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Abstract

Plant nutrient acquisition strategies involving ectomycorrhizal (EcM) and arbuscular mycorrhizal (AM) associations, are key
plant functional traits leading to distinct carbon (C) and nutrient dynamics in forests. Yet, little is known about how these strate-
gies influence the structure and functioning of soil communities, and if such mycorrhizal effects may be more or less pro-
nounced depending on the type of forest and various abiotic factors. Here we explore the potential interactions occurring
between plant-EcM and plant-AM systems with the diverse soil organisms occurring in forest soils, and in the process draw
attention to major issues that are worthy for future research directions. Based on these potential interactions, we suggest that
EcM systems, especially those involving gymnosperms in colder climates, may select for a soil community with a narrow set
of functions. These EcM systems may exhibit low functional redundancy, dominated by symbiotic interactions, where EcM
fungi maintain low pH and high C/N conditions in order to tightly control nutrient cycling and maintain the dominance of EcM
trees. By contrast, AM systems, particularly those involving deciduous angiosperm trees in mild and warmer climates, may
facilitate a functionally more diverse and redundant soil community tending towards the dominance of competitive and antago-
nistic interactions, but also with a range of symbiotic interactions that together maintain diverse plant communities. We propose
that the contrasting belowground interactions in AM and EcM systems act as extended nutrient acquisition traits that contribute
greatly to the prevailing nutrient and C dynamics occurring in these systems.

© 2020 The Author(s). Published by Elsevier GmbH on behalf of Gesellschaft fiir Okologie. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Arbuscular mycorrhizal (AM) fungi; Ectomycorrhizal (EcM) fungi; Mycorrhizal associations; Plant-microbial feedbacks; Micro-
biome, soil ecology; Holobiont; Rhizosphere; Biotic interactions

Introduction nutrient dynamics in terrestrial ecosystems, by acting as
decomposers of soil organic matter (SOM), nutrient trans-

Soil organisms play key roles in the population and com- formers, plant mutualists, parasites/pathogens, grazers, and
munity dynamics of plants and associated carbon (C) and predators influencing patterns of plant diversity and produc-

tivity (Baldrian, 2017; Bever, Mangan, and Alexander,
2015; Tedersoo, Bahram, & Zobel, 2020). On a global scale
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factors, such as climatic conditions and soil properties
(Bahram et al., 2018; Oliverio et al., 2020; Phillips et al.,
2019; Van Den Hoogen et al., 2019). On a more local scale,
however, plant identity and plant functional attributes may
strongly influence the community and functioning of soil
organisms through direct and indirect interactions, espe-
cially those associated closely with the rhizosphere, but also
those inhabiting the bulk soil (Berg and Smalla, 2009;
Prober et al., 2015; Urbanova, Snajdr, and Baldrian, 2015).
Thus, plants and interacting soil organisms may essentially
act as an extended holobiont (Gilbert, Sapp, and Tauber,
2012).

The strongest and most integrated interaction of the plant-
soil continuum is the association between plants and mycor-
rhizal fungi, a root symbiosis based on C and nutrient
exchange (Smith and Read, 2010). Multiple lines of evi-
dence suggest that mycorrhizal type, in particular ectomy-
corrhizal (EcM) and arbuscular mycorrhizal (AM)
associations, is a key determinant of prevailing patterns of
forest population and community dynamics, facilitating
either co-occurrence or monodominance of tree species due
to plant-mycorrhizal-soil feedbacks (Connell and Low-
man, 1989; Peh, Lewis, and Lloyd, 2011). As both AM and
EcM fungi associate with trees of different functional types
and exist in boreal, temperate, and tropical forests, where
they show contrasting dominance patterns (Opik et al.,
2010; Read, 1991; Read and Perez-Moreno, 2003;
Soudzilovskaia et al., 2019), forest systems present a unique
opportunity to explore contrasting ecosystem-plant-soil
feedbacks.

Plant-EcM and plant-AM systems show great differences
in their morphological, physiological, ecological, and phylo-
genetic properties (Table 1), and they are typically associ-
ated with low and high nutrient conditions, respectively,
with contrasting nutrient acquisition strategies. This has led
to the idea of the mycorrhizal-associated nutrient economy
(MANE) (Phillips, Brzostek, and Midgley, 2013). Within
this framework, AM- and EcM-dominated systems have dis-
tinct C, nitrogen (N) and phosphorus (P) cycling dynamics.
AM systems tend to have high-quality litter that is rapidly
decomposed by saprotrophs leading to high C mineraliza-
tion, organic to inorganic N transformations, and nitrifica-
tion (Phillips et al., 2013). Hence AM systems represent an
inorganic nutrient economy, where AM fungi scavenge for
inorganic nutrients released from litter and SOM by other
soil organisms. By contrast, EcM systems tend to have low-
quality litter with slow decomposition rates and most

nutrients existing in organic form (Table 1). Supported by
large C inputs from the host trees, EcM fungi are able to
mine for organic N and P due to greater enzymatic capabili-
ties compared to AM fungi, making less mineral N available
for nitrification and losses via leaching, leading to a prevail-
ing organic nutrient economy (Cheeke et al, 2017;
Phillips et al., 2013).

However, the MANE framework is mainly based on tem-
perate and boreal forests, and may or may not hold for tropi-
cal forests or even in temperate and boreal forests after
accounting for different tree traits such as leaf habit
(Averill, Bhatnagar, Dietze, Pearse, and Kivlin, 2019;
Keller and Phillips, 2019; Lin, McCormack, Ma, and Guo,
2017). Furthermore, the biotic interactions occurring in soil
that drive differences in nutrient and C cycling in EcM and
AM systems are poorly characterised, and as most soil
organisms are usually studied in isolation, we lack an under-
standing about the system-wide effects of trophic and eco-
logical  interactions on  ecosystem  functioning
(Buchkowski, Bradford, Grandy, Schmitz, and Wieder,
2017; Phillips et al., 2013; Wall et al., 2008). EcM and AM
systems, in combination with certain biotic and abiotic fac-
tors, may select for different soil communities and form hol-
obionts with distinct functional properties. They are thus
forming systems that exhibit extended nutrient-acquisition
strategies, which have large implications for broad-scale C
and nutrient dynamics. We propose that particular combina-
tions of climates, trees, and mycorrhizal types influence soil
community structures and ecosystem functions in contrast-
ing ways. We also propose that EcM systems, primarily in
temperate and boreal ecosystems, along with more closed
nutrient cycles have a stronger and more direct influence on
soil communities, leading to less functional redundancy by
promoting more specialized soil organisms with a narrow
set of functions that maintain a low nutrient status and
slow nutrient cycling, compared to AM systems with
more open and rapid nutrient cycles, and with high func-
tional diversity and redundancy. We come to these
hypotheses through exploring the interactions of EcM
and AM fungi with different soil organisms in forests
while considering that climatic biome and tree functional
differences may strengthen or weaken specific ‘mycor-
rhizal effects’ on C and nutrient dynamics often associ-
ated with EcM and AM systems. We will subsequently
discuss how these systems may be altered under environ-
mental change and provide suggestions for future
research needs.
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Table 1. Overview of morphological, physiological, ecological, and phylogenetic properties of EcM and AM systems, for many properties
using evidence mostly obtained from boreal and temperate ecosystems, with a clear need to investigate many of these properties in tropical

ecosystems.

