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Biodiversity loss threatens the multifunctionality of ecosystems on which
human well-being ultimately depends. Multitrophic species interactions may
be key to explaining the ecological consequences of biodiversity loss, but

research explicitly linking species interactions and ecosystem multi-
functionality remains rare. To fill this gap, we synthesize data from a large-scale
biodiversity experiment established in 2009 in subtropical China that
manipulates tree species richness (1-24 species). We integrate 11 types of
antagonistic and mutualistic species interaction networks, and 34 ecosystem
functions associated with a diverse set of species and trophic levels. Our
analysis highlights that characterizing the structure of species interaction

networks is invaluable for assessing interaction-mediated biodiversity effects
and underlying mechanisms. Positive effects of network size align with
expected benefits of multitrophic diversity for ecosystem multifunctionality.
Positive effects of niche overlap among interacting species and negative
effects of highly connected species (i.e. high linkage density) reveal additional,
interaction-mediated drivers. The effects of niche overlap suggest benefits of
functionally similar species, and the effects of linkage density underscore the
importance of specialized interactions in promoting ecosystem multi-
functionality. These findings emphasize that ecosystem service provisioning
does not only rely on biodiversity across trophic levels, but to a similar degree

on how species interact.

Life on Earth is characterized by an astonishing diversity of species
that interact with and depend on each other. As species diversity
changes due to human alterations of ecosystems, species interac-
tions within ecological communities change as well*>. These altera-
tions cascade across trophic levels and throughout food webs*”. As
a consequence, critical ecosystem functions (i.e., ecosystem process
rates such as productivity, herbivory, and nutrient cycling)®, many of
which directly result from species interactions’, are at risk.
Biodiversity-mediated shifts in how species interact with each other
may thus be a main mechanism behind the often-observed positive
effects of species diversity on ecosystem functioning>'°**. However,
while many studies have documented general effects of species loss

across trophic levels on multiple ecosystem functions (i.e., ecosys-
tem multifunctionality)**®, insights into the role that species
interactions play in this process are limited to a few trophic levels
and ecosystem functions®” % At a time when species diversity
changes at unprecedented rates*?*, the incomplete understanding
of the driving forces behind biodiversity-mediated alterations to
ecosystem functioning limits our ability to make process-based
predictions of the consequences of biodiversity change and to take
evidence-based conservation and restoration action.

Theoretical and experimental studies show that the structure of
species interaction networks has major effects on multiple ecosystem
functions’”. This is because network structure determines the
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allocation and transmission of energy and biomass throughout inter-
action networks®’. Simultaneously, network structure affects long-
term ecosystem functioning. Species diversity is one of the key
variables shaping network structure by increasing the number of
interactions” and the topological representation of how species
compete for shared resources or enemies in networks". Especially
when manipulated experimentally, primary producer diversity plays a
particularly important role, as it tends to enhance the diversity of other
taxa?, for example, by providing more diverse resources and
habitats®, and buffering extreme climate events®. As network struc-
ture is shaped by species diversity'*? and determines ecosystem
functioning’?, it emerges as a key mediator of biodiversity effects on
ecosystem functioning. To empirically establish how this mediation
takes effect, three aspects of network structure should be considered.
First, it is necessary to identify how biodiversity-ecosystem function-
ing (BEF) mechanisms are represented in network structure. Previous
BEF research has particularly highlighted the key role of plant diversity
in modulating ecosystem functions®". Experimental manipulations of
plant diversity uncovered the general importance of species com-
plementarity in supporting ecosystem functioning, often attributed to
a reduced niche overlap in resource-use among interacting primary
producers®. Similarly, trophic complementarity (i.e., complementarity
in species interactions due to different interaction partners) alters
multiple ecosystem functions in theoretical models, showing that
niche overlap in species interactions modifies BEF relationships™>".
While niche overlap can stabilize ecosystem functions under changing
conditions (insurance effects), it is likely to increase competition and
reduce complementarity between species under more stable condi-
tions, thus attenuating biodiversity effects on ecosystem
functioning®**. Because complementarity is associated with even
contributions of species to ecosystem functioning, but dominant
species may increase ecosystem functioning as well®, it can be
important to also take into account whether species interactions
within a network are dominated by a few or are evenly distributed
among species (i.e., interaction evenness).

Second, in addition to BEF mechanisms (i.e., trophic com-
plementarity and the dominance of interactions), network structure
comprises several dimensions of biodiversity that can affect ecosys-
tem functioning. Theoretical studies have shown that network size
(i.e., the number of interacting species in a network) has major effects
on multiple ecosystem functions™**, Many characteristics of network
structure scale with network size, making it an important covariate to
disentangle effects of network structure from effects of network size?.
Network size can also capture the multitrophic diversity of an eco-
system, which has been shown to be closely related to ecosystem
multifunctionality™®*. Moreover, not only the species diversity of
networks, but also the diversity of each species’ interaction partners
(i.e., linkage density) affects ecosystem functioning. While the low
trophic niche breadth (i.e., higher linkage density) of specialized
interactions may be more effective per capita, the generalism asso-
ciated with an increased trophic niche breadth (i.e., higher linkage
density) can benefit individual species (e.g., flexibility in prey choice)
and thus enhance ecosystem functioning®®.

