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Abstract

Global warming has been shifting climatic envelopes of many tree species to
higher latitudes and elevations across the globe; however, unsuitable soil biota
may inhibit tree migrations into these areas of suitable climate. Specifically,
the role of mycorrhizal fungi in facilitating tree seedling establishment beyond
natural species range limits has not been fully explored within forest ecosys-
tems. We used three experiments to isolate and quantify the effects of
mycorrhizal colonization and common mycorrhizal networks (CMN) on tree
seedling survival and growth across (within and beyond) the elevational
ranges of two dominant tree species in northeastern North America, which
were associated with either arbuscular mycorrhiza (AMF, Acer saccharum) or
ectomycorrhiza (EMF, Fagus grandifolia). In order to quantify the influence of
mycorrhiza on seedling establishment independent of soil chemistry and
climate, we grew seedlings in soils from within and beyond our study species
ranges in a greenhouse experiment (GE) as well as in the field using a soil
translocation experiment (STE) and another field experiment manipulating
seedling connections to potential CMNs (CMNE). Root length colonized, seed-
ling survival and growth, foliar nutrients, and the presence of potential root
pathogens were examined as metrics influencing plant performance across
species’ ranges. Mycorrhizal inoculum from within species ranges, but not
from outside, increased seedling survival and growth in a greenhouse setting;
however, only seedling survival, and not growth, was significantly improved in
field studies. Sustained potential connectivity to AMF networks increased
seedling survival across the entire elevational range of A. saccharum.
Although seedlings disconnected from a potential CMN did not suffer
decreased foliar nutrient levels compared with connected seedlings, discon-
nected AM seedlings, but not EM seedlings, had significantly higher alumi-
num concentrations and more potential pathogens present. Our results
indicate that mycorrhizal fungi may facilitate tree seedling establishment
beyond species range boundaries in this forested ecosystem and that the mag-
nitude of this effect is modulated by the dominant mycorrhizal type present
(i.e., AM vs. EM). Thus, despite changing climate conditions beyond species
ranges, a lack of suitable mutualists can still limit successful seedling establish-
ment and stall adaptive climate-induced shifts in tree species distributions.
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INTRODUCTION

Many temperate tree species are expected to migrate to
higher latitudes and elevations as a result of climate
warming (Boisvert-Marsh et al., 2014; Harsch et al., 2009;
Lenoir & Svenning, 2015). However, recent studies have
found lags or delays in tree range expansion compared
with the wvelocity of climatic change (Alexander
et al., 2018; Liang et al., 2018; Sittaro et al., 2017; Zhu
et al., 2012), at least in part because soil properties can
limit tree species migrations (Ni & Vellend, 2023).
Belowground biotic interactions in particular have the
potential to create these observed migration lags, but they
tend to be less well understood and generally underre-
presented in tree species distribution models (Van Der
Putten et al., 2010; Wisz et al., 2013), and especially so for
mutualistic interactions with mycorrhizal fungi (Nunez
et al., 2009; Tedersoo et al., 2020). The study of the effects
of belowground interactions such as mycorrhizal symbio-
ses on tree migrations is complicated by the difficulty of
separating the role of these interactions from the effects
of climatic and edaphic factors that co-vary with soil
biota at regional to global scales (e.g., Geml, 2017;
Steidinger et al., 2019), which also influence aboveground
plant community characteristics and tree seedling estab-
lishment (Tourville et al.,, 2022, 2023; Van Der
Heijden & Horton, 2009; Zarfos et al., 2019).

The role of mycorrhizal inoculation in improving suc-
cess of tree planting has long been known and used in
forestry (Brundrett et al., 1996; Peterson et al., 1984), but
the influence of mycorrhizal fungi on natural tree range
expansions in forested ecosystems, particularly in the
context of climate change, has received relatively little
attention (Ibafiez & McCarthy-Neumann, 2015; Lankau
et al., 2015; Nuiiez et al., 2009). Mycorrhizal symbioses,
including fungi representing two dominant mycorrhizal
types, arbuscular mycorrhizal fungi (AMF) and ectomy-
corrhizal fungi (EMF), are present in ~94% of all plant
taxa and are generally mutualistic, favoring plant
growth and survival via increased nutrient and water
uptake, heavy metal resistance, and pathogen defense
(Harley & Smith, 1983; Johnson et al., 1997; Simard
et al., 1997; Smith & Read, 2010; Tedersoo et al., 2020;
Van Der Heijden & Horton, 2009). Consequently,
mycorrhizal fungi can facilitate plant persistence in
harsh environments; for example, mycorrhizal associa-
tions of North American trees improve their drought
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tolerance and allow them to occupy drier and otherwise
unsuitable habitats (Lankau et al., 2015).

In addition to the benefits of local mycorrhizal coloni-
zation for host plants, common mycorrhizal (or mycelial)
networks (CMN) form linkages between mycorrhizal fungi
and at least two different plants (Selosse et al., 2006). The
connection of a seedling growing beyond its species’ range
margin to such a network could potentially provide
the necessary materials for the seedling to success-
fully establish, survive, and recruit into a larger size
class (Beiler et al., 2010; Selosse et al., 2006; Simard
et al., 2012). Field and greenhouse studies have posited
that CMNs can potentially improve seedling growth
and survival via increased nutrient acquisition rates in
abiotically stressful environments (Nara, 2006a, 2006b;
Pickles et al., 2017; Simard et al., 1997, 2012). However,
there is an outstanding debate on the current evidence for
the effects of CMNs on seedlings, questioning (1) whether
ecologically meaningful resource transfer occurs between
CMN-associated plants, (2) whether fungal hyphae are the
primary conduit of belowground resource transfers, and
(3) whether CMNs can help facilitate tree range expan-
sions (see Henriksson et al., 2023; Karst et al., 2023).

Plant species population spread can depend heavily
on mycorrhiza; EMF were found to facilitate non-native
pine invasions (Hayward et al., 2015; Nuifiez et al., 2009)
and AMF have been implicated in the invasions of
other non-native plants (Aslani et al., 2019; Urcelay
et al., 2019). Mycorrhizal associations have also been
suggested as an important factor in facilitating tree range
expansions in North America following glacial retreat
(Pither et al., 2018). Thus, given their broad distribution
(e.g., Steidinger et al., 2019) and positive influence on
plant growth and survival (e.g., Hayward et al., 2015;
Van Der Heijden & Horton, 2009), mycorrhizal fungi
may aid the establishment of trees beyond their range
boundaries and thus facilitate climate-induced migra-
tions of tree species.

