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Plants affect terrestrial ecosystem functioning by shaping microenvironments' and by
providing the primary production that fuels energy flow into food webs?. However,
how plant community properties affect ecosystem functioning via energy fluxesin
food webs has been little studied®*, especially for the soil food webs that channel most
plant-derived energy?®. Applying afood web energetics approach®’, we show that the
resource economics of dominant tree species control soil food web multifunctionality
across European forests. Tree communities dominated by resource-acquisitive
species promoted faster rates of multiple soil trophic functions than did communities
dominated by resource-conservative species. These effects were primarily driven by
higher-quality litter and warmer forest microclimates, leading to increased metabolic
activity of soil organisms®. Accordingly, tree species composition explained alarge
portion of variation in soil food web multifunctionality, comparable to that explained
by biogeographic differences amonglocations. By contrast, mixtures of three tree
species had weakly negative effects relative to single-species stands, mostly due

to shifts in energy channelling from living fine roots to litter and a cooling effect on
forest microclimate. This occurred despite an overyielding effect in aboveground
tree biomass production, suggesting contrasting diversity effects above-and
belowground. Our findings emphasize the importance of plant functional traits
related to resource economics as drivers of soil food web functioning®® and
demonstrate how climate-driven shifts in tree community composition may alter
forest soil functioning.

M Check for updates

Biological communities are experiencing major changes across trophic
levels and habitats globally as a result of climate change, land transfor-
mation and species invasions'. Ecosystem processes such as productiv-
ity, decomposition and biogeochemical cycling are shaped by multiple
community-level properties, including diversity and composition of
species butalso of trait spectra 2, Yet, most research linking commu-
nity properties to ecosystem functioning has focused on single trophic
levels or simple food chains, despite growing recognition of the need for
multitrophic perspectives to better understand these relationships and
their relevance in real-world ecosystems*™. In terrestrial ecosystems
suchas forests, grasslands and croplands, management oftenrelies on
the selection and mixing of plant species with particular trait values

to enhance ecosystem functioning and the provisioning of associated
services®. Plant diversity and community composition have frequently
been shown to operate as major drivers of net primary productivity*'¢,
as well as of consumer communities across trophic levels, especially
inaboveground producer-based (‘green’) food webs'* ', Nonetheless,
the broader influence of plant community properties on terrestrial
ecosystem functioning through cascading effects across trophic levels
remains little explored, as few studies have explicitly applied a quanti-
tative food web approach in this context*.

Trophic interactions play a major role in underpinning ecosystem
functioning because heterotrophic organisms regulate multiple ecosys-
tem processes primarily through their food consumption®. Accordingly,
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Fig.1|Illustration of the trophic functions and topography of the soil food
web. Dominant taxonomic groups in faunal trophic groups are shown with text
withinthefigure. Arrowsindicate energy flows among trophic groups, with
arrowwidths correspondingto trophicinteraction strengths. Arrow colours
show how energy fluxes were aggregated by resource and consumer types to
quantify trophic functions of the soil food web. These are related to five broad
trophic functions: carnivory, the consumption of fauna; microbivory, the
consumption of microbes (‘bacterivory’and ‘fungivory’); plant Callocation to
soil by living roots, the consumption of photosynthates and rhizodeposits
from plant roots by mycorrhizal fungiand decomposer microbes; herbivory,
the consumption of plant roots by microbes (‘root pathogenicity’) or fauna
(‘rhizophagy’); and detritivory, the consumption of detritus (‘plantlitter’

or ‘soil organic matter, SOM’) by microbes (‘decomposition’) or fauna
(‘engineering’). Decomposition refers to the assimilation and mineralization
of dead organic matter throughrespiration. Engineering refers to the physical
modification, maintenance or creation of habitats by feeding activity (Methods).
Italicized functions are subsets of broader functions (notitalicized) between
the dotted lines. Trophic functionsinblue-green and dark red indicate those
mediated by microbes and fauna, respectively. Trophicinteraction strengths
shown herearebased on biomass dataaveraged across all 64 plots, but
plot-specific biomass datawere used to calculate trophicinteraction strengths
foreachlocal food web. To simplify the representation, trophic guilds (finer
level) were aggregated into trophic groups (coarser level) by averaging their
trophicinteractionstrengths, weighted by the relative biomasses of the
corresponding guilds withineach group. See Supplementary Fig.1foramore
detailedillustration of the food web topology and trophicinteraction
strengths among trophic guilds. Silhouettes were reproduced from the Noun
Project (https://thenounproject.com) and PhyloPic (https://www.phylopic.
org/).Plantroots, created by ohyeahicon undera CCBY 3.0 Universal Public
Domainlicence; leaflitter, created by Imogen Oh under a CC BY 3.0 Universal
Public Domainlicence;rootlitter, created by Amantakaundera CCBY 3.0
Universal Public Domain licence; wood litter, created by Hafid Firman Syarif
under a CCBY 3.0 Universal Public Domain licence; soil organic matter, created
by Foodicons Collection undera CC01.0 Universal Public Domain licence.

quantifying energy flow along trophic links in food webs'*?® has been
proposed as a powerful tool to mechanistically understand the rela-
tionships between community properties and ecosystem function-
ing in complex multitrophic systems*¢. Energy fluxes in food webs
reflect trophic functions such as herbivory, detritivory, microbivory
and predation (Fig. 1), and therefore provide acommon currency for
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assessing ecosystem functioning across trophic levels®. These trophic
functions can be combined to measure food web multifunctionality,
which represents the simultaneous performance of multiple trophic
functions carried out by the food web®’. However, the application of
food web energetics for an integrated understanding of how plant
community properties affect ecosystem functioning remains in its
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infancy® %, particularly for belowground food webs that play a critical
rolein ecosystem functioning®*.

In most terrestrial ecosystems, the majority of energy derived from
primary production directly enters the soil as freshly dead organic
matter, that is, plant litter’. Consequently, the dominant channel of
energy flow is through the detritus-based (‘brown’) food web?®, which
underpins decomposition and nutrient cycling processes and ulti-
mately controls the availability of growth-limiting nutrients to plants?.
It also allows photosynthetically fixed carbon (C) to be stabilized in
the soil or released back to the atmosphere through respiration, with
majorimplications for ecosystem C cycling and sequestration®. Addi-
tionally, terrestrial ecosystems host animportant belowground living
root-based food web thatinvolves root herbivory and plant C allocation
to mycorrhizal fungi and rhizosphere microbes®, and which strongly
influences the size and turnover of root biomass as well as the acquisi-
tion of belowground resources by plant roots®.

Plant community composition is well known to exert a strong con-
trol over ecosystem processes related to the soil food web®, This has
traditionally been attributed to the functional traits of dominant plant
species that are directly involved in the acquisition, processing and
conservation of resources (that is, ‘economic traits”®), and which shape
the quantity and nutritional quality of trophic resources such aslitter’
andrhizodeposits”. However, empirical evidence that explicitly relates
plant economic traits at the community level to the functioning of
soil food webs is still lacking. Plant diversity is generally thought to
promote soil processes by increasing the quantity and diversity of
trophic resources and by fostering favourable micro-environmental
conditions®. Inline with this, two recent experiments have shown that
plantspeciesdiversity can foster multitrophic energy flow across both
above-andbelowground food webs*?. Nevertheless, how plant diver-
sity and composition affect soil food web functioningin real-world eco-
systems remains poorly understood and to date has not been explored
simultaneously across multiple sites and climate zones.

Here, we investigated how different properties of naturally assem-
bled tree communities, including their diversity (three-species versus
single-species stands) and their composition in terms of taxonomic
identity and trait values, influence multiple soil trophic functions across
avariety of environmental contexts in European forests. We hypoth-
esized that: (1) tree species mixing, through associated increases in
functional diversity, positively affects soil food web multifunctional-
ity; and (2) tree species composition exerts astrong effect on soil food
web multifunctionality, owingto the key role of the resource economic
traits of dominant tree species. We tested these hypotheses using a
pan-European network of 64 mature forest plots distributed across four
geographiclocationsin different countries (Finland, Poland, Romania
andItaly), spanning boreal to Mediterranean climates and representing
highly contrasting European forest types (Extended DataFig.1a). Within
eachlocation, we followed a stratified sampling design by selecting
three-species mixture stands with varying tree species compositions,
along with corresponding monospecific stands (Extended Data Fig. 1a,
Extended Data Table 1and Methods). This plot selection was performed
soasto minimize covariation with potential confounding factors (Sup-
plementary Fig. 2a), and thereby increase our ability to infer the effects
oftree species mixing and composition on soil food web functioning.

To quantify energy fluxesin the belowground food web of each plot,
we applied steady-state food web modelling based on ecosystem ener-
getics® (Extended Data Fig. 1b). This approachis grounded in the prin-
ciple that, for agiven trophic group within afood web, energy uptake
through food consumption must balance energetic demands, including
energy lost during food assimilation, and by metabolism (respiration®)
and predation. We first quantified the biomasses, metabolic rates and
assimilation efficiencies of major groups of soil organisms, including
microbes and fauna, along with the biomass of plant-derived resources,
that s, living fine roots and associated photosynthates, plant litter
and soil organic matter (SOM). We then gathered soil organisms into

trophicgroups, established food web topology and quantified trophic
interaction strengths to allow the calculation of energy fluxes®” (Fig. 1,
Supplementary Fig.1and Methods).