Property

Ectomycorrhizal fungi(EcM)

Arbuscular mycorrhizal fungi
(AM)

Fungal taxa involved

(Kivlin, Hawkes, and Treseder, 2011;
Opik et al., 2013; Brundrett and
Tedersoo, 2018)

Plant taxa involved
(Brundrett and Tedersoo, 2018;)

Specialized structures in and on host roots
(Bonfante and Genre, 2010)

External mycelium
(Agerer, 2001; Chagnon et al., 2013

Reproductive and dispersal strategies
(Horton, 2017; Vasutova et al., 2019)

Provision of C from host plants
(Tedersoo and Bahram, 2019)

Hyphal turnover

(Finlay and Read, 1986; Staddon, Ramsey,
Ostle, Ineson, and Fitter, 2003; Olsson and
Johnson, 2005; Wallander, 2006;

Ekblad et al., 2013; Pepe, Giovannetti, and
Sbrana, 2018)

Provision of nutrients to host plants
(Smith, Smith, and Jakobsen, 2003;

Smith and Smith, 2012; Phillips et al., 2013;
Tedersoo and Bahram, 2019)

Enzymatic capacity to break down organic
matter
(Tedersoo and Bahram, 2019)

Litter quality of hosts and decomposition
(Read, 1991; Tedersoo and Bahram, 2019)

Factors driving root colonization intensity,
external mycelium production

(Nilsson, Giesler, Baath, and Wallander,
2005; Soudzilovskaia et al., 2015;

Wang, Zong, and Li, 2019)

Proposed prevailing nutrient economy
(Phillips et al., 2013; Averill et al., 2019;
Tedersoo and Bahram, 2019)

Relationship to top-soil C stocks
(Soudzilovskaia et al., 2019)

Contribution to tree basal area across
forest biomes
(Steidinger et al., 2019)

Plant-soil feedbacks
(Bennett et al., 2017)

Around 20,000 different fungal
taxa, mainly from the phylum Basi-
diomycota, but also Ascomycota
and Zygomycota

2% of terrestrial plants, mainly
woody

Intercellular hartig net and hyphal
mantle ensheathing the root tip rep-
resenting high fungal to root
biomass.

Extensive and varied with contrast-
ing functional exploration types

Sexual or asexual reproduction,
often production of fruiting bodies
that facilitate wind and animal
dispersal

7—30% of photosynthates

2 weeks to 7 months, or even up to
2—10 years

Organic and inorganic N acquisition
is most important, but can also
access inorganic P perhaps more
efficiently than AM fungi

Low to high enzymatic capacity for
organic nutrient acquisition depend-
ing on EcM species/lineages,
although less capacity compared to
saprotrophic fungi

Low-quality, slower decomposition

Colonization highest in acidic soils
and mesic climates with constant
precipitation. Mycelium production
negatively correlated with nutrient
availability

Conservative closed organic nutri-
ent economy

EcM basal area fraction positively
correlated with top-soil C stocks

>90% of boreal forest basal area,
around 75% of temperate forest
basal area, and < 30% of tropical
forest basal area

Neutral to positive

250—1000 fungal taxa from the
phylum Glomeromycota

72% of terrestrial plants across a
broad phylogeny

Highly branched intracellular arbus-
cules representing less fungal to root
biomass compared to a mantle and
hartig net

Less extensive and more homoge-
nous types

Asexual reproduction, production of
large asexual resting spores, relying
on active and passive animal
dispersal

2—20% of photosynthates

45 days, to weeks and potentially
months

Inorganic P acquisition most impor-
tant, and can acquire both inorganic
and organic N, but may compete
with host plants for N

Lacking

High-quality, faster decomposition

Colonization highest under conti-
nental climates with mild summers
and high soil N availability. Myce-
lium production positively corre-
lated with nutrient availability.

Rapid open/leaky inorganic nutrient
economy

AM basal area fraction negatively
correlated with top-soil C stocks

60—70% of tropical forest basal
area, > 20% of temperate forest
basal area, and < 5% of boreal for-
est basal area

Negative
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BOX 1. Tree and mycorrhizal types as key plant nutrient-acquisition traits across forest biomes

The EcM symbiosis requires a greater investment of C from the host plant than the AM symbiosis, equating to a more obligatory relationship
with less autonomy for the host, a physical barrier between its roots and the soil environment, and a greater extension of its zone of influence in
the soil (Table 1).Thus, EcM systems represent a more closed, stable and specialized active nutrient acquisition strategy that is less reliant on
other soil organisms for nutrient transformation and more competitive against these organisms and AM trees under limiting nutrient conditions
(Phillips ef al., 2013; Cheeke et al., 2017; Averill ef al., 2019). However, EcM systems are perhaps more vulnerable to disturbance and environ-
mental change due to less flexibility for the plant in the symbiosis, requiring more stable mesic conditions for success (Table 1). On the other
hand, the AM symbiosis gives the plant more autonomy in the soil with greater root-soil contact (Tedersoo & Bahram, 2019), they have a
greater reliance on other soil organisms for nutrient transformations (Phillips ef al., 2013), a greater competitive ability compared to EcM trees
under high nutrient conditions, and a greater safety net for the plant against disturbance and environmental change due to a greater flexibility
for the plant in the symbiosis (Table 1).

In addition to mycorrhizal types, trees can be angiosperms or gymnosperms, further divided into deciduous or evergreen, which differ in
their distributions and commonality. Angiosperms tend to outcompete gymnosperms and become dominant in most tropical and temperate for-
ests, while gymnosperms tend to dominate in cold and/or nutrient-poor soils, representing fast versus slow plant economic traits (Bond, 1989;
Reich, 2014). Accordingly, gymnosperms have greater longevity of their organs (foliage, stems and roots), facilitated by the production of resins
rendering protection from fungal and insect attack, whereas angiosperms tend to be more susceptible to such attacks (Brodribb et al., 2012).
The deciduous habit is more common in angiosperms compared to gymnosperms for whom the evergreen habit is more common (Gower and
Richards, 1990; Reich et al., 1997). And the greatest functional difference in fast versus slow plant economic traits in trees occurs between ever-
green gymnosperms and deciduous angiosperms, with slower growth rates, conservative nutrient cycling, lower decomposition rates, and
thicker litter layers under the former (Augusto ef al., 2015; Dawud ef al., 2017; Angst et al., 2019).

