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Arctic plant-fungus interaction networks
show major rewiring with environmental

variation
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Global environmental change may lead to changes in community structure and in species interactions,
ultimately changing ecosystem functioning. Focusing on spatial variation in fungus—plant interactions
across the rapidly changing Arctic, we quantified variation in the identity of interaction partners. We
then related interaction turnover to variation in the bioclimatic environment by combining network
analyses with general dissimilarity modelling. Overall, we found species associations to be highly
plastic, with major rewiring among interaction partners across variable environmental conditions. Of
this turnover, a major part was attributed to specific environmental properties which are likely to
change with progressing climate change. Our findings suggest that the current structure of plant-root
associated interactions may be severely altered by rapidly advancing global warming. Nonetheless,
flexibility in partner choice may contribute to the resilience of the system.

Species interactions are the key process underlying ecosystem functions and
services. In terrestrial ecosystems, interactions between plants and soil
microorganisms, such as fungi, are particularly important for functions
including nutrient cycling and carbon storage'. Understanding how climate
change affects the networks of such interactions in a community is thus key
to understanding the consequences of environmental change for ecosystem
functioning’.

Ecological networks can change in two main ways: through changes in
the set of co-occurring species (nodes) and through changes in interactions
(links) among co-occurring species’ (Fig. 1). The latter phenomenon is
referred to as “rewiring™. As these two types of changes come with different
consequences for network stability and robustness*’, ecologists have
recently tried to formally quantify the two™. Flexibility in links has been
shown to add to the robustness of interaction networks — since if one
interaction partner disappears, then species can compensate by forming
alternative interactions with other partners of similar function (adding to
functional redundancy)™’. Thus, different levels of rewiring will result in
different levels of secondary extinctions among dependent species™’.

Cases of major rewiring have recently been reported from local studies
of plant-microbe interactions of peatland ecosystems’, and in
plant-pollinator networks'’". Yet, to what extent these reports represent
isolated findings, or a general rule, is still to be determined. Of particular
interest is how rewiring is driven by environmental conditions, and thus
susceptible to global change.

In this study, we empirically quantified changes in plant-fungus net-
works with geographic and environmental variation across the Arctic,
assessing the degree to which plants and fungi show consistent associations.
By targeting interactions as such, we build further from studies focusing on
compositional turnover among fungi and plants on their own (Fig. 1A, top).
Such variation has been extensively studied, suggesting that the diversity and
species composition of plant communities is mainly determined by tem-
perature and by edaphic conditions" ' (i.e., pH, nutrients and moisture). By
comparison, turnover in fungal communities of the Arctic appears to be
driven by turnover in the community of plants, with additional imprints of
environmental conditions'’. Thus, the determinants of community com-
position may differ from the determinants of interaction composition
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Fig. 1 | Components of variation in the link structure of ecological networks and
their empirically-quantified contribution to link variation across the Arctic.
Panel (A) illustrates how a hypothetical initial plant-fungus network (central net-
work) can be altered by four mechanisms: (1) By changes in the composition of the
plant community (i.e., by links being lost or new links being formed through the loss
or gain of plant species; top-left network); (2) by changes in the composition of the
fungal community, (i.e., by links being lost or new links being formed through the
loss or gain of fungal species; top-right network); (3) by changes in the number of
links between resident species (bottom-left network); and (4) by changes in link
identity without changes in link numbers among resident species (bottom-right
network). Red triangles represent new nodes added to the network; grey squares
represent nodes disappearing from the network; and black circles represent nodes
shared between networks. Links preserved in the network are shown by black filled
lines, disappearing ones by grey dashed lines and new links by red double lines. Panel

Full

(B) shows the partitioning of overall variation in network structure observed across
the Arctic into the components defined in (A). Here, we partition total variation in
link structure observed across regional sub-networks (Byy) into the components
defined in (A). Fractions along the x-axis show the same partitioning applied first to
the full set of all fungi associated with plant roots (“FULL”) and then to three
subnetworks consisting of plants and individual groups of fungi defined by their type
of interaction with the plant: plants vs. mycorrhizal fungi (“Mycorrhiza”), plants vs.
pathogenic fungi (“Plant-pathogens”) and plants vs. saprotrophic fungi (“Sapro-
trophs”), respectively. Labels along the x-axis identify individual arctic sites: KOB=
Kobbefjord, South-West Greenland; KP] = Kilpisjarvi, Finland; NIBIO = Gandvik
valley, Norway; NPI = Ny Alesund, Svalbard; TRS = Toolik Research Station, Alaska;
VRG = Varanger Peninsula, Norway, ZAC = Zackenberg, North-East Greenland
(for a map of these sites, see Supplementary Fig. 1).