Third, fundamental differences between antagonistic (i.e., one
species benefits at the cost of another species, for example, during
predation) and mutualistic (i.e., species have mutual benefits, for
example, during pollination) interactions can modify effects on eco-
system functioning®™. For example, in grassland ecosystems, antag-
onistic interaction networks are more connected (i.e., higher linkage
density) but less nested (i.e., smaller niche overlap)*’, hence may
mediate biodiversity effects differently. Differences between interac-
tion types are especially relevant for ecosystem multifunctionality, as
functions associated with antagonistic interactions capture trade-offs
(e.g., plant productivity decreasing due to higher herbivory), whereas
those associated with mutualistic interactions are more tightly

correlated (e.g., reproductive success of plants increases with polli-
nation). Hence, in addition to niche overlap, interaction evenness,
linkage density, and network size, the interaction type could alter how
species interactions modify biodiversity effects on ecosystem
multifunctionality.

Here, we synthesize data on ecological networks and ecosystem
functions collected in a large-scale forest biodiversity experiment
(BEF-China)* in subtropical China to identify how multitrophic species
interactions affect ecosystem multifunctionality and mediate the
observed positive effects of species diversity> 8. Specifically, to
assess the simultaneous performance of multiple ecosystem functions,
we combine 34 measures of ecosystem functions into an ecosystem
multifunctionality index that uses the Hill number framework and
accounts for correlations between functions®. The integrated func-
tions include primary productivity, nutrient cycling, and activity rates
of animal and fungal species (Fig. 1a and Supplementary Table 1).
Combining ecosystem functions in a multifunctionality index enables
us to also account for trade-offs between functions and effects of
species interactions that cascade to functions via indirect pathways
through higher-order interactions (e.g., predator-prey interactions
altering nutrient dynamics*>*). In total, we analyze the network
structure (network size, niche overlap, interaction evenness, and
linkage density; Fig. 1b and Supplementary Table 2) of 374 interaction
networks spanning 11 types of networks, each composed of two adja-
cent trophic levels (i.e., bipartite networks), with many being based on
observed interactions. The networks cover a wide variety of species
interactions, both antagonistic and mutualistic, including above- and
belowground species, from microbes to predatory arthropods (Fig. 1a
and Supplementary Table 3). Thus, our networks represent a sub-
stantial proportion of the species pool and their interactions at our
study site, allowing for a comprehensive assessment of the role of
species interactions in driving biodiversity-ecosystem functioning
relationships.

Results and discussion

Network structure affects ecosystem multifunctionality

To investigate how multitrophic species interactions affect ecosystem
multifunctionality, we integrated ecosystem multifunctionality, tree
species richness (i.e., the experimental treatment)*’, the number of
species per interaction network (i.e., network size, corresponding to
the number of interacting species), and four selected indices capturing
different aspects of bipartite species interactions (i.e., abundance-
weighted niche overlap of higher (HL) and lower (LL) trophic level,
interaction evenness, linkage density) into two structural equation
models (SEM), one for antagonistic and one for mutualistic interac-
tions (Fig. 2). Network size and niche overlap showed positive effects,
and linkage density showed negative effects on ecosystem multi-
functionality. In addition, biodiversity effects from tree species rich-
ness and network size, with the latter capturing the multi-diversity of
our system (rpeapson=0.96 between network size and mean scaled
diversity across trophic levels, p < 0.001), were mediated by the other
network characteristics, which was particularly pronounced for
antagonistic interactions (Fig. 3b). The patterns found for antagonistic
interactions (Fig. 2a) had many similarities with mutualistic interac-
tions (Fig. 2b), leading to similar and generalizable trends when ana-
lyzing both interaction types together (Supplementary Fig. 2), likely a
result of the largely positive correlations between the structure of the
different network types (Fig. 1a, left). The structure of individual net-
work types was consistently associated with individual functions
(Supplementary Table 7), with 73.8% of all possible combinations of
individual network indices and functions showing significant effects of
network structure. Even though our analyses integrated multiple net-
work types that were constructed using different approaches to
quantify species abundances and interaction strength (see Supple-
mentary Table 3), and although ecosystem functions and species

Nature Communications | (2026)17:5787


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-75046-0

(a)

Bipartite interaction
network types

QO antagonistic
mutualistic

(H

(e G)

