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The interactions between sugar maple (Acer saccharum, Marshall) and its
microbial communities are important for tree fitness, growth, and establishment.
Despite recent progress in our understanding of the rhizosphere and
phyllosphere microbial communities of sugar maple, many outstanding
knowledge gaps remain. This review delves into the relationships between sugar
maple and its microbes, as climate change alters plant species distributions. It
highlights themultifaceted roles of keymicrobes, such as arbuscular mycorrhizal
(AM) fungi and pathogens, in a�ecting the distribution and establishment
of sugar maple in novel habitats. Furthermore, this review examines how
microbial communities in di�erent compartments contribute to tree fitness.
Finally, it explores howmicrobial dispersal and altered species interactions under
changing environmental conditions can a�ect sugar maple’s ability to migrate
beyond its current range, emphasizing the di�erent scenarios associated with
such shifts. In the rhizosphere, AM fungi are known for their roles in nutrient
acquisition and improving stress tolerance. Yet, key questions remain about
how these fungi interact with other microbes, how soil chemistry and climate
change alter these interactions, and how the presence of beneficial microbes
influences sugar maple’s establishment. Additionally, the role of dark septate
endophytes (DSE) in sugar maple’s fitness remains underexplored, emphasizing
the need for more research on their diversity and functions. In the phyllosphere,
microbial communities are subject to shifts due to rising global change, with
potential impacts on sugar maple’s fitness. These changes may influence the
tree’s resistance to pathogens, tolerance to environmental stress, and overall
health. Yet, our understanding of these interactions relies mostly on short-
read sequencing methods targeting marker genes (e.g., 16S, ITS, 18S), which
often fail to identify microbes at the species level. Limitations in molecular
techniques and poor microbial reference databases hinder our ability to fully
characterize tree-associated microbial diversity and functions. Future research
should thus prioritize advancedmolecular tools such as shotgun, hybrid, or long-
read sequencing. Controlled experiments are also needed to establish causal
links between sugar maple fitness and microbial communities, and to study
whether microbial communities change throughout the tree’s lifespan.
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1 Introduction

As climate change is expected to accelerate over the coming
decades, research suggests that the alterations of environmental
conditions will affect plant species distributions, particularly in
northern biomes (IPCC, 2023; Ladwig et al., 2016; Parmesan,
2006). Considerable effort is thus being put in predicting
the future distribution of important plant species for ecology,
economic activity, and food security to limit the negative
impacts on ecosystem services and functions (Aitken et al., 2008;
Rauschendorfer et al., 2022). A plant species’ range is determined by
multiple biotic (e.g., microbiota, herbivores) and abiotic (e.g., soil
chemical profile, temperature) factors (Chase and Leibold, 2003;
Pearman et al., 2008; Vandermeer, 1972). Yet, the conditions which
have shaped current species ranges are quickly changing (Kellner
et al., 2023; Morin et al., 2008; Savage and Vellend, 2015), forcing
sessile organisms such as plants to adapt to the altered conditions
of their habitat (Davis and Shaw, 2001; Moran et al., 2022; Savage
and Vellend, 2015). For example, several alpine plant species are
migrating to higher altitudes, as their current habitats experience an
increase inmean temperature and a decrease in snow cover (Vitasse
et al., 2021). Conversely, while some plant species have shifted their
distribution ranges in response to current climate change, trees
are not responding as quickly as predicted by distribution models
(Lee-Yaw et al., 2022). Recently, several events of sudden tree
mortality following heat and drought surges have been documented
in ecosystems that were not predicted to be at risk, increasing
the need to identify vulnerable forest components and potential
ecosystem function thresholds (Hartmann et al., 2022). Therefore,
achieving a better understanding of the drivers of tree species’
responses to climate change is key to improving our predictions of
the future of forest ecosystems.

In general, temperate tree species are following the trend of
moving to higher latitudes or altitudes (e.g., to boreal regions),
but this movement is slower than predicted and may not follow a
straightforward northward direction (Carteron et al., 2020; Lima
et al., 2024). This suggests that phenological shifts, biotic factors, or
both, are slowing down migration and need to be better considered
in distribution models. However, climatic conditions, including
temperature, are not the sole predictors of a species’ niche (Chase
and Leibold, 2003; Elton, 1927; Grinnell, 1917). For tree species,
their long-life expectancies, relatively short dispersal distances, and
low mortality rates upon establishment are possible explanations
for slow migration (Brown and Vellend, 2014; Vellend et al., 2021;
Xu and Prescott, 2024). Yet, other factors such as soil properties,
as well as root and soil microbes could play an important role.
Studies have shown that abiotic factors such as soil pH, nutrient
levels, soil structure, and porosity, as well as biotic interactions with
symbiotic fungi, nitrogen-fixing bacteria, microbial pathogens,
and soil mesofauna, significantly influence tree distribution and
establishment (Hulshof and Spasojevic, 2020; Laughlin and Abella,
2007). In addition, climate change can create temporal and spatial
mismatches between interacting species, especially if they differ
in sensitivity to climatic conditions or migration rates (Gómez-
Ruiz and Lacher, 2019). For example, tree migration lag is
projected to correlate with a reduction of climatically compatible
ectomycorrhizal fungi partners for tree species that depend on these

symbioses (Van Nuland et al., 2024). Thus, the time lag between
the pace of climate change and tree species migration depends on
various factors, some of which are of biotic nature and warrant
further research to improve our prediction capacity.

In this review, we focus on the case of the sugar maple (Acer
saccharum, Marshall, 1785; Figure 1) to summarize the current
state of knowledge on tree-microbe interactions in the context
of climate change and propose novel avenues of research. Acer
L., to which the sugar maple belongs, is a key genus in broad-
leaved deciduous forests of the Northern Hemisphere (Wolfe and
Tanai, 1987), encompassing nearly 130 species in eastern Asia,
10 in North America, and 12 in Europe and western Asia (Gao
et al., 2020). While Acer species likely originated in North America
(Wolfe and Tanai, 1987) or in Asia (Gao et al., 2020; Li et al.,
2019), the current center of Acer diversity is located in eastern
Asia, particularly in China and Japan (Gao et al., 2020). The
significantly greater species diversity in eastern Asia compared to
North America is likely due to higher extinction rates and lower
speciation rates in North America (Xiang et al., 2004). Maples
are key components of Northern Hemisphere temperate forests,
ranging from dominant canopy species such as sugar maple and
red maple (A. rubrum) in the eastern United States and Canada, to
more shrubby, sparsely distributed species in the understory such
as moosewood (A. pensylvanicum) or riparian species such as silver
maple (A. saccharinum). Among the diverse Acer species, sugar
maple stands out not only for its ecological importance in North
America but also for its significant cultural, economic, (Matthews
and Iverson, 2017; Murphy et al., 2009), and even pharmaceutical
roles (Delisle-Houde et al., 2021; Leboeuf, 2018; Maisuria et al.,
2015), making it a focal point for understanding tree-microbe
interactions in the context of climate change. As a dominant
species of eastern North America’s temperate forests, sugar maple
displays a wide distribution stretching from the midwestern US
to southeastern Canada (Godman, 1957; Figure 2), engendering
considerable potential genetic diversity (Graignic et al., 2018).
Moreover, much like the eastern white pine (Pinus strobus, L.),
this sapindaceous species plays a keystone role: its disappearance
could jeopardize the ecosystem balance and functioning, with
consequences that are difficult to predict (Horsley et al., 2002;
Uprety et al., 2017). While many species distribution models for
trees currently lack explicit incorporation of microbial interactions
(but see Van Nuland et al., 2024 and Allsup et al., 2023),
understanding sugar maple’s microbial symbiotic partners and
antagonists is crucial for better predicting the species’ future
distribution shifts.