(Fig. 1A, middle)'*"”. To understand overall variation in species interactions,
we should adopt a new framework separating turnover in species compo-
sition from turnover in the links between co-occurring species (Fig. 1, all
panels combined).

To partition overall turnover in network structure into turnover caused
by changes in the identity of the nodes and changes in links among co-
occurring nodes, we adopted the seminal framework of Poisot et al. (Fig. 1).
In brief, variation in link structure can occur through the loss or gain of links
between resident species, or through the loss of previous species or the gain
of new species (Fig. 1). Thus, we followed Noreika etal." in quantifying four
different contributions to overall variation in the links observed at each site
(Fig. 1A): (1) changes in networks caused by compositional turnover of the
fungal community (i.e., links lost or new links formed by the loss or gain of
fungal species; (2) compositional turnover of the plant community; 3)
changes in the number of links between resident species; and (4) changes in
link identity without changes in link number among resident species.

Given a major imprint of abiotic conditions on species composition in
arctic communities”’, we a priori expected changes in plant-fungal networks
to be driven by species turnover rather than by rewiring of interactions.
Within networks, we expected higher host specificity in plant-mycorrhizal
and/or plant-pathogen networks than in saprotroph-fungus networks,
since the former interact with living plant tissue, but the latter with decaying
organic matter’". Thus, pathogens will strongly respond to the ecophysio-
logical traits of plants (including their immune system), whereas sapro-
trophs may be less affected by specific host traits—but still respond to factors
such as leaf litter chemistry”>* or endophytic fungi growing in or on the
host™. Higher partner-fidelity in plant-mycorrhizal and/or plant-pathogen
networks should, in turn, translate into lower rewiring. Finally, since fungal
commnities” and plant-fungus associations™ are sensitive to temperature
and soil conditions, we expected a major part of variation in network
structure to be attributable to these environmental features. Should this be
the case in space, then can predict continuing rewiring over time, as both

temperature and soil conditions are expected to change under future cli-
matic scenarios”.

To evaluate the above hypotheses, we used DNA metabarcoding of the
ITS region to characterize fungal communities in the rhizosphere (i.e., fungi
living in direct association with the target plant species) of target plants. Field
sampling was conducted at two spatial scales across the Arctic: a pan-arctic
scale and a regional scale (for full details, see Methods). To represent var-
iation along local environmental gradients within each site, we sampled
plant roots in replicate plots (Supplementary Fig. 1). Of the following twelve
plant species, we sampled the five most locally abundant ones in each plot:
Saxifraga oppositifolia; Bistorta vivipara; Dryas spp.; Vaccinium vitis-idaea;
Vaccinium uliginosum; Vaccinium myrtillus; Empetrum nigrum; Betula
nana; Salix arctica; Salix polaris; Cassiope tetragona; and Silene acaulis. To
resolve the impact of interaction type on interaction specificity, these plant
taxa were selected to represent different types of mycorrhizal associations
(see Methods). Overall, we collected three root fragments for each of 1,450
root samples across 129 plots and a latitudinal gradient of 14.5 latitude (from
64.08° to 78.56°N).

In assessing the contribution of compositional turnover in the plant
community to overall interaction turnover, we should make a note on the
study design. As we consistently focused on a subset of twelve plant taxa, of
which we sampled the five most locally abundant species (Supplementary
Fig. 1), compositional turnover in plants was only weakly reflective of the
underlying ecological drivers: ecological conditions will only affect the
occurrence and abundance of plants within the predefined set of twelve taxa.
Had we sampled a smaller set of plants, or the full vegetation, then com-
positional turnover among plants would per necessity have accounted for
more or less variation, respectively, than currently found. As a consequence,
this quantity was mostly determined by the researchers, and its size is of little
interest in itself. Yet, we still quantify it and report it in our results, to prevent
it from inflating the other variance components which are of primary
interest.
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To pinpoint the drivers of turnover in plant—fungus interactions along
environmental gradients, we used Generalized Dissimilarity Models
(GDMs™). Here, we focused on the two major components of dissimilarity
in link structure to their environmental drivers: differences due to the
turnover of nodes (i.e., “species turnover”; Bsr), and differences in links
among co-occurring species (“rewiring”; Bos) (Fig. 1A). Of these, the former
is a standard application of GDMs, whereas the latter offers a novel appli-
cation of GDMs.