F-

Herbivore-plant = positive mm negative
Spider-prey correlation strength
Parasitoid-host | 1100

Leaf pathogen-plant 02 06 1.0

Nematode parasite-plant
Soil fungal pathogen-plant
Saprophytic fungi-plant

| Endophytic bacteria-plant
J
Symbiotic fungi-plant K

Trophobiosis (ant-Hemiptera)
Trophobiosis (Hemiptera-plant)

IOTMMOO®>

(b)
Niche over-
lap (HL)

Network
size

Expected effect
on EMF

1Y

Fig. 1| Overview of species interaction networks, ecosystem functions, and
network indices. a Left graph illustrates correlations among network indices of 11
types of species interaction networks (A-K), averaged across all network indices
considered (i.e., network size, niche overlap of higher (HL) and lower trophic level
(LL), interaction evenness, and linkage density of bipartite interaction networks;
see Supplementary Fig. 1 for individual network indices and Supplementary Table 2
for details on their calculation). Antagonistic (i.e., higher trophic level benefits at
the cost of lower trophic level) and mutualistic (i.e., interactions benefit both
trophic levels) interaction networks shown as purple and yellow nodes,
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respectively. Positive correlations are indicated in blue, negative correlations in
red. Line width scales with the strength of a correlation. Only correlations with
p <0.05 are shown. The right graph in (a) shows a dendrogram of ecosystem
functions based on correlation-based distances d used to calculate ecosystem
multifunctionality. Ecosystem functions include measures of primary production
(PP), nutrient cycling (NC), nutrient resorption (NR), soil quality (SQ), litter
decomposition (LD), wood decomposition (WD), and animal and fungal activity
rates (AFA). b Illustration of network indices used in our analyses and their
expected effects on ecosystem multifunctionality (EMF).

interactions were not perfectly temporally aligned (see Methods,
Supplementary Tables 1, 3), our general findings should be robust
against these limitations. This is supported by the fact that removing
interaction networks from the analyses did not change the findings
(see sensitivity analyses in Supplementary Fig. 3). Thus, the

multitrophic structure of species interaction networks emerges as a
powerful and generalizable predictor of ecosystem multifunctionality.

Species complementarity is often considered as a main driver of
biodiversity-ecosystem functioning relationships®®, and facilitative
processes have received increasing attention in recent years***
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Fig. 2 | Network structure mediates the effect of tree species richness on eco-
system multifunctionality in (a) antagonistic and (b) mutualistic interaction
networks. Structural equation models (SEMs) show tree species richness (i.e., the
treatment in the BEF-China experiment) effects on the structure of multitrophic
species interaction networks, and their joint effects on ecosystem multi-
functionality. Most indices of network structure had consistently stronger direct
effects on ecosystem multifunctionality than tree species richness. Positive, nega-
tive, and non-significant standardized path coefficients are indicated in blue, red,
and gray, respectively. R%values are displayed for each endogenous variable. HL:
higher trophic level, LL: lower trophic level. Model fit measures: (a) p = 0.16, CFl=
1.00, RMSEA = 0.12, prassea = 0.20, SRMR = 0.05; (b) p=0.27, CFI=0.99, RMSEA =
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0.06, prisea = 0.41, SRMR = 0.07. Analysis based on n = 69 sampling plots. To avoid
inflating the effects of antagonistic (7 network types) over mutualistic (4 network
types) interaction networks, antagonistic and mutualistic interactions were ana-
lyzed separately (but see Supplementary Fig. 2 for overall interactions, which clo-
sely followed antagonistic interactions). Sensitivity analyses indicate that the
general relationships presented here are largely invariant to individual networks
(Supplementary Fig. 3a). A higher number of antagonistic networks does not affect
comparability with mutualistic networks (Supplementary Fig. 3b). For an overview
of model estimates, including their statistics and covariances between network
indices, see Supplementary Tables 4-6. Source data are provided as a Source
Data file.

While the structure of multitrophic species interaction networks is
not suited to investigate the role of facilitation, our findings indicate
that niche differentiation leads to an increase in the complementarity
among species, as tree species richness reduces the niche overlap of
higher trophic levels and favors species with narrower niches (i.e.,
specialists, low linkage density; Fig. 2). The latter also supports
ecosystem multifunctionally, and thereby aligns with patterns
expected from niche differentiation. So far, most of the evidence for
drivers of biodiversity effects comes from studies of individual eco-
system functions'”?°*¢, While a few species can suffice to provide
these functions, substantially more species are required to maintain
ecosystem multifunctionality*’*%, Hence, species may require rela-
tively narrow niches (i.e., specialists, low linkage density) to make
unique contributions to ecosystem multifunctionality. However,
while we found positive effects of narrow niches (i.e., low linkage
density), a reduced niche overlap had a negative rather than the
expected positive effect in antagonistic networks (Fig. 2a). In
mutualistic networks, similar effects were found for niche overlap
between species at the lower trophic level (Fig. 2b). Hence, our
findings suggest that there is an additional way by which species
occupying similar niches (i.e., high niche overlap) collectively con-
tribute to ecosystem multifunctionality. High niche overlaps are
traditionally associated with high competition that will eventually
lead to competitive exclusion unless species differentiate their
niches®*°. However, shared consumer species can prevent the
competitive dominance of their resource species, thus enabling them
to coexist despite a high niche overlap and leading to joint, more
even contributions to ecosystem functioning®™-'. The positive effects
of niche overlap on ecosystem multifunctionality might therefore
highlight an alternative, rarely considered complementarity
mechanism that is rooted in trophic interactions and likely acts in
concert with resource-use complementarity".