Previous studies have shown that sugarmaple assembles diverse
and species-specific root and leaf microbiomes, with potential
impacts on tree growth, immunity, and survival. First, the origin
of the soil on which sugar maple grows appears to play a key role.
Despite improved regeneration under colder temperatures, which
corresponds to current northern range limit climatic conditions,
sugar maple survival and biomass after transplants are up to
50% higher on soil from the center of its range (Brown and
Vellend, 2014; Carteron et al., 2020). This suggests that this
tree species is highly dependent on root biotic interactions (e.g.,
in the rhizosphere with arbuscular mycorrhizae) for successful
establishment in a newly available niche or in adaptation to
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FIGURE 1

Drawings of a seedling (A), samara (B), mature leaf (C), root section (D), and adult tree (E) of sugar maple, created by Isabel Ramirez. The leaf
drawings represent both summer and autumn seasons.

climate change, irrespective of the physico-chemical properties of
the soil (Brown and Vellend, 2014; Carteron et al., 2020; Pitel
and Yanai, 2014). Second, sugar maple leaves have also been
the focus of several studies on tree-microbe interactions in the
phyllosphere, demonstrating that the local abiotic environment
of trees drives leaf microbial colonization (Laforest-Lapointe
et al., 2016a; Wallace et al., 2018). In addition to the role of
leaf microbes in host immunity, these microbial communities
have been associated to plant community productivity (Laforest-
Lapointe et al., 2017; Li et al., 2023). While several studies have

now shown that tree microbiomes play important roles for tree
population dynamics and range shifts, we still ignore much of
the mechanisms structuring tree-microbe interactions. Temperate
forest ecosystems worldwide are currently threatened by the higher
frequency of extreme weather events, but also by fires, increased
drought stress, and intensified pest outbreaks (Gilliam, 2016). A
different response could be expected in boreal forests, which may
be linked to concomitant increases in temperature and atmospheric
CO2. Different forest biomes will thus not respond to further
global change in uniform ways (Forzieri et al., 2022). In line with
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FIGURE 2

Map depicting the native range of sugar maple (A. saccharum). Native range data obtained from the tree species distribution range maps series in
Little’s “Atlas of United States trees” (Fryer, 2018).

these trends, sugar maple is in decline. Since the 1960s, a decrease
in radial growth, crown dieback, and increased mortality have
been observed in maple groves across North America, as well as
symptoms linked to excessive hydric and nutritional stress and
opportunistic biotic attacks (Bose et al., 2017; Horsley et al., 2002).
The emblematic status of sugar maple and the stakes involved in its
conservation for temperate forests in North America highlight the
urgent need to build stronger scientific foundations to predict and
mitigate the consequences of climate change for this tree species.
Additionally, temperate forests dominated by sugar maple provide
rich reservoirs of biodiversity, thus tying the conservation of this
species to the fate of many other co-occurring species (i.e., umbrella
species). To prevent sugar maple from declining in the face of
global change, it will be crucial to gain a better understanding (1)
of its capacity to shift north in pace with climatic changes and
(2) of the contributions of surrounding microbial communities in
this process.

The relatively recent decline in sugar maple populations, and
the potential implications of global change in this phenomenon
have led to several investigations of tree-microbe interactions that

occur at its geographic range limit. Recent studies have shown
that a shift in tree-microbe associations occurs at the edge of
the sugar maple distribution range, and there is evidence for this
in the microbial communities of both below- and aboveground
environments (De Bellis et al., 2022; Wallace et al., 2018). This
shift could have major consequences for sugar maple, as seedlings
experienced reductions in regeneration when grown in soils from
their range edge environments and beyond, relative to within their
core distribution (Carteron et al., 2020). However, when sugar
maples are transplanted to the northern edge of their range in
the field, they have also been shown to benefit from the reduced
pressure from natural enemies (Urli et al., 2016). This phenomenon
can be explained by the enemy release hypothesis (Keane and
Crawley, 2002). For example, two studies in the province of Québec
(Canada) have documented a decrease in foliar damage from
herbivorous insects and pathogenic fungi at sugar maple northern
latitudinal and elevational limits (De Bellis et al., 2019; Urli et al.,
2016).While sugarmaple appears to benefit from the reduced biotic
stress at the range edge, shifts in microbial community structure
(i.e., which taxa are present and in what proportion) can have
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significant consequences. Indeed, each forest type harbors distinct
microbial communities, with varying abundances of saprophytic
and pathogenic taxa (Bahram et al., 2020; Heděnec et al., 2020;
Netherway et al., 2021). As sugar maple migrates northward,
reductions in microbial diversity—particularly the loss of key
taxa such as arbuscular mycorrhizal (AM) fungi—may limit their
growth and survival (Chamard et al., 2024; De Bellis et al., 2022).

Within the core of their range, sugar maple may experience
negative population feedback due to the accumulation of natural
enemies (Janzen, 1970; Jia et al., 2020). Yet, Bennett et al. (2017)
found that sugar maple experiences lower levels of negative
population feedback compared to other temperate tree species, thus
providing a potential competitive advantage and facilitating their
recruitment at the northern edge of their range. Even so, abiotic
factors, such as colder temperatures and soil conditions (Solarik
et al., 2018), along with biotic factors such as reduced microbial
diversity (Wisz et al., 2013), create significant constraints on sugar
maple’s range shifts, which are key to understanding future changes
in the temperate-boreal ecotone. With this said, the range shift of
sugar maple may not occur in a strictly northward fashion, but
could follow a more complex pattern involving different expansion
and contraction phases, as predicted by recent studies on the range
expansion of Norway maple (A. platanoides; Lima et al., 2024)
and red maple (A. rubrum; Brice et al., 2019). This result brings
forward several key considerations for both sugar maple, and their
associated microbes. For instance, each expansion phase could
involve different microbial community assemblages, influencing
host tree nutrient acquisition and stress tolerance. As sugar maple
encounters new environments, the species may face challenges
in forming or maintaining beneficial microbial relationships,
particularly if mutualistic taxa are absent (Perreault and Laforest-
Lapointe, 2022). Understanding these complex patterns and tree-
microbe interactions is essential for predicting sugar maple
migration and adaptation, as temperatures are expected to rise
in the temperate and boreal biomes, in combination with more
frequent and intense droughts and wildfires.

In this review, we provide a comprehensive synthesis of the
current knowledge of sugar maple rhizosphere and phyllosphere
tree-microbe interactions in the context of global change. Drawing
from the literature on the sugar maple microbiome, we aim
to answer the overarching question: Which roles will microbial
communities play in determining sugar maple distribution beyond
its current northern limit as climate change accelerates? We focus
on how mutualistic microbes, such as AM fungi, and pathogens
influence sugar maple’s response to climate change and its potential
for range expansion. Additionally, we explore the roles of microbes
across different plant compartments—roots and leaves—and how
they affect the tree’s performance and adaptation. Finally, we
examine how microbial dispersal and shifting species interactions
under climate change may shape the tree’s ability to migrate beyond
its current range.

2 Tree-microbe interactions

Studying trees is neither fast, cheap, nor simple. In comparison
with the plant model study system Arabidopsis thaliana, trees

grow slower, have larger genomes, and are thus more difficult to
manipulate genetically (Arnold et al., 2024; Clark, 1949; Vacher
et al., 2016). It is therefore easy to grasp the challenges of working
with trees as a study system, which has henceforth led to a
lack of studies on tree-microbe interactions. Yet, through their
leaves, trunks, branches, and roots, from the small seedling to the
mature tree, these plants provide a wide variety of habitats for
microorganisms, as well as a large surface area for exchanges (Clark,
1949; Perreault and Laforest-Lapointe, 2022; Vacher et al., 2016).
This makes the study of tree microbiota particularly complex, but
just as exciting. Complex systems are governed by a set of abiotic
and biotic forces and their interactions, as well as by stochastic
events, leading to the establishment of a multi-faceted dynamic.
Tree-microbe interactions form a complex system, which thus
requires multidisciplinary research initiatives to continue to push
the field forward.

In the preceding decade, several studies leveraging next-
generation sequencing have shown that sugar maple microbial
communities are exceedingly diverse, encompassing a wide range
of bacteria, fungi, archaea, viruses, and other microorganisms
(Tables 1, 2). The study of Wallace et al. (2018) demonstrated
that sugar maple bacterial communities, across all compartments
(inside and outside roots and leaves), consisted of four primary
phyla and 11major classes. Among these, Proteobacteria accounted
for 59.4% of the sequences and included four classes: Alpha-, Beta-,
Delta-, and Gamma-proteobacteria. As for fungi, this study showed
that the dominant fungal phyla were Zygomycota, Ascomycota,
and Basidiomycota, while the most abundant classes included
Dothideomycetes, Sordariomycetes, and Agaricomycetes. To our
knowledge, there are no studies focusing on protists or archaea
in the sugar maple microbiome yet, while there is one study that
reported the presence of methanogenic archaea in the bark of
yellow-paint maple, which is native to Asia (A. pictum; Harada
et al., 2024). Similarly, only a handful of studies have focused
on viral members of sugar maple microbial communities. These
studies were focused on viruses that cause diseases accompanied
by chlorotic spots andmottle symptoms (Lana et al., 1980; Rumbou
et al., 2021). For example, Rumbou et al. (2021) employed RNA-Seq
technology to study the viral agents of maple trees in urban parks,
demonstrating the presence of mottle-associated virus (MaMaV).
Although there has been remarkable progress in our understanding
of sugar maple bacterial and fungal microbial communities, the
limited research on archaea, viruses, and protists highlights the
need for future studies to uncover their roles, interactions, and
impacts on tree fitness and range expansion, particularly in the
context of global change.