Different tree and mycorrhizal types also exist across forest biomes that have varying aboveground biomass C stocks, soil C stocks, nutrient
dynamics and climatic conditions (Read, 1991). Despite large climatic differences, tropical forests are usually more biomass C dense and con-
tribute more to global forest aboveground biomass than temperate and boreal forests (Crowther et al., 2015; Liu et al., 2015). While boreal for-
ests contribute around a half to total global forest soil C stocks despite only covering a third of the global forest area, tropical forests, despite
accounting for over half of global forest area, contribute only around a third of global soil C (Scharlemann at al., 2014; Keenan et al., 2015). In
addition, boreal forests have a belowground C flux of around two thirds of their gross primary production, compared to around a half in tem-
perate forests, and around a third in tropical forests (Gill and Finzi, 2016). Tropical forests tend to have rapid nutrient cycles and produce
high-quality litter compared to boreal forests that have slow nutrient cycles and low-quality litter, with temperate forests in between (Vitousek,
1982). Nitrogen becomes increasingly limiting from tropical to boreal forests, while phosphorus is more limiting in tropical forests, accordingly,
although there is heterogeneity in nutrient limitations within biomes (Vitousek et al., 2010; Gill and Finzi, 2016).

These broad scale observations on C and nutrient dynamics across biomes warrant further attention for differences in tree functional traits
including mycorrhizal type, given that boreal forests are dominated by gymnosperms, while temperate and tropical forests are dominated by
angiosperms (Poulter et al., 2011; Augusto ef al., 2015; Crowther et al., 2015). Boreal gymnosperm forests potentially have around a two-fold
higher soil C density, while in temperate and tropical forests soil C content appears to be more equal between gymnosperms and angiosperms
(Zhong & Qiguo, 2001; Vesterdal ef al., 2013). Furthermore, around 60% of the worlds standing trees may be EcM-forming, distributed mostly
across boreal and temperate forests, while AM-forming trees make up most of the remaining 40 % concentrated mostly in the tropics (Steidinger
et al., 2019). Soil C is positively related to the abundance of EcM trees but differs depending on biome (Soudzilovskaia ef al., 2019a). The differ-
ent leaf habits are also unequally distributed across biomes, deciduous trees are found mostly in temperate and tropical forests, and evergreen
trees in boreal and tropical forests Poulter et al., 2011; Crowther et al., 2015). Understanding these traits across forest biomes is important as
they may strengthen or weaken the prevailing closed versus open nutrient dynamics of EcM and AM systems, which may profoundly affect soil
community structures and functions.

Ecosystem-tree-mycorrhizal interactions with

soil organisms as extended nutrient-acquisition
traits

Mycorrhizal fungi interact directly and indirectly with other
soil organisms, while also moderating plant interactions with
these organisms. Such interactions span a spectrum from inhi-
bition to stimulation and direct competition to mutualism
(Fitter and Garbaye, 1994), and drive and maintain distinct C
and nutrient dynamics (Averill et al., 2019; Cheeke et al.,
2017; Phillips et al., 2013; Read, 1991). While there is some
overlap between EcM and AM in their interactions with soil
organisms, they likely have contrasting effects when it comes
to facilitation and inhibition of these organisms. EcM fungi,

especially when associating with gymnosperms in temperate
and boreal forests, represent a potentially greater facilitator or
inhibitor of soil biotic activity compared to AM fungi. This is
because of the greater physical presence of EcM in the soil,
their greater enzymatic capacity and activity (Tedersoo and
Bahram, 2019), their greater tolerance and potential mainte-
nance of acidic soil conditions (Rosling, Lindahl, Taylor, and
Finlay, 2004), and their contribution to and maintenance
of high C/N ratios in the soil (Franklin, Nasholm,
Hogberg, and Hogberg, 2014; Lin et al., 2017;
Tedersoo and Bahram, 2019). This has the potential to
trap systems in an N-limited state (Franklin et al., 2014),
as it affects factors which other soil organisms are sensi-
tive to (Bahram et al., 2018; Fierer, 2017).
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Mycorrhizal interactions with saprotrophs

The interaction of mycorrhizal fungi with soil saprotrophs
is considered to be a major factor influencing patterns of soil
C and nutrient dynamics in forest soils (Averill, Turner, and
Finzi, 2014; Brzostek, Dragoni, Brown, and Phillips, 2015;
Fernandez and Kennedy, 2016; Sterkenburg, Clemmensen,
Ekblad, Finlay, and Lindahl, 2018). These interactions are
generally seen as either inhibitory or stimulatory (Fitter and
Garbaye, 1994; Frey, 2019). The inhibition of soil sapro-
trophs, specifically saprotrophic fungi, by mycorrhizal fungi
is known as the ‘Gadgil effect’, and refers to the phenome-
non of EcM fungi suppressing the activity of fungal sapro-
trophs leading to decreased decomposition rates, or the
removal of EcM from a system enhancing decomposition
rates (Gadgil and Gadgil, 1971, 1975; Fernandez and Ken-
nedy, 2016). This is thought to be driven primarily by the
competition for organic matter colonization between EcM
fungi and saprotrophic fungi. Fueled by a large input of C
from host trees, some EcM fungi are able to proliferate and
selectively mine for N in organic matter (Lindahl and
Tunlid, 2015), in the process potentially outcompeting sap-
rotrophic fungi and leading to C accumulation
(Fernandez and Kennedy, 2016; Sterkenburg et al., 2018).

