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The interaction networks formed by ectomycorrhizal fungi (EMF) and their tree hosts,
which are important to both forest recruitment and ecosystem carbon and nutrient reten-
tion, may be particularly susceptible to climate change at the boreal-temperate forest
ecotone where environmental conditions are changing rapidly. Here, we quantified the
compositional and functional trait responses of EMF communities and their interaction
networks with two boreal (Pinus banksiana and Betula papyrifera) and two temperate
(Pinus strobus and Quercus macrocarpa) hosts to a factorial combination of experimen-
tally elevated temperatures and reduced rainfall in a long-term open-air field experiment.
The study was conducted at the B4WarmED (Boreal Forest Warming at an Ecotone
in Danger) experiment in Minnesota, USA, where infrared lamps and buried heating
cables elevate temperatures (ambient, +3.1 °C) and rain-out shelters reduce growing
season precipitation (ambient, ~30% reduction). EMF communities were characterized
and interaction networks inferred from metabarcoding of fungal-colonized root tips.
‘Warming and rainfall reduction significantly altered EMF community composition,
leading to an increase in the relative abundance of EMF with contact-short distance
exploration types. These compositional changes, which likely limited the capacity for
mycelial connections between trees, corresponded with shifts from highly redundant
EMF interaction networks under ambient conditions to less redundant (more spe-
cialized) networks. Further, the observed changes in EMF communities and interac-
tion networks were correlated with changes in soil moisture and host photosynthesis.
Collectively, these results indicate that the projected changes in climate will likely lead
to significant shifts in the traits, structure, and integrity of EMF communities as well
as their interaction networks in forest ecosystems at the boreal-temperate ecotone.
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Ectomycorrhizal fungal communities consist of diverse assemblages that are capable of
connecting multiple host trees belowground via shared colonization by the same fungal
individual (1-3). This potential is particularly true in forests at the boreal-temperate
ecotone, where high densities of boreal and temperate tree species cooccur and share many
ectomycorrhizal fungal species (4). However, our understanding of the formation and
function of mycelial networks among forest trees is significantly hampered by methodo-
logical challenges (5). For instance, it is extremely difficult to physically trace mycelial
connections between hosts through soil, effectively impeding the ability to demonstrate
the presence of the same fungal individual on different host individuals. Thus, researchers
have largely relied on inference from colonization of shared fungal taxa among plant
individuals growing in close physical proximity to construct interaction networks that
model potential belowground mycelial connections among hosts (2, 6). In spite of these
challenges, research investigating ectomycorrhizal fungal communities and their interac-
tion networks with diverse host trees remains critical because of their roles in multiple
ecological processes, from the individual to ecosystem level (7). For example, seedling
recruitment of many tree species can be significantly improved when seedlings have access
to shared mycelial networks created by ectomycorrhizal fungi (8—11). The presence of
shared mycelial networks between trees can also potentially suppress invasive plant species
colonization and foster greater resilience to ecosystem disturbance (12). Furthermore,
considerable amounts of carbon (C) and nitrogen (N) move through and are stored in
the ectomycorrhizal fungal biomass constituting shared mycelial networks, making them
a critical component of forest C and N cycles (13-17).

The response and resilience to climate change of ectomycorrhizal fungi and the interaction
networks they form among diverse forest trees remain highly uncertain (18-21). Forests at
the boreal—temperate ecotone are predicted to experience increased evapotranspiration from
warming, leading to chronically lowered soil moisture, which may be further exacerbated
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reduce soil moisture and
decrease tree host performance
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interaction networks formed by
trees and fungi in high-latitude
forests.
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by longer periods between precipitation events (22). These changes
are expected to have particularly strong effects on tree populations
positioned near the extremes of their latitudinal ranges (23, 24),
with cascading belowground effects on their associated ectomyc-
orrhizal fungal communities (4, 25, 26). The resilience of ectomy-
corrhizal fungal communities and interaction networks to climate
change likely have particularly important implications for tree range
contraction and expansion (27, 28). For instance, if ectomycor-
rhizal fungi are not resilient to warmer and/or drier conditions,
their disruption may exacerbate negative effects on plant popula-
tions that are already stressed at the lower extremes of their latitu-
dinal range and lead to rapid range contraction (29, 30). In
addition, if temperate tree hosts rely on established mycelial net-
works for their recruitment (31, 32), then the disruption of boreal
ectomycorrhizal fungal community structure may also impede
expansion of tree populations past their upper latitudinal ranges.
Conversely, if ectomycorrhizal fungal communities and interaction
networks are resilient to climate change, they may act as a buffer
and ameliorate further negative effects by maintaining nutrient and
water supply to hosts under unfavorable conditions (33-35).