Results and discussion

Plant-fungus interactions show major rewiring across the Arctic
None of our initial expectations was supported by the results. Rewiring of
interactions between shared species contributed as much to variation in
network structure as did compositional turnover of species. Overall, the
rewiring (Bos; Fig. 1) accounted for 51% of all variation in full network
structure (i.e., networks including all types of fungi) across sites (Fig. 1B).
The substantial rewiring observed occurred against a backdrop of major
turnover in species (Bst) accounting for 49% of all variation in link structure
(Fig. 1B). On average, link turnover among shared species (Fig. 1A)
accounted for 40% of all differences in network structure among the full set
of plant-fungi networks, whereas compositional turnover among fungi
contributed an average of 36% of all variation in link structure (Fig. 1B). The
same patterns emerged regardless of whether we examined the network as a
whole or as split into smaller networks corresponding to functional guilds
(Fig. 1B). However, plant-mycorrhizal networks exhibited the highest link
turnover among shared species, explaining 50% of the variation of these
networks, with a maximum of 90% observed at our northernmost site (NPI;
Fig. 1B). In comparison, only 19% (on average) of variation in links between
plants and associated mycorrhiza was attributed to compositional turnover
among fungi (Fig. 1B).

To evaluate whether the turnover observed could be attributed to
random resampling from the same overall network, we compared the
observed pattern to those expected if samples of the current size had been
drawn from a single, site-level metaweb (i.e., from the aggregated network of
all observed interactions across plots within sites). In generating these
random realizations, we used the metaweb to draw networks equal in size
and connectance (i.e., total number of links) to the original plot-specific
networks. We then used a z-score to compare the deviation between the
observed and expected value of each p-diversity component to the standard
deviation of pairwise similarities across 1000 random draws from the
metaweb”’. Here, link turnover among species shared among sites proved
consistently stronger than expected by chance (Supplementary Text 1;
Supplementary Fig. 2). By comparison, compositional turnover among
fungi was not significantly bigger than expected by chance alone, and thus
consistent with random resampling from a shared pool of fungal species
across plots within sites.

Taken together, all our data reveal that plants and fungi frequently
change interaction partners even when co-occurring in the same plot,
regardless of the functional role assumed by the fungi. While contradicting
our initial expectation, this result is in line with a previous finding’ of major
turnover in link structure in the plant-microbe interactions of peatland
ecosystems. It also matches findings from other types of ecological networks,
such as plant-pollinator interactions'*"?, where strong link rewiring has
been found across site-specific networks.

Environmental conditions dictate species composition but not
link structure

Environmental conditions influenced variation in species composition—
but not in link structure. Across our sub-networks, GDMs resolved a con-
sistent, major effect of environmental conditions on the turnover of nodes
(Bsts Fig. 2), but not on the rewiring of co-occurring taxa (Bog; Fig. 2).
Despite some local context-dependency (Supplementary Table 1), a major
proportion of the overall dissimilarity in networks and of the turnover of
nodes was explained by abiotic conditions (57% of Bwn, 39% of Bsr on
average; Fig. 2). Overall, temperature, edaphic conditions (especially pH),

and vegetation cover appeared more important drivers of networks struc-
ture than did carbon and nitrogen content—or geographic distance—in
structuring plant—fungus associations (Supplementary Fig. 3).

Importantly, temperature and vegetation cover are far from indepen-
dent of each other—as also revealed by the substantial proportion of var-
iation shared between these factors (Fig. 2). Given our study design, these
patterns will clearly concern variation in space, but may also suggest changes
in plant-fungus networks over time. While we must be careful in inferring or
predicting trends in time from patterns in space”” increasing temperatures
are currently driving similar, linked changes in vegetation phenology,
abundance and composition’ and in edaphic conditions™, resulting in a
general “greening of the Arctic™'. All these factors may thus change in
concert in both space and time, and thus exert a joint effect on the networks
through both direct and indirect effects (cf. Fig. 2).

The effects of environmental conditions on species composition are
likely attributable to local environmental filtering, where local conditions
select for specific fungi and for specific interactions. Previous studies have
shown that at finer spatial scales, fungal communities associated with plant
roots can exhibit habitat specificity related to local temperature or edaphic
conditions”. Consistent with these findings, our results suggest that tem-
perature and abiotic soil conditions, primarily pH, did structure the overall
communities. In other words, niche differentiation among interaction
partners (nodes) is strongly modulated by local temperature and edaphic
conditions, and thus relatively predictable.