The microbial communities associated with sugar maple
colonize different plant compartments, which offer unique
microhabitats that support different microbial assemblages (De
Bellis et al., 2022; Laforest-Lapointe et al., 2016a,b; Wallace et al.,
2018). The soil surrounding the roots, or the rhizosphere sensu
stricto, is one of the most dynamic environments for microbial
activity and interactions (Berendsen et al., 2012). In sugar maple,
the rhizosphere is teeming with bacteria and fungi (Chamard
et al., 2024; Wallace et al., 2018) that contribute to nutrient
cycling, organic matter decomposition, and protection against soil-
borne pathogens (Berendsen et al., 2012; Mohanram and Kumar,
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2019; Raaijmakers et al., 2009). Sugar maple roots (Figure 1D)
are colonized by both endophytic (i.e., inside plant tissues)
and epiphytic (i.e., on plant surfaces) microbes. Mycorrhizal
associations, particularly with arbuscular mycorrhizal (AM) fungi,
are prominent in this compartment, enhancing the tree’s nutrient
uptake and defenses (Begum et al., 2019; Netherway et al., 2021;
van der Heijden et al., 2008). However, the relationship between
AM fungi and the conspecific density of trees forming such
associations presents a more nuanced picture. Research suggests
that tree species associated with AM fungi can experience relatively
strong negative population feedbacks, leading to a reduction
in the density of juvenile stems in proximity to adult trees
(Bennett et al., 2017; Delavaux et al., 2023). This negative density-
dependent effect is thought to be attributed to both general
competitive stand dynamics, wherein adult trees monopolize light
and nutrient resources to the detriment of juvenile seedlings,
and to the accumulation of species-specific pathogens that make
it difficult for young trees to establish (Connell, 1971; Delavaux
et al., 2023; Janzen, 1970). Overall, the impact of AM fungi on
sugar maple likely depends on myriad factors, including local
environmental conditions and competition with other species,
making the outcome of maple-AM fungal interactions highly
context-dependent. The subsection below entitled “Rhizosphere”
summarizes the current state of knowledge on sugar maple root-
microbe interactions (Table 1).

The aerial surfaces of plants, or the phyllosphere sensu lato,
also provides an important habitat for microbes. Common
sugar maple leaf microbial colonists include bacteria from
Alpha- and Gamma-proteobacteria, Hymenobacteraceae,
Beijerinckiaceae, Pseudomonadaceae classes as well as fungi
from Dothideomycetes, Eurotiomycetes, Leotiomycetes, and
Sordariomycetes classes (Wallace et al., 2018; Laforest-Lapointe
et al., 2016b). These microbes can notably contribute to tree
host fitness by outcompeting leaf pathogens or enhancing
photosynthetic efficiency (Bamisile et al., 2018; Khare et al., 2018;
Vacher et al., 2016). Nevertheless, evidence of mutualism in
endophyte-tree symbioses has often been inconclusive (Sieber,
2007). It is however likely that plants would struggle to endure
many environmental stresses without these associations, as is
evident from host-microbe interactions belowground. Yet, there
is little evidence of biocontrol potential of foliar endophytes
colonizing sugar maple in nature (but see Pehl and Butin, 1994
Sieber and Dorworth, 1994). Moreover, several studies have also
demonstrated no differences in fungal and bacterial endophyte
community composition and diversity between phytopathogen-
infected and asymptomatic A. campestre and A. platanoides leaves
(Wemheuer et al., 2019), two closely-related maple species. The
similarity between infected and asymptomatic leaves could be
explained by the fact that some pathogens responsible for the tree
diseases are present in asymptomatic leaves as latent infections
(Abdelfattah et al., 2017; Cross et al., 2017). The subsection below
entitled “Phyllosphere” summarizes the current state of knowledge
on sugar maple leaf-microbe interactions (Table 2).

Even if cross-sectional studies have largely dominated the
research intomicrobiomes, the fluctuating dynamics of the growing
season in temperate forests (from bud burst to leaf senescence) has
orientedmany researchers toward temporality. Thus, early research

on sugar maple bacterial and fungal temporal dynamics primarily
focused on understanding howmicrobial community structure and
alpha diversity changed over the seasons. For roots, with a few
exceptions, there is a lack of studies exploringmicrobial community
temporal dynamics. In a study led by De Bellis et al. (2019),
fungal community composition remained unaltered throughout
the growing season (from May to October), while bacterial
community composition showed significant changes. Other studies
mainly explored temporal variation in AM fungal abundance. For
example, Cooke et al. (1992) observed seasonal variation in the
incidence of AM fungi, but these differences were not consistent
among years. In another study on sugar maples, Klironomos
et al. (1993) found that AM colonization and hyphal length
peaked in forests during spring and autumn, while spore densities
were highest in autumn and decreased throughout the year. For
leaves, Laforest-Lapointe et al. (2016a) sampled the foliar bacterial
community of five temperate tree species, including sugar maple, at
three time points during the growing season and across four sites
in the Province of Québec. This study demonstrated that season
had only a minor effect on bacterial community composition when
compared to host species and sites. While a few studies have
already explored the seasonal dynamics of microbial communities
associated with sugar maple, especially aboveground, there remains
a significant gap in our understanding of the temporal shifts and
interactions of microbial communities, particularly in relation to
AM fungi and other root-associated microbes.

The roots and leaves are not the sole vessels of microbial life
in sugar maple trees. First, the well sought-after maple sap has
been shown to house a diverse suite of bacterial strains from the
phyla Firmicutes, Actinobacteria, and Proteobacteria, as well as
multiple fungal genera such as Rhodosporidiobolus, Cyberlindnera,
Curvibasidium, Cystofilobasidium, Itersonilia, Phenoliferia, Phaffia,
and Vishniacozyma (N’guyen et al., 2022). Additionally, Filteau
et al. (2010) showed that the microbial communities of sugar maple
sap change during sap production in spring, with Pseudomonas
and Rahnella being the two most represented bacterial genera.
Moreover, sugar maple seeds could also be an important reservoir
for diverse microbial members. While there is yet no work
characterizing sugar maple seed microbial communities, several
studies have demonstrated that microbes in tree seeds have co-
evolved with their host tree species and provide special growth
traits for tree survival (Abdelfattah et al., 2023, 2021; War et al.,
2023). Clearly, there is a contribution of microbial members from
the seed to the root and leaf compartments (Abdelfattah et al., 2021;
Faticov et al., 2023). In view of these results, prominent knowledge
gaps remain: (1) How do these tree-microbe exchanges occur?; (2)
Which factors regulate them?; and (3) What are their impacts on
tree performance?

To address these questions, it is important to draw on the
foundations of community ecology which aims to understand
which abiotic and biotic forces determine the structure and
dynamics of communities at different spatial and temporal
scales. The evolution of community ecology in the 20th
century has laid a foundation for studying assembly processes
that govern not only communities of macroorganisms, but
also of microorganisms. Clements’ early view of communities
as “superorganisms” suggested that species are assembled in
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TABLE 1 A list of studies that explored the interactions between sugar maple and microbial communities belowground.

Reference Location Microorganisms Compartment Methods

De Bellis et al. (2002) Mixed deciduous forests at Réserve faunique de
Portneuf and Station Forestière in Duchesnay
(QC, Canada)

AM and EM fungi Roots Microscopy, ECM
morphotyping

Klironomos (1995) Southern to northern Ontario (ON, Canada) AM fungi Roots and soil Microscopy and spore
collection from soil

Klironomos et al. (1993) Maple forests in Waterloo (ON, Canada) and St.
Lawrence floodplain (QC, Canada)

AM fungi Roots and soil Microscopy and spore
collection from soil

De Bellis et al. (2019) Sugar and Norway maples at Morgan Arboretum
(QC, Canada)

Fungi and bacteria Roots and
rhizosphere

Metabarcoding and
microscopy

Coughlan et al. (2000) Healthy and declining sugar maple forests at Lac
Clair and Portneuf (QC, Canada)

AM fungi Roots and soil Microscopy, spore
collection from soil

Cooke et al. (1992) Biological Station of U. de Montréal (QC, Canada) AM fungi Roots Microscopy

Cooke et al. (1993) Biological Station of U. de Montréal (QC, Canada) AM fungi Roots Microscopy

Chamard et al. (2024) Elevational gradients at Parc National du Mont
Mégantic and Réserve naturelle des montagnes
vertes (QC, Canada)

Bacteria, fungi, and AM
fungi

Roots and
rhizosphere

Microscopy and
metabarcoding

Carteron et al. (2020) Parc national du Mont-Mégantic (QC, Canada) Endophytes and AM
fungi

Roots and soil Greenhouse experiment,
microscopy

TABLE 2 A list of studies that explored the interactions between sugar maple and microbial communities aboveground.