The stability of interaction networks to disturbances can depend
on their emergent properties (36). Two key network properties
hypothesized to promote stability are network generalization and
nestedness (37, 38). Highly generalized networks feature members
that interact with many species across trophic levels (37), which
is thought to buffer the network to member losses. This network
property is commonly estimated in mutualistic bipartite networks
with a network specialization metric (H2’), where networks that
highly generalized will have low values compared to more special-
ized networks that will have values closer to one (39). Related to
this network-level specialization metric, the selectivity index (d’)
estimates the level of specialization versus generalization of each
member in the network (39). Nestedness, which can be estimated
with the metric “weighted nestedness based on overlap and
decreasing fill” (weighted NODF) (40), characterizes the structure
of associations in bipartite networks. Highly nested networks are
composed of both generalist and specialist species that exclusively
associate with generalists from the opposite trophic level.
Additionally, highly nested networks rarely have specialist-specialist
associations. Theoretically, bipartite networks with low nestedness
(i.e., where specialist-specialist associations are common) have a
higher risk of destabilization because of high dependence on these
specializations (36). Ectomycorrhizal interaction networks are
typically complex and characterized by a high degree of generali-
zation, where dozens of fungal taxa colonize multiple host trees
(41). Intriguingly, unlike other types of mutualistic networks,
however, ectomycorrhizal interaction networks typically have
antinested structure (i.e., lower nestedness than expected by
chance). The reason remains unclear, but low nestedness may result
from both ectomycorrhizal plant and fungal specialists being rare
and thus having low occurrences of generalist—specialist interac-
tions. Alternatively, the disproportionate richness of fungi relative
to host plants may make it difficult to detect nestedness in ecto-
mycorrhizal associations (2). While there is some support for these
hypotheses in other mutualistic networks, particularly those
formed by animal—plant mutualisms, our understanding of how
changes to ectomycorrhizal interaction network complexity and
structure in response to both warming and reduced rainfall in situ
remains a major knowledge gap. It might be expected that warm-
ing and reduced rainfall would alter network structure if C allo-
cation to ectomycorrhizal fungi is reduced and negatively affects
fungal biomass production, thus altering the physical connections
among plants and fungi in the networks.
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In addition to network-level properties, the functional traits
that govern the response of individual ectomycorrhizal fungi to
climate change may be critical to resilience of tree-fungal inter-
action networks at the boreal-temperate ecotone. The extramat-
rical mycelium (EMM) of ectomycorrhizal fungi forages, extracts,
and translocates resources from soil as well as colonizes newly
formed roots, establishes the physical mycelial connections
between different tree individuals, and represents an organ that
is highly variable in terms of its functional traits (17). The explo-
ration distance and hydrophobicity of EMM are consistently
reported as important traits governing ectomycorrhizal fungal
responses to climate change (25, 42, 43). Exploring greater dis-
tance and volume of the soil comes with a C cost that must be
paid by host trees (44). If host tree productivity is reduced under
warmer and/or drier conditions, then it is expected that ectomy-
corrhizal fungi employing these exploration strategies will be
replaced by taxa with shorter distance exploration strategies (25).
‘This shift, which would limit the potential for the same fungal
individual to connect different tree individuals, could notably the
alter the structure of interaction networks. The hydrophobicity
of the EMM is another trait that may be important to ectomyc-
orrhizal fungi under water limiting conditions. Specifically, EMM
with hydrophilic properties can facilitate the uptake of dissolved
nutrients under conditions where water is plentiful, however,
under reduced rainfall, this same trait may make EMM susceptible
to water loss compared to those taxa that produce hydrophobic
mycelial structures (e.g., rhizomorphs) (45). Since these traits
dictate the extent, longevity, and connectivity (via root coloniza-
tion) of EMM, shifts in trait frequency and abundance may ulti-
mately lead to changes in interaction network structure and
functioning,.

In this study, our objective was to examine the responses of
ectomycorrhizal fungal communities and their interaction net-
works with forest trees to experimental warming and reduced
rainfall to better understand and predict future changes at the
boreal-temperate ecotone. We used DNA metabarcoding and
bipartite network analysis to characterize ectomycorrhizal fun-
gal communities and their interaction networks with two boreal
(Pinus banksiana and Betula papyrifera) and two temperate
(Pinus strobus and Quercus macrocarpa) tree hosts grown under
a factorial combination of experimentally elevated above- and
below-ground temperatures (ambient, +3.1 °C above ambient)
and reduced rainfall (ambient, ~30% rainfall reduction) treat-
ments replicated across three plots each at two sites in northern
Minnesota, USA over a 4-y period (four host species x two sites
x two warming treatment levels x two rain reduction treatment
levels x three replicate plots; Total N = 96). In particular, we
tested the following four hypotheses. (H1) Warming and
reduced rainfall will alter ectomycorrhizal fungal community
structure. (H2) Warming and rainfall reduction will alter the
functional trait composition of ectomycorrhizal fungal com-
munities, favoring taxa with contact-short distance exploration
types and those with hydrophobic mycelia. (H3) The alteration
of taxonomic and functional diversity will correspond to
reduced generalization and nestedness of ectomycorrhizal inter-
action networks due to decreases in the relative abundances of
generalist fungal taxa possessing relatively extensive EMM.
(H4) Changes in both ectomycorrhizal fungal community
structure and interaction network properties will be greatest in
the combined warming and reduced rainfall treatment, consist-
ent with, or perhaps driven by, shifts in tree host species phys-
iological sensitivity to warming in contrasting soil moisture