Energy fluxes were then aggregated by resource and consumer
types to quantify ten trophic functions of the soil food web®’: plant
C allocation to soil by living roots, root pathogenicity, rhizophagy,
litter decomposition, litter engineering, SOM decomposition, soil
engineering, bacterivory, fungivory and carnivory (Figs. 1, 2a and
Extended Data Fig. 2). Here, decomposition refers to the assimila-
tion and mineralization of dead organic matter through microbial
respiration, whereas engineering refers to the physical modification,
maintenance or creation of habitats' by faunal detritivory (see the
Methods for further justification). These ten trophic functions are
directly linked to various aspects of ecosystem functioning, including
nutrient cycling and supply to plants, soil C cycling and sequestration,
soil structure maintenance and biocontrol through predation®, For
those calculated trophic functions for which direct measurements of
corresponding ecosystem processes were available, we found good
agreementbetween the two (Extended Data Fig. 3 and Supplementary
Results). We then quantified soil food web multifunctionality®’ by
averaging therange-standardized values of these ten trophic functions.

Totest our hypotheses, we performed Bayesian multi-level modelling
to assess how tree community properties affect soil food web multi-
functionality, while statistically controlling for potential confounding
factors to ensure unbiased causal inferences (Extended Data Fig. 1c
and Methods). We first adopted a traditional taxonomic approach to
evaluate the effect of mixing three tree species and to quantify, by vari-
ance partitioning, the relative importance of tree species mixing, tree
species composition (combination of species) and biogeography, that
is, variationin abiotic conditions and associated tree species turnover
acrosslocations (Supplementary Fig. 2a). To gain deeper mechanistic
insights, we also adopted a functional (trait-based) approach*** to
assess the effects of both functional diversity and functional composi-
tion of tree communities, alongside biogeographic differencesamong
locations. This enabled us to contrast patterns consistent with the
‘niche complementarity’ hypothesis, which states that functionally
more diverse communities promote ecosystem functioning through
greater complementarity effects?, with patterns consistent with the
‘mass ratio” hypothesis, which states that ecosystem functioning is pri-
marily driven by the mean attributes (trait values) of species weighted
by their relative contribution to community biomass®.

Toachieve this, we characterized tree functional diversity and com-
position using three leaf traits and six fine-root traits commonly used
to describe ecological strategies along the plant economics spec-
trum®*, and which reflect a trade-off between resource acquisition
(that is, fast strategy) and resource conservation (that is, slow strat-
egy; Methods). Functional diversity was measured as the variability
in trait values among tree species (functional dispersion), whereas
functional composition was measured using the community-weighted
mean (CWM) of trait values. We then reduced the complexity of tree
functional composition to two dimensions (Extended Data Fig. 4a).
The first dimension corresponded to the leaf economics spectrum
(LES), which ranges from slow/conservative to fast/acquisitive leaf
attributes’, and was also aligned here with a fine-root gradient which
ranges from low to high belowground resource foraging efficiency. The
second dimension corresponded to the fine-root economics spectrum
(RES), whichranges from slow/conservative to fast/acquisitive fine-root
attributes, and was also aligned here with a fine-root gradient of soil
exploration strategies which ranges from ‘do-it-yourself’ to ‘outsourc-
ing’ attributes®. Toinvestigate the mechanisms underlying the effects
of tree community properties on soil food web multifunctionality, we
performed structural equation modellingincorporatingawide range
of environmental drivers, including tree and understorey vegetation,
microclimate, tree leaf litter quality and soil fertility (Extended Data
Fig.1c and Supplementary Fig. 3).
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intervals of trophic group biomass (posterior n=10,000). Trophic group
namesare shownin other panels. The colours used for trophic functions and

Diversity effects on soil functioning

Contrary to our first hypothesis, we found soil food web functioning
to be little affected by tree species mixing and functional diversity
(Fig. 3). The mixing of three tree species had rather negative effects
onanumber of trophic functions of the soil food web, that is, moder-
ately negative for SOM decomposition, and weakly negative for plant
C allocation to soil by living roots, rhizophagy and soil engineering
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groupsare thesameasin Fig.1.b-d, Effects of tree functional diversity (b) and
composition (¢, LES; d, RES) on trophic group biomasses and energy fluxes of
the soil food web. Circle areas and arrow widths are scaled by the posterior
mean of effect sizes, which are partial slope coefficients standardized by the
standard deviation (), derived from Bayesian linear mixed-effects models
(equation 2; n = 64 plots; Methods). Blue, red and grey circles and arrows
indicate positive, negative and neutral effects, respectively (thatis, 8, >+0.12,
P<-0.12and-0.12 < B, <+0.12). The Pvalues were derived from posterior
distributions using a two-tailed test.

(Fig. 3a and Supplementary Fig. 4). Tree species mixing also had a
weakly positive effect onlitter engineering, but neutral effects on the
five remaining trophic functions. Similar results were observed for
tree functional diversity (Figs. 2b and 3c), whichisin contrast to what
would be expected based on the ‘niche complementarity” hypothesis®.
Accordingly, tree species mixing and functional diversity had aweakly
negative effect on soil food web multifunctionality (Fig. 3a,c), which
was mediated through multiple mechanisms.
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First, tree species mixing negatively affected soil food web multifunc-
tionality by both decreasing root biomass and increasing tree litterfall
(Fig.4), which shifted the resource-based energy channellingin the soil
food web from living fine roots to litter (Fig. 2b and Supplementary
Fig. 4). Previous studies have emphasized the key importance of liv-
ing plant roots for soil microbes®>* and fauna®?®, primarily through
the provision of readily available resources such asrhizodeposits and
photosynthates®. This finding therefore suggests that the apparent
diversity-induced shiftin tree resource allocation from belowground
to aboveground®* modifies the overall quality of trophic resources for
soil organisms towards less readily available energy, thereby impairing
soil food web multifunctionality.

Second, tree species mixing negatively affected soil food web mul-
tifunctionality by cooling the forest microclimate at ground level,
leading to a decrease in mean soil and air temperature (Fig. 4 and
Extended Data Fig. 4b). This cooling effect is probably driven by an
enhanced canopy packing®*°, which decreases radiative flux to the
soil surface, and by a thicker litter layer that increases soil thermal
insulation*. According to the ‘metabolic theory of ecology’®, metabolic
rates of organisms are highly temperature-dependent. Consequently,
the overall cooling of forest microclimate by trees**? could reduce the

0.6 0.8

Proportion of summed variance components (%)

represent the posterior means, with thick and thinerror bars representing 50%
and 95% posterior credible intervals, respectively (posterior n=10,000). The
Pvalues were derived from posterior distributions using a two-tailed test. Both
the LESand RESrepresenting tree functional composition ranged from slow/
conservative to fast/acquisitive attributes (Extended Data Fig. 4a). Trophic
functions arebased on energy fluxesin the soil food web, aggregated by
resource and consumer types (Fig.1). Italicized functions are subsets of
broader functions (notitalicized) between the dotted lines. Trophic functions
inblue-greenanddarkredindicate those mediated by microbes and fauna,
respectively. Soil food web multifunctionality is the average of standardized
values of each of the ten trophic functions of the soil food web. For statistical
results, see Supplementary Table 1. SOM, soil organic matter.

metabolicactivity and energy demand of soil organisms, thereby reduc-
ing energy fluxes within the soil food web*. This finding supports the
emerging view that microclimate modulationis animportant, although
often overlooked, mechanism contributing to plant diversity effects
on ecosystem functioning*. An alternative explanation is that lower
energy fluxes in mixed stands arise from bottom-up effects, whereby
cooler ground-level conditions decrease belowground primary pro-
ductivity and input of plant root litter, whichin turn lead to a decline
in secondary productivity and the metabolic demands of consumer
populations. However, our datashow that the effects of microclimate
on soil food web multifunctionality occurred independently of root
biomass (Fig. 4).

Previous studies have shown that tree species mixing can increase
aboveground tree biomass and productivity through resource use
complementary®**, In line with this, we observed a 17% overyielding
overallinaboveground tree biomassinthree-speciesrelative to single-
species stands (Extended Data Table 1; see also Fig. 4a and Supple-
mentary Table1). Meanwhile, tree species mixing has previously been
found toreduce the biomass of absorptive fine roots without affecting
overall soil occupation, pointing to morphological root trait adjust-
ments associated with higher resource use efficiency?®. Consistent
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Fig.4|Mechanisticinsightsinto the mediation of tree diversity and
composition effects onsoil food web functioning. a, Best-supported
Bayesian multi-level structural equation model (n = 64 plots; Methods).
Arrowsindicate the direction of causality, and their widths are proportional
to the path coefficients (posterior means of partial slope coefficients
standardized by the standard deviation; posterior n=10,000). The r’ values
showninside the boxes are the proportions of variance explained by
explanatory variables presentin thisillustration. Both the leafeconomics
spectrum (LES) and fine-root economics spectrum (RES) representing tree
functional compositionranged from slow/conservative to fast/acquisitive
attributes (Extended Data Fig. 4a). ‘Microclimate’ ranged from colder and
more humid towarmer and less humid (Extended DataFig. 4b). ‘Tree leaflitter
quality’ ranged from low to high nutritional quality (Extended Data Fig. 4c).
The modelwas well supported by the data (Fisher’s C=74.7,d.f. = 94, P= 0.929).

with this, the buffering of forest microclimateinduced by tree species
mixing® was associated in our study with lower mean temperatures
andreduced thermal energy at ground level. Our resultsindicate that
these changes can collectively lead to a relatively weak decline in soil
food web multifunctionality. Together, these findings suggest that
tree diversity can exert contrasting effects on ecosystem functioning
in different compartments of real-world forests*¢, whereby positive
responses in aboveground productivity may coincide with, or even
contribute to, negative responses belowground. It isimportant to
note, however, that the diversity contrast in our study was limited to
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None of theindependence claimsimplied by the model was statistically
significantata=0.05 (Supplementary Table 2). Relationships with abiotic
context variables, and correlated errors between variables, are not shown
here for clarity. See Supplementary Table 3 for further statistical results.
Significant effects (P<0.05) arereportedinbold. P> 0.10;'P< 0.10;
*P<0.05;**P<0.01;***P<0.001.b, Effect sizes of the indirect and total effects
of tree diversity (white circles) and composition (grey circles) onsoil food
web multifunctionality, mediated by changesin tree and understorey plant
communities, and microenvironment. Circles represent the posterior mean of
effectsizes, with thick and thin error bars representing 50% and 95% posterior
credibleintervals, respectively (posterior n=10,000). The Pvalues were
derived from posterior distributions using a two-tailed test. NS, not significant;
PC, principal component.

comparisons between single-species and three-species stands. Future
research across broader gradients of tree speciesrichness is therefore
needed to better characterize the shape of the relationship between
tree diversity and soil food web multifunctionality more generally.
Althoughtherelatively low species diversity tested here reflects typical
conditions in European forest stands at the spatial scale that we consid-
ered”, it remains an open question how tree diversity influences soil
food web multifunctionality in more diverse forests in other regions
ofthe world, in which rare functional attributes may play a larger role
inshaping soil food web processes.