Reference Location Microorganisms Compartment Methods

De Bellis et al. (2022) Latitudinal gradient in Québec
(QC, Canada) RESEF (Le Réseau
d’Étude et de Surveillance des
Écosystèmes Forestiers Québécois)

Bacteria, fungi, and AM
fungi

Rhizosphere, roots, and
leaves

Metabarcoding

Wallace et al. (2018) Elevational gradient at Parc National du
Mont-Mégantic (QC, Canada)

Bacteria and fungi (epi-
and endophytes)

Leaves and roots Metabarcoding

Laforest-Lapointe et al.
(2016a,b)

Four natural temperate forest stands in
Québec: Sutton, Abitibi, Gatineau, and
Bic (QC, Canada)

Bacteria (epiphytes) Leaves Metabarcoding

Laforest-Lapointe et al. (2017) Common garden experiment (IDENT),
Ste-Anne-de-Bellevue (QC, Canada)

Bacteria (epiphytes) Leaves Metabarcoding

Demarquest and Lajoie (2023) Nine forested sites across eastern
Ontario (ON, Canada), north-eastern
USA, and Québec (QC, Canada)

Bacteria (epiphytes and
endophytes)

Leaves Metabarcoding

N’guyen et al. (2022) Sugar maple sap producers in Québec
(QC, Canada) and New Brunswick (NB,
Canada)

Fungi and bacteria Sap Metabarcoding

non-random combinations (Clements, 1916), while Gleason
emphasized the role of climatic variability in shaping species
responses and community structure (Gleason, 1939). Niche theory,
articulated by Grinnell and Elton and later refined by Hutchinson
to include fundamental and realized niches (Elton, 1927; Grinnell,
1917; Hutchinson, 1959), stands in contrast to Hubbell’s Neutral
Theory, which argues that communities are shaped by random
processes rather than organismal traits (Hubbell, 2001). According
to Vellend (2010), four primary processes—selection, drift,
dispersal, and speciation—govern community assembly. While
these concepts have shaped ecological thought, their application
to microbial communities presents unique challenges due to the
small size, abundance, and rapid generation times of microbes.
For instance, selection may be affected by dormant states, and

drift typically occurs under conditions of weak selection and low
population sizes (Cordovez et al., 2019). Ultimately, integrating
these ecological principles will enhance our understanding of sugar
maple-microbe interactions and their implications for forest health
and tree migration.

At the core of these interactions lies the enigma of microbial
dispersal. Microbial dispersal occurs through several pathways,
but dispersal modes differ between below- and aboveground
microbes. In the belowground world, root exudates attract and
support several beneficial microbes, such as mycorrhizal fungi and
rhizobacteria, which can then disperse through the soil to colonize
nearby roots (Badri et al., 2009; van der Heijden et al., 2015). Soil
movement, often caused by earthworms (exotic invasive species in
the maple groves of Québec) or insects, transports soil particles
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TABLE 3 Common mycorrhizal networks and sugar maple-AM fungal interactions: key insights and future research questions.

Topic Key points on CMNs Implications for sugar maple-AM fungi
interactions and potential research questions

Relevance of common
mycorrhizal networks

Karst et al. (2023) challenges the
ubiquity of CMNs and their ecological
significance

AM fungi form associations with sugar maple roots, but do they form
CMNs (if they exist) in mixed forests? If so, are there important
conmycorrhizal plant partners for maple in this dynamic? Are arbuscular
CMNs present in sugar maple-dominated forests? Are roots connected
by the same genet? If yes, how prevalent are they?

Nutrient and resource
sharing/partitioning

The extent of resource transfer through
CMNs between plants is debated

Do sugar maples receive or give resources through AM fungal networks,
especially in mixed-species forests? How do mixed stands with differing
mycorrhizal types vary in productivity when compared to sugar maple
dominant stands? What is the relevance of the CMN, root, and soil
transfer pathways for nutrient exchange in sugar maple tree
communities? How do AM-sugar maple interactions influence nutrient
uptake under competition or stresses?

Impact on plant communities CMNs may influence seedling
establishment, species coexistence, and
competition, but evidence is mixed

Do AM fungal interactions affect sugar maple seedling establishment and
survival beyond its current range? Do mature maples facilitate or stymie
the regeneration of seedlings, and how do AM fungal interactions
influence this? Do sugar maple seedling growth or performance improve
in the environment where CMNs have the potential to form or in the
environments where roots are interacting? Can associations with AM
fungi improve sugar maple adaptation in a changing climate?

Impact of climate change CMNs role in buffering or exacerbating
the effects of climate change on forests

AM fungal interactions may help sugar maples adapt to or mitigate
climate change effects (e.g., drought, temperature fluctuations). Does
climate change alter AM associations, thereby affecting sugar maple
distribution?

Network stability and
disruption

The stability of mycorrhizal networks is
questioned, especially when ecosystems
are disturbed (e.g., logging, fire, land use
change). Also, the relative stability of
AM vs. EM fungal networks requires
further investigation.

Investigating how disturbances affect sugar maple-AM networks may
provide insight into the adaptation of sugar maples to the changing
environment. How resilient are sugar maple-AM networks to biotic,
abiotic, and/or anthropogenic changes?

Role in carbon sequestration The role of mycorrhizal networks in
carbon cycling and sequestration. For
example, evidence from a few studies
suggest that mycorrhizal fungi can
influence soil carbon storage and
decomposition processes (Carteron
et al., 2022; Choreño-Parra and
Treseder, 2024; Hawkins et al., 2023)

How do sugar maple-AM interactions affect carbon storage in temperate
forest soils? Do changes in AM fungal networks alter the carbon balance
in these temperate forests?

along with associated microbes closer to the trees’ roots, thus
enhancing microbial colonization (Edwards and Arancon, 2022).
Additionally, mycorrhizal fungi can form extensive hyphal mats
and networks that cover long distances and have been shown
to connect roots from different plants in specific experimental
contexts (Cahanovitc et al., 2022; Figueiredo et al., 2021; Newman,
1988; Teste and Simard, 2008). This phenomenon adds another
potential mechanism for microbial dispersal across temperate
forests belowground (see the Microbe-microbe interactions in the
hyphosphere subsection below; Emmett et al., 2021; Sangwan and
Prasanna, 2022). However, the relevance and ecological significance
of common mycorrhizal networks (CMNs) remains contentious
(Table 3), as there is a lack of empirical evidence supporting their
widespread occurrence and functional roles in nutrient transfer
among plants (Karst et al., 2023; Walder et al., 2012; Henriksson
et al., 2023; Robinson et al., 2024). This highlights the need for
further investigation into the potential impact of CMNs, as well
as the relevance of root and soil transfer pathways for microbial
dispersal and nutrient exchange among sugar maples (Table 3).

In the aboveground world, microbial dispersal mechanisms are
also diverse. When tree leaves drop and decompose, nutrients and

some microbes residing on and within leaf tissues, such as fungi
and bacteria, disperse through the decaying leaf litter, influencing
the microbial community in the surrounding soil (Baldrian, 2017;
Tedersoo et al., 2020). Wind, rain, and large-scale atmospheric
movements also play key roles in dispersal at various geographic
and temporal scales (Barbour et al., 2023; Chaudhary et al., 2020;
Morris et al., 2023). The spores from leaf-colonizing fungi or
bacteria can be carried away, thus inoculating the host tree crown
or the neighboring trees and directly contributing to microbial
dispersal (Barbour et al., 2023; Choudoir and DeAngelis, 2022).
In addition, insects which feed on leaves (such as aphids, beetles,
and moths) can also carry microbial pathogens or beneficial
microbes on their bodies or within their guts, thus dispersing these
microorganisms across leaves, trees, and forests (Coolen et al.,
2022). Finally, microorganisms can also disperse through the xylem
from roots to leaves and vice versa (Frank et al., 2017). Despite
these insights, significant gaps remain in our understanding of
how the heightened pressures of global change will affect microbial
dispersal. For example, we ignore how local and global climatic
shifts will influence belowground (e.g., root exudates, mycorrhizal
networks, invasive species incursions) and aboveground dispersal
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processes (e.g., changes in precipitation patterns) within and
among trees. In summary, by integrating models that forecast
suitable habitats with studies on microbial interactions, researchers
can better understand how microorganisms influence tree survival
and growth.

3 Rhizosphere

Soil represents one of the most diverse ecosystems globally,
thought to house over 50% of species on Earth (Anthony et al.,
2023; Tedersoo et al., 2014). Soils are highly heterogeneous
environments, shaped by a complex array of processes that
influence plant communities, biogeochemical cycles, and both
macro- and microscopic communities (Hillel and Hatfield, 2005).
Trees, as long-lived and sessile organisms, play a crucial role in
linking the belowground and aboveground environments. The
rhizosphere, the narrow zone of soil surrounding and directly
influenced by plant roots (Asiegbu and Kovalchuk, 2021; Cordovez
et al., 2019), is particularly rich in biological activity due to the
“rhizosphere effect”, wherein root exudates stimulate microbial
activity, select for specific microorganisms, and alter soil chemistry
(Berendsen et al., 2012; López et al., 2023; Prescott and Grayston,
2023). The composition of rhizosphere microbial communities is
influenced by factors such as plant host identity (Quiza et al.,
2023), local site conditions (Wallace et al., 2018), forest type
(De Bellis et al., 2019), and edaphic and climatic factors such as
pH, nutrient levels, soil temperature, and moisture (Asiegbu and
Kovalchuk, 2021; Chamard et al., 2024; Rousk et al., 2010). Several
studies have demonstrated an overlap in microbial taxa of the
phyllosphere and rhizosphere, which was suggested to represent
a “core microbiome” (Wallace et al., 2018). However, it remains
difficult to identify a core microbiome, given that many studies
have targeted similar age classes (e.g., tree seedlings) and have
often used different molecular techniques (including different DNA
extraction kits and primer pairs), when characterizing microbial
members of the phyllosphere and rhizosphere. Notwithstanding
recent advances, many gaps persist in our understanding of the
forces governing plant rhizosphere microbial community assembly
processes, particularly in how these processes affect the plant host.