The ‘Gadgil effect’ has mostly been observed under tem-
perate and boreal evergreen gymnosperm trees (Gadgil and
Gadgil, 1971, 1975; Averill and Hawkes, 2016;
Fernandez and Kennedy, 2016), and may not hold for decid-
uous angiosperm trees in the same systems (Fernandez, See,
& Kennedy, 2019), nor under tropical evergreen angiosperm
N-fixing trees (Mayor and Henkel, 2006). Furthermore, the
presence of certain saprotrophic fungi can be higher in EcM
gymnosperm forests compared to other EcM and AM forests
(Awad et al., 2019; Bahram et al., 2020), although overall
decomposition is still likely to be slow. While there is a lack
of studies of the ‘Gadgil effect’ across different types of for-
ests, it may be specific to EcM forming gymnosperms in
boreal and temperate forests. Although first described in
introduced Pinus radiata plantations in New Zealand
(Gadgil and Gadgil, 1971, 1975), it may be most pro-
nounced or at least saprotrophic activity most reduced in
ecosystems with a significant ericoid mycorrhizal compo-
nent (Clemmensen et al., 2015), which have an even greater
saprotrophic capability than EcM fungi (Martino et al.,
2018). Ericoid mycorrhizal fungi produce highly melanized
mycelium  that is  resistant to  decomposition
(Clemmensen et al., 2015), and their hosts have very low-
quality litter (Read, Leake, and Perez-Moreno, 2004). These
factors suggest that ericoid mycorrhizal fungi and their plant
symbionts may form an even more closed nutrient cycle in
their zone of influence, outcompeting other fungal guilds for
organic nutrient resources (Wurzburger and Hendrick, 2009).
Something resembling the ‘Gadgil effect’ has been shown
among certain tropical tree species, where the presence of
mycorrhizal hyphae retarded root litter decomposition under
tropical evergreen EcM gymnosperms as well as evergreen

AM gymnosperms and angiosperms in the same system
(Lin, Chen, and Zeng, 2019), suggesting that AM fungi may
also suppress saprotrophic activity in forests, although this
is not well supported.

When saprotrophs are C limited, and labile forms of C are
quickly depleted, the exudation of labile C by tree roots and
mycorrhizal fungi can stimulate saprotrophic breakdown of
more complex C forms, for which they would otherwise be
energy-limited to do so, a mechanism commonly known as
‘priming’ (Brzostek et al., 2015; Fernandez and Ken-
nedy, 2016; Verbruggen, Pena, Fernandez, and Soong,
2017). Both EcM and AM fungi have been implicated in
priming of decomposition (Clemmensen et al., 2015;
Hodge, 2014), which is in contradiction to the ‘Gadgil
effect’. Even though most evidence for AM-induced priming
comes from non-forest systems, AM fungi have been found
to colonize both fresh and partially decayed litter in a variety
of forests across biomes, as well as having higher coloniza-
tion rates in upper organic soil layers (Bunn, Simpson, Bul-
lington, Lekberg, and Janos, 2019; Sheldrake et al., 2017).
From these observations it is tempting to speculate that AM
fungi may engage in highly directed priming of saprotrophs
via release of soluble C in nutrient-rich patches and scav-
enge for the mineralized nutrients released by saprotrophic
activity (Bunn et al., 2019; Kaiser et al., 2015;
Sheldrake et al., 2017).

However, it is relatively unknown whether decomposition
of litter in AM systems is directly enhanced by the activity
of AM fungi or is already rapid due to high-quality litter
inputs, where AM colonization of litter may be inconsequen-
tial for overall C dynamics. In addition, plant roots may act
as the main primers of soil saprotrophs and may do so in a
more passive and diffuse way (Kuzyakov, Friedel, and
Stahr, 2000; Shahzad et al., 2015), compared to mycorrhizal
fungi (Kaiser et al., 2015). It is difficult to untangle the rela-
tive contribution of plant roots and mycorrhizal fungi to
these processes (Verbruggen et al., 2017). Nevertheless,
given that AM trees tend to have greater direct root-soil
access compared to EcM trees, whose root-soil interactions
are governed more tightly by EcM fungi, AM trees may be
responsible for more priming through a combination of
highly directed soluble C release by AM fungi and passive
and general soluble C release by AM tree roots. This is in
line with the more rapid nutrient cycling of AM systems
with greater saprotrophic activity (Phillips et al., 2013), as
there appears to be a greater capacity for AM systems to sup-
port a wider variety of saprotrophs, compared to EcM sys-
tems, where saprotrophic fungi that have efficient
ligninolytic enzyme capabilities are more prominent
(Bahram et al., 2020). In EcM systems, however, the high
EcM mycelial biomass in the soil is likely a major
resource  for  saprotrophs  (Brabcova, Novdkova,
Davidova, and Baldrian, 2016), and has been shown to
turnover rapidly (Clemmensen et al., 2015). Furthermore,
EcM and fungal saprotrophs may co-exist by inhabiting
different spatial niches especially in boreal forests with
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deep mor layers (Kyaschenko, Clemmensen, Karltun, and
Lindahl, 2017).

Overall it is likely that mycorrhiza-saprotroph interactions
occur on a spectrum of inhibition to stimulation and are
likely to be spatially and temporally heterogenous. Thus, the
so called ‘Gadgil’ and ‘priming’ effects are context-depen-
dent and may both occur in the same system separated in
space and time. In EcM systems, especially under N limita-
tion such as boreal gymnosperm forests, regulation or sup-
pression of decomposition is facilitated by the input of low-
quality litter by EcM plants, allowing for a tighter control on
C and nutrient cycling (Smith and Wan, 2019). AM systems,
on the other hand, may favor stimulatory and neutral interac-
tions with saprotrophs, relying on their activity for minerali-
zation of organic nutrients that they scavenge for, with
reduced control on C and nutrient cycling (Frey, 2019). Yet
there is a lack of integration and consideration of these inter-
actions across climatic biomes and tree types. Furthermore,
most studies on mycorrhizal interactions with saprotrophs
and patterns of decomposition focus on fungal saprotrophs,
because fungi are considered the primary decay agents of
complex plant-derived C (Baldrian, 2017). However, evi-
dence suggests that the contribution of bacterial saprotrophs
to forest soil decomposition has likely been underestimated
(Lladd, Lopez-Mondéjar, and Baldrian, 2017). Bacteria are
extremely diverse and abundant in soils and have been
shown to be capable of decomposing complex C substrates
(Lopez-Mondéjar et al., 2018). Compared to fungal sapro-
trophs who may be better suited to utilize plant compounds,
bacteria may be better suited to utilize fungal and bacterial
necromass (Llad6 et al., 2017; Lopez-Mondéjar et al.,
2018), and may dominate in the decomposition of EcM
myecelia in particular (Brabcova et al., 2016). It may well be
that the activity of fungal saprotrophs promotes the activity
of bacterial saprotrophs, through their substrate and decay
stage niche separation (Romani, Fischer, Mille-Lindblom,
and Tranvik, 2006), further enhancing decomposition and
partly explaining the contrasting C and nutrient dynamics in
EcM and AM systems. Thus, the relative contributions of
fungi and bacteria to decomposition in EcM and AM sys-
tems presents an important research area, as more complete
decomposition of both plant and microbial biomass may
require the activity of both saprotrophic bacteria and fungi
(Lopez-Mondéjar et al., 2018).