Composition effects on soil functioning

Our data show that tree species composition had a large influence on
soil food web multifunctionality. The effect of species composition
was over five times stronger than that of species mixing, accounting for
22.3% versus 4.4% of the summed variance components, respectively
(Fig.3b). This relatively minor role of species mixing per se, relative to
species composition, is consistent with previous studies*, although
it may partially reflect the limited range of tree species richness rep-
resented in our study. The effect of species composition within geo-
graphic locations was of similar magnitude to that of biogeography,
which explained 22.7% of summed variance components. Tree species
varied substantially in their effects, with species such as Ostrya carpini-
folia, Betula pendula/pubescens and Carpinus betulus having positive
effects and Pinus sylvestris having negative effects on soil food web
multifunctionality (Extended Data Fig. 5). Tree compositional effects
were especially strong for trophic functions such asroot pathogenicity,
litter engineering and SOM decomposition (Fig. 3b).

Soil food web multifunctionality was even more strongly associated
with the functional composition of tree communities (quantified as
CWM values of traits that are related to resource economics) than with
species composition within geographiclocations alone (36.7% versus
22.3% of summed variance components; Fig. 3b,d). This patternis con-
sistent with expectations derived from the ‘mass ratio” hypothesis™,
whereby ecosystem functioning is primarily determined by the traits
of the most abundant species. Although complementarity may also
contribute to ecosystem functioning, our analyses explicitly evaluated
mass ratio effects through CWM traits alongside complementarity
effectsthrough trait dispersion, allowing these mechanisms to be con-
sidered as distinct, although potentially co-occurring, drivers®. The
strong influence of functional composition probably reflects the fact
thatitalso captures both species turnover and intraspecific variability
across geographic locations. Moreover, unlike species composition,
which considers only species presence or absence, functional composi-
tionincorporatestherelative abundances of species within communi-
ties?. Functional composition also explained more of the variationin
soil food web multifunctionality than did biogeography (20.1%) and
functional diversity (1.6%; Fig. 3d). Further analyses showed a strong
positive correlation between the variance components of functional
composition and biogeography, suggesting that much of the biogeo-
graphic influence on soil food web multifunctionality is mediated
through community-level variation in economic traits across loca-
tions (Extended Data Table 2 and Supplementary Results). Together,
these results emphasize theimportance of plant traits, in tandem with
abiotic factors, inshaping the functioning of real-world ecosystems*.

Inaccordance with our second hypothesis, both dimensions of func-
tional composition, thatis, the LES and RES, had strong effects on soil
food web multifunctionality. Specifically, tree communities dominated
by species with fast/acquisitive attributes promoted higher soil food
web multifunctionality than communities dominated by species with
slow/conservative attributes (Fig. 3c). This finding provides empirical
support for the theoretical framework proposing that community-level
plantstrategiesrelated to economic traits play akeyrolein controlling
soil food web functioning®. More broadly, it aligns with a growing body
of evidence highlighting the importance of plant economic traits for
terrestrial ecosystem functioning®*®-, Positive effects of acquisitive
attributes were observed across all trophic functions, including both
lower and higher trophiclevels (Fig. 3c,d). This pattern contrasts with
earlier findings from experimental grasslands, in which the influence
of plant community properties on consumer communities was found
to weaken with increasing trophic level'.

The positive effects of leaf acquisitive attributes of tree communities
were most pronounced for root pathogenicity, litter engineering, soil
engineering and carnivory (Figs. 2c and 3c). We found that the effect
ofthe LES on soil food web multifunctionality was mostly mediated by

the quality of tree leaf litter (Fig. 4 and Extended Data Fig. 4c). Specifi-
cally, tree communities with acquisitive leaf attributes produced leaf
litter of higher nutritional quality, whichinturn promoted greater soil
food web multifunctionality. There is a broad consensus that litter
quality plays a key role as a major driver of soil food webs>*?, and our
study provides empirical evidence that one of the primary ways that
planteconomictraits control soil food web functioning is through the
nutritional quality of the litter they produce®®.

The positive effects of fine-root acquisitive attributes of tree com-
munities on trophic functions were particularly strong for rhizophagy,
litter decomposition, litter engineering, bacterivory, fungivory and
carnivory (Figs. 2c and 3c). Notably, we found that the effect of the
RES on soil food web multifunctionality was mostly mediated by the
forest microclimate, with a similar but weaker pattern observed for
the effects of the LES (Fig. 4 and Extended Data Fig. 4b). Specifically,
tree communities with acquisitive attributes were associated with a
warmer and less humid microclimate, thatis, higher mean soil and air
temperature and lower mean soil moisture. This could potentially be
explained by lower interception of solar radiation by their canopies
and/or higher water uptake by their roots>****, the latter leading to a
lower cooling effect of water evaporation (as an endothermic process)
within the soil*'. A warmer forest microclimate can, in turn, promote
soil food web multifunctionality by increasing the metabolic activity
of soil organisms®. These findings emphasize that plant economic
traits can also control soil food web functioning indirectly through
their effects on micro-environmental conditions*°. Further exami-
nation of the effects of individual CWM traits revealed that soil food
web multifunctionality was best explained by fine-root nitrogen con-
tent, which had a strongly positive effect, accounting for 31.4% of the
summed variance components (Extended DataFig. 6). This result sug-
gests that the positive effect of fine-root acquisitive attributes of tree
communities may also be linked to the higher nutritional quality of
root litter>*. Fine roots of acquisitive plant species, which have higher
nitrogen content and greater metabolic activity, are also associated
with increased rhizodeposition rates, thereby stimulating microbial
activity in the rhizosphere?>,

Conclusions

Our study provides empirical evidence that tree communities control
the functioning of belowground food webs across European forests,
mainly through compositional effects related to the community-level
leaf and fine-root economic traits. We found that tree communities
dominated by species with fast/acquisitive attributes promoted soil
food web multifunctionality compared with those dominated by spe-
cies with slow/conservative attributes. This effect was mainly due to
the higher nutritional quality of the trophic resources and the warmer
forest microclimate that they provide. Both the species and functional
composition of tree communities had large effects on soil food web
multifunctionality, comparable in magnitude to biogeographic vari-
ationacross locations. By contrast, tree species mixing (three-species
versus single-species stands) and functional diversity had much smaller
and, generally, negative effects reflecting ashiftin energy channelling
from fine roots to litter, alongside a cooling effect on forest microcli-
mate. This was observed despite tree species mixing having positive
effects on aboveground tree biomass production, highlighting the
contrasting responses of aboveground and belowground subsystems
to higher plant diversity.

Our findings carry important implications for forest management
and biodiversity policy. Simply promoting tree species mixing may
not necessarily enhance ecosystem functioning belowground even
ifit stimulates aboveground productivity. Instead, strategic selec-
tion of tree species based on their functional traits is likely to be more
effective in sustaining the multiple functions provided by soil food
webs. However, as climate change is expected to intensify drought
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and temperature stress, widespread tree mortality is anticipated®*,
particularlyamong more acquisitive tree species®. Beyond the imme-
diate loss of ecosystem functionality following forest die-back, such
mortality could drive long-term shifts in tree communities towards
more drought-tolerant, conservative species, either through natural
dynamics or climate-adaptive management®. Our study indicates that
these compositional shifts could slow down soil food web processes,
with cascading consequences for nutrient cycling, C turnover and forest
regeneration. Altogether, this study highlights the value of combining
food web energetics with trait-based approaches to predict ecosystem
responses to environmental change. Incorporating these insights into
forest policy and management will be critical for designing resilient
forest systems that maintain multifunctionality into the future.
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Methods