In contrast, environmental conditions explained, on average, only 9%
of the rewiring (Bos; Fig. 2). Some of this variation may be due to local
abundance variation left unresolved by the current study design. Indeed, it
has been shown that species can switch partners in response to changing
abundances, even if their interaction partners are still present“. Moreover,
while our study covered the main part of root-associated fungal diversity, it
failed to account for the impact of other taxa. Organisms such as bacteria
and invertebrates may affect interactions between plant and fungi’**, but
were here unresolved. How much they contributed to local variation in
plant-fungus interactions will thus remain unknown.

Nonetheless, our general results are in line with previous studies tar-
geting plant-pollinator interactions. Here, community dissimilarity has
been found to be highly predictable along environmental gradients, whereas
interaction dissimilarity is poorly explained by the environment'>”’. Toge-
ther, these findings imply that most variation in which specific links are
formed at a particular site remained unexplained. This level of plasticity
observed in link formation across sites supports the notion that interactions
are probabilistic rather than deterministic in nature’*”, with considerable
random variation in site-specific outcomes. Consequently, our study depicts
local interaction networks among plant and associated fungi not as deter-
ministic submatrices cut out of a fixed metaweb, but rather as stochastic
samples, where environmental conditions mould local interaction
probabilities.

All functional guilds show plasticity in partner choice

Overall, our study reveals pronounced rewiring of the full plant-fungi
networks among sites—with no real differences between different
functional guilds (Fig. 1). This pattern is at odds with our initial prediction
of higher host specificity in plant-mycorrhizal and/or plant-pathogen
networks, and of such partner-fidelity reflecting into lower rewiring.
Instead, rewiring proved equally high in all sub-networks (for an in-depth
analysis of partner fidelity in different parts of the network, see
Parisy et al."").

These non-random patterns support the recent suggestion by Toju
et al.” that the architecture of plant-fungus networks is fundamentally
flexible, with plasticity in partner choice extending equally to mutualistic
and antagonistic interactions. Local adjustments may then reflect adaptive
interaction rewiring”: in harsh arctic environments, fungi may pre-
ferentially associate with any available partner rather than being associated
with no partner at all”’. In making this sweeping suggestion, we should hurry
to add an important caveat: some fungi in the Arctic region may still be more
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Fig. 2 | Partitioning of model deviance for beta diversity between sub-networks.
Depicted are the deviance components of total dissimilarity of networks (Bwy), in
links (Bos) and in nodes (Bsr) attributed to edaphic conditions (brown), temperature
(orange), and vegetation coverage (green) variables. See Materials and Methods for
further details. The Euler diagrams show the unique and shared contribution of each
variable. Values represent component-specific average percentages of deviance

explained across our seven sites. R” refers to the average deviance explained by our

Temperature
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models, with the overall size of each Euler diagram proportional to overall R*.
“Network types” refer to different subsets of the same networks: to the full set of all
fungi associated with plant roots (“FULL”) and to three subnetworks consisting of
plants and individual groups of fungi defined by their type of interaction with the
plant: plants vs. mycorrhizal fungi (“Mycorrhiza”), plants vs. pathogenic fungi
(“Plant-pathogens”) and plants vs. saprotrophic fungi (“Saprotrophs”), respectively.

selective than others. Our study did not, for example, resolve communities
of arbuscular mycorrhiza or endophytic fungi—some of which are known to
be highly host specific’****.

Altogether, our study indicates that an interaction between plant and
fungi (regardless of their function) does not necessarily occur whenever two
species that can interact meet, but that the probability of interaction will vary
with the environment. Ultimately, the set of interactions occurring at a given
time in a given place may be moulded by both abiotic and biotic impacts on
link probability’**’. To understand and predict ecological networks in a
changing environment, it is thus imperative to separate between impacts on
species pools and link structure.