Mycorrhizal fungi may be of special importance to
low-elevation plant species migrating, in response to
warming, to high-elevation forests, which are often
characterized by poor soils, low nutrient availability,
common root pathogens, and low pH with relatively high
concentrations of plant-toxic metals (e.g., aluminum,
iron; Brown & Vellend, 2014; Collin et al., 2017). While
there is a long-held assumption that fungi are not
dispersal-limited (De Wit & Bouvier, 2006), there is a
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growing understanding that dispersal limitation is common
for mycorrhizal fungi (Chaudhary et al., 2020; Cortese
et al., 2023; Galante et al.,, 2011; Peay & Bruns, 2014).
While AMF are known to colonize many herbaceous
understory plant species and tree seedlings and adults in
temperate deciduous forests at low elevations, the number
of AM plant species at high elevations and latitudes, which
are dominated by functionally divergent EM coniferous
boreal species, is comparatively small (cf. Evans &
Brown, 2017; Tourville et al., 2023). Thus, even if AMF
inoculum is present in these high-elevation forests, it
may not be in sufficient quantity, or spatially homoge-
nous enough to enable the long-term establishment of
dispersing seeds of AM trees from lower elevation temper-
ate deciduous forests.

Decreased performance (growth and survival) and
AMF root colonization of tree seedlings have been
observed when grown in soils from high-elevation coni-
fer forests compared with low-elevation forest soils in a
greenhouse setting (Carteron et al., 2020). Even if and
when AMF inoculum is present in high-elevation soils,
the AMF community may be less diverse or comprised of
fungal species relatively less beneficial for range-expanding
plant species (see De Bellis et al., 2022). On the other
hand, EM trees expanding their ranges from lower eleva-
tions would likely encounter abundant EM inoculum in
high-elevation conifer forests, suggesting that root coloniza-
tion would not be meaningfully impacted, assuming the
fungal species present are host generalists. Thus, while it
seems likely that mycorrhizal fungi aid in seedling estab-
lishment beyond their species range, does it follow that the
reverse is true: that the absence of compatible fungi, as may
be the case of AMF at high elevations, inhibits successful
establishment of AM trees? Could this ultimately influence
plant community composition at high elevations?

To explore the link between mycorrhizal fungi and
seedling establishment beyond plant species range limits,
we used an integrated experimental approach to account
for climate and soil abiotic properties changing along
elevational gradients and across the temperate-boreal
transition zone in well-preserved montane forests in the
Northeastern United States. Specifically, we evaluated
the degree to which an AM and an EM tree species
occurring at low elevations could successfully establish
upslope beyond their range limits through interactions
with mycorrhizal partners. Deciduous trees of the north-
ern hardwood forest are often expected to migrate upslope
into high elevations currently occupied by conifer forests
as the regional climate warms (Beckage et al., 2008;
Lenoir & Svenning, 2015; Pucko et al., 2011), but other
studies indicate the lack of such upslope movement of
temperate deciduous tree species at least for now
(e.g., Wason & Dovciak, 2017, Tourville et al., 2022). Given

RIGHTS L

these inconsistencies, we address four related questions
(cf. study questions, Table 1): (1) Can an AM tree seedling
recruit under a warmer climate within an EMF-dominated
forest at higher elevations beyond its current range limit?
(2) Does an EM seedling perform better (relatively
greater survival and growth) than an AM seedling in an
EM-dominated forest beyond its range edge? (3) Does the
potential connection to a CMN improve seedling establish-
ment beyond range boundaries? (4) Is mycorrhizal benefit
primarily due to nutrient supply to plants, or due to other
mycorrhizal functions, such as pathogen defense or heavy
metal protection?

MATERIALS AND METHODS
Study area

This study was conducted in montane forests of the
Northeastern United States. Mountains in the region are
characterized by strong zonation in forest communities
typical of the broader area (cf. Beeles et al.,, 2022;
Tourville et al., 2022; Wason & Dovciak, 2017), with
northern hardwood forests at lower elevations heavily
dominated by an AM tree species (sugar maple, Acer
saccharum), and two EM species (American beech, Fagus
grandifolia; and yellow birch, Betula alleghaniensis). While
there are older reports of Fagus forming AM associations,
and thus bringing into question the mycorrhizal status of

TABLE 1 Explanation of the study questions addressed.

Experiment

Question used Description

1 1,2 Determine whether tree seedling
survival, growth, and mycorrhizal
colonization is lower beyond a tree
species elevational range than

within the species range

Assess whether an AM and EM
tree species differ in survival and
growth across elevational range
boundaries

Examine the role of potential
connectivity to a CMN on tree
seedling survival and growth
across range boundaries

4 1,2,3 Explore how mycorrhizal fungi
benefit seedling survival and
growth across range boundaries
(e.g., nutrient exchange, heavy

metal tolerance, pathogen defense)

Abbreviations: AM, arbuscular mycorrhiza; CMN, common mycorrhizal
networks; EM, ectomycorrhiza.
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this species (Bainard et al., 2011), Brundrett and Tedersoo
(2020) suggest that these were more likely a result of endo-
phytic activity (no AM structures were observed on any
beech seedling roots during the course of this study).
High-elevation spruce-fir forests are dominated by EM tree
species (balsam fir, Abies balsamea; and red spruce, Picea
rubens) and separated by a sharp ecotone (~800 m
above sea level (asl)) from northern hardwoods below.
Herbaceous understory plant species found in both major
forest communities are commonly colonized by AMF
(Carteron et al., 2020; De Bellis et al., 2022). The region is
within the Adirondack-New England highlands, which
is characterized by a highly variable terrain (generally
ranging from 150 to 1220 m asl), rocky spodosol soils, and
continental forest climate with warm summers and cold
and snowy winters (mean annual temperatures between
3 and 11°C; mean length of the frost-free period ~100 days;
mean annual snowfall >2550 mm) and evenly distributed
precipitation (total annual mean precipitation of 890 mm;
Janowiak et al., 2018). Additional information about the
vegetation zonation and broader study region can be
found in Beeles et al. (2022), Tourville et al. (2022), and
Wason and Dovciak (2017).

Study design

In order to disentangle the effects of soil chemical proper-
ties and climate from the effects of soil biota on tree
seedling germination, survival, and growth from
both within and beyond the natural elevational range of
two dominant tree species in northern hardwood forests
of the Northeastern United States (sugar maple, American
beech), we used three complementary experiments
(see Table 2). All three experiments were conducted on, or
used soils from, 12 field sites. These were established at
every 200 m in elevation (600 m = northern hardwoods
site, 800 m = ecotone site, 1000 m = spruce-fir site)
along an elevational gradient (600-1000 m asl) on four
mountains in the Northeastern United States: Mount

Abraham, Mount Mansfield, Jay Peak, and Killington
Peak (Figure 1, Appendix S1: Table S1). We address our
four main study questions using a greenhouse experi-
ment (Experiment 1, GE), a field soil translocation
experiment (Experiment 2, STE), and a field CMN con-
nectivity experiment (Experiment 3, CMNE, see below).
Briefly, our GE separated abiotic and biotic soil components
and their effects on seedling performance while controlling
for climate. Our STE addressed the relative importance of
both soils and climate on seedling performance in field set-
tings, while our CMNE examined the potential role of
CMNs on seedling performance (also in a field setting). All
seeds that were used is these studies were purchased from
Sheffield Seed Company (Locke, NY), surface-sterilized with
2% H,0, for 2 h, and cold-stratified (at 4°C) for 3 months to
break dormancy. The details of each experiment, how they
complement one another, which questions they address,
and variables measured can be found below and in Figure 2
and Tables 1-3 (also see Appendix S1: Figures S1-S4). A
priori expectations for each study, which would demonstrate
the importance of mycorrhiza (and soil biota) on seed-
ling performance independent of climate and soils, are
highlighted in Table 4.