Study sites and sampling design

We used a pan-European network of 64 mature, uneven-aged forest
plots (30 x 30 m?) consisting of three-species mixture stands (34 plots)
and corresponding monospecific stands (30 plots; Extended Data
Table1). These plots are part of the FunDivEUROPE (Functional Sig-
nificance of Forest Biodiversity in Europe) exploratory platform®, and
were established across European forests over 2011-2012 to investi-
gate the role of the diversity and composition of regionally common
and economically important tree species on ecosystem functioning.
The studied plots were distributed across four locations featuring
different European forest types and spanning a large biogeographic
gradient: North Karelia (Finland), Biatowieza (Poland), Rasca (Roma-
nia) and Colline Metallifere (Italy), corresponding to typical boreal,
hemi-boreal, mountainous beech and thermophilous deciduous (Medi-
terranean) forests, respectively (Supplementary Table 4 and Supple-
mentaryFig. 5a).Ineachlocation, plots were carefully selected based on
tree species richness and composition while minimizing as much as
possible covariation with potentially confounding environmental
factors such as topography and soil conditions® (Supplementary
Fig. 2a). Plot selection was performed so as to include monospecific
stands of all tree species from the local species pool and replicate the
three-species mixture treatment with different tree species combina-
tions while maximizing community evenness (Extended Data Table1).
This allowed strict avoidance of a dilution gradient, such as would
occur in a design with monospecific stands of only one species com-
bined with mixture stands including this species, along with a clear
distinction between the effects of species mixing and composition.
Our stratified plot selection procedure enabled us to mimic formal
biodiversity experiments, given that such manipulative approaches
are virtually impossible to undertake in mature forests owing to the
high longevity of tree species. Tree species diversity and composi-
tion in the studied plots were predominantly the result of natural
community assembly from the regional species pool, combined with
local forest management practices. The investigated levels of species
richness, that is, one versus three tree species, are typical for Euro-
pean forest ecosystems (https://forest.eea.europa.eu/topics/forest-
biodiversity-and-ecosystems/forest-ecosystems), boreal forests in
Asia and North-America, as well as managed forests and plantations
worldwide, although clearly much less diversified than many (sub)
tropical forests and some mid-latitude temperate forests. Overall, our
sampling design encompassed a total pool of 13 tree species, includ-
ing12 ectomycorrhizal and one arbuscular mycorrhizal tree species,
and the local species pool ranged from three to five tree species per
location (Extended Data Table 1and Supplementary Table 4).

Soil organism sampling and analysis

In each plot, we assessed energy fluxes through the soil food web by
measuring the biomass of major groups of organisms within this food
web??4340 including both microbial (bacteria and fungi) and faunal
(nematodes, microarthropods and macroinvertebrates) groups. Bio-
mass data for all soil organism groups were expressed per unit surface
area (g dry weight m™) at the plot level. Further details on biomass
calculationand the trophic classification of soil organisms are provided
inthe Supplementary Methods.

Sampling. Soil organisms were sampled in all plots during the pheno-
logical spring of 2017 (Supplementary Table 4), a period of high soil
biological activity. We sampled both the litter layer (unfragmented
aboveground litter, OL horizon) and the soil layer (including both
fragmented/humified organic matter and mineral soil, OF/OH/A
horizons). In each plot, we selected five 10 x 10-m*subplots, with sam-
plestaken equidistantly fromthree trees of either the same speciesin
monospecific stands or of different species for three-species mixture

stands (Supplementary Fig. 5b). For each subplot, soil samples for
microbial analyses and nematode extraction were collected by tak-
ing five soil cores (10-cm depth, 5.3-cm diameter), spaced approxi-
mately 35 cm apart around the equidistant point between the three
trees, weighted by tree individual size, that is, individual diameter at
breast height. The five cores were gently sieved through 6-mm mesh
(to avoid damaging nematodes), homogenized and pooled at the
subplot level for nematode extraction. Pooled soil was then sieved
through 2-mm mesh for microbial analyses. All subsamples were
stored at 4 °C until further processing. For microarthropod extrac-
tion, an intact core (10-cm depth, 10-cm diameter), including both
the litter and soil layers, was collected from each of three subplots
along asouthwest-northeast transect and stored at 4 °C until further
processing. For the hand-sorting of soil macroinvertebrates, anintact
monolith (25-cmdepth, 25 x 25-cm?surface), including both the litter
and soil layers, was collected from each of the same three subplots.
To express all data per unit surface area, an extra core was sampled,
sieved through 2-mm mesh, dried at 105 °C for 48 h and weighted to
measure soil bulk density.

Microorganisms. The biomass of bacteria (gram-positive and gram-
negative), arbuscular mycorrhizal fungi and non-arbuscular mycor-
rhizal fungi was quantified at the plot level using phospholipid fatty
acid data®". Fungal community databased on metagenomic amplicon
sequencing and bioinformatics® were used to partition non-arbuscular
mycorrhizal fungal biomass into five trophic guilds: ericoid mycorrhizal
fungi, ectomycorrhizal fungi, general saprotrophic fungi, wood sapro-
trophic fungi and plant pathogenic fungi (Supplementary Methods).
The biomass of each fungal trophic guild was calculated by multiplying
its relative abundance, that is, number of reads divided by the total
number of reads for the five trophic guilds, by the total non-arbuscular
mycorrhizal fungal biomass.

Nematodes. Nematodes were extracted for each subplot within 72 h
after sampling from approximately 100 g of fresh soil using a modi-
fied sugar flotation method®, before being heat-killed and fixed in
4% formaldehyde. Nematodes were then pooled and counted at the
plot level, and a subsample of approximately 160 randomly selected
individuals were identified to family level. The biomass of nematode
families was calculated based on body mass data retrieved from the
Nemaplex database (http://nemaplex.ucdavis.edu). Nematode fami-
lies were assigned to five trophic guilds®*: herbivores, bacterivores,
fungivores, omnivores and carnivores.

Microarthropods. Microarthropods were extracted from the intact
core (including both the litter and soil layers) within 72 h after sam-
pling for each subplot using the Berlese-Tullgren funnel method®,
and were fixed in 70% ethanol. Microarthropods were then coun-
ted and identified to species level for collembola and to order level
for mites. Microarthropod biomass was estimated based on an all-
ometric model using body length data retrieved from the BETSI
database (https://portail.betsi.cnrs.fr) for collembola, and data
from the literature for mites®®. Microarthropod taxa were assi-
gned to seven trophic guilds®* belonging to the following broad
trophic groups: microbi-detritivores, fungivores, omnivores and
carnivores.

Macroinvertebrates. Macroinvertebrates were hand sorted in the
field for each subplot and fixed in 70% ethanol. Macroinvertebrates
were then counted and identified to species level for Lumbricidae,
Isopoda, Diplopoda, Chilopodaand Araneae; and order to family level
for other taxa®®. All macroinvertebrate individuals were weighed for
body mass. Macroinvertebrates were assigned to 23 trophic guilds®*
belonging to the following broad trophic groups: herbivores, detriti-
vores, humi-detritivores, omnivores and carnivores.
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Metabolic rates

We used soil microbial respiration and biomass data® to calculate the
metabolic rates of microbial groups, whereas we used a model based
onindividual body mass, environmental temperature (mean soil tem-
perature during the growing season; see ‘Microclimate’ section below)
and phylogenetic grouping®® to calculate the metabolic rates of faunal
groups (Supplementary Methods).

Assimilation efficiencies

Assimilation efficiencies (that is, the proportion of consumed food
assimilated by digestion) specific to each food type (plant-derived
resource or prey) for faunal consumers were calculated using amodel
based on food N content®, and we also applied a temperature correc-
tion of assimilation efficiency’ (Supplementary Methods). Assimi-
lation efficiencies of all food resources were set to 1 for microbial
consumers, given their external digestion system.

Plant-derived resources

Ineach plot, we quantified the biomass of the following plant-derived
(basal) resources of the soil food web: living fine roots® (absorptive
roots belonging the first three root orders) and associated photosyn-
thates/rhizodeposits®, litter (including dead leaves®, dead roots” and
dead wood) and SOM” (Supplementary Methods). Photosynthates/
rhizodeposits refer to organic compounds provided by roots to myc-
orrhizal fungi, or released directly by roots into the soil. To estimate
the biomass of rhizodeposits, we used amass ratio of 0.4 between net
rhizodeposition (the portion of rhizodeposited C remainingin the soil
after microbial utilization and respiration) and root biomass, based
on the results of a meta-analysis of fixed C partitioning in plant-soil
systems**. The biomass of rhizodeposits was calculated by multiplying
the biomass of living fine roots by this factor.

Food web reconstruction

We constructed our soil food web from 47 network nodes, includ-
ing six plant-derived (basal) resources and 41 trophic guilds of soil
organisms (consumers) that were differentiated based on multiple
traits®* (Supplementary Table 5). To establish the topology of the soil
food web and quantify trophicinteraction strengths (Supplementary
Fig.1), afood web interaction matrix was constructed based on basic
food web principles, and a priori knowledge of soil organism biology
and key traits of consumers following the approachinref. 7, except
that microbes were considered here as consumers rather than basal
resources (Supplementary Methods). Briefly, the food web interaction
matrix was calculated by multiplying five matrices representing differ-
ent trait dimensions: phylogenetically defined feeding preferences,
density dependence, predator-prey interactions related to body mass
ratioand hunting strategy, prey defence mechanisms and spatial niche
overlaprelated to vertical stratification. The five matrices relied on the
following assumptions, respectively’: (1) there are phylogenetically
conserved differences in feeding preferences of consumers; (2) food
consumptionis density (biomass) dependent, that is, consumers will
preferentially feed on food resources that are locally abundant owing
to a higher encounter rate; (3) the strength of predator-prey interac-
tions is primarily defined by the optimum predator-prey mass ratio,
thatis, apredatoris typically larger thanits prey, but certain predator
hunting traits can modify the optimum predator-prey mass ratio;
(4) the strength of predator-prey interactions can be weakened by
prey defence traits, that is, prey with efficient physical, chemical or
behavioural protection are consumed less; (5) the strength of trophic
interactions betweenaconsumer and its food resource ismodulated by
the overlapintheirspatial nichesrelated to vertical stratification, with
greater overlap leading to astronger interaction. Food web reconstruc-
tionwas carried out separately for each plot to account for plot-specific
density dependence.