The beneficial effects of network structure on ecosystem multi-
functionality coincide with patterns associated with stability

mechanisms. Specifically, niche overlaps also enable species to offset
performance decreases of other species occupying similar niches
(functional similarity leading to insurance effects)®. Especially in
fluctuating environments, this can lead to asynchronous species
dynamics, a form of temporal complementarity, that stabilize eco-
system functions over time*. Species asynchrony has been observed
for plants™ and herbivores® in our experiment, and similar dynamics
are known from mutualists***. While the stability of ecosystem mul-
tifunctionality is not necessarily correlated with mean ecosystem
multifunctionality, a positive association between stability and com-
plementarity mechanisms, such as species asynchrony, can lead to
synergistic effects between them®- %", Even though this cannot be
tested directly, our findings may therefore also reflect a temporal
dimension to species interactions that moderates biodiversity effects
on ecosystem multifunctionality.

Tracing back how individual ecosystem functions determine the
response of ecosystem multifunctionality to network structure reveals
systematic changes of the majority of functions, with some showing
contrasting trends (Supplementary Figs. 4a, 5a). The most notable
responses were found for functions correlated with tree stand biomass
(Supplementary Figs. 4b, 5b). At least one network index of all network
types, even those not directly affecting trees (e.g., spider-prey), had
significant effects on tree biomass and absolute growth rates (Sup-
plementary Table 7), suggesting potential effects of higher-order
interactions, even though the biological underpinning may differ
between network types. As several ecosystem functions directly or
indirectly depend on tree biomass, and tree biomass modifies the
diversity at higher trophic levels®, we tested if tree biomass mediates
effects of tree species richness on network size and ecosystem multi-
functionality (Supplementary Fig. 6). While positive effects of tree
species richness on tree biomass confirmed previous findings*, we
found no significant correlation between tree biomass and network
size or ecosystem multifunctionality. Hence, tree biomass does not
emerge as the main driver of the interplay between the multitude of
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Fig. 3 | Effects of tree species richness and network size (as a measure of mul-
titrophic diversity) on ecosystem multifunctionality (EMF). a Aggregated direct
and indirect effects of tree species richness and network size consist of positive
(blue) and negative (red) components, with net effects (black) being consistently
positive. Total tree richness effects and tree richness effects mediated by network
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network structure. a, b Effects in antagonistic and mutualistic interaction networks
are shown separately (columns). Values were calculated from path coefficients and
their standard errors of the respective structural equation models (Fig. 2 and
Supplementary Tables 4, 5), randomly drawn from normal distributions (n =100
random draws). Squares (a), circles (b; tree species richness), and diamonds (b;
network size) indicate the median. Error bars indicate interquartile ranges. A
summary of the underlying values can be found in Supplementary Tables 8, 9.
Source data are provided as a Source Data file.

processes that shape forest ecosystem functioning and are included in
our study. This is also apparent from the largely non-significant cor-
relations of tree biomass with other ecosystem functions (Supple-
mentary Fig. 7). Herbivores, for example, directly depend on the
available plant biomass as a food source. However, while we found that
herbivory and tree biomass both increase with network size, only tree
biomass responded to niche overlap (Supplementary Figs. 4a, 5a).
Previous studies could similarly show that herbivory and tree biomass
are not necessarily coordinated, with processes such as predation
potentially decoupling herbivory from tree biomass despite their
direct association®*"***, Our findings on tree biomass, therefore, also
demonstrate that the effects of single bottom-up processes are lim-
ited. This finds further confirmation in the significant association
between network types and not directly associated functions (Sup-
plementary Table 7). For example, the structure of spider-prey inter-
action networks shows significant effects on the number of fungal
fruitbodies involved in wood decomposition processes. While such
associations can result from a network structure that is consistent
across types of networks, it may also highlight cascading effects and
higher-order interactions*. Spiders hunting decomposers can, for
example, alter decomposition processes and nutrient availability***?,
which could in turn lead to the observed effects on fungal fruitbody
numbers. By utilizing network analyses to investigate drivers of
biodiversity-ecosystem functioning relationships, our findings there-
fore indicate that multiple processes, including species interactions
and their potential cascading effects, act in concert to determine
ecosystem multifunctionality.