Experiment 1: Greenhouse (GE) study
design

We first conducted a GE to disentangle the effects of soil
chemical properties from the effects of soil biota on tree
seedling germination, survival, and growth across the
natural elevational range of our study species (addressing
Questions 1 and 2). We examined the responses (survival
and early growth) of sugar maple and American beech to
four different treatments of soils of three different origins.
The experiment was carried out as a completely random-
ized 3 X 4 factorial for each species, with a replication of
30 independent seedlings per each of four soil treatments
and three treatment levels (n = 360 per species). The four
soil treatments included (1) homogenized live field soil

TABLE 2 Description of the experiments used to address each study question.

Experiment Description

1 Greenhouse (GE)

2 Soil translocation (STE)

3 CMN connectivity (CMNE)

Purpose

Can assess the relative importance of soil biotic and abiotic
properties on seedling performance while controlling for
variation in climate

Can assess the relative importance of edaphic vs. climate factors
on seedling performance

Can assess the role of potential CMN connectivity on seedling
performance across species range boundaries

Abbreviations: CMN, common mycorrhizal networks; CMNE, common mycorrhizal network experiment.
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FIGURE 1 Map displaying the location of the four study mountains within the Green Mountains of Vermont. Lighter areas indicate

areas of high elevation (>600 m). The lower inset depicts a simplified representation of how forest communities change across the elevation

gradients, with hatched ovals indicating study site locations. The upper inset shows changing forest communities along an elevation gradient
on Mt. Mansfield. Mountains include Mt. Abraham (Universal Transverse Mercator (UTM) 665126E 4887319 N Zone 18), Mt. Mansfield
(UTM 673624E 4934600 N Zone 18), Jay Peak (UTM 695270E 4977503 N Zone 18), and Killington Peak (UTM 675924E 4830280 N Zone 18).

Photo credit: Jordon Tourville.

(i.e., original soil with soil biota present; hereafter
referred to as “Field”), (2) sterilized autoclaved field
soil (i.e., original soil with soil biota absent; hereafter
“Sterilized Field”), (3) potting mix inoculated with
fresh field soils (i.e., standardized substrate with field
soil biota added; hereafter “Inoculated”), and (4) an
autoclaved potting mix control (standardized substrate
without field inoculum, hereafter “Potting Mix”). The
Sterilized Field treatment was accomplished by steril-
izing field soil samples using two liquid autoclave
cycles at 121°C for 20 min each with a day between
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each cycle. The Inoculated treatment was assembled
from equal proportions of sterilized coconut coir and
perlite (1/3), sand (1/3), and field inoculum mix (soils
directly from the field, 1/3). The three levels of each
treatment represented different soil origins based on
elevation (and associated elevational vegetation
bands): (1) low elevation (northern hardwood forest),
(2) mid-elevation (ecotone with mixed forest composi-
tion), and (3) high elevation (spruce-fir forest). All
greenhouse work was carried out at the SUNY-ESF
greenhouse facilities.
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FIGURE 2
descriptions and treatment levels) of the study design with the
three experiments examining sugar maple (arbuscular mycorrhiza)
and American beech (ectomycorrhiza) performance: (a) the
greenhouse experiment includes four treatments (soil manipulation)
with three levels (sites) and 30 replicates (seedlings) per treatment/
level combination; (b) the soil translocation experiment includes four
treatments (soil origin) within six blocks at each of three sites; and

(c) the common mycorrhizal network experiment includes three

Conceptual diagram (including treatment

treatments (common mycorrhizal networks [CMN] manipulations)
within eight blocks at each of three sites.

Field soil samples were collected from Mt. Mansfield,
Vermont, in fall 2019. Ten soil pits (4 L each) were dug to
a depth of 30 cm at each of three sites and the soils were
composited (O, E, B soil horizons) before transport
to SUNY ESF, 1 week before experimental greenhouse
planting. All experimental tree seedlings were grown
from seeds sown at the beginning of the experiment. One
seed was sown in individual 2 X 2 cm cells (level) within
trays (treatment), with 30 seeds sown for each treatment
and level combination. Individual emerged seedlings
from each level and treatment were moved to larger
(1/2 L) plastic containers (1 seedling per container).
Seedlings were allowed to grow within each treatment
for 5 months (approximately equal to the full length
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of the growing season at mid- to low elevations).
Seedlings were watered twice a week, and greenhouse
temperature was maintained at 20°C. The locations of
the pots in the greenhouse were periodically switched
at random to remove potential location effects on seedling
performance. Seedling survival and height were recorded
weekly. At the end of the experiment, all surviving
seedlings were harvested for final aboveground biomass
measurements. Seedling roots were separated from all
aboveground material, washed, and stored in 70% ethanol.
Aboveground biomass was dried at 60°C for 24 h and
weighed for a final biomass measurement.

From stored seedling roots, mycorrhizal colonization
was estimated using staining and light microscopy
methods as follows. Root samples were cleared using a
10% KOH solution via a 30-min liquid autoclave cycle
(at 121°C), stained with chlorazol black E in another
30-min liquid autoclave cycle, and stored in a 50% glyc-
erin solution (Brundrett et al., 1996). The gridline inter-
cept method was used to estimate AMF colonization for
sugar maple, as described in McGonigle et al. (1990) and
Brundrett et al. (1996). A simplified gridline intercept
procedure was used to estimate EMF colonization (number
of mycorrhizal root tips vs. non-mycorrhizal root tips) for
unstained fungi on American beech roots (Brundrett
et al., 1996). The same mycorrhizal colonization estimation
methods were used for all subsequent harvested root
samples in both greenhouse and field experiments (see below).

Experiment 2: Soil translocation (STE)
study design

To assess the influence of soil origin on seedling survival
and growth in the field while controlling for any climate
effects, soil cores were extracted and translocated (STE)
either (1) within the same site, (2 and 3) to one of the
other two sites (elevations) on each study mountain, or
(4) unmoved, resulting in four transplant treatments per
site in three blocks (soils transplanted from the other two
elevations, a within-site soil transplant treatment, and an
unmoved treatment) at our previously established field
sites (see Study design; addressing Questions 1 and 2). Six
replicate soil cores (15 cm diameter X 30 cm depth) were
extracted from each site (15m apart) on each of the
four study mountains. In order to control for climate
(i.e., temperature) changing along the elevation gradient,
cores were translocated (placed in the ground) to different
sites with an emphasis on preserving the vertical structure
of the cores. Soils were placed in the field inside 3-L plastic
planters (Home Depot, Atlanta, GA, USA) with manually
cut holes (accounting for a total of 50% planter surface
area) to allow water transport with the inside and bottom
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TABLE 3
experimental treatments.