Mycorrhizal interactions with pathogens

Plant-soil feedbacks involving plant antagonists such as
pathogens have long been recognized to influence patterns
of forest diversity and plant succession (Connell, 1971; Jan-
zen, 1970; Van Der Putten, 2000). The holobiont perspec-
tive combined with the contrasting patterns of interactions
between trees and EcM and AM fungi with soil-borne patho-
gens (fungi, bacteria, protists, viruses, and nematodes)
across climatic biomes adds a new perspective that may help

explain distinct and differing plant and soil community
dynamics and functioning.

Accumulating evidence points to relatively greater soil-
borne pathogen prevalence in AM systems compared to
EcM systems, resulting in greater negative plant-soil feed-
backs in the former compared to positive and neutral feed-
backs in the latter (Bahram et al., 2020; Bennett et al., 2017,
Chen et al., 2019; Kadowaki et al., 2018; Teste et al., 2017).
It is possible that if there are increased competition and
interactions between different microbial groups in AM sys-
tems, this may lead to increased functional switching from
saprotrophic or commensal microbes to pathogenic
microbes in those capable of such switching, as proposed
under the pathobiome concept (Vayssier-Taussat et al.,
2014). Pathogens may also benefit from high nutrient access
or less competition with AM fungi for colonizing roots of
AM hosts (Ingham, 1988), compared to greater physical pro-
tection of EcM roots by EcM fungi (Branzanti, Rocca, and
Pisi, 1999). In addition, a relatively stable source of N as
shown in EcM trees facilitated by organic N acquisition by
EcM fungi (Corrales, Mangan, Turner, and Dalling, 2016),
may promote plant defense responses if N can be consis-
tently allocated to secondary metabolite production
(Blodgett, Herms, and Bonello, 2005). This greater activity
of pathogens in AM systems leads to greater negative den-
sity dependence of AM trees and potentially drives plant
community and population dynamics, facilitating higher tree
species richness in AM-dominated systems (Chen et al.,
2019; Laliberté, Lambers, Burgess, and Wright, 2015;
Tedersoo, Bahram, & Zobel, 2020). By contrast, the sup-
pression of pathogens by EcM trees may contribute to posi-
tive and neutral plant-soil feedbacks facilitating
monodominant conspecific EcM systems from the tropics to
the boreal forest (Connell and Lowman, 1989;
Corrales et al., 2016; Dickie, Koele, Blum, Gleason, and
McGlone, 2014; Tedersoo, Bahram, & Zobel, 2020). Recent
evidence suggests that the Janzen-Cornell hypothesis may
have limitations in explaining plant diversity. On a broad
scale, monodominant EcM systems may be an exception
rather than the rule and related more to edaphic factors (Ter
Steege et al., 2019). It is also possible that mixed EcM/AM
forests facilitate more diverse plant communities through a
combination of negative, positive, and neutral plant-soil
feedbacks (Bahram et al., 2020), that would create establish-
ment mosaics for plants with differing regeneration niches
(Mariotte et al., 2018). The next step in studying mycor-
rhizal-pathogen dynamics is to go beyond mere relative and
absolute pathogen abundance analyses in these systems to
analyzing actual pathogen attack or damage to mycorrhizal
hosts, perhaps by detecting and quantifying necrosis
(Minina et al., 2013), and relating this to mycorrhizal root
colonization and community analysis.

One additional particular topic of interest for future
research is the role of viruses in mycorrhizal systems, as
viruses through cell lysis may be responsible for a large frac-
tion of C that cycles in the soil food web (Kuzyakov and
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Mason-Jones, 2018) And they are also key mediators of hor-
izontal gene transfer within and potentially across kingdoms
(Kimura, Jia, Nakayama, and Asakawa, 2008). Phages play
an obvious role in controlling bacterial populations, but
viruses also infect all other organisms in the soil
(Pratama and van Elsas, 2018). A recent study showed that
viruses that infect eukaryotic hosts, mostly fungi, appear to
be more diverse than phages in soils (Starr, Nuccio, Pett-
Ridge, Banfield, and Firestone, 2019). Thus, viruses of
eukaryotes likely play an important role in fungal commu-
nity dynamics, as well as C and nutrient dynamics in EcM
systems with high fungal biomass, compared to AM systems
where phages may play a greater role in bacterial community
dynamics, as well as C and nutrient dynamics, due to higher
bacterial biomass (Kimura et al., 2008; Kuzyakov and
Mason-Jones, 2018). Such questions could be addressed by
combining stable isotope probing with ‘omics’ techniques to
unravel if mycorrhizal systems host distinct viral assemb-
lages with contrasting C and nutrient flows through their
associated viromes, but general studies into viral communi-
ties using amplicon sequencing will also be useful in
advancing this research area.

Mycorrhizal interactions with soil grazers and
predators

The contrasting food web dynamics of AM and EcM sys-
tems is driven by their contrasting dominant energy chan-
nels; where AM systems with more rapid nutrient cycling
have a more bacterial-based energy channel and EcM sys-
tems with slower nutrient cycling have a more fungal-based
energy channel (Phillips et al., 2013; Wardle et al., 2004).
These energy channels may then merge at trophic levels due
to the omnivorous feeding of many soil animals
(Bengtsson, Setala, and Zheng, 1996) or by the activity of
protists who are major feeders on both bacteria and fungi
(Geisen, 2016). Given their different nutrient economies,
EcM and AM systems are expected to have very different
food webs driven by multitrophic interactions, and hence
these mycorrhizal associations influence the whole ecosys-
tem surrounding plants including associated soil animals
and protists.

The high bacterial to fungal biomass ratio of AM systems
as well as less AM protection of roots should promote a
higher density of bacterivores (primarily protists and nemat-
odes) and herbivores (root-feeding invertebrates like nemat-
odes), and their subsequent predators and pathogens
(Antunes and Koyama, 2017; Persson, Bengtsson, Menge,
and Power, 1996). The high fungal biomass of EcM systems
should promote a higher density of fungivores (various
invertebrates and protists), and their subsequent predators
(Antunes and Koyama, 2017; Cromack, Fichter, Moldenke,
Entry, and Ingham, 1988; Fitter and Garbaye, 1994). While
little is known about the effect of mycorrhizal type on

nematode community dynamics, evidence suggests that fun-
gal-feeding nematodes have higher abundances under EcM
trees, compared to bacterial-feeding nematodes under AM
trees (Cesarz et al., 2013). This observation may however be
ascribed to the strong pH effect on bacterial community
structure (Fierer, 2017), rather than mycorrhiza per se. Fur-
thermore, EcM fungi may provide more extensive and nutri-
tious hyphae for fungivores compared to saprotrophic fungi
which dominate AM forests (Anslan, Bahram, and Teder-
soo, 2018; Cromack et al., 1988; Dighton, Zapata, and
Ruess, 2000).