While the field has provided several studies on the impacts
of climate change on the persistence of sugar maple populations
(Carteron et al., 2020; Collin et al., 2018; Solarik et al., 2018), it is not
clear how microbial interactions in the rhizosphere will contribute
to sugar maple establishment in new environments beyond its core
range. Nevertheless, these studies have laid a strong foundation for
future research to explore the sugar maple root microbiome and its
responses to a changing climate.

3.1 Rhizosphere bacteria: key drivers and
ecology

The key factors influencing bacterial community assembly
in sugar maple roots and in the rhizosphere include local
habitat configuration (e.g., elevation), forest type (e.g., temperate
vs. boreal), host identity, climatic and soil variables such as
temperature, moisture, soil pH, as well as nutrient content

(Chamard et al., 2024; De Bellis et al., 2019; Wallace et al.,
2018). Many bacterial phyla play crucial roles for their tree hosts,
interacting within the rhizosphere in ways that can significantly
impact the functioning of plant roots (Asiegbu and Kovalchuk,
2021; Cordovez et al., 2019). In spite of the variations in bacterial
communities due to aforementioned factors, Wallace et al. (2018)
suggested the existence of a core microbiome for sugar maple,
comprising a shared set of microorganisms across different habitats
and plant compartments. Interestingly, several studies on the
bacterial communities of sugar maple, including those of De Bellis
et al. (2019, 2022), emphasize similar bacterial taxa across different
sites and forest types, highlighting a potential role in tree fitness
outcomes. Among important taxa are the four classes Alpha-, Beta-,
Delta-, and Gamma-proteobacteria. While these results concur at
a coarse level of taxonomic resolution (limited by the resolution
of 16S rRNA marker gene sequencing), these classes do contain
many important taxa known for their impacts on tree performance
and immunity (Asiegbu and Kovalchuk, 2021; Raaijmakers et al.,
2009). Further research is warranted to investigate the species-
and strain-level diversity and functional profiles of these bacterial
communities as well as their roles for sugar maple performance.

Beyond root bacterial community composition, shifts in
bacterial alpha-diversity across sites and plant host compartments
were also detected. De Bellis et al. (2022) found that forest type
(i.e., temperate, mixed, or boreal) had a significant impact on
root bacterial Shannon diversity, where diversity decreased from
temperate to boreal forests. Similarly, Wallace et al. (2018) and
Chamard et al. (2024) found decreases in bacterial Shannon
diversity along several elevation gradients. Of note, Chamard et al.
(2024) also identified a parabolic relationship between altitude
and alpha diversity at one site, indicating that, in some locations,
bacterial diversity may increase at intermediate elevations before
declining at higher altitudes. In the study by Wallace et al. (2018),
sugar maple seedlings growing at their range edge had distinct
bacterial communities compared to those in the core distribution
range, with root bacterial diversity being lower at the edge of the
tree’s distribution. Overall, sugar maples are likely to encounter
distinct microbial communities at the edge of their range compared
to the core, which could challenge the species’ establishment in
new habitats. Understanding the ecological roles of the microbial
members is thus essential. Future research should thus focus on
elucidating sugar maple bacterial communities at a finer scale and
in different environmental contexts (e.g., different soil conditions,
dominant tree communities, temperature/humidity regimes) to
determine (Figure 3) (1) how these communities may shift; (2) who
are the key players in this process; and (3) what role they play in the
rhizosphere of sugar maple.

3.2 Rhizosphere fungi: key drivers and
ecology

The limited studies on the root fungal communities of sugar
maple reveal significant overlap, along with some intriguing
discrepancies. For example, while De Bellis et al. (2019) largely
agreed with Wallace et al. (2018) regarding the dominant bacterial
phyla associated with sugar maple roots, their findings on fungi
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FIGURE 3

Schematic overview of the main knowledge gaps and the relevant questions in the research on sugar maple-microbe interactions. Knowledge gaps
are presented separately for below- (red) and aboveground (green) microbial groups (inner circle with a tree). Relevant questions (outer circle) are
proposed to advance research on sugar maple-microbe associations.

showed notable differences. De Bellis et al. (2019) identified
Ascomycota and Basidomycota as the most abundant fungal phyla,
both of which are common for forest soils. In contrast, Wallace
et al. (2018) found that the phylum Zygomycota predominated,
followed by the Ascomycota. Although the differences in sampling
sites and timing could explain some of this variation, it may be also
explained by the choice of the compartment, where Wallace et al.
(2018) focused on the rhizosphere and roots, while De Bellis et al.
(2019) focused exclusively on roots. It is also important to note that
the Zygomycota phylumhas since been reclassified into two distinct
phyla: Mucoromycota and Zoopagomycota (Spatafora et al., 2016).

Zoopagomycota primarily includes parasites and pathogens of
small animals, whereas Mucoromycota encompasses subphyla such
as Mortierellomycotina, Mucoromycotina, and Glomeromycotina,
which include several taxa known to form positive associations with
roots (although Glomeromycotina is often used interchangeably
with Glomeromycota, which is often still considered as a distinct
phylum). These associations can take the form of mycorrhizae,
mycorrhiza-like relationships, and root endophytes (Bonfante
et al., 2020; Orchard et al., 2017; Spatafora et al., 2016). In
addition to the AM fungi (i.e., Glomeromycota) which warrant a
separate discussion, a widespread group of beneficial root-fungal
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symbionts within the Mucoromycotina known as “Fine Root
Endophytes” (FRE), have the ability to establish mycorrhizal-like
associations with vascular plants (Hoysted et al., 2019). Although
their ecological significance is not yet fully understood and their
symbiotic functions have only recently been recognized, FRE have
been identified as important sources of phosphorus and nitrogen
for their host plants (Hoysted et al., 2023). Given their widespread
occurrence, tendency to co-occur with AM fungi, and potential
contributions to plant nutrition and fitness, further research is
needed to explore the role of this fungal group and other root
associated fungi, particularly in relation to sugar maple.

Another intriguing group of fungi often associated with sugar
maple roots is the dark septate endophytes (DSE). Very few
studies have looked at their relationship with sugar maple (but
see Chamard et al., 2024 and De Bellis et al., 2019), and have
largely focused on presence/absence data. DSE are a ubiquitous
group of ascomycetes fungi found in association with plant roots
worldwide (Newsham, 2011). DSE have been shown to span the
mutualism-parasitism continuum (Grünig et al., 2008; Jumpponen,
2001; Mandyam and Jumpponen, 2014), acting as a biocontrol
against fungal pathogens in some systems (Wang et al., 2022)
and as growth promoting fungi in others (Liu et al., 2022; Santos
et al., 2021). Additionally, they have been shown to act parasitically
or have neutral impacts on plant growth and survival outcomes
(Mayerhofer et al., 2013), further obscuring our understanding of
their ecological roles. Netherway et al. (2024) demonstrated that
DSE associations are widespread in European forests and may play
a key role in shaping root and soil microbiomes of different tree
species. Supporting this, Chamard et al. (2024) found that DSE
colonization showed a significantly associated with root and soil
AM fungi of sugar maple. Furthermore, in a study comparing co-
occurring maple species, De Bellis et al. (2019) reported higher
DSE colonization rates in sugar maple compared to Norway maple,
with DSE being more abundant in sugar maple roots. In the same
study, the order Helotiales, within which many DSE belong, was
found to be one of the most dominant fungal orders associating
with sugar maple roots. While the ecological significance of DSE-
tree interactions remains unclear, evidence suggests that DSE could
play an important role for sugar maple growth by shaping their
root-associated microbiomes and altering growth outcomes. It is,
however, likely that the wide range of observed ecological functions
and tree-DSE interaction outcomes is due to the distribution of
DSE taxa across several distinct orders of the phylum Ascomycota
(Watkinson et al., 2015). Given the high prevalence of DSE in
maple roots, characterizing key DSE taxa and functions will be
important, especially as sugar maple is projected to migrate to
higher elevations and boreal zones where these fungi are thought
to be more abundant (Figure 3).

Despite the ecological and economic significance of sugar
maple, research on its root pathogens has been limited, with studies
of mortality agents focusing mainly on insect herbivory (Hakimara
and Despland, 2023; Horsley et al., 2002). Some studies have
investigated root pathogens and their interactions with defoliation
and herbivory in sugar maple (Bauce and Allen, 1992). Armillaria,
a genus containing notable fungal pathogens affecting sugar maple
roots, varies in both host preferences and pathogenicity—a few
species can cause rapid mortality, while others merely weaken

the host (Horsley et al., 2002; Morrison et al., 1985). The impact
of Armillaria species often act synergistically with attacks by
boring beetles or via herbivory, with the aforementioned stressors
weakening the tree host and facilitating infection as well as the
subsequent mortality of sugar maple (Bauce and Allen, 1992;
Horsley et al., 2002). In view of the broad distribution of Armillaria
spp. in sugar maple’s range, identifying the species that target
this tree, and its synergisms with other disturbance agents, could
be key for effective management of these widespread and often
virulent pathogens.