Experiment Category Variable

(1) Greenhouse (GE) Survival Survival
Growth Height
Growth Total dry biomass
Mycorrhiza Colonization

(2) Soil translocation (STE) Survival Germination
Survival Survival
Growth RGHR
Growth Root-to-shoot
Growth Total dry biomass
Mycorrhiza Colonization

(3) CMN (CMNE) Survival Survival
Growth RHGR
Growth Root-to-shoot
Growth Total dry biomass
Growth Diameter change
Growth Leaf number
Growth Foliar nutrients
Mycorrhiza Colonization

Categorization and description of measured variables used in each study to compare seedling performance between

Description Units
Proportion seedlings surviving 5 months %
Final seedling height cm
Final seedling dry total biomass g
AMF or EMF root length colonized %
Proportion sown seeds germinating %
Proportion seedlings surviving 2 years %
Seedling relative height growth rate cm/day ™!
Ratio of belowground to aboveground NA
dry biomass
Final seedling dry total biomass g
AMF or EMF root length colonized %
Proportion seedlings surviving 2 years %
Seedling relative height growth rate cm/day ™
Ratio of belowground to aboveground NA
dry biomass
Final seedling dry total biomass g
Change in seedling basal diameter mm/year™"
over 2 years
Final number of seedling leaves NA
Conc. foliar nutrients (N, P, K, Ca, Mg, Al) % dry weight
AMF or EMF root length colonized %

Abbreviations: AMF, arbuscular mycorrhiza fungi; CMN, common mycorrhizal networks; CMNE, common mycorrhizal network experiment; EMF,

ectomycorrhiza fungi; RHGR, relative height growth rate.

of each planter lined with a 25-micron fine nylon mesh to
prevent root infiltration and slow hyphal colonization
from outside of the planter (Booth & Hoeksema, 2010).
Twenty seeds of either sugar maple or American
beech were sown in each planter in October 2019, and
we tracked their survival and growth in each treatment
for two growing seasons. This seed density was selected
to maximize the probability that at least one seed would
successfully germinate, given the low germination rates
observed for these species in the field, based on personal
observations and Brown and Vellend (2014). The top of each
planter was covered with a 0.5-cm plastic mesh (Home
Depot, Atlanta, GA, USA) to protect against seed predation
during the winter months (the mesh was removed after
snowmelt the following year to allow seedling growth).
Seedling height measurements and survival counts were
taken twice a month starting in May 2020. Dead seedlings
were removed at each survey and their roots were visually
examined for the presence of any external fungi or damping
off symptoms that might indirectly indicate a root pathogen;
this was also done for live seedlings at the end of the experi-
ment (see Brown & Vellend, 2014). The presence of brows-
ing or foliar herbivory was also recorded during each site
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visit. Seedling height measurements were conducted in sum-
mer 2020, and again in summer 2021 for all surviving seed-
lings. Final seedling harvests were done in September 2021
following two full growing seasons. Roots were separated
from the aboveground portions of each seedling and washed
in the field. A 0.2-g sample of roots (weighed in the field
using a digital scale [Anself, Atlanta, GA, USA]) was sepa-
rated and placed in 70% ethanol for mycorrhizal coloniza-
tion measurements. In order to collect all root material, all
soil from experimental pots was washed through a 1-mm
fine sieve. Seedling growth was assessed by measuring dry
weight biomass (drying and measurements taken 1 week
after collection), measuring biomass partitioned between
aboveground and belowground components (root-to-shoot
ratios), and quantifying mycorrhizal colonization, at the end
of the experiment.

Experiment 3: CMN connectivity (CMNE)
study design

To evaluate the influence of possible connection to a
CMN on seedling growth and survival within and beyond
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TABLE 4 Specific a priori findings (expectations) for each experiment, which would demonstrate the importance of mycorrhiza (biotic)

in seedling performance independent of climate and soils (abiotic).

Experiment

Greenhouse (GE)

Expectations

(1) Higher mycorrhizal colonization of seedlings grown in soils within species ranges vs. beyond

(2) Higher survival and growth (height and biomass) of seedlings grown in soils inoculated by
within-range biota vs. beyond-range biota

(3) Higher survival and growth (height and biomass) of seedlings grown in soils with biota present

vs. in soils with biota absent

Soil translocation (STE)

(1) Higher mycorrhizal colonization of seedlings grown in soils within species ranges vs. beyond

regardless of planting site (elevation)

(2) Higher survival and growth of seedlings grown in soils within species ranges vs. beyond
regardless of planting site (elevation)

CMN connectivity (CMNE)

(1) Higher survival and growth of seedlings grown in soils with a continuous connection to a

potential CMN vs. disconnected regardless of planting site (elevation)

Abbreviations: CMN, common mycorrhizal networks; CMNE, common mycorrhizal network experiment.

our species elevational ranges, a separate field experiment
was conducted (CMNE, addressing Question 3). At each of
three sites (same as described in Study design), three
distinct treatments were applied in order to test how seed-
ling performance (survival and several metrics of seedling
size; see below) was altered by the potential connection to
a local CMN. Our treatments included: (1) potted seedlings
with the opportunity to connect to a broader CMN (here-
after referred to as “network”), (2) potted seedlings with
the connection to any CMN repeatedly broken (hereafter
referred to as “disrupted”), and (3) a full control treatment
of seedlings planted outside of pots in the field (hereafter
referred to as “pot control”). The network treatment
involved planting seedlings in 3-L plastic planters using
the soil present at the spot it was planted. Holes were cut
into the side of the pots (for a total of 50% open surface
area) and a 44-micron nylon mesh was affixed to these
holes, as well as to the drainage holes at the bottom of the
pots, to allow passage of mycorrhizal hyphae but not plant
roots (Booth, 2004). The disrupted treatment was designed
in the same way except pots were placed into another pot
of the same size and turned every 2 weeks in order to
break the hyphal connection to the outside. The experi-
mental pot control treatment involved planting seedlings
directly in the ground without the pot (first disturbed by
digging a hole and replacing the soil within) in order to
assess the pot effect on the experiment, as well as interac-
tions with plant roots.

This series of three treatments was replicated in four
blocks at each site (same as above; hardwoods, ecotone,
and spruce-fir) on each of four study mountains (for a
total of 432 seedlings per species). In each block, three
seedlings of both sugar maple and American beech were
installed in each treatment (an individual 3-L pot) for a
total of 9 seedlings. All seedlings were purchased as
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2-year-old bareroot stock from Cold Stream Farm
Nursery (Free Soil, MI). As we wanted to minimize intro-
ducing non-native mycorrhizal fungi via bareroot stock,
we examined the roots of 4 randomly selected bareroot
seedlings for each study species for the presence of EMF
root tips or AMF colonization. Low colonization of either
EMF or AMF (<5%) suggested that fungal introductions
were likely limited.