Food web energy fluxes and functions

For the calculation of energy fluxes, we assumed a steady state of the
soil food web®. This means that the energy flowing into a given feeding
guild of the food web through food consumption balances the energy
lost by excretion, metabolism and predation of that feeding guild.
Energy fluxes to each feeding guild within the food web (k) m2 d™) were
then calculated based on the trophic interaction matrix using the fol-
lowing equation®: F= ei x (X + L), where Fisthe total flux of energy into
thefeeding guild, e, is the diet-specific assimilation efficiency, Xis the
community metabolism of the feeding guild and L is the energy loss to
predation (see the Supplementary Methods for further details). To
simplify the representation of the food web, we aggregated biomass
and energy flux matrices at broader trophic group levels by summing
the rows and columns of trophic nodes belonging to the same trophic
group (Fig.1and Supplementary Table 5).

Wethen calculated five broad trophic functions of the soil food web
(Fig.1): carnivory, the sum of energy fluxes outgoing from fauna to
their faunal consumers; microbivory, the sum of energy fluxes out-
going from microbes to their faunal consumers; herbivory, the sum
of energy fluxes outgoing from living fine roots to their consumers;
plant C allocation to soil by living roots, the sum of energy fluxes out-
going from photosynthates and rhizodeposits (vialiving fine roots) to
their microbial consumers; and detritivory, the sum of energy fluxes
outgoing from detritus (dead organic matter, including plant litter
and SOM) to their consumers. Additionally, we calculated eight more
specifictrophic functions (Fig.1): bacterivory and fungivory, the sum
of energy fluxes outgoing from bacteria and fungi to their faunal con-
sumers, respectively; root pathogenicity and rhizophagy, the sum of
energy fluxes outgoing from living fine roots to their microbial and
faunal consumers, respectively; litter decomposition and litter engi-
neering, the sum of energy fluxes outgoing from plant litter to their
microbial and faunal consumers, respectively; and SOM decomposition
and soil engineering, the sum of energy fluxes outgoing from SOM to
their microbial and faunal consumers, respectively. Decomposition
refers to the assimilation and mineralization of dead organic matter
through respiration, a process that ismediated mainly by microbesin
s0il®°. Engineering refers to the physical modification, maintenance or
creation of habitats', which is a major way through which soil faunal
detritivory affects the decomposition, transformation and transloca-
tion of dead organic matter””®. Such inferences from energy fluxes
about effects that are not purely trophic are especially justifiable in
soil where habitat and food resources are tightly interlinked”. As such,
the faunal consumption of litter resultsin the conversion of litter into
faeces which in turn accelerates its decomposition through chemi-
cal and physical changes”, as a form of litter engineering. Similarly,
the faunal consumption of SOM s linked to biopedturbation and soil
structure maintenance” in a manner that represents soil engineering.

We quantified soil food web multifunctionality based on ten trophic
functions: plant Callocation to soil by living roots, root pathogenicity,
rhizophagy, litter decomposition, litter engineering, SOM decomposi-
tion, soil engineering, bacterivory, fungivory and carnivory. Defining
high multifunctionality by fast rates of multiple functions simultane-
ously, we calculated soil food web multifunctionality using the ‘averag-
ing’approach™, thatis, the main range-standardized values for the ten
trophic functions (Supplementary Methods). Consistent results were
found when using the alternative ‘threshold’ approach™ (see ‘Sensitivity
analyses’ in the Supplementary Methods). Additionally, we adopted
the ‘single functions” approach to help illuminate which individual
functions drive trends in the effects of tree communities on soil food
web multifunctionality™.

Tree functional (trait-based) properties
Functional diversity and composition of tree communities were char-
acterized using a set of nine plant functional traits known to be directly



involved in resource economics®® These traits included three leaf
traits: leaf nitrogen content, specificleaf area and leaf dry matter con-
tent; and six fine (absorptive) root traits’: root nitrogen content, root
tissue density, specific root length, mean root diameter, root length
density and ectomycorrhizal colonisationintensity. Trait data of each
tree species were mostly derived from plot-specific measurement in
the field, but specific leaf area and leaf dry matter content data for
Poland and Italy were retrieved from the TRY plant trait database”
(https://www.try-db.org). Using trait values from databases has limita-
tions because of intraspecific trait variability. However, the sensitivity
analysis that we performed revealed that the associated uncertainty in
trait values had little bearing on our overall inferences (see ‘Sensitiv-
ity analyses’in the Supplementary Methods). See the Supplementary
Methods for further details and Supplementary Table 6 for trait values
of each tree species and geographic location.

To quantify functional diversity, we calculated the functional dis-
persion (FDis) index corresponding to the mean distance of each spe-
cies to the centroid of all species within the multidimensional trait
space’. For functional composition, we calculated CWMs of each trait.
Both FDis and CWM values were computed based on the relative basal
area of tree species. We performed a principal component analysis
(PCA) onall CWM traits, which simplified functional compositioninto
two dimensions” (Extended Data Fig. 4aand Supplementary Table 7):
(1) anLES (45.2% of variation), which ranged from slow/conservative leaf
attributes (N-poor and dry-matter-rich leaves with low leaf area per unit
mass) to fast/acquisitive leaf attributes (N-rich and dry-matter-poor
leaves with high leaf area per unit mass), and also aligned here with a
fine-root gradient of belowground resource foraging strategies rang-
ing from low foraging efficiency (thick fine roots with low length per
unit mass) to high foraging efficiency (thin fine roots with high length
per unit mass); (2) an RES (31.5% of variation), which ranged from slow/
conservative fine-root attributes (N-poor fine roots with low tissue
density) to fast/acquisitive fine-root attributes (N-rich fine roots with
high tissue density), and also aligned here with afine-root gradient of
soil exploration strategies ranging from ‘do-it-yourself” attributes (high
root length density and low ectomycorrhizal colonisation intensity) to
‘outsourcing’ attributes (low root length density and high ectomycor-
rhizal colonisation intensity). The mean values of FDis and the scores
of the two first PCA axes of CWM trait ordination for each location are
shown in Extended Data Table 1.

Tree and understorey vegetation

We characterized forest vegetation using a set of eight variables meas-
ured in each plot: tree aboveground biomass, tree aboveground lit-
terfall, total root biomass, aboveground biomass of both woody and
herbaceous understorey plants, and aboveground C:Nratio and species
richness of understorey plant communities (Supplementary Methods).

Environmental drivers

Abiotic conditions. We characterized abiotic conditions in each plot
using a set of six variables related to soil texture, macroclimate and
topography: the sand, silt and clay content of mineral soil (A horizon,
10-cm depth), mean annual temperature and precipitation, and alti-
tude (Supplementary Methods). We performed a PCA to reduce the
dimensionality of abiotic properties into two dimensions (Supplemen-
tary Fig. 2a): (1) asoil texture and macroclimate gradient ranging from
coarsesoil texture, and dry and cold macroclimate to fine soil texture,
and wet and hot macroclimate (70.8% of variation); (2) atemperature
gradient ranging from cold macroclimate with high elevation towarm
macroclimate with low elevation (19.1% of variation).

Microclimate. We characterized microclimate using a set of six vari-
ables: soil temperature and moisture (measured at 8-cm soil depth)
and air temperature (measured 50 cm above the ground) for both
annual and growing season (daily mean temperatures > 5 °C) periods

(Supplementary Methods). We performed a PCA to simplify microcli-
matic propertiesinto asingle dimension ranging from cold and wet to
hot and dry (Extended Data Fig. 4b; 63.1% of variation).

Leaf litter quality. We characterized freshly fallen tree leaf litter qual-
ity using a set of 16 chemical and physical variables mainly related to
elemental composition and C quality””: the concentrations of N, P, Ca,
Mg and K, and the C:N and C:P ratios, the proportion of C fractions
(lignin, cellulose, hemicellulose and water-soluble compounds), the
concentrations of secondary metabolites (condensed tannins, total
phenolics and soluble phenolics), as well as the litter pH and water hold-
ing capacity. Leaf litter quality data of each tree species were derived
from location-specific measurement (Supplementary Methods).

We then quantified the functional diversity and composition of tree
leaflitter by calculating the FDisindex and CWMs of each litter property
based on the relative leaf litter mass of the component tree species.
We performed a PCA to simplify tree leaf litter properties into one
dimensionranging from low to high nutritional quality (Extended Data
Fig.4c; 42.5% of variation).

Soil fertility. We characterized soil fertility using a set of six variables
measured in each plot’: the organic C content of mineral soil (A horizon,
10-cm depth), the mass of the forest floor (including unfragmented
aboveground litter and fragmented/humified organic matter, OL/OF/
OH horizons), as well as the pH and C:N ratios of both the forest floor
and mineral soil (Supplementary Methods). We performed a PCA to
simplify soil properties into a single dimension ranging from low to
high fertility (Supplementary Fig. 2b; 40.1% of variation).

Measured ecosystem processes

To characterize in situ patterns of litter decomposition, we used
field-based data of naturally occurring tree leaf litter decomposition
measured in each plot” (Supplementary Methods). To characterize
SOM decomposition, we further used soil microbial respiration and
biomass data®” (Supplementary Methods). To characterize soil and
litter engineering, we used humus type and forest floor mass data’
asthese two variables reflect the transformation and translocation of
dead organic matter by faunal detritivory”.

