni (2020) evaluated in a nursery experiment how plant growth 
and mycorrhization varied in N. obliqua and Pi. ponderosa seedlings depending on 
three different cultivation aspects: (1) soil origin: native Nothofagus forest vs Pi. 
ponderosa plantation, (2) cultivation type: monospecific (two N. obliqua or Pi. pon-
derosa seedlings in the same pot) vs mixed (one seedling of each plant species in the 
same pot), and (3) application (or not) of a commercial EcM inoculant (Ectovit, 
Symbiom®, Czech Republic). This inoculant is suitable for most coniferous and 
some deciduous trees, as those included in the Fagaceae, which are closely related 
to the Nothofagaceae. It was observed that both species grew better in the forest 
soil, most probably as a consequence of its higher nutrient content. When cultivated 
in the plantation soil, seedlings’ growth was higher in mixed cultures than in the 
monospecific ones, being this information promising for considering the establish-
ment of mixed plantations that could replace, at least in part, Pinaceae monocul-
tures. The application of the commercial EcM inoculant usually favored the 
development of Pi. ponderosa seedlings but negatively affected N. obliqua, mainly 
in mixed cultures. In contrast to what was observed by Policelli et al. (2020), Fioroni 
(2020) found for both plant species that EcM colonization was higher when culti-
vated in its soil of origin (native forest or plantation soil for N. obliqua and Pi. 
ponderosa, respectively). Communities of EcMF differed significantly not only 
between plant species but also for the same species cultivated in the different types 
of soil. The most abundant EcMF in N. obliqua roots grown in the forest soil were 
Ruhlandiella patagonica (Ascomycota) and Sordariomycetes sp. 1 (Ascomycota) 
for monospecific and mixed cultures, respectively, while in the plantation soil, it 
was To. ellisii. In the case of Pi. ponderosa, the most abundant EcMF in the seed-
lings cultivated in the native forest soil were Su. luteus, Wilcoxina mikolae 
(Ascomycota), and Meliniomyces bicolor (Ascomycota), but in the plantation soil, 
EcMF dominance varied widely between the different treatments. In summary, the 
three evaluated factors influenced EcM abundance and EcMF composition in both 
hosts. Other important findings in this study were that: (1) Ru. patagonica was first 
described as forming EcM in Nothofagus roots (it had been found only in soil sam-
ples, Kraisitudomsook et al. 2019; Nohura et al. 2019), and it improved N. obliqua 
seedlings’ growth; and (2) some EcMF were found simultaneously in roots of both 
forestry species when cultivated in the plantation soil (To. ellisii, Tuber sp. 1, and 
one species of Pyronemataceae), demonstrating that they can harbor common fun-
gal symbionts under specific environmental conditions (Fioroni 2020).

Fire is one of the most important recurring disturbances in Subantarctic Temperate 
Forests, and it might favor Pinus establishment and invasion (Franzese and Raffaele 
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2017). In a recent study, Soto-Mancilla (2022) carried out a greenhouse experiment 
for investigating how fire intensity and soil origin affect the growth and EcM colo-
nization of recently established N. antarctica and Pi. contorta specimens. Seedlings 
of both species were grown in two types of soil (native scrubland vs pine planta-
tion), which were subjected to experimental burning of different intensities 
(High = 900 °C, Low = 500 °C, and Control = no burning). In Pi. contorta, the aerial 
biomass of the seedlings growing in the plantation soil was almost double than in 
those cultivated in the forest soil, but no differences were observed with respect to 
fire intensity. On the contrary, the aerial biomass of N. antarctica seedlings was 
almost the same for both soil types but tended to increase in burned soils, especially 
with high intensity  burning. Regarding EcM, and unlike what was observed by 
Fioroni (2020), colonization values were always above 70% for both species. In 
N. antarctica, EcM colonization increased as the intensity of the fire also increased, 
while this trend was not observed for Pi. contorta. Interestingly, a positive correla-
tion between aerial biomass and EcM colonization was observed for the native spe-
cies, being this correlation negative for Pi. contorta. In brief, N. antarctica seems to 
be quite resilient to this disturbance, and no evidence that fire favors the establish-
ment and growth of recently established Pi. contorta seedlings was found (Soto- 
Mancilla 2022).