Direct and mediated biodiversity effects

The structure of species interaction networks showed clear effects on
ecosystem multifunctionality, mediating biodiversity effects of tree
species richness and network size. To contextualize these effects

within the total and direct effects of biodiversity on ecosystem mul-
tifunctionality, we summarized the results of our structural equation
models (Fig. 2 and Supplementary Tables 4, 5) by aggregating effect
sizes of tree species richness and network size (Fig. 3). Net effects of
tree species richness on ecosystem multifunctionality were con-
sistently positive, with network size mediating about half of them in
antagonistic networks (Fig. 3a). In mutualistic networks, mediation via
network size was smaller due to a weaker relationship with tree species
richness (Figs. 2, 3). However, for both types of interactions, network
size had strong direct and indirect effects on ecosystem multi-
functionality, especially in antagonistic networks (Fig. 3b). This was
particularly striking given that tree species richness was manipulated
experimentally and that many ecosystem functions were directly
associated with trees (e.g., tree stand biomass), indicating the impor-
tance of considering species diversity across trophic levels (i.e., multi-
diversity) when considering multiple ecosystem functions"',

In addition to direct effects on ecosystem multifunctionality,
tree species richness and network size altered network structure
(Fig. 2). They increased linkage density and interaction evenness,
while reducing niche overlap of higher trophic levels. Together, this
led to net effects of tree species richness that partitioned into posi-
tive and negative components (Fig. 3a), with the latter being medi-
ated by changes in network structure (Fig. 3b). These findings
highlight the complexity of the mechanisms underlying biodiversity
effects on ecosystem multifunctionality across multiple trophic
levels. The complexity is particularly evident in antagonistic net-
works, where tree species richness effects on multiple network
characteristics were inversed by network size (Figs. 2, 3). Linkage
density had negative effects on multifunctionality and thus indicates
the importance of specialized interactions, which also created a
positive indirect effect of tree species richness on ecosystem multi-
functionality. However, effects mediated by network size inversed
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those effects, leading to net negative effects of tree species richness
via linkage density. Larger networks often show higher linkage den-
sities due to the larger number of possible interaction partners?,
which also captures the majority of tree richness effects in our
results. The fact that tree richness also reduced linkage density
suggests that additional mechanisms (e.g., host dilution effects®’) are
at play. Therefore, including multiple trophic levels and their inter-
action structure is a crucial but often omitted step to identify the
drivers influencing biodiversity effects and to capture the multitude
and complexity of the underlying mechanisms'*“.

Compared with antagonistic interactions, mutualistic interactions
only mediated tree species richness effects via network size, despite
modifying network structure (Fig. 2b). This limited the indirect path-
ways through which tree species richness affected ecosystem multi-
functionality and thus reduced the number of potential BEF
mechanisms (Fig. 3). A lack of mediating effects of network structure
may be related to the large variety of network type-specific structures
displayed by mutualistic interactions (Supplementary Fig. 8). This may
be a result of mutualistic network types having stronger ecological
differences than antagonistic network types. For example, ant-
Hemiptera interactions are rooted in an antagonistic interaction
between Hemiptera and plants®>®®, whereas interactions between
symbiotic fungi and plants do not depend on other interactions but
include many more species®. These differences suggest that respon-
ses to changes in species composition cannot be easily generalized
across mutualistic networks. Accordingly, direct effects of tree species
richness and network size in mutualistic networks play a more
important role for generalized biodiversity effects than in antagonistic
networks.

Implications for biodiversity research

Despite some negative components, net biodiversity effects were
consistently positive (Fig. 3). However, the multitude of pathways by
which biodiversity altered ecosystem multifunctionality poses a chal-
lenge to predicting the consequences of diversity loss. For example,
specialized species are more prone to secondary extinctions due to
their narrow niches (i.e., low linkage density)*>*. While a loss of spe-
cialized species primarily eliminates their specific interactions, it can
have secondary cascading effects by disrupting species interaction
networks®® and redirecting energy flows®”. Together with the benefits
of specialized species for ecosystem multifunctionality, this suggests
that a loss of specialized species will have disproportionally negative
consequences for ecosystem functions provided by the multitrophic
community. Our findings indicate that the importance of specialized
interactions for ecosystem multifunctionality is consistent across
types of networks and interactions. Hence, a loss of specialized species
would erode ecosystem multifunctionality more than random extinc-
tion sequences. Identifying the main pathways through which species
interactions mediate biodiversity effects on ecosystem multi-
functionality is thus also an important tool for targeting conservation
efforts. Making the implementation of network-based conservation
measures feasible, however, requires approaches to rapidly assess
species interaction networks®, With modern methods for assessing
species and communities becoming increasingly accessible, develop-
ing and challenging predictive approaches to determine species
interactions therefore remain the main hurdle in this endeavor.