Statistical analyses

All analyses were performed using R v.4.3.0 (ref. 79). To test how tree
community properties affect soil food web functioning, we used Bayes-
ian multi-level models that accounted for the hierarchical design of
the study, with plots nested within four geographic locations across
Europe. We used random intercept models (with varying intercepts
butacommonslope acrosslocations) to assess general patterns across
European forests. Similar results were found when usingrandomslope
models (with varying intercepts but acommon slopeacross locations),
indicating that our findings are robust to model specification (see
‘Sensitivity analyses’ in the Supplementary Methods). To ensure that
the effects of tree communities were not biased by confounding fac-
tors, we also explicitly included abiotic covariates into the models,
that is, the first two PCA axes representing abiotic conditions (Sup-
plementary Fig. 2a). This statistical adjustment allowed us to control
for variation in abiotic conditions both among and within locations.
Following the principle of the ‘structural causal model’ framework,
controlling for confounding factors allows to satisfy the ‘backdoor
criterion’ required for quantifying unbiased causal relationships from
observational data®. We also checked whether omitted variable bias
generated by potential unmeasured confounders at the location level
could affect our inference, and found that it was not an issue in our
study (see ‘Sensitivity analyses’ in the Supplementary Methods). We
adopted both taxonomic and functional approaches. For the taxo-
nomic approach, we used linear mixed-effects models (LMMs) includ-
ing tree species richness (comparing three-species mixture stands
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to corresponding monospecific stands) and abiotic covariates (see
above) as fixed factors, and tree species composition (a factor listing
alltree species present; Extended Data Table 1) and location asrandom
factors, as in the following equation:

y=at Bjrichness; + B,abiotic PC1; + B,abiotic PC2;

composition location
+ 6[7 +6 +¢;

)]

. composition 2 location 2
with 61_'/' -N(O, acomposition)' 61 ~N(O, olocation)

and ¢;~N(0, %)

where i refers to location and,j refers to plot, y is the dependent vari-
able, aisthe general intercept, B, terms are partial slopes, § terms are
random effects, that is, factor-specific deviation from the common
intercept, eis the model error, that is, residuals, and ¢*is the variance.
For the functional approach, we used LMMs including tree functional
diversity (FDis), tree functional composition (first two PCA axes of tree
CWM traits corresponding, respectively, to the LES and RES; Extended
DataFig. 4a) and abiotic covariates (see above) as fixed factors, and
location asarandom factor, as in the following equation:

y=at B,FDis; + B,CWM trait PCJ;
+B,CWM trait PC2;
+B,abiotic PCl; + Babiotic PC2; + 6°"*"+ ¢;

with &%~ N (0, 0;2atior) and €;-N(0, 0?)

2

Tofurther investigate the effects of functional composition, we also
used LMMs including individual tree CWM trait and abiotic covariates
as fixed factors, and location as a random factor, as in the following
equation:

¥ = B, + B,CWM trait; + B,abiotic PCl;
+Babiotic PC2; + 5"+ g, 3)

with §°““°"~ N (0, 02 cagion) and e~ N(0, 0%

Bayesian LMMs were fitted with Markov chain Monte Carlo methods
with non-informative priors for all parameters. Each model was fitted
based on10,000 iterations of both warm-up and sampling phases and
was checked for their convergence and compliance with statistical
assumptions, including normality and independence of residuals,
normality of random effects, homogeneity of variance, linearity of rela-
tionships and absence of multicollinearity (Supplementary Methods).

For each model, we performed variance partitioning following a
model-based approach based on variance components® to quantify
the proportion of variance in the dependent variable explained by
three groups of predictors: diversity (tree species richness or FDis),
composition (tree species composition or CWM traits PC1and PC2) and
biogeography (abiotic conditions PCl1and PC2, and location). To mini-
mize the influence of multicollinearity within each group (especially
between abiotic covariates and location in the biogeography group;
Supplementary Fig. 2a), we performed variance partitioning at the level
of variable groups. This was done by summing the variance terms of
all predictors within each group®.. This allowed us to incorporate the
covariances between group predictors to the variance component of
that group, thereby reducing the covariance between variance compo-
nentsat the variable group level. Variance components of each group
were standardized by the sum of allgroup-level variance components,
including theresiduals. To assess how covariance between group-level
variance components might affect total variance accounting®, we
computed further variance partitioning metrics: (1) basic variance
partition, which expresses the variance of each group standardized

by the total variance of the dependent variable; (2) marginal vari-
ance partition, which quantifies the contribution of each group while
accounting for covariances with all other groups; and (3) partial vari-
ance partition, which quantifies the contribution of each group that
cannotbe explained by alinear combination of the remaining groups.
Further methodological details are provided in the Supplementary
Methods.

We calculated the effect size of fixed factors as the slope coefficient
standardized by the standard deviation (Supplementary Methods).
We quantified the uncertainty of effect size based on credible inter-
vals. Standardized slope (8,,) values of |8, < 0.12,0.12 < |3, < 0.24,
0.24 < |B,| < 0.41and |B,| = 0.41 were interpreted as neutral, weak,
moderate and strong effects, respectively. We used P values of slope
coefficients and Bayes factors as measures of evidence for fixed and
random effects, respectively. The P values were derived from poste-
rior distributions using a two-tailed test®. Bayes factors were used to
quantify the support for models including the random factor tested,
compared with null models without the random factor. Bayes factors
were calculated as the ratio of marginal likelihoods of the two models
(Supplementary Methods).

Totest a priori multivariate causal hypotheses regarding how tree
community effects on soil food web multifunctionality are mediated
by changesintree and understorey plant properties and microenvi-
ronment®*#, we performed piecewise multi-level structural equation
modelling (SEM)®. We first constructed a causal diagram based on eco-
logical theory and our previous knowledge of the system® (Extended
DataFig.1cand Supplementary Fig.3) and built aninitial SEM model
(Supplementary Table 8). Following alocal estimation approach®, we
tested hypothesized causal relationships by fitting component LMMs
with random intercepts across locations using Bayesian modelling,
along with the use of variance partitioning and effect size computa-
tion methods in amanner similar to those described above. For each
component LMM, abiotic covariates (see above) were included to
ensure that mediation effects were not biased by confounding fac-
tors®, thereby satisfying the ‘backdoor criterion’. The initial SEM
modelwas then simplified by removing unsupported linkages® using
information-theoretic methods to select the most parsimonious
SEM model. For each component LMM within the initial SEM model,
stepwise backward selection was performed by removing the pre-
dictor with the highest P value, verifying at each step that model
simplification improved goodness-of-fit using Pareto smoothed
importance-sampling leave-one-out cross-validation®® (Supple-
mentary Methods). To test the goodness-of-fit of the selected SEM
model, we used Shipley’s test of directional separation®, which asse-
sses whether any important causal pathways may be missing (Sup-
plementary Methods). To quantify and compare the magnitude of
tree community effects on soil food web multifunctionality, indirect
effects were calculated as the product of the standardized coeffi-
cients along each path. Total effects were calculated as the sum of
indirect effects.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All datagenerated or analysed during this study are available at Figshare
(https://doi.org/10.6084/m9.figshare.31700881)%. This study also
used previously published data available from the following databases:
FunDivEUROPE (https://data.botanik.uni-halle.de/fundiveurope),
Nemaplex (http://nemaplex.ucdavis.edu), BETSI (https://portail.betsi.
cnrs.fr), TRY Plant Trait Database (https:/www.try-db.org), DriloBASE
(https://drilobase.org/drilobase), UNITE (https://unite.ut.ee) and
WorldClim (https://www.worldclim.org).
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Code availability

AllR scripts for computation of food-web energy fluxes and statistical
analyses are available at Figshare (https://doi.org/10.6084/m9.figsh
are.31700881)%,
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a - Study design

= Pan-European network of 64 mature forest plots distributed
across four geographic locations
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b - Steady-state food web modelling
= Quantification of the biomass of major groups of soil organisms,
along with the biomass of plant-derived resources
= Calculation of metabolic rates and assimilation efficiencies
® Reconstruction of food web topology and interaction strengths
= Quantification of energy fluxes x
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¢ - Statistical analyses

Analytical step 1: Testing the effects of tree diversity and
community composition on soil food web functioning

Taxonomic approach

Functional approach

Soil food web
multifunctionality

- Biogeography - Diversity - Composition

= Bayesian multi-level models

- Inclusion of potentially confounding covariates to satisfy
the ‘backdoor criterion’

= Computation of effect size based on slope standardized by
standard deviation

= Partitioning of variance explained by diversity, composition
and biogeography following a model-based approach
based on variance components

Extended DataFig.1|Overview of the study workflow, including sampling

design (a), modelling of soil food web energy fluxes (b), and statistical

approaches. (c).Inpanelc, the two leftinsets show model’s causal diagrams

foreachapproach, while therightinsetillustrates the structural equation
metamodel. LES, leaf economics spectrum; RES, fine-root economics

spectrum. Functional diversity was quantified as trait variability among tree
species (functional dispersion). Functional composition was quantified as the
community-weighted mean (CWM) of trait values. To reduce dimensionality,
aprincipal componentanalysis (PCA) was applied to tree CWM traits, resulting
intwo major axes corresponding to the leaf and fine-root economics spectra
(Extended DataFig. 4a). Likewise, the first two PCA axes of abiotic conditions

were used to represent potentially confounding environmental covariates

(Supplementary Fig.2a). The structural equation metamodel summarizes our
apriorihypotheses on how tree community properties mediate soil food web

multifunctionality. A full causal diagram of all variables and hypothesized
relationshipsis provided in Supplementary Fig. 3. The basemap inawas
reproduced from Publicdomainvectors (publicdomainvectors.org) under
aCCO01.0 Universal PublicDomainlicence.Silhouettesinaand b were

Analytical step 2: Testing pathways of tree community effects on soil
food web functioning using structural equation modeling
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= Construction of a causal diagram based on ecological theory and our
prior knowledge of the system
= Test of hypothesized relationships by fitting component Bayesian multi-
level models following a local estimation approach
- Model simplification by removal of unsupported relationships
= Test of missing relationships based on directional separation
= Computation of indirect and total effects

reproduced from PhyloPic (https://www.phylopic.org/). Pinus sylvestris,

created by Guillaume Dera under a CC01.0 Universal Public Domain licence;