conditions (46).
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Results

Our results provide mixed support for H1. While the climate
change treatments did not significantly alter alpha diversity of the
ectomycorrhizal communities (S/ Appendix, Fig. S5 and Table S6),
they did cause significant compositional changes. Ectomycorrhizal
fungal community composition differed significantly with warming
(PERMANOVA; Warming: F; 95 = 2.60; P = 0.001; SI Appendix,
Table S7), but not with reduced rainfall (PERMANOVA; Reduced
Rainfall: £, g5 = 1.33; P = 0.117; SI Appendix, Table S7), although
there was a significant warming and reduced rainfall treatment
interaction (PERMANOVA; Warming x Reduced Rainfall: £, 5 =
1.55; P = 0.015; SI Appendix, Table S7). The ambient (control)
communities were dominated by basidiomycete ectomycorrhizal
fungi, averaging 94.2% relative abundance across all hosts, and by
OTUs from the genera Tomentella, Russula, and Sebacina (Fig. 1).
Shifts in ectomycorrhizal fungal community composition in
response to warming and reduced rainfall were driven primarily by
increased relative abundances of ascomycete ectomycorrhizal fungal
OTUs, such as Zuber and Wilcoxina as well as OTUs from the
basidiomycete genera Inocybe, Thelephora, Hebeloma, Laccaria, and
Clavulina (Fig. 1). Additionally, the Pinus-specialist Suilloid genera,
Rhizopogon and Suillus, had considerable increases in relative abun-
dance with the warming and reduced rainfall treatments on
P banksiana and P strobus, respectively (SI Appendix, Fig. S7).
Ectomycorrhizal fungal community composition also differed sig-
nificantly among the four tree host species (PERMANOVA; Host:
F; 93 = 3.26; P = 0.001; SI Appendix, Table S7) and a redundancy
analysis revealed that a significant proportion of the variation in
ectomycorrhizal fungal community composition was explained by
mean daily soil moisture and temperature during the growing sea-
son (Fig. 2).

Changes in ectomycorrhizal fungal community structure in
response to warming and reduced rainfall as well as to host species
also corresponded with significant changes in the relative abun-
dances of ectomycorrhizal fungal exploration types (SI Appendix,
Table S8 and Fig. 34). Supporting H2, ‘Contact-Short’ exploration

strategists were significantly affected by the interactive effects of the
warming and rainfall reduction treatments (W x RR: F| 5 = 6.39;
P =0.023), where the relative abundance was significantly higher
in warmed, ambient rainfall plots compared to ambient-ambient
plots (Fig. 34), but not in warmed conditions under reduced rain-
fall. Further supporting H2, ‘Contact-Medium’ exploration strat-
egists were also affected by the effects of warming (Warming: £ 5
=4.49; P=0.051). ‘Contact-Medium’ exploration strategists had
higher relative abundance in the ambient plots compared to the
warmed, ambient rainfall and warmed, reduced rainfall plots
(Fig. 34). The relative abundance of ‘Medium-Long’ exploration
strategists did not, however, differ significantly between ambient
and the other climate change treatments (S Appendix, Table S8).
Host species also affected the relative abundance of ‘Contact-Short’
(Host: F; 55 = 9.92; P< 0.0001), ‘Contact-Medium’ (Host: £ 54 =
3.58; P = 0.019), and ‘Medium-Long’ (Host: F;55 = 37.78;
P <0.0001) strategies, with P strobus ectomycorrhizal fungal com-
munities featuring a higher relative abundance of the ‘Medium-Long’
associated with Suilloid taxa. There was no significant difference in
the relative abundance of hydrophobic taxa among treatments
(SI Appendix, Table S8 and Fig. 3B). The relative abundances of
hydrophilic and hydrophobic taxa, however, differed significantly
among the hosts (S] Appendix, Table S8), with a higher relative
abundance of hydrophilic taxa associated with B. papyrifera and
Q. macrocarpa and more hydrophobic taxa with P banksiana and
P strobus (SI Appendix, Fig. S6).

Growing season mean photosynthetic and stomatal conductance
rates varied significantly among the four host species and also
depended on the warming treatment (Host x Warming: Photo-
synthesis: £ 55 = 6.65; P = 0.0006; Conductance: P = 0.003; £ 55 _
4.01 P=0.0114; SI Appendix, Table S5). Under both ambient tem-
peratures and the warming treatment, P strobus had significantly
lower photosynthetic rates and stomatal conductance than the other
three host species (S Appendix, Fig. S2). Under ambient tempera-
tures, B. papyrifera had significantly higher photosynthetic rates than
Q. macrocarpa, but the two were not significantly different under
warming (S/ Appendix, Fig. S2). Further, the photosynthetic rates
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Fig.1. The relative abundances (data are square-root transformed) of top 15 ectomycorrhizal fungal genera across the warming and reduced rainfall treatments.
Boxplots represent the median (line in box), 25 percentile (lower hinge) and 75 percentile (upper hinge) ranges, and whiskers represent the range. Points represent
the relative abundance of each genus per sample (N = 94) and are color coded by treatment and shape is coded to each host species.
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and stomatal conductance were lower for B. papyrifera, P banksiana,
P strobus under warming, but higher for Q. macrocarpa (SI Appendix,
Fig. S2). Unlike warming, the reduced rainfall treatment signifi-
cantly lowered the photosynthetic rates of all host species (Reduced
rainfall: 7, 5 = 4.79; P = 0.045; SI Appendix, Fig. S2 and Table S5),
which all showed a positive relationship between growing season
average net photosynthetic rates and average soil moisture
(SI Appendix, Fig. S3; P < 0.01). Finally, tree host height, mean
stem diameter, and allometric stem mass were all significantly influ-
enced by an interaction between the warming and rainfall reduction
treatment, with increases with warming under ambient rainfall and
decreases with warming under reduced rainfall (S Appendix, Fig. S3
and Tables S2 and S5; P < 0.05).

Estimates of ectomycorrhizal interaction network properties
were significantly different from null models for each index and
network in the study (S7 Appendix, Table S9). Specialization (H2’)
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Fig.2. Redundancy analysis biplot based on Bray-Curtis
dissimilarity matrix of ectomycorrhizal fungal communities
associated with Betula papyrifera (square), Pinus banksiana
(circle), Pinus strobus (triangle), and Quercus macrocarpa
(diamond), and constrained to measured daily mean
soil moisture and temperature from ambient (Control),
warming (W) and reduced rainfall (RR) and combined
(W+RR) treatments. Point colors correspond to treatment,
and shape corresponds to the associated tree host. The
relative contribution of each axis to the total inertia in the
data, as well as to the constrained space only, respectively,
are indicated in percent at the axis titles.