Protists may be key organisms that help to maintain
higher diversity and system functioning in the soil commu-
nity through consumption of bacteria and fungi, control of
their populations, and release of excess N that can be utilised
by other organisms (Clarholm, Bonkowski, and Griffiths,
2007; Coleman, 1994; Gao, Karlsson, Geisen, Kowalchuk,
and Jousset, 2019). This N may be preferentially targeted
for uptake by AM fungi, which may be an important source
of N for AM hosts (Koller, Rodriguez, Robin, Scheu, and
Bonkowski, 2013). We suggest that the importance of pro-
tists in N liberation is less important in EcM systems due to
the tight control of EcM on N cycling, yet protists may be
important in the turnover of EcM biomass, from which N
can be recycled back through the EcM symbiosis, and pro-
tists may also play an important role in EcM fungal commu-
nity dynamics (Gao et al., 2019; Geisen et al., 2016). But
ultimately the activity of protists may be influenced by
mycorrhizal mycelium which connects soil patches of
nutrients and soil moisture (Jentschke, Bonkowski, God-
bold, and Scheu, 1995), which protists are sensitive to and
require for movement and functioning (Geisen, Bandow,
Rombke, and Bonkowski, 2014). Yet, further studies into
protist communities from a mycorrhizal type perspective are
warranted, especially given the respective N cycling effects
associated with EcM and AM systems (Phillips et al., 2013).
As protists have been found to be more sensitive to N addi-
tion compared to other soil microbes in agricultural systems
(Zhao et al., 2019), it remains to be investigated whether
such effects of N availability on protist communities may
occur in forest settings across an EcM to AM dominance
gradient.

The presence of earthworms also plays an important role
in C and nutrient dynamics in tree-mycorrhizal systems, by
reducing soil organic layer thickness, altering bulk density,
and mixing organic matter with mineral soils across soil
horizons (Filser et al., 2016; Frelich et al.,, 2006;
Van Groenigen et al., 2014). Aside from climate, the pres-
ence and activity of earthworms is driven mostly by the
availability of high-quality litter (De Wandeler et al., 2018;
Szlavecz et al, 2018), and impeded by low pH
(Phillips et al., 2019). Earthworms can be grouped into three
functionally distinct groups according to their burrowing
behaviours. Burrowing anecic and endogeic worms are asso-
ciated with mull formation in forest soils, whereas, in mor
soils usually only epigeic (surface-living earthworms) are
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found (Bouché, 1977; Satchell, 1983). While not directly
explored from a mycorrhizal type perspective, across tem-
perate and boreal forests earthworm biomass, species rich-
ness and the occurrence of epigeic earthworms have been
found to be lowest in forests with a greater evergreen (EcM)
gymnosperm fraction and highest in forests with a greater
deciduous (AM) angiosperm fraction (De Wandeler et al.,
2018), largely consistent with the effects of lower pH on
earthworms. Consequently, at least in certain temperate for-
ests, the dominant feeding source of earthworms may also
vary between EcM- and AM-dominated systems, with epi-
geic and anecic fresh litter feeders dominating in younger
(AM-dominated) systems and endogeic soil organic matter
feeders dominating in older (EcM-dominated) systems
(Szlavecz et al., 2018). The role and distribution of earth-
worms in tropical forests is more complex to interpret from
an EcM and AM system perspective.

Mycorrhizal interactions with N-transforming
microbes

Bacteria are the most abundant and diverse free-living
organisms in soils acting as key N-fixing microbes, nitrifiers,
and denitrifiers (Llado et al., 2017; Lopez-Mondéjar et al.,
2018). Archaea are also widely distributed in soils and
include members who play potentially important roles in
soil N cycling as ammonia-oxidizing archaca (AOA)
(Bates et al., 2011; Cavicchioli, 2011). The contrasting N
dynamics of EcM and AM systems is largely owing to their
interactions with microbes involved in N fixation and subse-
quent transformations, as mycorrhizal fungi lack the ability
to fix atmospheric N or carry out nitrification.

Both EcM and AM fungi interact with N-fixing bacteria,
which can provide a substantial amount of N input to these
systems (Pastor and Binkley, 1998; Son, 2001). N-fixing tree
symbioses occur in both EcM and AM systems but are most
abundant in tropical AM systems (Steidinger et al., 2019).
Yet rhizobial N-fixing trees in tropical forests tend to be
insensitive to soil N availability, and more facultative in their
relationship with their N-fixing symbionts (Vitousek et al.,
2002), while actinorhizal temperate and boreal N-fixing trees
are more sensitive to soil N availability with a more obliga-
tory relationship with their N-fixing symbionts, which are
more crucial for plant N acquisition (Menge, Lichstein, and
Angeles—Pérez, 2014; Vitousek, Menge, Reed, and Cleveland,
2013). The success of actinorhizal N-fixing trees, that grow
quickly at early successional stages and are later outcompeted
by non-fixing trees (Liao & Menge, 2016), is likely related to
the relative proportion of EcM to AM trees. AM systems may
have greater turnover of canopy trees and gap creation with
heterogeneity in successional stages suitable for the establish-
ment of shade intolerant actinorhizal N-fixing trees, compared
to monodominant EcM systems (Tedersoo, Bahram, & Zobel,
2020). AM trees also likely depend more on symbiotic N

fixation for their nutrient economies, due to a looser control
on N dynamics and reliance on other organisms for N libera-
tion, including a potentially higher reliance on atmospheri-
cally fixed N especially in N-limited ecosystems
(Averill et al., 2019; Bagyaraj, 1990; Barea, Azcon, and
Azcon-Aguilar, 1992). However, it should be noted that
boreal forests dominated by EcM gymnosperms have a signif-
icant moss component, where moss-cyanobacterial associa-
tions may be responsible for a significant input of N into
these systems, which can be cycled through the EcM symbio-
sis, however this N is potentially only released into the soil
slowly or after disturbances (Carleton and Read, 1991;
Rousk, Jones, and DeLuca, 2013).