As demonstrated above, nursery trials can be used to evaluate the effect of diverse 
factors on Nothofagus establishment and development, their relationship with other 
forestry species, and the dynamics of mycorrhizal communities in their roots. Thus, 
nursery trials are an extremely useful tool and the information obtained from them 
complements what is observed in natural ecosystems, thus contributing to the over-
all understanding of this symbiosis.

14.3  Mycorrhizas in Nothofagus From Natural 
and Managed Ecosystems

14.3.1  Types of Mycorrhizas in Nothofagus

Plants belonging to the same genus usually have the same type of mycorrhiza. 
However, some species can harbor more than one mycorrhizal type, either simulta-
neously or at different life stages or environments. These plants are known as dual 
hosts (Smith and Read 2008; Teste et al. 2020). This phenomenon was observed 
among important forestry species of the genera Eucalyptus, Quercus, Pinus, Tsuga, 
Pseudotsuga, Populus, and Salix, in which both EcM and arbuscular mycorrhizas 
(AM) were described (Wang and Qiu 2006; Teste et  al. 2020). In the case of 
Nothofagus, structures resembling AM colonization (i.e., typical arbuscules and 
coils) have not been found, even though several researchers have looked for them in 
different life stages and environmental conditions (Barroetaveña com. pers.; Salgado 
Salomón et  al. 2013; Fernández et  al. 2013, 2015; Fioroni 2020). There is one 
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exception, in which an AMF species (Glomus sp.) was registered in a unique 
N. dombeyi tree but only based on molecular methods (Bidartondo et  al. 2002), 
which does not exclude the possibility of having amplified AM hyphae firmly 
attached to the roots. Consequently, and based on the available information, we 
consider Nothofagus species as exclusively ectomycorrhizal.

14.3.2  Natural and Anthropogenic Factors Influencing 
Nothofagus Ectomycorrhizas

There are many abiotic and biotic factors that influence different aspects of the EcM 
symbiosis. Different researchers have investigated how several environmental fac-
tors affect EcM dynamics in Nothofagus forests. For example,  it has been 
described that both temperature and precipitation strongly affect EcMF richness. In 
North Patagonian forests, Nouhra et al. (2012) observed that species richness and 
sporocarp biomass of hypogeous EcMF in N. pumilio and N. dombeyi forests were 
positively correlated with precipitation but negatively correlated with altitude. 
Nouhra et al. (2013) also found that altitude has a significant effect on EcMF com-
munity structure, even along a narrow altitudinal range (700 m). On the contrary, 
Truong et  al. (2019) determined in N. pumilio forests from Tierra del Fuego 
(Argentina and Chile) that EcMF community shifts were mainly mediated by soil 
pH, while elevation had no significant effects. One of the possible reasons for this 
discrepancy is that the elevation range considered in this last work was lower than 
in the previous ones (~500 m or less).

Another important factor of analyses has been seasonality, being the obtained 
results variable between Nothofagus species and seasons. For instance, species rich-
ness of hypogeous EcMF sporocarps of N. dombeyi and N. pumilio forests did not 
vary in relation to season (autumn and spring), but biomass was consistently greater 
in autumn for N. dombeyi and in spring for N. pumilio (Nouhra et al. 2012). Richness 
and diversity of EcMF in N. alpina roots was also found to be higher in autumn than 
in spring, and the relative abundance of most of the identified EcMF species changed 
seasonally (some EcMF were more abundant in spring and others in autumn) 
(Fernández et  al. 2015). However, the opposite tendency was registered in some 
N. pumilio forests, where EcMF diversity tended to be higher in spring than in 
autumn (Longo et al. 2011). In a N. antarctica shrubland, abundance of EcMF in the 
soil was higher in summer than in autumn, and despite richness and diversity did not 
vary between seasons, fungal composition was significantly affected by seasonality. 
For example, Ascomycetes predominated in autumn, while Basidiomycetes were 
more abundant in summer (Carron et al. 2020). Evidently, there is not a common or 
regular pattern of seasonality on Nothofagus EcM, which might be related to the 
fact that different methods of analyses (e.g., fruit body collection, ectomorphotype 
quantification and identification, metabarcoding approaches) on distinct Nothofagus 
species and environments were used. Much more studies using similar experimental 
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approaches in greater geographical and temporal scales are needed to finally eluci-
date if there is (or not) a clear effect of seasonality on this important symbiosis.