Betula papyrifera
Pinus banksiana
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was significantly higher than null model values in every network.
Conversely, nestedness of the interaction networks (weighted
NODF) was significantly lower than null model values (ST Appendix,
Table S9), consistent with previous studies showing an antinested-
ness structure in ectomycorrhizal symbioses (i.e., lower weighted
NODEF values compared to null models) (2, 47). Supporting H3,
warming and reduced rainfall treatments caused significant and
consistent changes to interaction network complexity and structure
(SI Appendix, Fig. S8 and Table S9). Specifically, the network spe-
cialization (H2’) index increased with the warming and reduced
rainfall treatments and was highest in the combined treatment at
both sites. H2” was also negatively correlated with mean growing
season soil moisture (P = 0.049; R* = 0.50; Fig. 44), indicating
that specialization was highest at low soil moisture. Conversely, the
nestedness of the interaction networks (weighted NODF) was low-
est in the combined treatment at both sites (S7 Appendix, Table S9)
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and positively correlated with mean growing season soil moisture
(P=0.034; R* = 0.56; Fig. 4B). Finally, tree host species (=node)—
level specialization (d’) was negatively related to growing season
mean photosynthetic rates, indicating that hosts with reduced
photosynthetic capacity were colonized by more specialized ecto-
mycorrhizal fungal communities (2 = 0.008; R*=0.21; Fig. 5),
supporting H4.

Discussion

Despite the widely recognized importance of ectomycorrhizal
symbioses in forest ecosystems, how climate change will alter
ectomycorrhizal fungal communities and their traits remains
poorly understood, with the response and resilience to climate
change of ectomycorrhizal interaction networks having gone
largely unexamined to date. Our findings suggest that the effects
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Fig. 5. The relationship between host-level specialization (d) and
photosynthetic rate (A,.). Each point represents a growing season mean
photosynthetic rate (umol CO, m-?s™') and species-level specialization index
(d') for each tree host species [coded by shape: Betula papyrifera (square); Pinus
banksiana (circle); Pinus strobus (triangle); Quercus macrocarpa (diamond)] under
each of the climate change treatments [color coded: ambient temperature &
ambient precipitation (Control) = dark blue; ambient temperature & reduced
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reduced rainfall (W+RR) = pink] at each site (N = 32). Host-level specialization
was negatively related to host photosynthetic rate (Linear regression: P<0.01;
R% 0.21; y =-0.029x + 0.97); Linear regression with outlier removed (line not
shown): P < 0.001; R% 0.33; y = -0.034x + 1.03).
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of warming and reduced rainfall not only will lead to significant
changes in ectomycorrhizal fungal community structure, but also
will contribute to a disruption in the structure of ectomycorrhizal
interaction networks at the boreal-temperate ecotone. Specifically,
both warming and reduced rainfall significantly decreased the
level of network generality inferred from the bipartite network
analyses, resulting in less redundancy in the networks. This low-
ered redundancy was strongly correlated with reductions in soil
moisture caused by the warming and reduced rainfall treatments
and was most pronounced in the combined treatment (Fig. 44).
Since adequate water is important for the growth and survival of
ectomycorrhizal fungi (48), we suspect water limitation in par-
ticular may directly contribute to shifts in ectomycorrhizal com-
munity composition and the concordant changes in interaction
network structure. Additionally, reduced soil moisture reduced
host productivity for three of the four hosts, which could have
led to indirect negative effects on ectomycorrhizal fungal com-
munities and interaction network structure through reduced C
allocation (25, 49). Other studies have shown that ectomycor-
rhizal fungal biomass production is dependent on the amount of
host C allocation (50) and that when water is limiting and pho-
tosynthesis is correspondingly reduced, EMM biomass produc-
tion also declines (51, 52).

It appears that shifts in ectomycorrhizal fungal community
composition were likely a primary factor undergirding the
observed changes in interaction network structure in the warming
and reduced rainfall treatments. Under ambient conditions, the
ectomycorrhizal fungal communities of all the hosts studied were
dominated by Zomentella, Russula, and Sebacina species. These
genera are among the most common in forests globally (53) and
share a suite of traits that may contribute to their dominance and
the presence of highly redundant bipartite interaction networks.
First, they have wide host ranges and colonize tree host species
primarily via EMM and not from spores (54, 55). The host gen-
erality of these taxa is a prerequisite to the formation of mycelial
networks between different tree individuals (41, 56) and their high
abundance in ectomycorrhizal fungal communities suggests there
is a high potential for the formation of mycelial connections
between different tree individuals of the same or different species
in the forests where they occur. Second, while there is variation
in exploration type morphology within and among these genera,
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the species belonging to each have hydrophilic EMM that can be
relatively extensive [i.e., medium distance exploration types; (57)].
The extent of the EMM is an important feature not only for
exploring the soil for nutrients, but presumably for colonizing fine
roots and forming mycelial connections among different hosts
(17, 55, 58). Since the hyphae of these taxa are hydrophilic, they
may be more susceptible to water loss under reduced osmotic
potential (45). This may explain their negative response to the
warmed and reduced rainfall treatments, which had significantly
reduced soil moisture. Tradeoffs between traits related to stress
tolerance (e.g., moisture niche) and competitive ability (e.g.,
growth rate) have been documented among free-living fungi,
where community dominants tend to have narrower niche breadth
(59). While the application of this relationship to symbiotic fungi
is complicated by dependence on host C provisions, it is reasonable
to expect similar tradeoffs among ectomycorrhizal fungi. Finally,
there is evidence suggesting that these dominant ectomycorrhizal
genera are important in accessing organic N (60-62), facilitating
soil N retention (63, 64), and augmenting host nutrition (65, 66).
Together, the dominance of these taxa and the low level of inter-
action network specialization found in ambient plots indicates
that these taxa are likely key components of shared mycelial net-
works in these high latitude forests.