Conclusion

To the best of our knowledge, our study is the first to explore how the
beta diversity components of the plant-fungus networks vary along
environmental gradients across the Arctic—or anywhere else. Here,
our application of General Dissimilarity Modelling to networks in
general and link structure in particular adds an important tool.
Altogether, high levels of link plasticity and strong imprints of
environmental conditions on link formation suggest that arctic
plant-fungus networks will be strongly moulded by progressing cli-
mate change. Exactly how the resulting rewiring will affect plant
fitness and the dynamics of plant communities should next be

Communications Earth & Environment| (2024)5:735


www.nature.com/commsenv

https://doi.org/10.1038/s43247-024-01902-w

Article

established. Importantly, the formation of new pairs of fungi and
plants may affect the performance of both components’. At the same
time, overall plasticity in link structure may add to the resilience of
networks in general'"". Thus, to resolve the knock-on effects of the
patterns observed, our spatial snapshot of contemporary networks
across the Arctic should be urgently supplemented by temporal
datasets covering both species and networks over time*. Identifying
how rewiring may alter the robustness or stability of networks and
the services that they provide emerges as a key task for studies
to come.

Material and methods

Sample collection

To evaluate the impact of community assembly processes across multiple
spatial scales, we used a part of an existing dataset collected and described in
Parisy et al.*’. We coordinated field sampling at two spatial scales: a pan-
arctic scale and a regional scale. During the summers of 2020 and 2021, we
collected a total of 1450 root in seven sites across a gradient of 14.5 latitude.

To characterize variation along local environmental gradients within
each of our seven sites, we defined at least three local transects. These
transects were located at least 250 meters apart from each other across a joint
elevation gradient. To capture differences in local environmental condi-
tions, we selected the strongest elevational gradients available in the vicinity
of each site (i.e., the gradients spanning the largest difference in altitude).
Within three sites (Kilpisjarvi, Varanger, and Zackenberg), we sampled
more intensively following a stratified random sampling design across
multiple elevational gradients.

Along each transect, we established four plots with a radius of
approximately 25 m each. These plots were selected at least 100 meters from
each other along the slope. A plot was selected only if at least three of the five
target species occurred within the plot (no matter which species; see list
below). At each site, we sampled at least 8 plots. All geographical coordinates
and altitudes were recorded using a handheld GPS.

As focal plant species, we selected species common and widespread
enough to be sampled across the Arctic region (Supplementary Fig. 1). Thus,
within each site, the set of target species to be sampled was defined as the five
most locally abundant species out of the following list: Saxifraga oppositi-
folia; Bistorta vivipara; Dryas spp.; Vaccinium vitis-idaea; Vaccinium uligi-
nosum; Vaccinium myrtillus; Empetrum nigrum; Betula nana; Salix arctica;
Salix polaris; Cassiope tetragona; and Silene acaulis (for the list of species
collected within each site, see Figure Materials 1 A). Of these taxa, Dryas spp.
represents a species complex. In North America, the dominant species is
Dryas integrifolia and in Europe it is Dryas octopetala. Nonetheless, the two
species interbreed, with individuals in Northeast Greenland (Zackenberg)
mainly being hybrids Dryas octopetala x integrifolia*>.

Importantly, these plant taxa were a priori selected to represent
mycorrhizal types: Betula nana, Bistorta vivipara, Dryas spp, Salix polaris
and Salix arctica have been previously assumed to be associated with
ectomycorrhiza (ECM’'™); Cassiope tetragona, Vaccinium myrtillus, Vac-
cinium uglinosum, Vaccinium vitis-idea and Empetrum nigrum are mainly
classified as having ericoid mycorrhiza (ErM) but are sometimes associated
with ectomycorrhiza, too™’; Silene acaulis and Saxifraga oppositifolia are
generally assumed to be poorly associated with mycorrhiza, but are some-
times associated with arbuscular mycorrhiza (AM)*****,

To characterize fungal communities in the rhizosphere (i.e., directly
interacting with the target plant species), we collected three root fragments
(length > 3mm) from different parts of the root architecture, for 2-3
individuals of each target plant species found within the plot. To this aim, we
gently dug and/or scraped 2-3 cm around the focal plant individual until we
found the roots (clearly identified as connected to the stem). We then
excavated the roots without breaking their fine parts and collected the soil
attached to the root. The resulting sample was then considered as a com-
pound community type: the rhizosphere. The rhizosphere was then stored
within a tissue and put into a zip-lock bag filled with silica gel, which was
then placed at —20 °C.

Environmental data

As described in Parisy et al.”’, to characterize the local climate, we extracted
the annual mean temperature (BIO1) of each site from the Worldclim
database”. We then associated the average elevation of each plot within a site
with a mean annual temperature. Assuming a decline of 0.7 °C for every
100 m.a.s., we used the mean elevation as the baseline and then subtracted
or added 0.7 °C for every 100 m below or above the average, respectively.
This 0.7 °C factor was defined following the standard lapse rate® and
consistent with highly-resolved data collected by de la Pefia-Aguilera et al.*".