3.3 Arbuscular mycorrhizal fungi: ecology
and interactions with sugar maple

One of the most striking features of the sugar maple is that
it is among the few dominant northern temperate tree species
that exclusively associates with AM fungi (Cooke et al., 1992;
Ouimet et al., 1996). Most tree species in higher latitudes, such
as beech, birch, and several coniferous species, typically associate
with ectomycorrhizal (EM) fungi (Soka and Ritchie, 2014).
AM-dominated forests have been shown to exhibit significant
differences in carbon storage capacity, C/N ratios, nutrient cycling
rates, and microbial communities relative to those dominated by
EM species (Averill et al., 2018, 2021; Eagar et al., 2023; Kadowaki
et al., 2018). As global climates shift, the suitable habitats for
EM plants and fungi are expected to shrink (Van Nuland et al.,
2024). This could lead to a competitive advantage for sugar maple
in northern forests (Boisvert-Marsh et al., 2022; Brice et al.,
2020), where increasing forest “arbuscularization” (i.e., a process
of increasing AM species relative to EM tree basal area occurring
across much of North America; Averill et al., 2018; Jo et al.,
2019) can reshape ecosystem dynamics, potentially favoring AM-
associated trees. In addition, given the global distribution of AM
fungi and their low host specificity, it is often assumed that trees
associating with AM fungi, such as sugar maple, will face fewer
challenges when colonizing new areas outside of their native ranges,
due to a ready access of symbiotic partners (Dickie et al., 2017).
While studies have explored the differences in the AM fungi of
sugar maple and the naturalized Norway maple within their core
range (De Bellis et al., 2019), the potential for symbiont aided host-
expansion facilitation has largely focused on EM fungi and trees
(Van Nuland et al., 2024). Further research is thus needed to assess
how AM-associated trees, particularly sugar maple, will adapt to
novel environments—such as transitioning into boreal regions—
where the availability and composition of AM fungimay differ from
that of its core range.

To this day, 355 species of arbuscular mycorrhizal (AM)
fungi are described within the Glomeromycota phylum (Větrovský
et al., 2023). While it is generally accepted that AM fungi
lack host specificity, our understanding of their functional
traits, environmental preferences, and host associations remains
incomplete. Sugar maple can associate with various AM fungi,
and these partnerships can vary depending on environmental
conditions. For example, Klironomos et al. (1993) showed that
Glomus spp. were the most dominant and frequent colonizers
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of sugar maple roots in nature and were found in both alkaline
and acidic soils, a finding supported by Coughlan et al. (2000).
However, while species such as G. borealis, G. melanospora, and
Acaulospora spp. showed a preference for acidic soils in Klironomos
et al. (1993) and Coughlan et al. (2000) found that spore counts
of Acaulospora spp. actually increased with higer pH. What’s
more, the authors found a preference of Sclerocystis rubiformis
for low pH soils, with this taxon thought to be particularly
competitive and well adapted in environments with low pH or
with relatively elevated aluminum concentrations, highlighting
the highly context-dependent nature of AM fungal associations
(Coughlan et al., 2000). In more acidic podzolic soils, sugar maple
can show high AM fungal colonization but with skewed vesicle-
to-arbuscule ratios, indicating stress (Klironomos et al., 1993).
With this, there is potential that the soil type and characteristics
(e.g., pH, nutrients) impacts the function and efficiency of the
AM-maple symbiosis, with subsequent cascading effects on host
tree fitness. In any case, there is compelling evidence that AM
fungi play a critical role in influencing sugar maple resilience to
harsher conditions in podzolic and acidic soils (Coughlan et al.,
2000; Klironomos et al., 1993; Ouimet et al., 1996), which are
characteristic of northern range limits and higher elevations (even
in an impaired symbiosis). This not only highlights the importance
of regional species pools in fulfilling different needs for their hosts
based on contrasting environmental conditions (on top of those
conducive to their own life histories), but also in understanding the
specific contexts behindwhich these associations form.Whilemany
AM fungi are presumed to have global distributions, their roles can
differ significantly based on environmental conditions. This has
important implications for the management of species that form
these associations, particularly in consideration of shifting species
ranges due to natural or assisted migration.

Tree ontogeny (i.e., host development)may be just as important

to study in terms of expected associations between sugar maple

and AM fungi. If we consider that different AM fungal groups can
vary significantly in their functional and life history traits, then we

should also consider how these different groupings may become

more or less relevant symbionts throughout different stages of their

host tree’s development. As per the Competitor-Stress Tolerator-
Ruderal framework (CSR theory; Grime, 1977) in relation to AM

fungi (Chagnon et al., 2013), it is likely that different AM species’

life history traits differentially align with specific host tree needs at
various life cycle stages. Given the different challenges and stressors

experienced by a tree during the transition from a seedling to a

mature adult, it seems likely that the relative value of a certain
suite of species and symbiotic traits would change over time.
For example, as a seedling in a heavily competitive and volatile
environment, the priority may be set toward ruderal symbionts
that are fast growing, readily available, and thought to offer better
protection from herbivores and pathogens (Chagnon et al., 2013;
Delavaux et al., 2017) to which seedlings are particularly susceptible
(Bayandala and Seiwa, 2016). As the tree matures, the priority could
shift toward more “competitive” AM fungi that may act as larger,
more efficient carbon sinks and build extensive hyphal networks
for effective soil exploration and nutrient exploitation (Chagnon
et al., 2013). These AM fungi may enhance water uptake and the
supply of essential nutrients, such as phosphorus, which become

increasingly important as the tree’s biomass increases. Furthermore,
and regardless of their stage of development, host plants may
prefer to associate with more stress-tolerant AM fungi depending
on local environmental factors (e.g., low pH; Klironomos, 1995).
Such AM fungi may provide more benefits over time, including
stability in nutrient exchange, compared to species that excel at
carbon acquisition, but are less effective under stressful conditions
or have shorter-lived mycelium (Chagnon et al., 2013). This would
suggest that, despite a general lack of host specificity among
AM fungi, certain fungal partners are more important under
specific environmental conditions (Coughlan et al., 2000; Zahka
et al., 1995). While this conceptual framework may be helpful in
developing our understanding of sugar maple-AM interactions, it
should be acknowledged that it takes a very plant-centric point of
view and may not accurately reflect AM fungal traits and functions
in different environments (Camenzind et al., 2024; Chaudhary
et al., 2022). To address this, it is important to understand which
AM fungal species and strains are found in different environmental
contexts in association with sugar maple, how traits are expressed,
and howAM-tree relationships may shift throughout tree ontogeny
(Figure 3). Thus, outstanding questions include: (1) Which AM
fungi thrive in which contexts and which life history traits favor
this?; (2)Which AM fungal traits are most plastic and how does this
affect their adaptability to changing environmental conditions?;
and (3) How do AM symbioses change with tree ontogeny and
ecological succession?

3.4 Microbe-microbe interactions in the
hyphosphere

In contrast to the rhizosphere, the hyphosphere is the
narrow zone of soil directly influenced by the exudation of
labile carbon compounds via fungal hyphae. This area supports
distinct microbial communities and associations that differ from
those in the surrounding bulk soil (Wang et al., 2024). Similar
to the rhizosphere, the hyphosphere is a zone of immense
biological activity and interactions that are consequential for
the plant-fungal symbiosis (Wang et al., 2024). Of particular
interest are bacteria that are stimulated by hyphal exudates and
transported along AM hyphae (Jiang et al., 2021). Interestingly,
AM fungi appear to recruit specific bacterial taxa that fulfill
certain ecological functions which they cannot perform themselves
(Emmett et al., 2021; Wang et al., 2023). For example, in return for
carbon compounds from mycorrhizal fungi, hyphosphere bacteria
supply organic phosphorus by excreting phosphatase enzymes
that solubilize phosphorous, rendering it available to the AM
fungal partner (Jiang et al., 2021; Wang et al., 2024). Given
that we still largely lack an understanding of the full suite of
AM fungi that associate with sugar maple, it is not surprising
that the hyphobiomes of these fungi have not been thoroughly
considered or explored in the context of associations with sugar
maple. However, an overlap of the key bacterial phyla involved
in the processes driving the activity of hyphosphere (Wang
et al., 2024, 2023) and those found in the roots of sugar maple
do exist (e.g., Proteo- and Actinobacterial phyla) and warrant
further exploration. By viewing the root endosphere, rhizosphere,
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and hyphosphere in their ensemble and as interacting habitats,
we can hope to develop a truly comprehensive understanding
of the multi-kingdom interactions taking place in the roots of
sugar maple.