Picea abies, created by Guillaume Deraundera CC01.0 Universal Public

Domain licence; Betula pendula, created by Guillaume Deraundera CC01.0
Universal Public Domain licence; decomposer fungi, created by Guillaume
Deraunder a CC01.0 Universal Public Domain licence; detritivores—isopods,
created by Birgit Lang under a CCPDM 1.0 Universal Public Domain licence;
fungivores—nematodes, created by Arcadia Science undera CC0O1.0 Universal
Public Domain licence; fungivores—springtails at the top, created by Kamil S.
Jaronundera CC01.0 Universal Public Domain licence; fungivores—springtails

atthebottom, created by Birgit Lang undera CCBY 3.0 Universal Public

Domainlicence; predators—ground beetles, created by Michael Day under a
CCO01.0 Universal Public Domain licence; predators—centipedes, created by

Birgit Lang undera CC01.0 Universal Public Domain licence; predators—
mesostigmatid mites, created by Kamil S.Jaron undera CCO 1.0 Universal

Public Domainlicence. Asilhouetteinbwas reproduced from the Noun Project
(https://thenounproject.com). Leaflitter, created by Imogen Oh under a CCBY

3.0 Universal Public Domainlicence.
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Extended DataFig.2|Soil food web trophic functions (aggregated energy
fluxes per function) under average conditions. These are based on predicted
values derived from a Bayesian linear mixed-effects model (equation2;n= 64
plots; see Methods) using mean values across all plots for each predictor. Circles
represent the posterior means, with thickand thinerror barsrepresenting 50%
and 95% posterior credibleintervals, respectively (posteriorn=10,000). Thex
axisisdisplayed onalogarithmicscale. Trophic functions are based onenergy
fluxesinthe soil food web, aggregated by resource and consumer types (Fig. 1).
Italicized functions are subsets of broader functions (notitalicized) between
the dotted lines. Trophic functionsinblue-green and dark red indicate those
mediated by microbes and fauna, respectively.
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Extended DataFig. 3 | Relationships between calculated soil food web
trophicfunctions and measured soil functions. Relationships were tested
using Bayesian linear models (n = 64 plots). For all panels, calculated soil food
web trophic functions and measured ecosystem processes or properties are
displayed onthe xandyaxes, respectively. Thick darklines and circles
represent posterior means (posterior n=10,000). Thickand thinerror bars,
alongwith darkandlight greyfilled area, represent 50% and 95% posterior

credibleintervals, respectively (posterior n=10,000). 3, is the posterior mean
of the slope coefficient standardized by the standard deviation (effect size).
Valuesinsquare brackets are the 95% posterior credible intervals of the
standardized slopes. For panelsa, c,d,and e, thexand yaxesare displayed ona
logarithmicscale. The p-values were derived from posterior distributions
using atwo-tailed test.*, p <0.050;**, p <0.010; ***, p < 0.001.
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Extended DataFig. 4 | Principal Component Analysis (PCA) of tree
functional composition based on community-level tree traits (a),
microclimatic properties (b), and community-level tree leaflitter
properties (c). Community-level tree traits and leaf litter values were
expressed ascommunity-weighted means (CWMs), weighted by relative basal
areafor treetraits and by leaflitterfall mass per tree species for leaf litter
properties. Soiland air microclimate variables were measured at 8 cmdepth
and 50 cmabove the ground, respectively. Variable loadings represent the
correlations of variables with corresponding principal components. Insets

show plot coordinates (n = 64 plots). Mean score values for the two first PCA
axes of tree functional composition per species composition for each location
areshowninExtended Data Table 1. Correlation and contribution of tree CWM
traits to the principal components (panel a) are shown in Supplementary
Table 7.LNC, leaf nitrogen content; SLA, specific leaf area; LDMC, leaf dry
matter content; RNC, root nitrogen content; SRL, specific root length; RTD,
root tissue density; Dm, mean root diameter; RLD, root length density; %¥Myc,
ectomycorrhizal colonisationintensity; T°C, temperature; WSC, water soluble
compounds; WHC, water holding capacity. Tannins are condensed tannins.
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Extended DataFig.5|Random effects of tree species composition onsoil
food web multifunctionality. Circles represent the posterior means of
predicted values derived from the Bayesian linear mixed-effects model used in
the taxonomicapproach (equation1; n= 64 plots; see Methods). The dotted
vertical linerepresents the general intercept of the model. Thick and thin
error bars, along with dark and light grey filled area, represent 50% and 95%
posterior credibleintervals, respectively (posterior n=10,000). Red diamonds
represent the mean observed values of soil food web multifunctionality
foreachtree species composition. Aa, Abies alba; Ap, Acer pseudoplatanus;
Bp, Betula pendula/pubescens, Cb, Carpinus betulus, Cs, Castanea sativa;

Fs, Fagussylvatica; Oc, Ostrya carpinifolia; Pa, Picea abies; Ps, Pinus sylvestris;
Qc, Quercuscerris; Qi, Q. ilex; Qp, Q. petraea; Qr, Q. robur.
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variance explained by community-weighed means of each tree trait, and
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partitioning. Variance components of each predictor group were standardized
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n=10,000). Effects of tree CWM traits were estimated based on Bayesian linear
mixed-effects models (equation 3; n = 64 plots; see Methods). The p-values
were derived from posterior distributions using atwo-tailed test.
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Extended Data Table 1| Sampling design of the study

Tree - Relative Functional ~ Functional  Functional
Country species ::rlw?w:sss yield Tree species composition diversity = composition composition n
richness total (FDis) (LES) (RES)
Betula pendula/pubescens 1.52 -0.43 2
. Picea abies 0 -2.83 0.16 2
Finland . .
Pinus sylvestris -1.80 -0.40 2
3 0.89 1.22  Betula pendula/pubescens, Picea abies, Pinus sylvestris 1.98 -1.47 -0.19 3
Carpinus betulus 3.68 0.83 2
1 Picea abies 0 -1.51 3.11 1
Pinus sylvestris -0.26 2.40 2
Quercus robur 3.37 1.59 1
0.98 NA Betula pendula/pubescens, Carpinus betulus, Picea abies 3.11 1.39 2.04 1
Poland 0.84 NA Betula pendula/pubescens, Carpinus betulus, Pinus sylvestris 2.04 1.30 1.90 2
0.95 NA Betula pendula/pubescens, Carpinus betulus, Quercus robur 1.50 3.53 1.34 2
3 1.00 NA Betula pendula/pubescens, Picea abies, Quercus robur 2.52 1.98 2.02 1
0.92 1.08  Carpinus betulus, Picea abies, Pinus sylvestris 2.09 -0.20 2.50 2
0.56 1.32  Carpinus betulus, Picea abies, Quercus robur 0.90 3.20 1.53 1
0.91 1.11  Carpinus betulus, Pinus sylvestris, Quercus robur 2.00 1.76 1.79 3
0.97 1.33  Picea abies, Pinus sylvestris, Quercus robur 2.08 0.12 2.47 2
Abies alba -3.82 1.56 2
1 Acer pseudoplatanus 0 0.69 -1.89 2
Fagus sylvatica 1.29 -0.56 2
Romania Picea abies -3.48 0.76 2
0.83 1.33  Abies alba, Acer pseudoplatanus, Fagus sylvatica 1.81 0.37 -0.80 4
3 0.84 1.34  Abies alba, Acer pseudoplatanus, Picea abies 1.71 -2.97 0.59 1
0.97 1.29  Abies alba, Fagus sylvatica, Picea abies 2.09 -2.33 0.67 3
Castanea sativa 1.16 -1.21 2
Ostrya carpinifolia 1.93 -1.38 2
1 Quercus cerris 0 0.32 -2.91 2
Quercus ilex -3.71 -0.49 2
Quercus petraea 0.58 -2.97 2
0.77 1.03  Castanea sativa, Ostrya carpinifolia, Quercus ilex 2.10 1.03 -1.23 1
Italy 0.98 1.083  Castanea sativa, Quercus cerris, Quercus ilex 2.37 -0.46 -1.47 1
0.86 0.80 Castanea sativa, Quercus cerris, Quercus petraea 1.36 0.61 -2.63 2
3 0.94 1.16  Castanea sativa, Quercus ilex, Quercus petraea 2.58 -1.43 -1.35 1
0.86 1.10  Ostrya carpinifolia, Quercus cerris, Quercus ilex 2.70 -1.79 -1.27 1
0.82 0.83  Ostrya carpinifolia, Quercus cerris, Quercus petraea 1.39 0.58 -2.75 1
0.88 0.98  Ostrya carpinifolia, Quercus ilex, Quercus petraea 2.10 0.37 212 1
0.85 0.81  Quercus cerris, Quercus ilex, Quercus petraea 1.83 -0.44 -2.43 1

The table summarizes the richness and composition of the sampled tree communities. Mean values are provided when applicable. Evergreen species are shown in bold. The relative yield of a
species measures its aboveground biomass in a multi-species community as a proportion of its aboveground biomass in single-species community, and the relative yield total of a multi-species
community is the sum of the relative yield of all component species®. The mean RYT was 1.17 when taking equal weight for all countries, indicating a 17% increase in aboveground biomass in
mixed stands (overyielding). This is in line with previous studies showing that tree species mixing increases tree aboveground biomass at the stand-level by approximately 25%, mostly due to
complementary effects**. nindicates the number of plots for each tree species composition per country.