Vegetation cover surrounding each focal plant individual ina 1 m”area
was estimated visually. The average vegetation coverage of each plot was
then calculated from all the individual estimates. For three plots at the
Zackenberg site (ZAC10, 11, and 12), we lacked information on plot-level
vegetation. For these plots, we used the mean of all other plots within the site
as a conservative measure of vegetation coverage.

Around each targeted plant, we collected a bulk soil sample (i.e,
1450 soil samples in total) out of which we measured soil chemistry as
represented by pH, carbon and nitrogen content measured at the plot level.
From all the soil samples collected within each plot, we pooled soil samples
collected around each target plant species sampled locally. The pooled soil
was then oven-dried at 70°C and homogenized using a sieve with a 2 mm
mesh size. 0.15mg of soil was weighted with an air-vacuumed balance,
placed in tin foil, and analysed for carbon and nitrogen content using a Leco
series 828 series analyser (Leco, United states). Nitrogen and carbon content
was measured for each pooled soil sample using the LCRM method and
calibrated with soil samples of known concentration. Another part of the
pooled soil sample was used to measure pH following the ISO
10390:2021 standards (https://standards.iteh.ai/). For this, we prepared a 1:5
(volume fraction) suspension of soil with water, shook the suspension for
60 min using a mechanical shaker and left it to rest at least 1h before
measurement. The pH probe was calibrated with three buffers of pH 4.00,
6.88, and 9.22, respectively.

DNA metabarcoding

As described in Parisy et al.*’, The whole rhizosphere samples were used for
the laboratory analysis, implemented by Bioname Ltd. (www.bioname.fi) as
a turnkey service from sample handling through bioinformatics to final data
as taxa X sample matrices.

The rhizosphere samples were first cut into small pieces using DNA-
clean scissors, and then homogenized together with ceramic 2 mm beads in
sterile 50 ml Falcon tube for 10 min in a Bullet Blender 50DX (Next
Advance, Inc., Troy, NY, USA). DNA was extracted following the protocol
of Vesterinen et al.*, with some modifications as follows: A fixed volume
(30 ml) of pre-warmed 60 °C lysis buffer”>* and 30 pL of proteinase K were
added to the sample, and the mix was incubated for exactly 2 h 45 min at
+60 °C in a shaking incubator. After incubation, 200 pL of the lysate was
transferred to the next step, and excess lysate was stored in a clean 50 ml tube
in —20 °C. To purify the DNA, 200 pL of the lysate was mixed with 400 pL
in-house SPRI bead solution® and purified using an Opentrons OT-2
automated liquid-handling robot (New York, USA). During the robotic
steps, the DNA was bound to the SPRI beads, drawn to the magnet, and the
supernatant was discarded. Then, the DNA pellet was washed twice using
40 L freshly prepared 80% ethanol. After removing all ethanol, the pellet
was dried, and DNA was eluted to 200 uL of pure RNAse, DNAse-free
water. A DNA extraction control was added to each extraction batch,
containing all the reagents, except the sample material. DNA purity and
integrity were assessed by PCR success rate.

The fungal ITS gene region was amplified by using primer pair tagF-
fITS7 (5-GTGARTCATCGAATCTTTG-3** and tagR-ITS4 (5'-
TCCTCCGCTTATTGATATGC-3"”). This primer pair is designed to
amplify fungi over plants®’. All the primers included a linker-tag, enabling
the subsequent attachment of NGS adapters. To increase the diversity of the
amplicon library, each primer was used as two different versions, as
including so-called heterogeneity spacers between the linker-tag and the
actual locus-specific oligo. All PCR reactions were carried out as two
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technical replicates, and each replicate contained two heterogeneity versions
of each primer. The reaction setup followed Kankaanpii et al.”, and
included 5 pL of 2x MyTaq HS Red Mix (Bioline, UK), 2.4 uL of H,O,
150 nM of each primer (two forward and two reverse primer versions), and
2 uL of DNA extract per each sample in 10 pL total-volume. A blank PCR
control was added to each PCR batch to measure the purity of reagents and
the level of cross-contamination. PCR was performed under the following
cycling conditions: 3 min in 95 °C, then 35 cycles of 20 s in 95 °C, 30 sec in
55°C and 20 s in 72 °C, ending with 7 min in 72 °C.