Pots with planted seedlings were installed in
spring 2020, and seedlings were surveyed twice a month
throughout the growing season to determine survival,
height, root collar diameter, number of leaves, and the
presence of any foliar herbivory or browsing on each
seedling. All dead seedlings were collected and assessed
for the presence of any potential root pathogens. A final
biomass measurement (partitioned between aboveground
and belowground) was taken at the end of the experi-
ment (fall 2021), and root samples were taken for quanti-
fication of mycorrhizal colonization (as above). Leaves
from each surviving seedling were pooled by treatment
and site following drying and biomass measurements,
finely ground using a Wiley mill, and shipped to the
Penn State Agricultural Analytical Services Laboratory
for tissue analyses. Total nitrogen, phosphorus, potas-
sium, calcium, and trace elements were extracted via acid
digestion and ICP analysis (Huang & Schulte, 1985). All
measured plant performance metrics are summarized in
Table 3 for all experiments.

Statistical analyses
We used generalized linear models (GLMs) to analyze the

response of sugar maple and American beech seedling
survival, growth, and mycorrhizal root length colonization

ASUAIIT suowwo)) aanear) ajqeorjdde ayy £q pauraa03 are saponIE YO asn JO sa[nl 10] AIeIqI] SUIUQ A3[IA\ UO (SUONIPUOD-PUB-SULIS)/WO0d K3[1m° KIeIqI[aul[uo//:sdny) suonipuo)) pue suLa ], 3y 23S *[+70¢/1 1/+#0] uo Areiqry autjuQ A[ip ‘Jsg-Ansaio Aung £q €91 woa/z00[ 0 1/10p/wod Kaim* K1eiqrjaurjuo seuinolesay/:sdny woiy papeoumod ‘v ‘470 ‘ST0LLSST



ECOLOGICAL MONOGRAPHS

| 90f 22

to soil origin and soil manipulation treatment in our GE
(addressing Questions 1 and 2). Survival and mycorrhi-
zal colonization assumed a binomial distribution of
residuals. Growth, as measured by total seedling height
and final dry biomass, assumed a normal distribution of
residuals.

Generalized linear mixed effects models (GLMMs)
were used to analyze the response of seedling germina-
tion (binomial), survival (binomial), growth (normal),
and mycorrhizal colonization (binomial) to planting site
(elevation) and soil source treatment in our STE, averaged
for individuals within the same block and treatment, and
using study mountain as a random effect (addressing
Questions 1 and 2). Growth was measured as final total
dry biomass, relative height growth rate (RHGR), and
root-to-shoot ratio. Mean RHGR across the entire study
period was used to avoid issues of temporal autocorrela-
tion and was calculated as follows:

1)

RHGR — (M)

th—t

where H, and H; are the two height measurements
and t, and f; are the two different times where height
measurements were taken (measurements taken twice a
month).

GLMMs were also used to analyze the response of
seedling growth and mycorrhizal colonization (binomial)
to planting site and CMN manipulation treatment in our
CMNE, averaging individuals within the same treatment
and block, and using mountain as a random effect
(addressing Question 3). Growth was measured as final
total dry biomass (normal), root-to-shoot ratio (normal),
RHGR (normal), basal diameter change (normal), and
final number of leaves (Poisson). Survival curves and
results of survival analyses performed via Kaplan-Meier
estimators (see Appendix S1: Figure S5) were plotted
from raw survival data averaged across study mountains
for each species (Goel et al., 2010). We used linear mixed
models (LMMs) to evaluate differences in foliar nutrient
concentrations (N, P, K, Ca, Mg, Al) for CMNE sugar
maple and American beech seedlings, both across plant-
ing sites and CMN treatments (Question 4). We also
constructed GLMMs to analyze the response of observed
seedling foliar herbivory, browse, and potential root path-
ogen presence (all assuming a binomial distribution of
residuals) to planting site and experimental treatment for
both Experiments 2 and 3, using study mountain as a
random effect (addressing Question 4). Raw data were
averaged across all seedlings within each block and treat-
ment. Model assumptions and standard diagnostics
were checked for each GLMM (see Appendix S1:
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Tables S2-S13 for all model results). Analysis of variance
and post hoc Tukey’s HSD tests were used to evaluate
treatment and site differences and their interactions for
each experiment.

The soil chemical gradient on all study mountains
was previously characterized (see Tourville, 2022;
Tourville et al., 2023). Briefly, one-way analysis of
variance and post hoc Tukey’s HSD tests were used to
evaluate differences in soil chemical variables across the
study elevation gradients used in our three experiments
(pH, soil organic matter, cation exchange capacity,
and concentrations of Al, P, K, Ca, and Mg; see
Appendix S1: Table S14). All of the above analyses
were conducted in R using the following packages:
dplyr, reshape2, ggplot2, Ime4, survival, and multcomp
(R Core Team, 2022).

RESULTS
Experiment 1: GE

Addressing Questions 1 and 2 (1: assessing seedling
performance across range boundaries; and 2: assessing
differential performance of an AM vs. EM seedling
species, see Table 4 for a priori expectations, Appendix S1:
Tables S2-S4 for model results), we found that AMF root
length colonization of sugar maple averaged across all
treatments was much lower in soils of spruce-fir origin
(~10%, <0.001) than in hardwood (~21%, p < 0.001) or
ecotone soils (~16%, p = 0.009), while average EMF
colonization of American beech did not differ between
different soil origins (p > 0.05, Figure 3a,b). Additionally,
mycorrhizal root colonization did not differ between inoc-
ulated soils and live field soils regardless of soil origin
(elevation) for both AMF-associated sugar maple and
EMF-associated American beech, suggesting successful
inoculation of our Inoculated treatments (soil source X
treatment: p > 0.05, Figure 3a,b). Root colonization was
not significantly different from zero for sterilized field
and potting mix soils, suggesting that our sterilization
treatments were successful.

Survival of sugar maple seedlings grown in within-
range soils of northern hardwood (~33%) and ecotone
origins (~35%) was greater than that of those grown in
beyond-range spruce-fir (~22%) soils averaged across all
treatments (p = 0.01, Figure 3c). American beech seed-
ling survival in hardwood soils (~28%) was greater than
that in ecotone (~22%) and spruce-fir (~20%) soils
but not significantly so averaged across all treatments
(soil source X treatment: p = 0.24, Figure 3d). While
biomass and plant height averaged across all experimen-
tal treatments did not differ between soils of different
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origins for both sugar maple and beech (comparing
between AM and EM tree, Question 2; Figure 3e-h),
the inoculated potting mix supported significantly greater
seedling survival than sterilized field soils, live field soils,
or our potting mix treatments for both species (p < 0.001),
indicating both a biotic and soil abiotic effect. We find this
was true for soils of within-range hardwood and ecotone
origin for both sugar maple and beech, but not for soils of
spruce-fir origin (Question 1, Figure 3). Sugar maple seed-
ling biomass and height were significantly greater in the
inoculated treatment than in all other treatments in soils
from within its range (soil source X treatment: p < 0.05),
but not for soils outside of its range where seedling growth
metrics were similar for the inoculated and potting mix
treatments (Question 1, Figure 3e-g). Beech seedlings
grown in hardwood soils in the Inoculated treatment had
higher final height and biomass than seedlings grown in
spruce-fir soils (Figure 3f,g).