Extended Data Table 2 | Alternative variance partitioning metrics from Bayesian multi-level models testing tree community
effects on soil food web multifunctionality, using both taxonomic and functional approaches

Taxonomic approach

Vb

Mo

Po

Species mixing
Species composition

5.47 [0.0;21.2]
26.48 [1.0;56.3]

1.19[-0.6;2.9]
22.25[0.8;41.8]

4.75[0.0;17.2]
22.93 [0.9;47.4]

Biogeography 27.31[7.0;56.7] 21.63[9.1;33.8] 24.91 [6.5;48.5]
" Correlation of variance components ~ Species composiion | Biogeography
Species mixing 0.16 0.15
Species composition 0.17
Functional approach Vb Mo Py
Functional diversity 3.02[0.0;12.7] 0.47 [-0. 4;1.3] 2.71[0.0;11.1]
Functional composition 78.91[13.1;187.4] 31.87 [12.6;51.5] 16.22 [2.7;39.5]
Biogeography 43.77 [8.2;114.8] -1.08 [-16.2;13.9] 18.17 [4.4;36.6]
 Correlation of variance components  Functional composition | Biogeography
Functional diversity 0.1 0.05
Functional composition 0.85

Three complementary metrics are reported: V, (basic variance partition), defined as the variance of a group of model components standardized by the total variance in soil food web
multifunctionality; M, (marginal variance partition), which quantifies the contribution of a group of model components while accounting for covariances with all other groups; and P,
(partial variance partition), which quantifies the unique contribution of a group of model components not explained by a linear combination of the others. Differences between V, and
P, indicate covariance, and thus potential confounding, between groups of model components. Differences between V, and M, reflects whether covariance increase or suppress the
variability of the linear predictor, i.e. the combined effect of all model components®’. All values are expressed as percentages. Further details on the computation of these metrics are
provided in the Supplementary Methods.
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Data collection  Soil metagenomic sequencing was performed using the metabarcoding amplicon pipeline DeltaMP (https://github.com/lentendu/DeltaMP).
The OTUs were then assigned to trophic guilds using the FUNGuild tool (https://github.com/UMNFuN/FUNGuild).

Data analysis Data analysis was performed using R Statistical Software (v4.3.0) with the Rstudio interface (2023.03.1+446). The following packages were
used: readx| (v1.4.3), xIsx (v0.6.5), erer (v3.1), purrr (v1.0.1), Matrix (v1.5-4.1), FactoMineR (1.34), fluxweb (v0.2.0), vegan (v2.6-8), FD
(v1.0-12.1), missMDA (1.11), rstanarm (v2.21.4), loo (v2.6.0), bridgesampling (v1.1-2), performance (v0.12.3), bayesplot (v1.10.0),
piecewiseSEM (v2.3.0), Ime4 (1.1-33), multifunc (v0.9.4), and dplyr (v1.1.2). All R scripts for computation of food-web energy fluxes and
statistical analyses are accessible in the figshare repository, available at https://doi.org/10.6084/m9.figshare.31700881.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data generated or analysed during this study are accessible in the figshare repository, available at https://doi.org/10.6084/m9.figshare.31700881.

This study also used previously published data accessible in the following databases: FunDivEUROPE (https://data.botanik.uni-halle.de/fundiveurope), Nemaplex
(http://nemaplex.ucdavis.edu), BETSI (https://portail.betsi.cnrs.fr), TRY Plant Trait Database (https://www.try-db.org), DriloBASE (http://taxo.drilobase.org), UNITE
(https://unite.ut.ee), and WorldClim (https://www.worldclim.org).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender n/a

Reporting on race, ethnicity, or n/a
other socially relevant

groupings

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences |:| Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description The study investigates how the diversity and composition of naturally assembled tree communities influence multiple soil trophic
functions across a range of environmental contexts in European forests. The study was conducted using a pan-European network of
64 mature forest plots (30 monospecific stands and 34 three-species mixture stands) distributed across four geographic locations in
different countries (Finland, Poland, Romania, and Italy), spanning boreal to Mediterranean climates and representing highly
contrasting European forest types

Research sample The study sampled soil organisms, including microbes and faunal groups, including nematodes, microarthropods (springtails and
mites), and macroinvertebrates (earthworms, gastropods, and macroarthopods).

Sampling strategy Within each location, we followed a stratified sampling design by selecting three-species mixture stands with varying tree species
compositions (n = 34 plots), along with corresponding monospecific stands (n= 30 plots). In each plot, we selected five 10 x 10 m
subplots. Samples were taken equidistantly from three trees of either the same species in monospecific stands or of different species
in three-species mixture stands. For each subplot, soil samples for microbial analyses and nematode extraction were collected by
taking five soil cores (10 cm depth, 5.3 cm diameter), spaced approximately 35 cm apart around the equidistant point between the
three trees, weighted by tree individual size (i.e. individual diameter at breast height). The five cores were gently sieved through 6
mm mesh (to avoid damaging nematodes), homogenized, and pooled at the subplot level for nematode extraction. The pooled soil
was then sieved through 2 mm mesh for microbial analyses. For microarthropod extraction, an intact core (10 cm depth, 10 cm
diameter), including both the litter and soil layers, was collected from each of three subplots along a southwest-northeast transect.
For hand-sorting of soil macroinvertebrates, an intact monolith (25 cm depth, 25 x 25 cm surface), including both litter and soil
layers, was collected from the same three subplots. No procedure was used to predetermine the sampling size. This was because no
prior information about the size of tested effects was available. Sampling size was instead based on the trade-off between statistical
power and feasibility in term of labor and cost involved.
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Data collection Authors of the paper applied a combination of collection methods to assess various groups of soil organisms, including microbes
(phospholipid fatty acids extraction and analysis, metagenomic amplicon sequencing and bioinformatics), nematodes (sugar flotation
extraction), microarthopods (Berlese-Tullgren funnel extraction) and macroinvertebrates (hand-sorting).

Timing and spatial scale  Soil organisms were sampled in all plots during the phenological spring of 2017, a period of high soil biological activity. We sampled
both the litter layer (unfragmented aboveground litter, OL horizon) and the soil layer (including both fragmented/humified organic
matter and mineral soil, OF/OH/A horizons).

Data exclusions No data were excluded from the analysis.

Reproducibility As is typical for large-scale and ongoing ecological field experiments, the data presented arises from specific spatial and temporal
ecological conditions that may change over time, making exact replication of the experiment inherently challenging. This underlines
the importance of sampling across a wide range of conditions (e.g. multiple forest types, tree species and species combinations,
climatic conditions, and soil types) such as was as done in this study. This approach allows us to identify general and potentially
reproducible patterns rather than site-specific trends.

Randomization Randomization was not relevant to our study because we were using an already established experimental setup.

Blinding Blinding was not relevant to our study.

Did the study involve field work? X ves []No

Field work, collection and transport

Field conditions The sites used in this study are part of a permanent network of mature forest plots across Europe established in 2011-2012. We
included four sites spanning a large climatic gradient: North Karelia, Finland (MAT 2.1°C; MAP 700 mm); Biatowieza, Poland (MAT 6.9°
C; MAP 627 mm); Rasca, Romania (MAT 6.8°C; MAP 800 mm); and Colline Metallifere, Italy (MAT 13°C; MAP 850 mm).

Location The geographic coordinates of the sites are: North Karelia, Finland (latitude, 62.6°, longitude 29.9°); Biatowieza, Poland (52.7, 23.9°);
Rasca, Romania (47.3°, 26.0°); and Colline Metallifere, Italy (43.2°, 11.2°). These locations correspond to typical boreal forests,
hemiboreal mixed broadleaved-coniferous, mountainous mixed beech, and Mediterranean thermophilous forests, respectively.
Within each site, we selected 30 m x 30 m forest plots dominated by either one tree species (monospecific plots) or three tree
species (mixture plots): North Karelia (6 monospecific plots, 3 mixture plots); Biatowieza (6 monospecific stands, 14 mixture plots);
Rasca (8 monospecific plots, 8 mixture plots); and Colline Metallifere (10 monospecific plots, 9 mixture plots).

Access & import/export  All plots were accessible by car or on foot, and we were accompanied by local scientists or guides hired by the local site management
responsible for the permanent plots. Soil samples were collected within Europe, and no permits were required for transportation.

Disturbance When accessing the plots, efforts were made to minimize disturbance by following established trails and avoiding unnecessary

movement through the forest. Within the plots, disturbance of the forest floor litter was unavoidable; however, soil cores were
refilled after sampling and the litter layer was replaced over the sampled area.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals This study did not involve laboratory animals.
Wild animals Wild animals were not used in this study.
Reporting on sex n/a

Field-collected samples  Only invertebrate animals (nematodes, arthropods, gastropods and earthworms) were collected and killed during sampling and
extraction to assess biomass and community composition. Macroinvertebrates were hand-sorted in the field for each subplot and
fixed in 70% ethanol. Microarthropods were extracted from intact cores (including both the litter and soil layers) within 72 h after
sampling for each subplot using the Berlese-Tullgren funnel method and were fixed in 70% ethanol. Nematodes were extracted for
each subplot within 72 h after sampling from approximately 100 g of fresh soil using a modified sugar flotation method, after which
they were heat-killed and fixed in 4% formaldehyde.
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Ethics oversight No ethical approval or guidance was required. We did not work with dangerous nor foreign materials (i.e. exotic species,
pathogens, etc.).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

No | Yes
[] Public health
[ ] National security

|:| Crops and/or livestock
|:| Ecosystems

X
X
X
X

X[ ] Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:

No
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

XX X X X X X X
Oooogodo g

Any other potentially harmful combination of experiments and agents
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Plants

Seed stocks n/a

Novel plant genotypes  n/a

Authentication n/a
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