Library preparation followed Vesterinen et al.”, with minor mod-
ifications as follows: a dual indexing strategy was used, where each reaction
(including technical replicates) was prepared with a unique combination of
forward and reverse indices. All index sets were perfectly balanced so that
each nucleotide position included either T/G or A/C, as this ensures base
calling for each channel in the sequencing. For a reaction volume of 10
microliters, we mixed 5 pL of MyTaq HS RedMix, 500 nM of each tagged
and indexed primer (i7 and i5) and 3 pL of the locus-specific PCR product
from the first PCR. For library preparation PCR, the following protocol was
used: initial denaturation for 3 min at 98 °C, then 12 cycles of 20 s at 95 °C,
15s at 60 °C and 30's at 72 °C, followed by 3 min at 72 °C. All the indexed
samples were then pooled and purified using magnetic beads®”. Sequencing
was done on an Illumina NovaSeq6000 SP Flowcell 2 x 250 (Illumina Inc.,
San Diego, California, USA) run, including PhiX control library by the
Turku Centre for Biotechnology, Turku, Finland.

The bioinformatics pipeline closely followed Kaunisto et al.”. Paired-
end reads were merged and trimmed for quality using 64-bit VSEARCH
version 2.14.2”. The primers were removed from the merged reads using
software CUTADAPT version 2.7”', with a 20% rate for primer mismatches
and 100 bp minimum length. The reads were then collapsed into unique
sequences (singletons removed) with command ‘fastx_uniques’ using
VSEARCH. Unique reads were denoised (i.e., chimeras were removed) and
reads were clustered into ZOTUs (“ZOTU”= zero-radius operational
taxonomic unit) with command ‘unoise3” using 32-bit USEARCH version
1172 All samples with fewer than 50 reads in total were removed, and all
ZOTUs from a sample with less than 20 reads for that ZOTU or with less
than 0.05% of the total read number (all reads assigned to ZOTUs) of that
sample were removed. Finally, ZOTUs were assigned to taxa by using the
UNITE database” with SINTAX"” in VSEARCH”". All ZOTUS with under
97% similarity to any reference database sequence were discarded. Finally,
ZOTUS were assigned to a functional group by using the FUNGUILD
python script (https://github.com/UMNFuN/FUNGuild https://github.
com/UMNFuN/FUNGuild), which matches taxonomic assignment at
genus level against the FUNGuild database™. Out of the 459 fungal genera
detected, 278 were assigned to a functional group (60.6%).

Statistical analyses: How do the components of plant-fungus
networks change across environments?

All analyses presented below were performed in R (version 4.4.1). Overall
differences in networks between sites (p-diversity) are essentially made up
of two components: turnover in species and turnover in links (Fig. 1). The
later element can be further partitioned into two components: links not
realized because the two nodes do not co-occur, and to rewiring (ie.,
differences in links between species which do co-occur'®; Fig. 1). To eval-
uate the contributions of these different components to the patterns
resolved above, the B-diversity of subnetworks (i.e., plot-scale networks),
by comparing the number of shared and unique links among species within
a pair of networks.

Following Poisot et al."®, we measured variation in network structure
using the Sorensen dissimilarity index, in which interaction dissimilarity is
calculated between two networks M and N as Bywn = (b + ¢)/(2a + b + ¢),
wherein 4 is the number of interactions occurring in both networks, b is the
number of interactions occurring only in the network M, and ¢ is the
number of interactions occurring only in the network N°. Furthermore, the
B-diversity of networks can be partitioned into the dissimilarity due to
difference in species composition (i.e., species turnover “Bsr”) and

dissimilarity due to interaction rewiring (ie., flexibility of interactions
among shared species “Bos”) which is equal to Bwx = Bst + Pos™"*.

To date, numerous variations of B-diversity metrics have been pro-
posed, with little consensus regarding which measure is most appropriate in
a given situation®. In the current study, we used an approach initially
proposed by Novotny et al.” and further refined by Legendre et al.”. Briefly,
we further partitioned the Bgr into dissimilarity due to absence of resource
species (here plants) or absence of consumer species (here fungi). Moreover,
we further separated interaction rewiring (Bos) and interaction dissimilarity
(Bwn) into “true link turnover” components and into a component due to
richness dissimilarity—that is, to the inevitable difference in links due to one
network being larger (having more interactions) than another®'. To sepa-
rate between these components, we used the partitioning method com-
mondenom” of the betalinkr function from package bipartite (v.2.18”). We
then related the B-diversity of networks, and its different components, to the
Euclidean distances among networks along the relevant environmental axes.