Experiment 2: STE

Addressing Questions 1 and 2 in a field setting (STE,
see Table 4 for a priori expectations, Appendix SI:
Tables S5-S7 for model results), we find that mean AMF
root colonization generally decreased for sugar maple
when growing beyond its range and when growing in
soils of spruce-fir origin (~39% colonization in spruce-fir
soils averaged across all elevations compared with other soil
origins, soil source X planting site: p < 0.03; Figure 4a).
EMF root colonization of American beech did not differ
across the elevation gradients (Figure 4b). Additionally, we
find that rates of seed germination and overall observed
seedling survival of both sugar maple and American beech
decreased beyond their range margins, regardless of soil
origin, indicating an abiotic climate effect (Figure 4c-f).
Similarly, germination and survival were higher for both
sugar maple and beech seedlings sown in within-range
hardwood soils than in beyond-range spruce-fir soils
(p < 0.001), with intermediate values for ecotone soils
for all planting sites, consistent with the results of our
GE and indicating a biotic effect (cf. Figure 3).

Unlike seedling survival, metrics of seedling growth,
including RHGR, and final total dry biomass did not
significantly differ between planting site and soil origin
for either sugar maple or beech (Question 1,
Appendix S1: Figure S6). Mean sugar maple root-to-shoot
ratios were almost twice as high at spruce-fir sites for all
soil origin treatments than for other sites (planting site:
p < 0.001), but this was not the case for beech seedlings.
Lastly, the observed proportion of experimental seedlings
with potential root pathogens did not significantly differ
across the elevation gradients for either sugar maple or
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beech (soil source X treatment: p > 0.05, see Appendix S1:
Figure S7).

Experiment 3: CMNE

Addressing Question 3 (assessing potential role of CMN
on seedling performance across range boundaries,
see Table 4 for a priori expectations, Appendix SI:
Tables S8-S10 for model results), we find that across both
years of the CMNE, survival of network (N) and pot
control (C) sugar maple seedlings remained significantly
higher than that of seedlings in the disrupted (D) treat-
ment, indicating a biotic effect (final survival: N = 55%,
C = 54%, D = 8%, Figure 5a). On the other hand, survival
of American beech network seedlings tended to be higher
than that of seedlings in the pot control and disrupted
treatments for both years of the experiment but not
significantly so at any time step (final survival: N = 37%,
C = 24%, D = 37%, Figure 5c). Overall, there were no
significant differences in two-year seedling survival
between planting sites for either species (planting
site X CMN treatment: p > 0.05, see Figure 5b,d;
Appendix S1: Figure S8).

Unlike seedling survival, there were no treatment
differences across the elevation gradients for any seedling
growth metric examined (mean basal diameter change,
mean leaf number, RHGR, root-to-shoot, and total dry
biomass, planting sites x CMN treatment: p > 0.05), with
the exception of sugar maple root-to-shoot ratio and
beech RHGR (Appendix S1: Figures S9 and S10), where
both were significantly higher for seedlings grown
beyond their range margin in spruce-fir forests than in
within-range lower elevation hardwood forests (planting
site: p < 0.001). While the proportion of sugar maple
seedlings with potential root pathogens present did not
change across the elevation gradients (planting site x
CMN treatment: p > 0.05), there was a clear treatment
effect, with our disturbed treatment seedlings hosting a
significantly greater amount of potential root pathogens
than network or pot control seedlings (Question 4; ~9%
of pots, p = 0.02; Figure 6). This trend did not hold for
American beech-disrupted treatment seedlings.

Exploring Question 4 (examining possible mycorrhi-
zal benefits beyond seedling nutrition, Appendix S1:
Tables S11-S13 for model results), we note that across
the elevation gradients, sugar maple foliar N and base
cation (K, Ca, Mg) concentrations from CMNE seedlings
tended to decrease beyond their range margin, while
foliar Al concentrations increased, and foliar P peaked
within ecotone forests (Appendix S1: Tables S11-S13;
Tourville et al., 2023). While most sugar maple seedling
foliar nutrient concentrations did not differ between our
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(a, b) Differences in mean (+SE) mycorrhizal colonization (root length colonized %) between treatments for our soil

translocation experiment for arbuscular mycorrhiza sugar maple and ectomycorrhiza American beech seedlings. Mean (+SE) proportion of
sugar maple and beech seeds germinating (c, d, 20 total seeds maximum) at each translocation site (elevation) and for each soil origin in our
soil translocation experiment. Additionally, mean (+SE) proportion of sugar maple and beech seedlings surviving (e, f) for two growing
seasons at each transplant site and for each soil origin. Letters indicate significant treatment differences from generalized linear mixed

effects models (a = 0.05).
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time of each survey. The gray area indicates the non-growing (winter) season in between the first and second years of the experiment. (a, b)

show main effects for treatments for each species while (b, d) show survival curves for each treatment and species partitioned by planting

site (elevation).

three CMN treatments, foliar Al concentration was signif-
icantly greater for the disrupted treatment than for
the network or pot control seedlings (CMN treatment:
p < 0.001, Figure 7), and in spruce-fir planting sites
compared with lower elevations (planting site X CMN
treatment: p < 0.001, Figure 7). For American beech
seedlings, we found a positive relationship between foliar
P concentration and elevation, and a negative relation-
ship between foliar N, K, Mg, and Al concentrations and
elevation (Tourville et al., 2023). There were no CMN
treatment differences in beech seedling foliar nutrient
concentrations (Appendix S1: Table S12).

Similar to our GE and STE, we found that for our
CMNE, AMF colonization was lower for sugar maple
seedlings planted beyond their range in spruce-fir
forests than for seedlings planted within their range
(hardwood: p < 0.001; ecotone: p < 0.001; Appendix S1:
Figure S11, Table S8). There were no site differences in
EMF colonization among beech seedlings (Appendix S1:
Figure S11, Table S8). Mycorrhizal root colonization
did not differ between CMN manipulation treatments
(network, disrupted, pot control) for either AMF- or
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EMF-associated seedlings (i.e., sugar maple and beech,
respectively; Appendix S1: Figure S11, Table S8).