The impact of different natural and anthropogenic disturbances on Nothofagus 
EcM has also been worthy of consideration. A few field studies have been carried 
out to describe the impact of forest fires on Nothofagus EcM. Palfner et al. (2008) 
determined that EcM abundance in N. alpina seedlings was quite similar between 
burned and unburned sites, but EcM richness tended to be higher in the last. Besides, 
in burned sites, there was a striking dominance of D. antarctica (43.5% out of the 
total number of analyzed root tips), an EcMF species that is especially abundant on 
seedlings or young trees growing at disturbed or ruderal sites (Palfner et al. 2008). 
Longo et al. (2011) evaluated the long-term effect of fire on EcM colonization and 
ectomorphotype richness in roots of N. pumilio adult trees in three areas differing in 
precipitation regime (1500–1750 annual mm) and fire age (6–10 years). They found 
that fire might impact EcM communities and that the effects are mostly context 
dependent, varying according to different forest sites, fire age, and seasons. Despite 
these authors strongly suggested to carry out further studies to understand patterns 
and mechanisms regarding the effects of forest fires on belowground communities 
(Longo et al. 2011), as far as we know, no other studies have been performed on this 
topic, so much work is still needed. The fact that climate change predictions fore-
seen an increase in the frequency of forest fires causes concern for the future of 
Subantarctic Temperate Forests (Marchelli et al. 2021) and highlights the urgently 
need to address this type of studies in brief.

Volcanic eruptions are another relatively common disturbance in Subantarctic 
Temperate Forests, being tephra fall and deposition one of the most widespread 
effects. After the astonishing eruption of the Puyehue-Cordón Caulle volcanic com-
plex in 2011, the natural regeneration and development of N. pumilio seedlings and 
associated EcM were analyzed in the first two growing seasons after the eruption by 
Moguilevsky et  al. (2021). It was observed that only 40% of the six-month-old 
seedlings directly germinated on the tephra had EcM, being colonization values 
(<12%) significantly lower than in non-affected sites (80%). However, all the 
18-month-old seedlings growing on thick tephra deposits were as colonized by 
EcM as seedlings in sites without tephra, but diversity and community composition 
of EcMF differed significantly between these sites. Cortinarius and Inocybe species 
where only found in seedlings from the forest without tephra accumulation, while 
other EcMF were present only in those growing in the tephra, such as Aleurina 
echinata, Th. Terrestris, and To. elisii. The latter two, also registered in nursery 
cultivated Nothofagus seedlings (Barroetaveña et al. 2009; Fernández et al. 2015; 
Fioroni 2020), are known as pioneer mycobionts that may be displaced by other 
EcMF in competitive natural environments, such as natural forest soils. The early 
and increasing EcM colonization found in seedlings growing on thick tephra depos-
its supports the strong dependence of Nothofagus on this symbiosis and highlights 
its importance as an adaptive mechanism under stress conditions (Moguilevsky 
et al. 2021).