The contribution of free-living N-fixing bacteria in the
soil to overall N fixation tends to be smaller compared to
symbiotic N fixation and is less explored across biomes and
across mycorrhizal types, however, there seems to be little
difference between gymnosperm and angiosperm forests in
this respect (Reed, Cleveland, and Townsend, 2011;
Son, 2001). This N can be a significant input into forests
with few symbiotic N-fixing bacteria such as boreal and
temperate forests, and in evergreen compared to deciduous
forests (Reed et al., 2011). AM systems stand to benefit
more from the activity of free-living N-fixing bacteria in
soils. Yet, the more extensive EcM mycelium is associated
with greater moisture and soluble C sources compared to the
bulk soil, and may provide good habitat for free-living bac-
teria who require high-quality soluble C in order to under-
take N fixation, although at the same time decreased pH in
the ectomycorrhizosphere may inhibit N fixation
(Smercina, Evans, Friesen, and Tiemann, 2019). Both EcM
and AM trees host non-nodulating endophytic N-fixing bac-
teria, which may not only play important roles in N acquisi-
tion but also in the establishment and maintenance of the
mycorrhizal symbiosis (Aghai et al., 2019; Oses, Frank,
Valenzuela, and Rodriguez, 2018).

While N fixation is important for N dynamics, subsequent
nitrification is dependent on the activity of both ammonia-
oxidizing archaea (AOA) and ammonia-oxidizing bacteria
(AOB), and then nitrite-oxidizing bacteria (NOB) to com-
plete the nitrification process (Stempfhuber et al., 2017).
AOA are thought to dominate in nutrient-poor and acidic
soils and are outcompeted by AOB with increasing N avail-
ability (Bates et al., 2011; Di et al., 2009; Xiang, He, He,
Myrold, and Chu, 2017). Thus, it is expected that AOB
would dominate ammonia-oxidation in AM systems, com-
pared to the dominance of AOA in EcM systems. Overall,
nitrification tends to be lower in EcM systems compared to
AM systems (Lin et al., 2017), due to enhanced competition
by EcM fungi for N with nitrifying prokaryotes
(Tatsumi, Taniguchi, Du, Yamanaka, and Tateno, 2019),
and a potential mismatch between ammonia-oxidizing
microbes and nitrite-oxidizing microbes in EcM systems,
particularly under EcM gymnosperm trees, who may even
inhibit the activity of AOA despite often being associated
with low pH conditions (Isobe et al, 2012;
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Stempfhuber et al., 2017; Stopnisek et al., 2010). It is tempt-
ing to speculate that in AM systems more so than in EcM
systems, AOB and NOB may form a symbiosis enhancing
the nitrification process (Daims, Liicker, and Wagner,
2016), facilitated by higher N availability and pH values
(Averill et al., 2019; Lin et al., 2017; Tedersoo and Bah-
ram, 2019). While general patterns of soil N cycling and the
contribution of different organisms remain unresolved
across different forest biomes, mycorrhizal and tree types,
the conservative N economy of EcM systems and the open
N economy of AM systems are seen as the defining contrast-
ing functional and ecological trait between the two, as
shown mainly in temperate forests (Averill et al., 2019;
Lin et al., 2017; Phillips et al., 2013), and interactions with
N-transforming microbes likely play a large role in these dif-
ferences.

EcM-AM interactions

Another important and often overlooked interaction is
between EcM and AM fungi, because they often coexist in
various ecosystems and even on the same tree individual
(Kubisch, Hertel, and Leuschner, 2016; Teste, Jones, &

Ectomycorrhizal

(Closed/organic nutrient
economy)
+ o

Dickie, 2019; Toju, Sato, & Tanabe, 2014). AM systems
may facilitate the establishment and survival of EcM trees,
while EcM systems may impede the establishment and sur-
vival of AM trees (Kadowaki et al., 2018;
Tedersoo, Bahram, & Zobel, 2020). Furthermore, the myce-
lium of AM and EcM fungi may co-occur in the same niche
or occur via spatial separation in the soil profile
(Moyersoen, Fitter, and Alexander, 1998; Teste, Jones, &
Dickie, 2019). In addition, increasing evidence shows that
when growing together on the same root system, AM and
EcM may have a synergistic effect on plant-soil functioning,
which seems to be driven by extreme environmental fluctua-
tions such as soil moisture, nutrient availability, and temper-
ature, where EcM may dominate colonization under mesic
conditions and AM under extreme soil moisture conditions,
and high temperatures and nutrient availability
(Teste, Jones, & Dickie, 2019). Yet little is known about the
actual physical and chemical interactions between the myce-
lia of EcM and AM fungi when in the vicinity of one
another, with obvious difficulties in exploring this. Greater
antagonisms may exist within guilds between functionally
equivalent taxa as opposed to between EcM and AM fungi,
due to competition for colonization sites, ultimately regu-
lated by the host’s attempt to balance C and nutrient budgets
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Fig. 1. Conceptual diagram exploring the relative trade-offs between strengthening and weakening effects on the closed and open nutrient
economies of EcM and AM systems by different tree functional trait and forest biome combinations. The position and direction of arrows of
the different tree/biome combinations is relative to their suggested balance between strengthening or neutralizing/weakening effects on EcM-
or AM- associated nutrient dynamics and where these combinations sit on the plant economic trait spectrum.
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(Bogar et al, 2019; Hortal et al., 2017; Smith and
Smith, 2012).

Mycorrhizal fungi select for distinct soil
communities

Overall, the EcM symbiosis represents a trade-off
between conservative nutrient acquisition and flexibility,
with EcM trees tending towards collaboration in nutrient
acquisition, while the AM symbiosis represents a flexible
and rapid nutrient acquisition over security trade-off, with
AM trees tending towards ‘do it yourself’ nutrient uptake
but also engaging in collaboration (Averill et al., 2019:
Bergmann et al., 2020). These trade-offs may be further
exacerbated due to different tree types and also different cli-
matic biomes, where the combination of EcM with gymno-
sperms in boreal forests represents the extreme of slow plant
economic traits and the combination of AM with angio-
sperms in tropical forests represents the extreme of fast plant
economic traits (Fig. 1) (Augusto et al., 2015; Bond, 1989;
Phillips et al., 2013; Vitousek, 1982). Within biomes and
tree types, the greatest difference is likely between evergreen
EcM trees and deciduous AM trees (Fig. 1) (Angst et al.,
2019; Augusto et al., 2015; Dawud et al, 2017

Ectomycorrhizal
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Arbuscular mycorrhizal
dominated system

N
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~ ‘ / /1 A

N
>
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Vesterdal, Clarke, Sigurdsson, and Gundersen, 2013;
Zhang et al., 2018).