To quantify and model how the B-diversity of networks changes across
environmental gradients, we used the analytical framework of Generalized
Dissimilarity Modelling (GDM). This approach enables the nonlinear
modelling of pairwise beta diversity data from differences in environmental
conditions and distance between sites’. First, each predictor variable was
transformed using a series of I-spline basis functions (partial regression fits).
The maximum height of the predictors’ I-splines was then used to char-
acterise the proportion of ecological dissimilarity (here, network dissim-
ilarity) explained by the predictor. The slope of the I-spline graphically
indicates how the rate of ecological dissimilarity varies at any point along the
gradient concerned”. Moreover, as the variables are standardized, they can
be directly compared with one another, and coefficients can be calculated
while holding all other variables constant’®. Altogether, GDMs are known to
be highly robust to multicollinearity among predictor variables™. Thus, in
this context, we did not remove any of the predictor variables, and kept
temperature, nitrogen and carbon content within the soil, pH, vegetation
coverage and geographic distances in the final GDMs.

We fitted one GDM per network B-diversity component and for each
site using the gdm package””. We used the default three I-spline basis
functions for all predictors, positioned at the minimum, median and
maximum of the observed values of each predictor’*””. We opted for three
splines for each predictor, since this solution appears to offer a reasonable
degree of flexibility in capturing nonlinear change in dissimilarities along a
predictor gradient, while remaining ecologically interpretable™. Using the
function “gdm.partition.deviance”, we then applied deviance partitioning to
calculate the unique and shared contributions of our set of edaphic condi-
tions (carbon, nitrogen, and pH), temperature and vegetation coverage in
explaining different components of beta diversity per site. For the edaphic
conditions, the importance of each environmental predictor was estimated
using the “gdm.varImp” function”. In applying the “gdm.varImp” function,
the importance of each predictor is quantified as the percent change in
deviance explained between a model fit with and without that predictor
permuted”. However, GDMs will only permute the pairwise table, (i.e., the
dissimilarity indices per pairwise comparison), but not the structure of the
networks per se.

Assessment of sample completeness

Importantly, incomplete sampling can generate “apparent turnover”
between networks, where in fact there is none. This will occur when either
nodes or links are actually present but not detected in the sample as due to
insufficient sample size. To evaluate sample completeness, we thus drew on
three considerations:

First, we based our material on a replicate sampling design: Within
each of our plots, we collected three roots of three individuals per plant
species, pooling all fungal records for each plot. This procedure will reduce
the chance variation due to incomplete sampling of individual roots within
root systems.

Second, for fungi, we carefully assessed sample coverage by inspecting
taxon-accumulation curves. Should sampling be incomplete, then we expect
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to encounter further taxa with further samples or sequences inspected.
Nonetheless, most of our curves showed a clear asymptote well before
reaching the full sample size (for detailed curves of the current material, see
Parisy et al."”).

Third, we used the same rationale to assess the accumulation of new
interactions with increasing sample size following Jordano™ (For further
details, see: Supplementary Text S2). The resulting accumulation curves are
shown in Supplementary Fig. S1.1. Here, we note that sampling of inter-
actions will always be more challenging than sampling of species™***". As a
result, the accumulation curves do not fully asymptote, but their shape
suggests that the current sampling suffices to detect the major part of
interactions.

Fourth, we used a permutation-based approach to evaluate whether the
differences observed between local networks could indeed be attributed to
sampling alone. For full details, see Supplementary Text 1. With respect to
link turnover among shared species beyond differences in number of links
(lower-right panel in Fig. 1A), observed differences were significantly larger
than expected from sampling alone. With respect to compositional turnover
in fungi and total dissimilarity in networks, the observed pattern was con-
sistent with patterns expected under random sampling from a joint network
(Supplementary Fig. 2). With respect to compositional turnover in fungi for
the full network (i.e., the network including all fungi irrespective of func-
tional guild), the differences detected were actually lower than expected by
random sampling (Supplementary Fig. 2). In other words, the species
composition of fungi was more consistent among sites than expected under
random sampling from a joint species pool.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The raw sequences generated during the study are available in the Sequence
Read Archive repository (https://www.ncbinlm.nih.gov/sra), BioProject
PRJNA1178551.

Code availability
The codes and generated datasets used for the analyses of this study are
available in the Figshare open access repository at https://figshare.com/s/
eldal89ffcf7ab5c804e.
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