Nothofagus forests also constitute an important economic resource. In the last 
decades, priority conservation zones have been defined, and new silviculture 
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techniques have been implemented in order to achieve greater forest sustainability. 
One of these attempts was the implementation of “variable retention managements”, 
which consists of leaving intact patches of primary or secondary forest within a 
harvested area, where a few trees (~20%) remain as seed trees, regeneration shelter, 
or for conservation purposes (Hewitt et  al. 2018). When EcM colonization and 
EcMF diversity were studied in these managed ecosystems, no significant differ-
ences were observed between primary forests and intact patches, but they were sig-
nificantly lower in deforested areas, where some EcMF species were very scarce or 
absent. These findings emphasize the negative effect of this intensive practice on 
EcM and support the idea that intact patches act as refugee for EcMF diversity more 
effectively than individual trees in deforested areas (Hewitt et al. 2018). Similarly, 
Dickie et al. (2009) observed that timber harvesting reduced the presence of EcM in 
roots and caused significant shifts in fungal communities in Nothofagus rainforests, 
where some Laccaria species tended to increase in harvested areas while Russula 
species decreased in abundance. In N. betuloides forests, it was described that the 
higher the disturbance, the higher the soil fungal richness and abundance of plant 
pathogens and the lower the richness and abundance of ectomycorrhizal and sapro-
phytic fungi (Marín et al. 2017). Considering that mycorrhizas are directly related 
to vegetation dynamics and several ecosystems’ processes and services, this infor-
mation should be seriously taken into account for outlining sustainable management 
programs.

In addition to the previously mentioned experiments addressing the interaction 
between Nothofagus and Pinus and their EcM (Salgado-Salomón et  al. 2013; 
Fioroni 2020; Soto-Mancilla 2022), it was determined in the field that soil fungal 
communities associated with roots of N. alpina plants implanted beneath a native 
Nothofagus forest and a Pi. ponderosa plantation are completely different: 
Basidiomycetes are the dominating fungal taxa in the native forest and Ascomycetes 
in the plantation (Fernández et  al. 2020). Furthermore, Fernández et  al. (2020) 
determined that EcM colonization rates as well as richness and diversity of EcMF 
were significantly lower in N. alpina individuals established under the Pinus planta-
tion with respect to those growing in the native forest (both planted and naturally 
established). Out of the 26 EcMF identified in this study (Fig. 14.3), only four were 
present in N. alpina individuals implanted under the Pinus plantation, and no com-
mon fungal species between this environment and the native forest were registered 
(Fernández 2012). It was also observed that N. alpina trees growing in the planta-
tion were much shorter and had a less developed root system. This study demon-
strated that despite of being able to establish and grow in ecosystems completely 
dominated by a Pinus species, the conditions for N. alpina to establish beneficial 
EcM are probably not optimal, which might directly influence its development and 
productivity (Fernández 2012).

Dispersal is another critical factor in the ecology of EcM. Dispersal limitation 
has been shown to have strong impacts on diversity patterns of mycorrhizal fungi 
and consequently on their plant hosts. Many EcMF produce fruiting bodies to dis-
perse their spores. Some of them grow aboveground (epigeous mushrooms), shoot 
their spores into the air, and rely on wind to disperse, but in this case, most spores 
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Fig. 14.3 Most abundant ectomorphotypes found in Nothofagus alpina specimens analyzed in the 
native forest (a–j) and ectomorphotype formed by Ruhlandiella patagonica in roots of N. obliqua 
seedlings cultivated in the soil of the same forest (k). Some of these ectomorphotypes have also 
been found in other Nothofagus species, such as ectomorphotypes (j), (i), and (j) in N. obliqua and 
N. dombeyi and R. patagonica in roots of N. antarctica and N. alpina. Photo’s credits: Fernández 
N, (a–j) and Fioroni F, (k)

travel only a few meters from their source, so long-distance dispersal is relatively 
rare. Other EcMF produce enclosed belowground fruiting bodies (hypogeous fungi, 
such as truffles) and have to rely on animals that eat them for spore dispersal. Animal 
mycophagy is an important process that increases the chances of EcMF, both epi-
geous and hypogeous fungi, to disperse far from the source. This dispersal mecha-
nism has been mainly studied in mammals from the northern Hemisphere. Insects 
and other invertebrates have also been occasionally shown to disperse fungal spores 
(Caiafa et al. 2021 and references within). In Patagonia, it was observed that exotic 
EcMF associated with Ps. menziesii and usually dispersed by invasive mammals 
(mainly wild boar and deer) are present even in sites where these animals have been 

N. Fernández et al.



297

historically absent, so it becomes evident that alternative dispersal mechanisms are 
operating in their dispersion (Policelli et al. 2022). In this sense, Caiafa et al. (2021) 
have recently shown that two endemic Patagonian birds, chucao (Scelorchilus 
rubecula) and black-throated huet-huet (Pteroptochos tarnii), regularly consume 
and disperse copious viable spores from hypogeous and other EcMF. These findings 
indicate that birds may act as cryptic but critical fungal dispersal agents not only in 
Patagonia but also in other ecosystems.

