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Fungal diversity influences both plant diversity and ecosystem functioning,
but how fungi mediate the relationship between plant diversity and ecosystem
multifunctionality is not as well understood. To address this knowledge gap,
we manipulate plant species richness and soil fungal diversity (via fungicide
addition) in 190 experimental plant communities and measure ten ecosystem
functions to assess ecosystem multifunctionality. We find that reduced fungal
diversity (via fungicide addition) decreases ecosystem multifunctionality, but
only in plant communities with low species richness, indicating that soil fungal
diversity can buffer the effects of plant diversity loss on ecosystem multi-
functionality. Selection effects (i.e., superiority of dominant plant species) and
phylogenetic clustering of the fungal community (i.e., functional redundancy)
increase with plant species richness when fungicide is added, revealing
potential mechanisms through which species-rich plant communities can
mitigate the negative effects of reduced fungal diversity and maintain eco-
system multifunctionality. Our study emphasizes the importance of interac-
tions between plant and fungal diversity for ecosystem multifunctionality, and
highlights the need to conserve fungal diversity, especially in ecosystems with
low plant diversity that are threatened by global change.

The relationship between plant diversity and ecosystem functioning
has long been a focus of ecological research'™. Plant diversity affects
many ecosystem functions, such as primary productivity, nutrient
cycling, and water conservation. When combined, the multiple func-
tions are considered as ecosystem multifunctionality, which repre-
sents the capacity of a natural ecosystem to provide multiple
simultaneous ecosystem functions, including their synergies and
trade-offs>. Soil fungal diversity also contributes to ecosystem mul-
tifunctionality, supporting functions such as litter decomposition and

carbon cycling”®. Moreover, soil fungal diversity tends to be positively
related to plant diversity and promotes nutrient uptake and carbon
assimilation of host plants®, which in turn can mediate the relationship
between plant diversity and ecosystem multifunctionality'®". How-
ever, the increasing threat to fungal diversity posed by global
change'>" has raised concern about potential disruptions to the rela-
tionship between plant diversity and ecosystem multifunctionality
mediated by impacts on fungal diversity'*". Past studies have explored
the direct relationships between fungal diversity and ecosystem
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multifunctionality’®”, or plant diversity and single ecosystem

functions'", but how fungal diversity may mediate the plant diversity
and ecosystem multifunctionality relationship has received little
research attention.

Complementarity and selection effects are crucial mechanisms
that are frequently invoked to explain positive relationships between
diversity and ecosystem functioning®?. Complementarity effects
emerge when high diversity communities demonstrate increased eco-
system functioning via complementarity (breadth and partitioning) of
resource use, abiotic facilitation, and positive plant-fungal feedbacks®.
Selection effects occur when high diversity increases the likelihood that
a species associated with high ecosystem functioning will occur in the
community (i.e., positive selection effects)”**. Fungal diversity may
play a role in mediating these complementarity and selection effects.
For example, reduced fungal diversity could increase host plant
dependency on soil nutrient availability® and intensify interspecific
competition among plants® due to there being fewer available distinct
nutrient foraging strategies, thereby reducing complementarity
effects®. However, despite reduced fungal diversity, high abundances
of fungal taxa that directly affect plant growth (e.g., arbuscular
mycorrhizal fungi) could still allow for strong specialized plant-fungal
interactions, promoting complementarity effects and synergistic rela-
tionships among ecosystem functions”. Furthermore, reduced fungal
diversity can impact plant species performance or composition, such as
favoring species that do not strongly depend on fungal mutualists (i.e.,
non-mycorrhizal plant species), potentially altering selection effects®.

Relationships among individual ecosystem functions reflect
synergies and trade-offs among multiple ecosystem functions and can
also affect ecosystem multifunctionality®. Positive relationships might
lead to simultaneous increases or decreases in functioning for multiple
variables, whereas negative relationships might lead to compensatory
increases in other functions when any one function declines, thereby
maintaining the stability of multifunctionality. For example, commu-
nities with multiple positive relationships among ecosystem functions
typically have high ecosystem multifunctionality but low resilience to
species extinctions®. Both plant and fungal diversity may affect rela-
tionships among ecosystem functions. For example, plant diversity has
been shown to promote positive relationships among ecosystem
functions®, while fungal diversity might also promote positive rela-
tionships among ecosystem functions supported by fungal taxa, such
as litter decomposition and nutrient cycling®. However, studies to
date have primarily focused on these relationships in highly modified
ecosystems or on the individual effects of plant or fungal diversity,
while those that explore the effects of both plant and fungal diversity
on relationships among ecosystem functions in natural ecosystems
remain relatively scarce.

Reductions in fungal diversity not only change fungal community
composition, but also phylogenetic structure, with potential implica-
tions for ecosystem functioning and multifunctionality. For example,
strong phylogenetic clustering of fungi could indicate high functional
redundancy of the fungal community (assuming phylogenetic con-
servatism, where closely related fungal taxa support similar ecological
functions)®, which may in turn influence host plant growth® and
ecosystem functioning®. Functional redundancy may buffer against
the negative effects of disturbance on fungal functioning®, but could
also trade-off with a reduced ability of the fungal community to sup-
port a diverse set of ecosystem functions (i.e., complementarity)®.
Therefore, the role of fungal phylogenetic structure in mediating the
relationship between plant diversity and ecosystem multifunctionality
also remains unclear.