4 Phyllosphere

Similarly to belowground, the aboveground parts (the
phyllosphere) of sugar maple trees host various communities of
microorganisms, which inhabit branches, leaves, and flowers (De
Bellis et al., 2022; Laforest-Lapointe et al., 2016a,b; Vujanovic
and Brisson, 2002; Wallace et al., 2018). Microorganisms can
live epiphytically (e.g., on the surface of plant compartments)
and endophytically (e.g., inside and within cells of the leaves) on
sugar maple (Demarquest and Lajoie, 2023; Vacher et al., 2016).
There is accumulating evidence that phyllosphere bacteria and
fungi residing on and within sugar maple leaves play important
roles in their ecosystems, contributing to nutrient cycling, as
well as influencing tree fitness, evolution, and plant community
productivity (Laforest-Lapointe et al., 2017; Zilber-Rosenberg
and Rosenberg, 2008). Yet, our knowledge of phyllosphere
microorganisms, potential representatives of the core microbiome,
and the role of microorganisms in sugar maple’s response to global
change is still limited.

4.1 Phyllosphere bacteria: key drivers and
ecology

Bacteria are, as expected, prominent members of the sugar
maple phyllosphere (De Bellis et al., 2022; Demarquest and
Lajoie, 2023; Laforest-Lapointe et al., 2016a,b; Wallace et al.,
2018). Several common bacterial taxa found in association
with sugar maple include members of the classes Alpha- and
Gamma-proteobacteria, Hymenobacteraceae, Beijerinckiaceae,
Pseudo-monadaceae, and Methylobacteriaceae (Demarquest and
Lajoie, 2023; Laforest-Lapointe et al., 2017, 2016a,b; Wallace et al.,
2018). So far, research on bacterial communities associated with
sugar maple has provided several key findings. For example, De
Bellis et al. (2022) identified a diverse community of bacteria
associated with sugar maple leaves and roots, highlighting
their potential role in nutrient cycling and plant fitness. Then,
Demarquest and Lajoie (2023) showed that leaf compartment
primarily explained community diversity and composition
variation, with epiphytic bacterial communities influenced by host
and sites characteristics, while endophytic communities were more
idiosyncratic. Together, these works highlighted the importance
of priority effects and opportunistic/stochastic colonization in
bacterial assembly. Laforest-Lapointe et al. (2017) examined
the impact of urbanization, finding that urban environments
significantly altered the composition and diversity of microbial
communities, potentially affecting tree fitness, a pattern that was
stronger for sugar and red maple species. Wallace et al. (2018)
investigated interactions between sugar maple and endophytic
bacteria, suggesting that certain bacterial strains could enhance tree
growth and stress tolerance. Overall, these studies underscore the
complexity and ecological significance of sugar maple phyllosphere

bacterial communities, microbial responsiveness to environmental
factors, and their potential implications for tree fitness.

Global change, including elevated temperatures, variation in
relative humidity and soil moisture, as well as urbanization
could significantly affect the bacterial communities colonizing the
phyllosphere of sugar maple. For instance, recent studies have
shown that beneficial microbes—such as bacteria that promote
plant growth or assist sugar maple in coping with stress—may
be negatively impacted by elevated temperatures and decreased
relative humidity, ultimately reducing the trees’ ability to adapt
to changing conditions (Wemheuer et al., 2019; Xie et al.,
2013). Urbanization factors, such as air pollution, can also
affect the diversity, composition, and functioning of bacteria
in the phyllosphere of trees. Notably, studies that investigated
the effect of air pollution on bacterial communities showed
that air pollution levels (e.g., PM2.5) had a stronger impact on
bacterial diversity and composition than on fungi, with seasonal
variations playing a significant role in shaping both bacterial and
fungal communities (Fan et al., 2019). Air pollution can promote
the growth of some bacterial species while suppressing others,
thereby altering the overall structure of bacterial communities.
Research on the effect of climate and urbanization on bacterial
communities is further complicated by the presence of biofilms—
aggregates of bacterial communities where cells adhere to one
another and to surfaces, encased in a protective matrix of
extracellular polymeric substances. For example, several studies
showed that the mechanism of biofilm formation helps some
phytopathogenic bacterial species (e.g., Xanthomonas axonopodis
pv. citri), to establish and spread disease on lemon tree leaves
(Rigano et al., 2007), suggesting that this process may also
favor the establishment of pathogenic bacteria. However, biofilms
can also support bacterial communities that enhance the trees’
ability to cope with environmental stressors. Investigating bacterial
communities and biofilms in the phyllosphere of sugar maple
is thus important for enhancing tree fitness and resilience to
environmental stressors. While beneficial microbes can help trees
adapt to climate change, the presence of pathogenic bacteria within
biofilms presents potential risks that warrant careful consideration
and management. In lieu of current knowledge gaps, the domain of
tree-microbe interactions could benefit substantially from further
studies on the impacts of urbanization and climate change on the
phyllosphere microbes of sugar maple and related tree species.

4.2 Phyllosphere fungi: key drivers and
ecology

Leaf-colonizing fungi display both beneficial and pathogen-
like interactions with sugar maple and other maple species. On
the positive side, a few foliar fungi can have beneficial effects on
maple tree functioning, including protecting against pathogens (Xie
et al., 2013), synthesizing growth hormones (Wemheuer et al.,
2019), and providing nutrients (Huang et al., 2023). On the negative
side, several genera of leaf fungi cause diseases in both sugar
maple and other tree species (such as Norway maple), affecting
trees in natural environments and urban areas (Lapointe and
Brisson, 2011; Weiland and Stanosz, 2006). For several species of
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the maple genera, fungal diseases include leaf spot fungi such as
Septoria, Phyllosticta, and Didymosporina which create unsightly
spots (Horst, 2013); tar spots caused by Rhydian acerinum, R.
americanum, and R. punctatum which form black patches and
result in fall coloration and early leaf fall (Held et al., 2018);
and finally anthracnose diseases from Aureobasidium, Discula,
and Kabatiella spp. which lead to necrotic lesions often causing
premature defoliation (Stanosz, 1993). Several biotrophic fungi
(i.e., those that survive on living tissues exclusively), such as
powdery mildew from Erysiphe and Phyllactinia spp., have also
been shown to colonize Norway maple (Hudelson et al., 2008;
Weiland and Stanosz, 2006). Yet, to our knowledge, there has
been no record of these pathogens attacking sugar maple (so
far). In addition to pathogens, fungal saprotrophs (e.g., fungi that
degrade organic matter), may also reside on living leaves, while
migrating belowground upon leaf senescence toward the end of
the growing season (Liber et al., 2022; Sridhar and Bärlocher,
1992). All these fungal groups can be affected by tree genetic
identities, age, individual physical, and chemical characteristics, as
well as abiotic factors such as temperature, humidity, and sunlight
exposure (Laforest-Lapointe et al., 2017; Vacher et al., 2016;Wallace
et al., 2018). Overall, there is a notable lack of research on the
ecology and life cycles of sugar maple beneficial and pathogenic
fungi, with only a few exceptions, such as Myren et al. (1994). This
is surprising given sugar maple’s significant economic and cultural
importance, keen scientific interest in understanding its decline,
potential expansion of its range limits, along with predictions
that soil-borne fungal pathogens will increase in abundance under
projected climate change scenarios.

Sugar maple phyllosphere fungal communities can also be
affected by climate change (Perreault and Laforest-Lapointe, 2022;
Singh et al., 2023), an impact that was demonstrated for other
temperate tree species, such as European beech (Fagus sylvatica;
Cordier et al., 2012), English oak (Quercus robur; Faticov et al.,
2021), and Balsam poplar (Populus balsamifera; Bálint et al., 2015).
Rising temperatures, changing precipitation patterns, as well as
higher atmospheric CO2, NO2, and fine particulate matter (PM2.5)
can impact the composition and functions of fungi on leaves
(Faticov et al., 2024; Huang et al., 2023). Shifts in temperature
and humidity can alter fungal community dynamics, favoring heat-
tolerant or drought-resistant species, while potentially reducing
the diversity of beneficial microbes that play key roles in disease
suppression and stress tolerance (Bálint et al., 2015; Faticov et al.,
2021). For example, it was demonstrated that an overall rise in
relative humidity may lead to a higher occurrence of fungal diseases
in various plant genera (Romero et al., 2022). Temperature changes
may also enhance the growth and spread of pathogenic fungi,
increasing the likelihood of diseases such as anthracnose and tar
spots (Singh et al., 2023). Fungal pathogens that have so far been
absent in the sugar maple phyllosphere, such as powdery mildew
species found on Norway maple, could colonize sugar maple under
changing environmental conditions. Along with climatic factors,
urbanization, and in particular air pollution, can either enhance or
suppress fungal establishment and growth on trees (Cao et al., 2014;
Fan et al., 2019). For example, Mcelrone et al. (2005) demonstrated
that elevated CO2 significantly reduced disease incidence and
severity of the fungal pathogen (Phyllosticta minima) on A. rubrum

by decreasing stomatal conductance and altering leaf chemistry,
despite enhanced fungal growth under higher CO2 levels. This
warrants investigation into the impacts of air pollution on sugar
maple fungal communities in urban environments. Overall, further
research is needed to explore how abiotic factors and air pollution
shape the diversity, composition, and functions of sugar maple
phyllosphere fungi.