14.3.3  Ectomycorrhizal Fungal Diversity in Native 
Nothofagus Forests

The Southern Hemisphere harbors many unique fungal lineages that are absent 
from the Northern Hemisphere (Tedersoo et  al. 2014). In South America, great 
efforts have been made to describe the structure and diversity of EcMF communities 
in Nothofagus forests. There is a general consensus that in these forests soil fungal 
communities are extensively dominated by Basidiomycetes (Fernández et al. 2020; 
Mestre and Fontenla 2021). This is also true for EcMF, either in the soil (Truong 
et al. 2017), roots (e.g., Nouhra et al. 2013; Fernández et al. 2015; Fioroni 2020; 
Mestre and Fontenla 2021; Soto-Mancilla 2022), and fruit body occurrence (Nouhra 
et al. 2012). EcMF communities from Subantarctic Temperate Forests are relatively 
diverse in terms of taxonomic groups, mostly involving members of the /cortinarius 
in the first place, followed by /inocybe, /ramaria-gautieria, /tomentella-thelephora, /
clavulina, and /tricholoma lineages. The /russula-lactarius lineage is remarkably 
species poor compared with almost every other EcM region of the world, whereas 
the /suillus-rhizopogon, /boletus, and /pisolithus-scleroderma lineages are almost 
completely absent, which is a unique pattern at the global scale (Barroetaveña et al. 
2019; Nouhra et al. 2019). These tendencies have been observed even using differ-
ent experimental approaches, such as sporocarp collection (voucher specimens) or 
OTU amplification from colonized root tips and soil samples (Fig. 14.4). The over-
all EcMF community of these South American forests is relatively similar to that of 
other Nothofagus-dominated forests in New Zealand and Australia (Nouhra et al. 
2013; Truong et  al. 2017; Nouhra et  al. 2019). Even more, the Subantarctic 
Temperate Forests harbor a prominent set of exclusively Gondwanan taxa that 
includes at least five lineages: /aleurina, /descolea, /austropaxillus, and /porpoloma, 
as well as species of Underwoodia (an exclusively Southern Hemisphere branch of 
the /tuber-helvella lineage) (Truong et al. 2017; Nouhra et al. 2019).

It is interesting to mention that there are many common EcMF between dif-
ferent Nothofagus species (Fig. 14.3). Palfner (2001) described 15 EcM mor-
photypes, associated with natural evergreen and deciduous Nothofagus forest in 
Southern Chile and Argentina and found no significant differences between the 
EcMF communities of these distinct forest types. More recently, the biodiver-
sity and community composition of EcMF were simultaneously assessed in 
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N. dombeyi, N. obliqua, and N. alpina forests, and no significant differences 
between these forests types were neither noticed (Nouhra et al. 2013). This is 
because some of the most common and abundant mycobionts, such as species of 
Cenococcum, Clavulina, Cortinarius, Inocybe, and Tomentella, were found in 
association with the different Nothofagus species. Barroetaveña et  al. (2019) 
also showed that Nothofagus species share several EcMF but stated that 
N. dombeyi had the highest number of unique EcM species, followed by N. pum-
ilio, N. antarctica, and N. obliqua. One example of this is the EcMF Co. pyro-
myxa that was found across a wide latitudinal range of Subantarctic Temperate 
Forests but always in association with the evergreen N. dombeyi (Lam et al. in 
review). This type of comparative studies has laid the basis to preselect some 
EcMF that could be of biotechnological importance, such as Au. statuum, Co. 
fragilis, Co. xiphidipus, and Ha. purpurea (all Basidiomycetes), which have 
been proposed by Barroetaveña et  al. (2019) as candidates for nursery spore 
inoculations and to further scientific evaluation. We would like to include in this 
list the ascomycetous fungi Ru. patagonica (Figs. 14.3k and 14.4c), which have 
been found in roots of N. antarctica (Soto-Mancilla 2022), N. obliqua (Fioroni 
2020), and N. alpina (Fernández et al. 2013 where it was named as Peziza sp. 2) 
and seems to improve seedlings’ growth (Fioroni 2020). Further associations 
between specific EcMF and hosts are likely waiting to be discovered as more 
molecular-based studies address the EcM communities of Subantarctic 
Temperate Forests (Nouhra et al. 2019).