Even though our findings appear robust within our study system,
it is important to note that the relationships we observed may differ
when investigated somewhere else. While positive effects of biodi-
versity have been reported from all over the globe and across eco-
systems, interaction-based effects can be more context dependent®.
The importance of specialization for ecosystem multifunctionality we
found in our data may be, for example, less relevant in systems where
specialization is already high, such as the tropics’. The lack of dom-
inance effects found in our study may be a consequence of the

comparably high levels of diversity, and may be more pronounced in
less diverse systems, for example, in boreal or temperate forests. To
gain generality on how species interactions mediate biodiversity
effects on ecosystem multifunctionality, future research should
therefore aim to expand on our work by explicitly testing the investi-
gated relationships across ecosystems.

Our finding that ecosystem multifunctionality consistently bene-
fits from fewer, more specialized interactions and species with similar
interaction partners (i.e., low linkage density and high niche overlap)
does not fully align with a niche complementarity paradigm that
dominates the BEF literature®. Especially the positive effects of niche
overlap suggest that functionally similar species can enhance ecosys-
tem multifunctionality, indicating a potentially overlooked pathway
behind positive biodiversity effects. Identifying whether this is a result
of integrating multiple trophic levels and ecosystem functions, arising
from a temporal niche differentiation, or caused by other mechanisms
altogether should become a focus of future research. An active
manipulation of network structure will be inevitable in this endeavor.
While difficult under empirical settings without altering confounding
factors such as species composition and diversity, theoretical models
already attempted such manipulations™®”. To reach a complete
mechanistic understanding of how network structure mediates bio-
diversity effects on ecosystem multifunctionality, theoretical work,
however, needs to diversify the interaction and network types as well
as the ecosystem functions that they entail to better match real eco-
systems. This would also pave the way to empirically establish and
generalize potential synergistic interactions between types of net-
works and interactions, which so far largely focused on the effects on
stability and coexistence instead of ecosystem functioning”’%. Paired
with identifying ways to manipulate species interactions while con-
trolling confounding factors in experimental communities, these
advances will enhance our ability to identify drivers of ecosystem
multifunctionality.

Methods

Study site

All data used in this study was collected from the BEF-China tree
diversity experiment, located in Xingangshan, Jiangxi Province
(29°05'007-29°07'43“N,117°54'19”-117°55'53“E) and established in
2009, The experiment is characterized by a mean annual tempera-
ture of 16.7°C and a mean annual precipitation of 1800 mm”. The
natural vegetation in the region are highly diverse subtropical forests,
comprising broadleaved evergreen and deciduous tree species. The
experiment includes 40 locally occurring tree species that were plan-
ted at varying levels of diversity (1, 2, 4, 8, 16, and 24 species). In total,
the experiment has 566 plots across two sites. Each plot is character-
ized by a defined species composition that corresponds to the levels of
diversity and follows a broken-stick design*’. In each plot, 400 tree
saplings were planted in a regular 20 x 20 grid, covering a total area of
25.8 x25.8 m2. Species identities were assigned randomly to each
planting position.

Sampling

We measured a total of 34 ecosystem functions, covering 7 measures
of primary production’’®, 19 related to nutrient cycling (nutrient
resorption”, soil quality®*®?, litter decomposition’®”’, wood
decomposition®), and 12 related to animal and fungal activity rates (4
overlapping with nutrient cycling; Fig. 1)°**7%., We followed a strict
definition of ecosystem functions, only selecting measures capturing
ecosystem process rates®. Note that erosion control, as well as nitrogen
and phosphorus resorption, represent important biotic processes (i.e.,
the ability of the understory vegetation, tree roots, and the biocrust to
conserve the soil they rely on, as well as the ability of trees to use their
resources more completely) but may deviate from this strict definition.
Their exclusion, however, barely affects ecosystem multifunctionality
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(Supplementary Fig. 9). All but one ecosystem function were sampled
between 2014-2019, with only parasitism rates on Lepidoptera cater-
pillars being sampled more recently (i.e., 2021-2022). An overview of
the ecosystem functions used in our analyses, including information
on the sampling, can be found in Supplementary Table 1.