It is important to note that many of the aforementioned
microbial groups, including fungi and bacteria, are also interacting
with each other in ways that remain beyond our understanding
(Chamard et al., 2024; Chaudhry et al., 2021). These interactions are
also likelymediated by the host. In the case of sugarmaple, there are
very few studies that have investigated tree-fungi or tree-bacteria
interactions in the phyllosphere (but see Demarquest and Lajoie,
2023; Laforest-Lapointe et al., 2016b,a; Wallace et al., 2018), not
to mention studies that explore the interactions between microbial
members, which is also largely true for other plant species.
Therefore, further research is needed to explore (Figure 3): (1)
Which microbes are interacting (with sugar maple and with each
other)?; (2) Howmicrobe-microbe interactions respond to climate-
driven environmental changes?; and (3) How these interactions can
influence sugar maple’s response to novel climatic conditions?.

5 Conclusions and future directions

The interactions between sugar maple and its root- and leaf-
associated microbial communities are fundamental to its fitness,
growth, and adaptation. Yet, the current state of knowledge about
the dynamics, functions, and roles that microbial communities play
for sugar maple adaptation is limited. This review highlights the
progress made in the last decades on microbial interactions in
the rhizosphere and phyllosphere of sugar maple. Understanding
the role of microbial communities for tree migration is essential,
particularly as these microbes can influence nutrient acquisition,
stress tolerance, and tree fitness. Below, we summarize several
promising avenues that could bridge the current knowledge gaps.

5.1 Current limitations in studying sugar
maple-microbe interactions

The current understanding of microbial communities
associated with sugar maple relies mostly on 16S, ITS (internal
transcribed spacer), and 18S rRNA short-read (∼250bp)
sequencing data. While marker gene sequencing has revolutionized
our ability to characterize microbial diversity, it often provides
identification with confidence only up to the genus level, with
a notable lack of resolution at the species or strain level. This
limitation is particularly pronounced for fungal communities,
for which the simultaneous sequencing of ITS1 and ITS2 regions
(∼620bp) has been shown to provide the best taxonomic resolution
(Ohta et al., 2023). It is further compounded by the fact that the
concept of ‘species’ varies significantly across life forms, with
traditional biological or evolutionary species concepts often being
inapplicable to microbes. Yet, many studies have revealed that
host-microbe and microbe-microbe interactions occur at the level
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of intraspecific variants (Lloyd-Price et al., 2017). Consequently,
many potentially critical interactions between microbial taxa and
tree hosts remain unknown.

Moreover, molecular techniques can introduce primer-based
biases due to preferential amplification of certain taxa over
others, potentially leading to an underrepresentation of rare
microbial groups (Abellan-Schneyder et al., 2021; Bellemain et al.,
2010). This issue is problematic for fungi, as many species
exhibit variable ribosomal RNA region (Nilsson et al., 2008).
Furthermore, the existing reference databases are biased toward
human microbiotas, especially bacteria, thus reducing our capacity
to study polymicrobial environmental communities. As previously
mentioned, the focus on bacteria and fungi has left a substantial
gap in our knowledge of the roles of archaea, protists, and viruses
that may also colonize sugar maple and interact with its bacterial
and fungal communities. Another limitation arises from the lack
of controlled experiments manipulating sugar maple microbiota in
greenhouse or field settings. The potential resource allocation in
extended fungal mycelium, which may play an important role in
nutrient exchange and tree fitness, also remains largely a mystery.
Lastly, very few sugar maple-associated bacterial and fungal taxa
have been successfully cultured in laboratory settings or have their
genomes fully sequenced. This emphasizes the need for the field to
(1) leverage long-read or hybrid (shot- and long-read) sequencing
strategies that would improve taxonomical resolution as well
as reference databases; and (2) persevere in isolating microbial
taxa from environmental samples to better characterize their
identity and functions. In sum, the transition to more advanced
molecular techniques such as transcriptomics and metabolomics
will provide a more comprehensive understanding of sugar maple-
microbe interactions.

Given the long-lived nature of sugar maple, it will also be
necessary to further consider the temporal aspect of sugar maple-
microbe interactions, particularly with tree ontogenic shifts. To
date, most studies focusing on sugar maple rhizosphere and
phyllosphere microbial communities have been done on tree
seedlings or saplings, and typically over short time periods (<5
years). This focus represents an important bias, as it largely excludes
mature trees, and should be addressed in future research. Microbial
communities associated with mature sugar maples are likely to
differ significantly from those found on seedlings, due to a range of
factors, including differences in tree size, metabolic requirements,
and the tree’s influence on the stand and soil environment. When
coupled with the differential impact climate change may have
on younger trees vs. the mature individuals that constitute late-
successional forests, it becomes evenmore crucial to understand the
temporal dynamics of sugar maple-microbe interactions. Overall,
long-term studies can help identify critical bottlenecks or stages in
a tree’s life where microbial community shifts may occur.

5.2 Microbes in the rhizosphere of sugar
maple: challenges and future directions

In sugar maple’s rhizosphere, the role of beneficial fungi such
as AM in aiding nutrient acquisition and maintaining tree fitness
is well-established, but several novel questions arise regarding their

functionality (Figure 3). For example, how do these fungi interact
with other microbial partners and contribute to nutrient cycling,
and how are these interactions affected by soil chemistry and tree
genetics? If sugar maple expands into new regions, alterations
in symbiont availability could hinder seedling establishment, yet
reduced herbivore and pathogen pressure might offset these effects.
Conducting greenhouse experiments with soils and microbes
from the center, edge, and beyond the predicted range, while
also incorporating different sugar maple genotypes could provide
valuable insights into the interactions and functions of microbes
from different groups, allowing for a mechanistic characterization
of their roles in tree fitness. Spatially and temporally resolved
datasets of sugar maple-microbe interactions are required to
develop accurate predictive models. These models could combine
species distribution patterns and factors influencing sugar maple-
microbe interactions in both current and predicted climatic
conditions. Finally, reconciling the interconnected rhizosphere,
root endosphere, and hyphosphere is imperative for understanding
their joint impact on tree growth, establishment, and survival in the
face of global change.

5.3 Outstanding questions

• Climate mismatches between tree range shifts and root
microorganisms: are there any shifts in sugar maple-microbe
interactions under climate change?

• How do sugar maple microbial communities vary across
different environmental conditions, such as soil types,
dominant tree species, temperature, and humidity? What
are the dominant microbial taxa involved, and what
specific functional roles do they play within the sugar
maple rhizosphere?

• Which microbial taxa are critical for nitrogen fixation and
phosphorus solubilization in the rhizosphere of sugar maple,
and how do these functions vary with soil type?

• How do microbial communities shift during sugar maple
ontogeny? How do these shifts influence nutrient acquisition
and performance of sugar maple during different life stages?

• What is the role of AM fungi in sugar maple establishment in
novel environments?

• What are the ecological roles (e.g., mutualist, pathogen,
neutral) of DSE species?

• What are the functional roles and interactions of other
symbiont groups, such as protists, archaea, and viruses, within
the rhizosphere of sugar maple?

5.4 Microbes in the phyllosphere of sugar
maple: challenges and future directions

Rising temperatures, urbanization, and changes in atmospheric
conditions could alter the diversity and composition of
phyllosphere microorganisms. For example, how do these
shifts influence the ability of microbial communities to suppress
pathogens, such as those causing anthracnose or tar spots, and
promote stress tolerance? Furthermore, climate change could
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affect the virulence of pathogens, such as powdery mildew species
currently associated with Norway maple, prompting research into
whether new environmental pressures will alter the pathogenicity
of these microorganisms as well as sugar maple susceptibility
to new pathogens. Another important question is which role
phyllosphere microorganisms play in assisting sugar maple
migration northward. This includes understanding how variations
in phyllosphere microbial diversity and composition might affect
sugar maple fitness, nutrient uptake, and symbiotic interactions
as it colonizes novel environments under climate change
(Figure 3).

5.5 Outstanding questions

1. What are the mechanisms by which climate change affects the
composition and functions of phyllosphere microorganisms
in sugar maple?

2. How do microbial communities shift during tree
development? Are there differences in succession
patterns between phyllosphere and rhizosphere microbial
communities during tree development?

3. How do microbial communities in the phyllosphere of sugar
maple interact with each other, and what role does the host
tree play in mediating these interactions?

4. What are the foliar pathogens of sugar maple; is there
potential for a surge of novel pathogens as climate changes,
and which factors contribute to their establishment?

5. What are the effects of urbanization on the assembly
and functioning of leaf microbiomes, and what are the
implications of these changes for tree fitness?

6. What role do biofilms play in the establishment and
functioning of phyllosphere microbial communities, and is it
influenced by environmental changes?

7. What role do phyllosphere microorganisms play in
assisting sugar maple migration under climate change?
How will shifts in microbial community diversity and
community composition influence tree establishment in
novel environments?

8. How do sugar maple belowground and aboveground
microbial communities interact and influence each other in
the context of global change?
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