Under warming and reduced rainfall, the ectomycorrhizal fun-
gal communities shifted in dominance toward members of the
Ascomycota as well as specific basidiomycete genera such as
Inocybe, Thelephora, Hebeloma, Laccaria, and Clavulina (Fig. 1).
Apart from Thelephora, all these EM fungi possess contact-short
distance exploration strategies and their increased relative abun-
dances with warming are consistent with findings of previous
studies conducted at the B4WarmED sites (4, 25, 26) as well as
other climate change experiments (67-70). Many of these taxa
also possess traits consistent with a life history strategy that allo-
cates resources to maximize reproduction and dispersal at the cost
of an extensive EMM and colonizing roots almost exclusively from
spores (54, 71, 72). Further, these fungi tend to be found in low
abundance in the active EMF communities (i.e., colonized roots)
of mature forests, but have resistant spores that lead to their accu-
mulation and domination of spore banks (73). The colonization
of roots from spores often results in numerous small genets that
turn over quickly (12, 74). Further, their ability to access and
mobilize nutrients to support their hosts from organic pools is
limited (54, 75-78). While many are generalists in terms of host
associations, their spatially limited and short-lived EMM may
limit their capacity to connect tree hosts via shared mycelial net-
works in both space and over time (74, 79).

Ascomycete ectomycorrhizal fungi are common in both dis-
turbed and early successional soils (80-83). They often possess
traits likely favored in these habitats, including low-biomass
short-distance exploration strategies (57), production of resistant
propagules that dominate spore banks (84), frequent asexual spore
production (85), and small genets that frequently turnover (86).
However, some ectomycorrhizal ascomycetes are notably stress
tolerant, with Cenococcum geophilum being perhaps the most nota-
ble (87-90), and may provide benefits to host nutrition during
periods of water stress (65, 91-93). At the same time, variation
in tolerance to water stress and nutritional benefits to hosts under
water stress has been found even among ectomycorrhizal fungal
taxa in the same genus, making generalizations at higher taxo-
nomic groupings challenging (65, 94). Further, there may be limits
to host benefits provided by ectomycorrhizal fungi if water stress
becomes too extreme. For instance, in a warming and rainfall
reduction experiment conducted in a semi-arid shrubland system,
host nutrition declined significantly compared to the control

6 0of 10 https://doi.org/10.1073/pnas.2221619120

despite the dominance of ascomycete ectomycorrhizal fungi (95).
In our system, and in other temperate and boreal forest ecosys-
tems, it remains unclear if ascomycete ectomycorrhizal fungi are
involved in maintaining host nutrition during periods of water
stress, colonizing host roots from resistant spore banks when other
members fall out of the community, or are less carbon costly to
stressed host plants. Both laboratory- and field-based experiments
parsing these possibilities will be a key next step in better linking
ectomycorrhizal fungal community structure to functioning under
shifting environmental conditions.

Interestingly, in addition to the increase in contact-short dis-
tance exploration types with warming and reduced rainfall, we
did also observe a notable increase in Rhizopogon spp. and Suillus
americanus (SI Appendix, Fig. S7). These Suilloid taxa produce
rhizomorphs, which are hydrophobic long-distance exploration
structures that likely require significant host C investment to sus-
tain (44). Since Suillus and Rhizopogon almost exclusively associate
with Pinaceae hosts, the increase in their abundance under altered
environmental conditions contributed to the increased
network-level specialization metrics here. Their increased abun-
dance, however, is surprising because Suilloid taxa are generally
thought of as C-costly taxa, and we found that both pine hosts
exhibited significant reductions in photosynthetic capacity with
warming and reduced rainfall. Indeed, Fernandez etal. (25)
showed that ectomycorrhizal fungal taxa that produce longer dis-
tance exploration strategies were positively correlated with pho-
tosynthetic capacity in Abies balsamea and Betula papyrifera in
adjacent closed canopy B4WarmED plots. In this study, we
observed a similar response except for Pinus-specific Suilloid taxa.
Our Suilloid results are, however, consistent with a greenhouse
study that grew Pinus pinaster seedlings under varying water avail-
ability and found that increasing drought conditions favored cer-
tain Suillus and Rhizopogon species. It is possible that due to their
hydrophobic rhizomorphs, these taxa may facilitate greater water
transport under reduced soil moisture (96). Alternatively, Bruns
et al. (73) proposed that Suilloid ectomycorrhizal fungi may have
adapted the ability to extract more C from their hosts compared
to generalist taxa. In a scenario where competition with typically
dominant ectomycorrhizal fungi is reduced by increased climate
change-related stress, Suilloid ectomycorrhizal fungi may be able
to extract relatively high amounts of C without necessarily increas-
ing nutrient returns, effectively becoming parasitic under these
conditions.