Studies based on environmental sequences have detected in Nothofagus forests 
several previously unknown fungal lineages, thereby demonstrating that fungal 
diversity is probably much higher than presently known. For example, Truong et al. 
(2017) revealed surprisingly high species diversity in some fungal lineages where 
only a few species have been previously described from South America, such as /
austropaxillus and /descolea, and detected relatively low diversity in several EcM 
lineages that are hyperdiverse in other regions of the world (e.g., /amanita, /boletus, 
/russula-lactarius) (Fig. 14.4). It was also observed that most of the obtained OTUs 
(46%) matched sequences originating from South America, but many others (20%) 
had their closest match with sequences from Australasia, highlighting both the scar-
city of sequences from South America and the historical biogeographic connection 
of these two regions. This biogeographic pattern was particularly striking within 
some fungal lineages, as Ruhlandiella, Amylascus, and Gymnohydnotrya (Pezizales), 
since members of these genera were so far known only from Australasia (Truong 
et al. 2017).

Recently, there has been significant efforts to sample and analyze the global dis-
tribution of soil and root-inhabiting fungi at a global scale. The pioneer study on this 
topic was carried out by Tedersoo et al. (2014) and included 365 sites worldwide. 
Other studies have been performed since then, including some focused on mycor-
rhizas (e.g., Soudzilovskaia et al. 2015; Truong et al. 2019). Evidence on how well 
represented are the EcMF from South American Nothofagus forests could be esti-
mated by analyzing three sources of available, highly used, global datasets that 
specifically target soil fungi: GlobalFungi (Větrovský et  al. 2020), Global Soil 
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Fig. 14.4 Ectomycorrhizal fungal richness described in Nothofagus forests from Argentina and 
Chile using different experimental approaches: collection of vouchered specimens or molecular 
and OTUs recovered from EcM roots (data provided by Nouhra E and modified from Nouhra et al. 
2019) in addition to the assignment of species hypothesis (SH) on the FungalTraits database 
(Põlme et al. 2020). Some of the most important ectomycorrhizal fungal species in Subantarctic 
Temperate Forests from Argentina and Chile: (b) Cenococcum geophilum, (c) Ruhlandiella pata-
gonica, (d) Descolea antarctica, (e) Ramaria patagonica, (f) Cortinarius magellanicus