DISCUSSION

Our work demonstrates the importance of accounting for
belowground biotic interactions in predicting future plant
distributions (e.g., Iverson et al., 2008, 2019; Prasad
et al., 2020). Our three complementary experiments sug-
gest that mycorrhizal fungi can support tree seedling
establishment via increased survival across species range
boundaries, but only if the appropriate fungi are present
(Question 1). The spatial dynamics of mycorrhizal types
within a landscape also seems likely to determine the rel-
ative success of establishing seedlings (Question 2, AM
vs. EM trees). Further, we posit that either potential
CMN connectivity or increased foraging area has a posi-
tive influence on seedling performance across range
boundaries, particularly in areas that could have limited
inoculum (i.e., sugar maple AMF colonization beyond its
range margin, Question 3). Lastly, in addition to the
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FIGURE 6 Common mycorrhizal networks treatment differences in mean (+SE) proportion of experimental pots across our study

mountains with observed presence of potential root pathogens, for both sugar maple (a) and American beech (b). Letters indicate significant

differences between groups (a = 0.05).

nutrient benefit derived from mycorrhizal associations,
we find evidence that pathogen defense and metal protec-
tion could represent other important beneficial aspects of
the mycorrhizal symbiosis in our study system, although
the mechanisms behind these via CMN connection
remains unclear (Smith & Read, 2010) (Question 4).
Below, we expand on our findings from each question,
place our work into a wider context, and highlight
both some study limitations (e.g., the use of a single AM
and EM tree species; challenges operating CMN field
experiments) and implications for future research.

Tree seedling performance and
mycorrhizal colonization beyond species
range boundaries

While we found evidence that AMF inoculum potential
in high-elevation conifer forests could be limited, AMF
colonization is not completely absent among sugar maple
seedlings, indicating at least some inoculum potential
within these EMF-dominant forests; however, it may not
be sufficient to promote successful establishment of sugar
maple (Carteron et al., 2020). AMF colonization has been
shown to be highly positively correlated with overstory
basal area of AM trees (which decreases with elevation,
r=0.85) and pH (r = 0.58) and negatively correlated
with elevation (r = —0.92; see Tourville et al., 2023).
Conversely, EMF colonization of American beech
remained consistent across the elevation gradients,
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despite the likelihood that EMF community composi-
tion in conifer forests is different than that found
in low-elevation temperate hardwood forests (Kivlin
et al.,, 2017; Lynn et al., 2019). Given the potential
for high fungal community turnover and specificity
between sugar maple and beech along the elevation
gradient, our data indicate that incorporating molecu-
lar data to better resolve fungal community composi-
tion could be an exciting area of future research
(Chaudhary et al., 2022; De Bellis et al., 2022; Kivlin
et al., 2017; Urcelay et al., 2019).

Sugar maple survival was curtailed when growing in
a beyond-range medium as seen in a recent greenhouse
study (Carteron et al., 2020). Interestingly, our GE
survival was not significantly different between fresh live
field soils and sterilized field soils, either because soil
chemistry had a more prominent role on survival than
soil biota or possibly because removing both mutualistic
fungi and pathogens had a net neutral effect on seedling
survival (Brown & Vellend, 2014; Jiang et al.,, 2020;
Liang et al., 2015, 2016). We stress that since we did not
specifically remove any potential soil pathogens from our
field soils, we cannot discount the influence of any
saprotrophic fungi or other non-mycorrhizal soil micro-
organisms on seedling performance, aside from infer-
ences made by examining mycorrhizal root colonization.
However, because seedling survival in soils inoculated
with hardwood and ecotone biota was much higher than
in non-inoculated soils, we find an overall positive effect
of soil biota.
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Our field STE results implicate both soils (chemistry
and biota) and climate as drivers of seedling establish-
ment in addition to mycorrhizal colonization. However,
the metrics of seedling growth (RHGR and biomass) did
not differ either for tree species across the elevation gra-
dients or for different soil origins, with the exception of
significantly higher root-to-shoot ratios of sugar maple
at high elevation indicative of increased carbon alloca-
tion to foraging in nutrient-poor soils (without the aid
of sufficient mycorrhizal partnership) (Maskova &
Herben, 2018; Paz, 2003; Weemstra et al., 2016). Brown
and Vellend (2014) recorded a similar lack of response
in growth for seedlings growing in soils of different
origins along a similar elevation gradient. This seems to
indicate that seedling survival is a more sensitive indica-
tor of the influence of mycorrhizal fungi than seedling
growth.

Performance of tree species of different
mycorrhizal types across range boundaries

Our AM tree species (sugar maple) suffered from lower
survival upslope of its range margin. Further, we find
that our EM tree species (American beech) was less
responsive to different sources of fungal inoculum, CMN
connection, and soil chemical properties than our AM
tree species. The differential performance of our AM and
EM tree species could be attributed to the spatial

Ay

distribution of trees with these different mycorrhizal
types in our study system: Where sugar maple was faced
with lower mycorrhizal colonization in EMF-dominated
high-elevation conifer forests, beech did not face the
same limitations. We cannot rule out experimental differ-
ences based on idiosyncrasies of the study species
themselves in terms of stress tolerances or seed sizes
(an indication of initial starting resource reserves), as the
relatively smaller seeded sugar maple is known to be less
tolerant of poor soils and colder temperatures than the
larger seeded American beech (Cleavitt et al., 2018,
2021). Additionally, seed size has been shown to influ-
ence the degree of seedling mycorrhizal dependence,
with smaller seeded species depending more on mycor-
rhizal associations for growth (Moyano et al., 2020, 2021).
Despite the fact that our study species are dominant trees
in the temperate forests of eastern North America, we
caution that since we only examined one AM and one
EM tree species, care should be taken when generalizing
these results to other AM/EM associations in other sys-
tems. We also cannot exclude the possibility that future
climate-induced changes in forest species composition
across our elevation gradients can be influenced by
the species’ mycorrhizal type and the distribution
of dominant mycorrhizal types in space (e.g., over
elevational environmental gradients), assuming a lack of
plant-fungal specificity. In other words, our expanding
AM species may be filtered out in favor of an EM species
at high elevations (Carteron et al., 2020, 2022).
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Role of potential connectivity to a CMN on
tree seedling performance across range
boundaries

The potential connection to a CMN serves to effectively
increase the foraging area and availability of nutrients
available to root colonizing fungi (Selosse et al., 2006;
Simard et al., 2015; Wallander & Ekblad, 2015). Plants
also benefit from not having to allocate carbon to develop
a CMN if it is already present, yet still gain access to the
harvesting network (Newman, 1988). While seedling
mycorrhizal fungi disconnected from a CMN must ini-
tially forage solely within their own hosts’ rhizosphere,
increased access to more distant nutrient pools by intact
CMNs, particularly in a nutrient-poor and heterogeneous
environment, may be of critical importance to seedlings
in the early stages of development (Cortese et al., 2023;
Cortese & Horton, 2023; Horton et al.,, 1999; Van Der
Heijden, 2004; Wipf et al., 2019). Sugar maple is known
to be more sensitive to low base cation and nutrient
concentrations than American beech, and thus, less suit-
able to acidic high-elevation soils (Cleavitt et al., 2018;
Sullivan et al., 2013). The CMN treatment effect seen
for sugar maple, but not for beech, may be a direct
result of this environmental sensitivity; however, we
did not detect any treatment effects on seedling growth
(Horton & van der Heijden, 2008). Another non-mutually
exclusive possibility is that sugar maple seedlings use
fewer resources to promote connection to an already
established CMN than developing a local mycorrhizal
network from AMF spores over a longer period of time, as
seen with EMF CMNs (Horton et al., 1999; Nara, 2006a;
Newman, 1988). The quick and less energy-intensive
access to CMN-derived nutrients may prevent excess car-
bon loss and mortality in a stressful environment (see Van
Der Heijden & Horton, 2009; but see Karst et al., 2023).
However, we acknowledge that other research has found
that the transfer of photosynthate from seedlings to fungi
may be too costly in stressful environments (Ibafiez &
McCarthy-Neumann, 2015; Jakobsen & Hammer, 2015;
Van Der Heijden & Horton, 2009).