We assembled 11 types of species interaction networks, with 7
based on antagonistic and 4 on mutualistic interactions®****°2 In
contrast to competition networks that are capturing interactions
within trophic groups, antagonistic and mutualistic networks focus on
the interactions between two distinct trophic groups, with competi-
tion being an implicit property”. In total, 374 networks sampled
between 2014-2019 directly entered our analyses. All networks are
based on observed or inferred interactions between taxa of two adja-
cent trophic levels. We actively avoided including co-occurrence net-
works (e.g., by including endophytic but excluding epiphytic bacteria
from the leaf bacteria data”). Of the 11 network types included, inter-
actions in 6 of them are based on direct observations, for example,
through gut content analyses of spiders”, or rearing parasitoids®.
Interactions in the remaining 5 network types are inferred, for exam-
ple, by assuming that symbiotic fungi sampled in the rhizosphere of a
tree are interacting with the tree’. Details on the specific sampling and
data processing protocols of the individual network types are pro-
vided in Supplementary Table 3. No specific ethical approval was
necessary for the sampled species, and sampling was carried out with
permission of the BEF-China steering committee and in accordance
with local authorities.

Calculating ecosystem multifunctionality

To be able to measure the simultaneous performance of multiple
ecosystem functions, we utilize a multifunctionality index that cap-
tures the effective number of ecosystem functions provided by an
ecosystem*. The approach utilizes the Hill-number framework that is
also used to unify indices of species diversity* ¢, allowing multi-
functionality to take into account the number of functions, the level at
which the functions are performed, and the uniformity of their
performance*. One main advantage of effective multifunctionality is
that it overcomes several limitations earlier indices have, including a
loss of information when using an averaging approach, as well as a high
sensitivity to data standardization, the selection of included functions,
and the selection of single or multiple thresholds at which functions
are considered to be provided*. When compared to those measures,
effective multifunctionality shows strong correlations with average
and threshold-based ecosystem multifunctionality, except for when
the threshold is very high (i.e., 75%, where only few functions con-
tribute to increasing multifunctionality; see Supplementary Fig. 9).
Another advantage of using effective multifunctionality is that it allows
to account for correlations between measures of ecosystem functions
(e.g., tree growth rates and biomass) to avoid inflating the impact of
shared underlying processes.

To calculate effective ecosystem multifunctionality, we multiplied
the effective number of functions provided by a system with the
average level at which the functions are provided. The effective num-
ber of functions was calculated using the Hill-number framework and is
the number of functions that would be provided in a system where all
functions are provided equally. For our analyses, we used Hill expo-
nent g=1 to capture inequalities between ecosystem functions in
proportion to their performance, avoiding putting additional weight
on low (g<1) or high (g >1) performing functions. We accounted for
correlations between functions by incorporating correlation-based
distances between functions into the calculation of the effective
number of functions. For this, a distance matrix D was calculated from
a correlation matrix R, where D = (I-R)/2 and values of O and 1 indicate
perfect positive and negative correlations, respectively. By setting all
values in D that fell below a threshold value 7 to 7, we defined at which
distance we considered two functions to be independent. We followed

the recommended approach of defining 7 as the average distance
between functions, which aligns with a complete evaluation of all
values of ™7, In our case, this led to T = 0.48, rendering non-correlated
and negatively correlated ecosystem functions equally distinct. By
avoiding to downweigh negative correlations, we are able to capture
trade-offs between ecosystem functions. Once the effective number of
functions was calculated, we multiplied it with the average of the
standardized ecosystem functions, yielding a measure of effective
ecosystem multifunctionality*.

To assure a meaningful comparison between ecosystem func-
tions, ecosystem function measures EF were normalized using a min-
max scaling approach, where EF’ = (EF - EF ;) / (EFax - EFmin), with EF’
being the normalized value of a given ecosystem function and EF, EF i,
and EF,, the non-normalized, minimum and maximum values,
respectively. To account for extreme outliers, EF .., was defined as the
mean value of the three highest values. Most ecosystem functions had
a true zero value where no functioning is provided. We therefore set
EFin to zero for all ecosystem functions other than growth rates,
which could have negative values due to mortality and measurement
errors.

Capturing the structure of interaction networks

To characterize the structure of multitrophic species interactions, we
constructed bipartite interaction networks’. Depending on the net-
work type, interaction strength was approximated from abundances,
transformed reads, or the number of observed interactions (see Sup-
plementary Table 3). For each network, we calculated five network
indices (see Supplementary Table 2 for an overview). First, network
size was calculated by summing the number of species from the two
adjacent trophic levels in each bipartite interaction network. Second
and third, niche overlap was calculated as the abundance-weighted
pairwise overlap of interactions within each trophic level, leading to
two indices per network, one for each level (i.e., higher and lower). We
defined the lower trophic level as the trophic level that primarily
provides resources, and the higher trophic level as the one that utilizes
the resources. Niche overlap 0 indicates no niche overlap, and 1 indi-
cates complete niche overlap. The pairwise overlap was calculated
using Morisita-Horn dissimilarities’’. Fourth, interaction evenness was
calculated as the Simpson evenness of interaction strength based on
the inverse of the Simpson dominance index. An interaction evenness
of O indicates complete dominance of a single interaction, and 1
indicating an equal distribution of all interactions. Finally, linkage
density was calculated as the average number of species each species
interacts with. We min-max scaled (between O and 1) network size and
linkage density for comparability across networks, as the other indices
are already defined between O and 1. We averaged network indices
across the network types included in our analyses (e.g., splitting
antagonistic and mutualistic interactions before averaging for the
models presented in Figs. 2, 3), an approach similarly used to capture
multi-diversity®.