While our study contributes to a mounting body of literature
suggesting that mycorrhizal fungi are sensitive to changes in climate,
we acknowledge several limitations that should be considered. First,
the presence of mycelial connections between different tree individ-
uals by the same fungal individual were not physically assessed,
instead they were inferred based on sequence read abundance from
metabarcoding of fine roots. This approach, while effective identi-
fying shared taxa, cannot detect physical connections between plants
via ectomycorrhizal fungi. As such, this study should be considered
a first look at the potential response of ectomycorrhizal mycelial
network structure to climate change, with future experiments aimed
at validating the physical network responses using approaches that
integrate metabarcoding, isotopic labeling, and visualization tech-
niques (i.e., minirhizotron imaging, mesocosms) or quantify
taxon-specific EMM (i.e., ingrowth bags) (17). Second, while we
attempted to capture host representatives from both temperate and
boreal latitudinal ranges as well as major phylogenies (broadleaf
versus conifer), there were other ectomycorrhizal host species in the
plots contributing to ectomycorrhizal fungal community compo-
sition that were not sampled. This could have led to sampling bias
if those other tree host ectomycorrhizal fungal communities did not
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respond in a similar manner. That said, based on previous work
from the B4WarmED experiment both above- (24, 46) and
below-ground (4, 25, 26), we expect similar negative responses in
terms of host photosynthetic performance and changes in ectomy-
corrhizal fungal community composition. Third, while our results
contribute to a mounting body of work suggesting that changes to
host productivity under warming and drought stress are critical
drivers of changes in ectomycorrhizal fungal communities, our anal-
yses did not include root responses (i.e., production; specific root
length), which may be equally important. Future studies should
include root measures to explicitly test above- and below-ground
host responses and linkages to ectomycorrhizal communities and
interaction networks. Finally, because the tree hosts in the experi-
ment are not mature trees and have relatively small root systems, it
is plausible that they may be more susceptible to water stress than
adults, and result in stronger ectomycorrhizal responses to the cli-
mate change treatments.

Conclusions

In this study, we have documented important changes in both
ectomycorrhizal fungal community composition and interaction
network structure associated with cooccurring temperate and
boreal tree hosts in response to one of the most realistic tests of
potential changes in temperature and rainfall. In particular, the
climate change-induced effects on ectomycorrhizal fungal com-
position, which favored ectomycorrhizal fungal taxa with limited
mycelial growth and shorter turnover times, likely disrupts the
formation and fungal of shared mycelial networks among diverse
forest trees. We hypothesize that this disruption will exacerbate
negative effects on tree host performance and distribution, par-
ticularly those adapted to cooler and wetter climates (as docu-
mented at this site, 24). Since this study was positioned near the
latitudinal boundaries of the tree hosts, however, it may not nec-
essarily reflect their response at mid-range latitudes and future
effort should be placed on further characterizing responses of
ectomycorrhizal interaction networks to climate change in a vari-
ety of forest systems. Given the emerging recognition that plant-
fungal networks are integral properties of terrestrial ecosystems
(97-99), it is imperative that future research aims to understand
how resilient they are to changing climate as well as their influence
on ecosystem processes.

Methods

Sites & Experimental Design. The study was conducted in the B4AWarmED
experiment (100, 101), which is located at two sites in northern Minnesota,
USA, at the Cloquet Forestry Center (Cloquet, MN: 46°40'46" N, 92°31"12" W,
382 ma.s.l., 4.8 °C mean annual temperature, 783 mm mean annual precip-
itation) and the Hubachek Wilderness Research Center (Ely, MN: 47°56'46" N,
91°4529" W, 415 m a.s.l,, 2.6 °C mean annual temperature, 726-mm mean
annual precipitation). Soil pH from the top 0 to 5 cm of the profile had a mean
value of 5.40 and 5.44 for Cloquet and Ely, respectively (S/ Appendix, Table S1).
Each site includes 36 circular 3-m diameter plots exposed to different levels of
simultaneous above and belowground warming (ambient, historical targets of
+1.7°C,and +3.4 °C, N = 12 for each treatment). Plots are located in eithera
closed or open canopy condition (plots with a mature forest overstory dominated
by Populus tremuloides, or no overstory; N = 18 in each condition). In the open
canopy condition, half of the plots are exposed to an additional rain reduction
treatment (ambient, dry; N = 9 for each treatment) in a full factorial design (100,
101).1n 2012, 11 tree species that cooccur at the ecotone were planted in each
plotin a randomized fashion, including six native angiosperms (Acer rubrum, A.
saccharum, Betula papyrifera, Populus tremuloides, Quercus macrocarpa and Q.
rubra), one naturalized angiosperm (Rhamnus cathartica), and four native gym-
nosperms (Abies balsamea, Picea glauca, Pinus banksiana, and Pinus strobus).
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Some of the original plants did not survive that first growing season and were
replanted the following year (S Appendix, Supplemental File 1). Unlike our
previous ectomycorrhizal-related research at B4WarmED, which was conducted
in the closed canopy plots (25), this study was carried out in the open canopy
plots where the rain reduction treatments were present in the highest warming
treatment levels (ambient, +3.4 °C) for a total of 24 plots sampled (two sites x
two warming treatment levels x two rainfall reduction treatment levels x three
replicate plots for each treatment combination).