Mycobiome (Tedersoo et al. 2021), and FungalTraits (Põlme et al. 2020). The first 
one includes all published data on fungal community composition and biodiversity 
obtained by next-generation sequencing (Větrovský et al. 2020). It allows to obtain 
different fungal species hypothesis and filter them by geographic region, taxa, and/
or sequence. On its third release, this database contained 36,684 samples from 367 
studies, and only 3.1% of them were from South America. Among these samples, 
222 were collected in Nothofagus forests and correspond to only three studies 
(Tedersoo et  al. 2014; Marín et  al. 2017; Truong et  al. 2019). The Global Soil 
Mycobiome dataset (Tedersoo et  al. 2021) includes information from more than 
3200 plots in 108 countries, using standardized and throughout sampling designs 
and PacBio sequencing of the full-length ITS and 18S-V9 variable regions, which 
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allows a much deeper taxonomic classification with respect to previous methods. 
Currently, this dataset comprises a total of 905,841 OTUs (Tedersoo et al. 2022). 
Within this dataset, there is information obtained from 47 plots located in broadleaf 
forests from Argentina and Chile. A preliminary analysis of this data shows that 
there is an extremely high endemicity of EcMF present in Nothofagus forests as 
compared to the rest of South America biomes (Nouhra et al. 2019; Tedersoo et al. 
2022), thus being this biome one of the most endemic for this fungal guild in the 
whole southern hemisphere. The third database, FungalTraits (Põlme et al. 2020), 
contains information on functional assignments and traits of a total of 95,227 spe-
cies hypothesis, but only 776 (0.84%) have Nothofagus as the interacting plant taxon, 
and just 310 of them were sampled in Argentina and Chile. A total of 146 of these 
species hypothesis was functionally classified as unspecified/unassigned (47.1%), 
61 as different types of saprotrophs (19.7%), and 82 (25.5%) as EcMF, mainly cor-
responding to the genera Cortinarius and Inocybe (ten and nine species hypothesis, 
respectively; Fig. 14.4).

Although environmental sequencing can rapidly detect diversity and elucidate 
ecological patterns, these approaches depend on informative sequence databases for 
fungal identification (Truong et al. 2017). In studies using molecular tools to asses 
EcMF (and other fungal) communities in Nothofagus forests, many of the sequences 
cannot be identified at a meaningful taxonomic level. This is because there is still a 
lack of accurate taxonomic information on the immense fungal diversity inhabiting 
these forests (Truong et al. 2017; Salgado-Salomón et al. 2021). Despite it is known 
that it is critical to compile and validate high-quality environmental sequences, it is 
also important to consider that “traditional” methods are irreplaceable and comple-
mentary to “next-generation” approaches. Consequently, not only barcoding her-
barium collections but also high-throughput collect-and-sequence inventories are 
considered highly effective to document fungal diversity and are instrumental for 
future studies of plant-fungal symbioses. Besides, herbarium vouchers provide 
much more than just DNA barcodes, and fresh well-documented specimens remain 
critical to reconstruct robust phylogenies, linking sequence data to morphology, and 
supply ecological information on hosts and substrate associations. Specimens can 
also be used for genomic studies in a way that environmental samples cannot 
(Truong et al. 2017 and references within). Therefore, we agree with Truong et al. 
(2017), who stated that given the increasing threats to biodiversity due to habitat 
loss and climate change, collecting vouchered specimens and associated data, and 
sharing these resources are more necessary today than ever before.

14.4  Conclusion

The conspicuous and intrinsic relationship between Nothofagus species and their 
EcM is indisputable, as well as the fact that there are diverse biotic and abiotic fac-
tors influencing EcM formation and EcMF diversity. In this chapter, we aimed to 
show not only the importance of carrying out field studies based on different 
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methods of analysis but also the relevance of performing nursery trials under con-
trolled conditions, which complement what can be found or described in natural 
ecosystems. Together, both experimental approaches provide valuable information 
on the ecology of this symbiosis in Nothofagus forests and the potential application 
of EcMF as biotechnological tools.

Although much progress has been made in the study of EcM occurrence and 
dynamics in different Nothofagus species and forest types, either natural or man-
aged, there is still a long way to go. On the one hand, Subantarctic Temperate Forests 
have been relatively little studied in relation to other forest systems in the world. On 
the other hand, there are some phenomena of great importance at the landscape and 
ecosystem scale (such as fires, volcanic eruptions, or biological invasions) that 
severely affect these forests not only aboveground but also belowground. The 
“belowground perspective” of these high-magnitude disturbances has been quite 
overlooked, thus deserving further attention and investigation in the near future. 
Studies at larger geographic and temporal scales and using similar experimental 
approaches are also needed to elucidate common ecological and biogeographical 
patterns and to identify how various factors associated with global change might 
influence EcM and their host plants’ distribution. This information would be essen-
tial to make future projections and identify possible strategies for mitigating climate 
change, restoring degraded environments, optimizing assisted migration of forestry 
species, and improving programs of sustainable forestry production and management.
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