We stress that while some evidence exists for carbon
and other resource transfer between interconnected AM
plants (detected in plant roots and associated fungal
hyphae, see Lerat et al.,, 2002) it is not clear whether
ecologically meaningful amounts of nutrients or carbon
are transferred, what pathway these resources take, and
what the physiological mechanism behind such an
exchange is (Fitter et al, 1998; Jakobsen &
Hammer, 2015; Robinson & Fitter, 1999; Smith &
Read, 2010). It is also not clear whether small seedlings
or larger individuals benefit more from nutrient exchange
as part of CMN, as studies have shown that nutrient
reward from fungus to plant is proportional to the
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magnitude of carbon transfer from plant to fungus
(i.e., reciprocal reward or nutrient market economy
hypothesis; Fellbaum et al., 2014; Jakobsen & Hammer, 2015;
Kiers et al., 2011; van’t Padje et al.,, 2021). Thus, the lack of
clear-cut data on the reality of ecologically meaningful
resource transfer between CMN-associated plants, and
the mechanisms involved, hinders our ability to make
definitive claims about the true nature of CMNs
(Henriksson et al., 2023; Karst et al., 2023).

Further, it is important to note several caveats that
make interpretation of our CMN results challenging. First,
the use of physical barriers and repeated disconnection of
hyphal links in our disrupted treatment may have also
served to reduce the potential foraging area of mycorrhizal
fungi already present within our pots. This could poten-
tially explain the lower survival of sugar maple seedlings
in the disrupted treatment (also see Booth, 2004). However,
we point out that lower seedling survival was not seen for
our other species, American beech, and that our pots
offered relatively greater soil volume (3 L) than in similar
experiments using small mesh bags (Hoeksema, 2015;
Karst et al., 2023). Second, we were not able to definitively
show that CMN connections were formed in our network
treatment pots, a common drawback of most CMN studies
(e.g., Karst et al., 2023). While it seems evident that such
studies are logistically challenging, we believe that inte-
grating field studies of mycorrhizal interactions with
more controlled greenhouse studies or mesocosms, and
employing the use of molecular techniques, can enable
hypotheses derived from idealized environments to be
assessed in realistic settings (Hoeksema, 2015; Lekberg &
Helgason, 2018).

Modes of mycorrhizal benefit on tree
seedling performance

Mycorrhiza provide nutrient rewards to plants, which
act to boost plant growth in stressful environments
(Fellbaum et al., 2014; Kiers et al., 2011; Simard
et al., 1997). However, given the decrease in AMF colo-
nization and sugar maple survival with increasing
elevation, coupled with a lack of any experimental
treatment growth effects or CMN treatment effect on
foliar base cation, N, or P status, nutrient exchange
may not be the only relevant benefit of mycorrhizal col-
onization here. We suggest that phenomena such as
pathogen defense or heavy metal protection may also
be critical to consider in this system (Alotaibi et al., 2021;
Kelly et al., 2005; Leyval et al., 1997; Sikes et al., 2009;
Tedersoo et al., 2020).

We found increased foliar Al concentrations for sugar
maple in our disrupted treatment, particularly at high
elevations beyond the species range edge, despite the fact
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that soil Al concentrations did not significantly differ
across our elevation gradients. Acute concentrations of
Al are toxic to many plant species and could explain
the decreased survival of sugar maple disconnected from
any potential CMN (Halman et al., 2014; Schaberg
et al.,, 2006; Sullivan et al., 2013). Indeed, AMF are
known to protect plants from toxic levels of heavy metals
in the soil (Alotaibi et al., 2021; Kelly et al., 2005). Even
though our experimental sugar maple seedlings were
colonized by AMF within treatment pots, we could con-
clude that either connection to a broader network may
be required to better protect plants from Al toxicity
(although the mechanism for this remains unknown in
this study) or that the AMF species colonizing sugar
maple in boreal forests were less able to protect seed-
lings from Al accumulation. We did not find this treat-
ment effect for beech, possibly because of the high EMF
root colonization levels found across the gradient, or
because EMF provides relatively better protection to
these plants than AMF (Branco et al., 2022).

Additionally, while we acknowledge that we did not
directly measure root pathogen infection rates or identify
pathogen taxa, we did find that observed potential patho-
gen damage was present more on sugar maple-disrupted
treatment seedlings than on network or pot control
seedlings, despite the lack of any elevation differences.
Pathogen defense is an important service provided by the
AMF mutualism, but receives relatively less attention
than nutrient access services (Sikes et al., 2009; Tedersoo
et al., 2020). Indeed, the role of an intact CMN to provide
pathogen defense versus local mycorrhizal colonization
is unexplored in the literature (but see Karban, 2021).
Curiously, there was no evidence of an EMF CMN-
specific role in pathogen protection for American beech
seedlings despite the efficacy of EMF in providing this
service (Dreischhoff et al., 2020; Luo et al., 2014).
Potentially, EMF-associated species such as beech may
benefit from the maintenance of mutualistic services
offered by diverse communities whereas AMF-associated
species like sugar maple may have access to a less diverse
suite of relatively less helpful and functionally specialized
fungi, although this hypothesis would require further
testing using molecular techniques (De Bellis et al., 2022;
Kivlin et al., 2017; Urcelay et al., 2019).

Conclusions

There is a growing understanding among ecologists that
mycorrhizal interactions have a critical role to play in
the functioning of terrestrial ecosystems vis-a-vis plant
growth and controls on plant distribution and diversity
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(Bever et al., 2001; Delavaux et al., 2019; Tedersoo
et al., 2020; Tourville et al., 2023; Zobel & Opik, 2014).
The mycorrhizal symbiosis is not only a factor influenc-
ing the advance of invasive species but also of natural
range expansion across climatic gradients, especially in
the context of global climate change (Lankau et al., 2015;
Pither et al., 2018). Our study adopted a novel integrated
approach to disentangle the effects of mycorrhiza, soil
abiotic properties, and climate on tree seedling growth
and survival across range boundaries. By leveraging
experimental data collected from both greenhouse and
field settings, we attempted to control for environmental
heterogeneity while maintaining both study realism and
generalizability (Booth, 2004; Hoeksema, 2015; Lekberg &
Helgason, 2018). Our results reveal the importance of
incorporating information on mycorrhiza and colonization
status of trees into predictive models of future tree distri-
butions. We also stress the importance of not only think-
ing about mycorrhizal associations solely in terms of
nutrient exchange but also embracing the multifaceted
role fungi play in providing benefits to plants.
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SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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