Using this framework, we hypothesize that EcM systems
exert a selective pressure for a less functionally redundant
soil community and attempt to maintain low pH and high C/
N conditions to tightly control N cycling and maintain the
dominance of their hosts (Cheeke et al., 2017; Tedersoo and
Bahram, 2019; Tedersoo, Bahram, & Zobel, 2020). That is,
EcM fungi dominate the soil environment enhanced by func-
tional variation between EcM types (Chen, Koide, and Eis-
senstat, 2018; Zak et al., 2019), while saprotrophs and
pathogens may be supressed and less functionally diverse.
In addition, N-transforming microbes as well as predators
and grazers may also be functionally less diverse (Fig. 2)
(Averill and Hawkes, 2016; Chen et al., 2019; De Wandeler
et al., 2018; Moore et al., 2015). Thus, EcM systems may
experience less temporal soil community turnover, have
reduced functional redundancy within the soil community,
and place a direct selective pressure on beneficial organisms
(Fig. 2) (Deveau et al., 2016; Frey—Klett et al., 2005), repre-
senting a more tight and closed nutrient acquisition strategy
within the holobiont.

By contrast, AM systems with more homogenous func-
tional variation within AM fungi (Chagnon, Bradley,
Maherali, and Klironomos, 2013), nevertheless, may facili-
tate greater multifunctionality within the soil community in

M Ectomycorrhizal fungi B Nutrient transformers
B Arbuscular mycorrhizal fungi M Predators
Saprotrophs B Grazers
M pathogens Bacterial biomass and viruses
B Fungal biomass and viruses

Fig. 2. Conceptual diagram exploring the relative prevalence of different soil organism groups as a system goes from EcM host dominance to
AM host dominance, and in accordance from more mutualistic interactions to more competitive interactions. In EcM systems compared to
AM systems, fungal biomass and viruses are greater than bacterial biomass and associated viruses, EcM fungi are the dominant soil guild,
saprotrophs, nutrient transformers, predators, pathogens, and AM fungi are all less prevalent and potentially suppressed, while those that are
present are likely to have more neutral or beneficial interactions with EcM trees and fungi, compared to more competitive and antagonistic

interactions with AM trees and fungi.
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general (Fig. 2) (Battini, Cristani, Giovannetti, and Agno-
lucci, 2016; Rillig, 2004). The associated soil communities
will experience a greater range of pH and C/N conditions,
and a looser N cycle (Averill et al., 2019; Phillips et al.,
2013), and may also be more functionally redundant
(Banerjee et al., 2016), with less capacity for organisms to
reach monodominance both below and above ground (Ril-
lig, 2004; Tedersoo, Bahram, & Zobel, 2020; Yang, Wagg,
Veresoglou, Hempel, and Rillig, 2018). They are thus repre-
senting an open and loose nutrient acquisition strategy and a
holobiont strategy, which involves highly precise nutrient
foraging by AM fungi to supplement more passive plant
nutrient uptake in a highly competitive soil environment
rather than an overall control on nutrient cycling
(Chen et al., 2018; Phillips et al., 2013). This has obvious
implications for C and nutrient dynamics under global envi-
ronmental change.

Future directions

We have put forward that AM and EcM systems may vary
greatly in their effects on soil communities and ecosystem
functioning. Hence there is a strong need to study AM and
EcM systems across biomes, tree types, and edaphic gradients
in order to get a more complete picture of these systems and
their functioning. Specifically, further research is needed to
untangle mycorrhizal type effects from environmental filter-
ing, and whether in fact different mycorrhizal systems have
the capacity to reinforce environmental controls on nutrient
dynamics by actively manipulating the biotic and abiotic envi-
ronment in their zone of influence. One approach to do so is to
study these contrasting mycorrhizal types together in con-
trolled environmental settings such as mesocosms, greenhouse
experiments, or at least under the same edaphic conditions
such as in common garden experiments. In addition, there

continues to be a need for field-based studies, especially in
mixed or neighboring EcM and AM systems in underrepre-
sented regions such as tropical forests, temperate forests of the
southern hemisphere, tree line ecotones, and boreal forests
where some sparse occurrences of AM-forming trees occur.
We further call upon researchers studying any processes and
organism groups (both above and belowground) in forests to
consider the presence and relative dominance of AM and
EcM trees to help further understand these systems. The ease
of this is facilitated by a recent plant mycorrhizal status data-
base (Soudzilovskaia et al., 2020). We also recommend
researchers studying soil processes in EcM and AM systems
to study multiple soil organism groups simultaneously, some-
thing that will be facilitated by constantly improving molecu-
lar methods and cross-disciplinary  collaborations
(Baldrian, 2019). In line with assigning trees with a mycor-
rhizal status, there is also a need to continue to consider the
presence of mycorrhizal associations by assessing coloniza-
tion and biomass measurements or proxies of these
(Soudzilovskaia et al., 2015), as well as considering the contri-
bution of and further exploring the ecology of different func-
tional types within mycorrhizal guilds. Finally, there
continues to be the need to incorporate EcM and AM system
dynamics into models predicting terrestrial processes and
environmental change.
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BOX 2. EcM and AM systems under environmental change

EcM and AM systems may respond differently to environmental change, such as accelerated climate change, due to their unique C and nutrient
dynamics driven by interactions between a greater ecosystem with trees, their mycorrhizal symbionts, and the entire soil community (Cheeke et
al., 2017). Warming, changing precipitation patterns, and alterations to N availability stand to benefit AM systems more than EcM systems,
due to a more flexible nutrient acquisition strategy and a lower C cost for the host (Soudzilovskaia et al., 2015; Jo et al., 2019; Pugnaire et al.,
2019; Steidinger et al., 2019), and as we propose here due to greater functional redundancy. Dual EcM-AM trees may also become increasingly
more common due to their ability to colonize new areas and function under a wider variety of fluctuating environmental conditions (Gerz et al.,
2018; Teste et al., 2019; Moyano et al., 2020). Recent research has shown EcM systems to experience greater negative alterations to their func-
tioning compared to AM systems under environmental change, including enhanced decomposition of SOM (Kumar et al., 2020), decreased
EcM tree performance (Fernandez et al., 2017; Wheeler et al., 2017; Averill et al., 2018; Jo et al., 2019; DeForest and Snell, 2020), and decreased
prevalence and colonization by EcM fungi (Kilpelainen et al., 2017; Boeraeve et al., 2019). Within EcM fungi as a guild there may be a shift in
dominance to short contact types that are less C-demanding and form less extensive external mycelia, and thereby reducing the overall presence
of EcM fungi in the soil (Fernandez et al., 2017; Leon—Sanchez et al., 2018), hinting at reduced functional redundancy. These results point
towards AM systems potentially benefiting more from environmental change in many cases compared to EcM systems which may be inhibited,
in line with their opposing open and closed nutrient acquisition strategies, differing C costs for their hosts, and proposed contrasting functional
properties of their soil communities.
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