Warming was accomplished via infrared lamp heaters aboveground and soil
heating cables belowground (detailed in ref. 100). Briefly, lamps and cables were
turned on annually from early spring to late autumn (ca. 8 mo pery) via a feedback
control that acted concurrently and independently at the plot scale to maintain a
fixed temperature differential from ambient conditions above- and belowground.
The warming treatment led to a realized increase of 3.1 °C above ambient plant
and soil temperatures. The rainfall reduction treatment included two levels and
was installed in half of the plots within each block; ambient and an average of
ca. 30% of growing season precipitation removed (24).The rainfall manipulation
relies on custom-made 20 m? heavy duty tarps on a furling system to be deployed
only during individual rainfall events (see ref. 101 for further details). Manual
rain gauges above the vegetation within the plots and time-domain reflectom-
etry probes monitor soil moisture on an hourly basis from 0 to 20-cm upper
soil profile throughout the entire season within each plot, allowing estimates of
the efficacy of the rainfall removal. Soil temperatures were measured every 10's
then averaged in 15-min intervals and logged for the duration of the experiment
within each plot using two sealed thermocouples (type T) installed at the depth
of 10 cm. Soil moisture was monitored hourly within each plot from 0 to 20-cm
depth using time delay reflectometer (TDR) probes (Campbell Scientific, Logan,
UT, USA) and expressed as volumetric water content. Since ectomycorrhizal fungi
are most active during the late summer and autumn months (102), we calculated
the daily mean growing season (June to October) soil temperature and moisture
for each plot to be used in all downstream analyses. Soil water content was ca.
15% higher at the Cloquet site compared to the soils at the Ely site during the
growing season, likely due to differences in sand content (S/ Appendix, Table S1).
Compared to ambient conditions, the warming treatment reduced average soil
moisture by 17% and 30% at Cloquet and Ely sites, while the reduced rainfall
treatment reduced soil moisture by 2% and 15%, respectively. Together, the com-
bined warming and reduced rainfall treatment reduced soil moisture by 39%and
32% at the two sites, respectively (SI Appendix, Fig. S1B and Table S4).

To calculate net N mineralization and nitrification rates, soil inorganic nitro-
gen pools (NH,* and NO5) were measured over four consecutive time periods in
2013 (November, 2012-April, 2013, May-June, 2013; July-August, 2013, and
September-October, 2013). Two 2.5-cm-diameter soil cores were obtained from
each plot (9 cm depth) at the beginning of each period, sieved (2 mm), homog-
enized, shaken with 2 M KCl for 1 h, filtered, and the extracts analyzed for NH,*
and NO; . One additional 5-cm diameter by 9-cm deep PVC core was installed in
each plot, the tops capped, and left to incubate until the end of the period, when
it was processed in the same way as the initial samples. Net N mineralization
and nitrification rates were calculated as the difference in the inorganic nitrogen
poolsatthe end and the beginning of each incubation period, with rates summed
overall incubation periods during the year to obtain an annual rate. Neither net
mineralization nor net nitrification rates were significantly affected by warming
(NHg: F119=0.75; P=0.39,NO;3: F, ;9= 2.47; P=0.13), reduced rainfall (NH,:
Fi19=0.11;P=0.74,NO;: F; 19 = 0.195; P = 0.66), or their combination (NH,:
Fi19=1.03; P=0.32,NO5: F; 19 = 0.79; P = 0.38) (S/ Appendix, Table S4).

Ectomycorrhizal Fungal Community Sampling. From the 11 tree species
planted in the plots, we sampled the ectomycorrhizal fungal communities of
four hosts from both major tree lineages (angiosperm and gymnosperm) from
each forest biome (boreal and temperate) for inclusion in our study; the boreal
angiosperm Betula papyrifera, the boreal gymnosperm Pinus banksiana, the tem-
perate angiosperm Quercus macrocarpa, and the temperate gymnosperm Pinus
strobus. In October 2016, saplings of the four tree species were harvested from
the plots (four host species x two sites x two warming treatment levels x two
rain reduction treatment levels x three replicate plots; N = 96) and whole intact
root systems from each replicate were then processed by rinsing of adhering soil.
For each replicate, the entirety of the extracted fine root system was sampled and
transferred on ice to the laboratory within 4 h to be prepared for DNA extraction.
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In the lab, each root sample was carefully rewashed and dried at 40 °C for 48 h.
Samples were then gently individually crushed inside of folded paper to separate
the fine roots colonized by ectomycorrhizal fungi from the larger noncolonized
coarse roots. From the fine root pool, 20 mg from each sample were placed in
screw-cap tubes and homogenized for 1 min via bead beating (BioSpec Products,
Bartlesville, OK, USA). Total genomic DNA from each of the root homogenate sam-
ples was extracted using the chloroform extraction method detailed in Kennedy
etal.(6).ITS1 rDNA subunit was PCR amplified using a barcoded fungal-specific
[TSTF-ITS2 primer pair under cycling conditions detailed in Fernandez et al. (25).
Amplicons from each sample were cleaned and normalized using Charm Just-a-
Plate’ kits (Charm, San Diego, CA, USA).The samples were then pooled into a sin-
gle library and sequenced at the University of Minnesota Genomics Center using
250-bp paired-end V2 MiSeq Illumina chemistry (Illumina, San Diego, CA, USA).

Bioinformatics. We used the FAST pipeline (v1.102) to process the high-
throughput sequence data using the paired-end read option (https://github.com/
ZeweiSong/FAST). This included the 96 root samples, a mock community, two
negative extraction controls, and a PCR negative control for a total of 100 samples.
To account for any sequences in the negative controls, we subtracted the total
reads for each operational taxonomic unit (OTU, grouped at 97% and identified by
USEARCH-based matching to the UNITE Database v.08.22.16) from each sample
(a total of 481 reads were found in all negative controls). Two samples failed to
yield any sequence reads and were removed from the dataset. Based on two con-
taminant OTUs found in the mock community, both with <9 sequence reads, we
setall OTUs with <8 sequence reads to zero (103). Ectomycorrhizal fungal OTUs
were parsed from other fungal guilds using FUNGuild (104). From the 3,689,386
sequence reads passing the quality filtering steps, 2,086,830 sequence reads
could be assigned to the ectomycorrhizal guild with FUNGuild. Using criteria
detailed in Fernandez et al. (25) we were able to manually assign 35 additional
unassigned OTUs (due to missing genus taxonomy required by FUNGuild) as
ectomycorrhizal, which accounted for an additional 928,830 sequence reads.
In total, 241 OTUs were assigned to the ectomycorrhizal guild and comprised
3,015,660 of the total 3,689,386 sequence reads across all samples (82%). From
the remaining sequence reads, 367,232 (10%) belonged to 293 nonectomycor-
rhizal OTUs (i.e., saprotrophs, pathotrophs) and 306,943 (8%) belonged to 324
QOTUs that were unable to be identified to guild. Raw sequence read files are
available in NCBI short read archive (# PRINA561610) (105).