Accounting for data heterogeneity
Since the data used in our study came from multiple sources with
varying methods, we had to account for differences in sampling
efforts. For ecosystem functions, this could be achieved by taking
average values per plot whenever several samples were taken. For
several interaction networks, it was necessary to computationally
resample to standardize the sampling efforts to be the same across
plots within each of the 11 network types. In such cases, we resampled
each network 100 times and took the average values of network indi-
ces per plot. Supplementary Table 3 gives further details on sampling
efforts and resampling strategies for the individual network types.
Our analyses focused on 69 plots, where a minimum of three and
an average of 5.9 types of interaction networks were sampled. To avoid
inflating the inclusion criteria, we considered the three network types
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including soil fungi as one. We excluded monocultures to avoid trivial
interaction structures of networks that include plants as a trophic
level, leading to a diversity gradient ranging from 2- to 24-tree species
assemblages.

To account for the heterogeneous sampling of ecosystem functions
and interaction networks across plots, we imputed missing data for
ecosystem functions (45.18 + 4.77%) and network indices (50.72 + 8.96%)
when plots were not sampled, with average error estimates of
0.00093%. This was achieved using imputations based on predictions
from random forest models. To minimize imputation noise, we ran
10,000 random forest models for each ecosystem function and network
index considered in our analyses. We included topological and tree
compositional information in the random forest model, which were
available for all plots in our experiment. By excluding other ecosystem
functions, network indices, and network types, we could avoid artificially
creating associations between them. This also allowed us to use the
most information available, as we were able to utilize data from plots
that were excluded from our analyses but had measures of the imputed
variables. Imputation error was estimated by calculating out-of-bag
normalized root mean square errors. Imputations were done using the
missForest package'® in R version 4.3.3',

Structural equation models

To analyze how the structure of species interactions mediates effects of
tree species richness, i.e., the treatment in our experiment, on ecosys-
tem multifunctionality, we used structural equation models (SEMs) that
assume linear relationships between variables (using the lavaan
package'® and R). The analyses were based on 69 sampling plots (i.e.,
sample size = 69) for which sampling effort was sufficient (see above).
Our main analyses focus on two SEMs, one for antagonistic and one for
mutualistic interactions (Fig. 2). We further tested their joint effect with
an additional SEM (Supplementary Fig. 2). Note that, to test potential
synergistic effects between network and interaction types, a different
analytical framework is necessary. For each model, we started with a full
model that included all hypothesized paths (see arrows in Fig. 2). Since
we had no a-priori expectations for covariances between network indi-
ces, we investigated their importance based on modification indices and
included those that indicated improvements to our model (i.e., mod-
ification index >3.84, indicating covariances with p-values < 0.05). We
then stepwise removed pathways that did not show strong influences on
the overall model fit (i.e., estimates close to zero, high standard error,
large p-value), making sure that model quality did not decrease.
Whenever all pathways to a single variable were removed, we reassessed
the covariances between network indices. When model selection led us
to a candidate model, we assessed its quality using a range of model-fit
measures (thresholds: p >0.05, CFI> 0.9, RMSEA < 0.08, prasea > 0.05,
SRMR < 0.08). Note that most fit measures in isolation are not suitable
to judge on model-fit (e.g., RMSEA), which is why we also accepted
models even if single fit measures were slightly beyond their respective
thresholds'®. Before analysis, we log,-transformed tree species richness
and checked the residuals of all included pathways. Whenever residuals
were not normally distributed, we transformed the variables using a
Lambert W transformation utilizing the LambertW package'® in R, which
allows dealing with heavy-tailed and skewed variable distributions and
was sufficient to normalize residuals. The code used for data analysis,
including variable transformations, is provided in Supplementary
Code 1. Including site as a random effect in our models, using the pie-
cewiseSEM package'® with linear mixed effect models from the Ime4
package'®, led to qualitatively similar results (Supplementary Fig. 10 and
Supplementary Tables 12, 13).

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

Data availability

The data underlying the analyses presented in this study are available
from figshare'” at https://doi.org/10.6084/m9.figshare.27925374. Source
data are provided in this paper.

Code availability
The code used for the analyses of this study is provided as a supple-
mentary file (Supplementary Code 1).
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