Host Photosynthesis and Growth. Photosynthetic rates (A,,) at light saturating
conditions (1,200 pmol m7?s photosynthetically active radiation) and leaf
diffusive conductance (g,) were measured in situ at both sites across all treatments
during two to five independent campaigns conducted from June to September
inall years (2012 to 2016) using Li-Cor 6400xt portable photosynthesis systems
(Li-Cor, Lincoln, NE, USA). We calculated mean photosynthetic rate and mean
conductance for each host at the plot level across all campaigns and years to be
used in downstream analyses. Finally, host height, stem diameter, and allometric
stem mass measurements from the final year of the study were measured for
each host plant.

statistics. All statistical analyses were run in R (version 4.1.0). To test for effects of
the warming, reduced rainfall, on soil properties we used two-way linear mixed-
models with block nested in site and set as a random factor using the Ime function
inthe 'nlme’ package. To test for the effects of host species, warming, and rainfall
reduction on plant performance metrics, we used three-way linear mixed-models
with plot nested in block, and block nested in site as a random effect. To eval-
uate the effects of warming and reduced rainfall treatments as well as host on
ectomycorrhizal fungal alpha-diversity, we analyzed observed OTU richness with
a three-way linear mixed-models, with plot nested in block, and block nested in
site as nested random factors.To examine the effects of warming, reduced rainfall,
and host on ectomycorrhizal fungal community composition, we used a factorial
permutational multivariate ANOVA (PERMANOQVA) using the adonis2 function
in the 'vegan' package (version 2.5 to 7). Prior to examining treatment effects
on ectomycorrhizal fungal community composition, OTU sequence reads were
Hellinger transformed using the decostand function in the 'vegan' package (ver-
sion 2.5 to 7). Pair-wise distances were then calculated based on Bray-Curtis dis-
similarity. The PERMANOVA model included all main effects and interactions set
at 999 permutations. Additionally, we used redundancy analysis (RDA) to visualize
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and relate how ectomycorrhizal fungal community composition responded to
changes in soil temperature and soil moisture.

To further assess ectomycorrhizal fungal community responses to warming
and reduced rainfall, we compared mean relative abundances of the following
ectomycorrhizal fungal functional trait groupings: exploration type (Contact-Short,
Contact-Medium, or Medium-Long) and mycelial hydrophobicity (Hydrophilic
or Hydrophobic), with three-way linear mixed-models, with plot nested in block,
and block nested in site as nested random factors. When main effects were sig-
nificant, post hoc Dunnett's tests were used to compare the relative abundance
of each specific functional grouping in each treatment compared to the control
(ambient temperature and precipitation) with the ‘emmeans’ package (version
1.6.0). Exploration types and hydrophobicity assignments for individual OTUs
were based on genus-level identities following Agerer (57) and Lilleskov et al.
(106)(SI Appendix, Table S3). Since the exploration types of some ectomycorrhizal
fungal genera can vary in extentamong species and under different environmen-
tal conditions (57, 104), we used groupings based on the range for each genus
(Contact-Short; Contact-Medium; Medium-Long).

Network Analysis. To model interaction network complexity and structure
between ectomycorrhizal fungi and the four tree hosts, we calculated network
indices for each 2-mode weighted network using the 'bipartite’ package (ver-
sion 2.16). Each network was constructed from incidence matrices from ecto-
mycorrhizal fungal OTU sequence reads pooled, normalized (percent relative
abundance), and rounded to the nearest integer for each combination of plant
host, treatment, and site (N = 8). We calculated network specialization (H2')
for each of the eight networks (39); networks with a high generalization have
relatively low H2' compared to more specialized networks. To estimate network
nestedness, we calculated the quantitative metric weighted nestedness based
on overlap and decreasing fill (a.k.a. weighted NODF) (40). The significance of
each of the indices was assessed by comparing observed values to null models
(N = 1,000) constructed with r2dtable and vaznull algorithms (S Appendix,
Table S9). Calculated network indices were used in linear regression analyses to
understand their relationship to mean growing season soil moisture. Bipartite
network visualizations were generated using the LGL layout algorithm in ‘igraph’
package (version 1.2.6).

In addition to the network-level indices, we also calculated node-level indices
forthe plant hosts to understand their influence on interaction network structure
under the experimental treatments. We were specifically interested in how the
productivity of each host plant affected the generality (vs. specificity) of their ecto-
mycorrhizal fungal communities (i.e., the level of shared symbionts) in relation
to warming and reduced rainfall. To do this, we calculated the selectivity index
(d)(39) for each host in each network and then took those values and regressed
them on growing season mean photosynthetic rates. Collectively, this analysis
allowed for a direct assessment of the relationship between ectomycorrhizal host
productivity and the ectomycorrhizal symbiont generality.

Data, Materials, and Software Availability. Raw sequence read files are
available in NCBI short read archive (# PRINA561610) (105). All study data are
included in the article and/or supporting information.
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