Here, we show that soil fungi mediate the relationship between
plant diversity and ecosystem multifunctionality by buffering against
the loss of plant diversity. We use a greenhouse experiment where
plant communities are grown along a gradient of species richness (1, 2,
4, 6, and 8 plant species) crossed with fungicide application in half of

the communities to reduce fungal diversity prior to planting (Sup-
plementary, Fig. S1). We assess ecosystem multifunctionality using
both average value and multiple thresholds methods, based on mea-
surements of primary productivity, floral abundance, crown inter-
ception of light, water and wind, water conservation, microbial
biomass, litter decomposition, soil enzyme activity, and carbon,
nitrogen, and phosphorus stocks. We use plant aboveground biomass
data to quantify changes in complementarity and selection effects,
mechanisms that underpin diversity-multifunctionality relationships.
For each community, we also assess fungal community diversity,
phylogenetic structure, and the relative abundance of fungal func-
tional groups as potential drivers of ecosystem multifunctionality. We
address the following research questions:

1. Does fungal diversity affect the relationship between plant
diversity and ecosystem multifunctionality? We hypothesize that
reduced fungal diversity (via fungicide addition) can decrease
ecosystem multifunctionality and weaken the positive relation-
ship between plant species richness and ecosystem multi-
functionality (corresponding to scenario 8 in Fig. 1).

2. Are the relationships among fungal diversity, plant diversity and
ecosystem multifunctionality mediated by changes in com-
plementarity and selection effects? We hypothesize that reduced
fungal diversity (via fungicide addition) can decrease com-
plementarity effects and increase selection effects, especially in
plant communities with high species richness.

3. Does fungal and plant diversity influence the relationships among
ecosystem functions, with consequences for ecosystem multi-
functionality? We hypothesize that reduced fungal diversity (via
fungicide addition) can weaken correlations among ecosystem
functions, decreasing ecosystem multifunctionality.

4. Do changes in the phylogenetic structure of the fungal commu-
nity mediate the relationship between plant diversity and eco-
system multifunctionality? We hypothesize that fungicide
addition may induce phylogenetic clustering of fungi through
selection for specific fungal taxa (e.g., those with fungicide resis-
tance), leading to functional redundancy and lower ecosystem
multifunctionality.

Results

Fungicide reduced soil fungal diversity but not fungal
abundance

The fungicide addition treatment significantly reduced soil fungal
diversity by 21% compared to the control treatment (df=1, F=6.90,
P=0.030) but did not affect fungal abundance (based on the ITS rRNA
copy number estimated from qPCR) (df=1, F=0.11, P=0.775, Sup-
plementary Fig. S2), allowing us to better assess how reduced fungal
diversity mediates the relationship between plant species richness and
ecosystem multifunctionality. The fungicide addition treatment
reduced plant diversity at harvest relative to the control treatment,
with this effect stronger in communities with higher sown plant spe-
cies richness (plant richness x fungicide addition treatment: df=1, f=-
0.15, P<0.001, Supplementary Fig. S3). The fungicide addition treat-
ment also affected plant community composition at harvest, with
impacts again strongest in communities with the highest sown plant
species richness (Supplementary Fig. S4). Specifically, in communities
with eight plant species, fungicide addition reduced the relative
abundance of Fabaceae by 99% and Compositae by 78% compared to
the control treatment but increased the relative abundance of Gra-
mineae and Chenopodiaceae by 164% and 69%, respectively (all
P <0.023, Supplementary Fig. S4).

Fungicide influenced the positive relationship between plant
species richness and ecosystem multifunctionality

The positive relationship between plant species richness and ecosys-
tem multifunctionality was more pronounced in communities where
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Fig. 1| Hypothesized relationships among plant species richness, fungal
diversity, and ecosystem multifunctionality. a Green arrows represent the
effects of plant species richness on fungal diversity and ecosystem multi-
functionality. Brown arrows represent the effects of fungal diversity on plant spe-
cies richness, ecosystem multifunctionality and the relationship between plant
species richness and ecosystem multifunctionality. b The full set of possible linear
changes in the relationship between plant species richness and ecosystem multi-
functionality with fungicide addition (i.e., reduced fungal diversity), corresponding
to the scenarios presented in panel (c). The yellow line represents the hypothesized
relationship between plant species richness and ecosystem multifunctionality
without any change in fungal diversity (i.e., control communities). The blue, red and
brown lines represent how fungicide addition could increase, decrease or have no

Plant richness

effect on ecosystem multifunctionality, respectively (represented by straight
arrows oriented up and down). Curved arrows represent how changes in fungal
diversity could also enhance or inhibit the strength of the relationship between
plant species richness and ecosystem multifunctionality. ¢ The range of potential
impacts of fungicide addition on ecosystem multifunctionality and the relationship
between plant species richness and ecosystem multifunctionality, corresponding
to panel (b). Upward arrows represent an increase, downward arrows represent a
decrease, and crosses represent no change. Specifically, we hypothesized that
reduced fungal diversity (i.e., via the fungicide addition treatment) will decrease
ecosystem multifunctionality and weaken the relationship between plant species
richness and ecosystem multifunctionality, corresponding to scenario 8.

fungal diversity had been reduced through fungicide addition (plant
species richness x fungicide addition treatment: df=1, f=0.009,
P=0.02, Fig. 2). Specifically, ecosystem multifunctionality was posi-
tively related to plant species richness in communities that received
fungicide addition (R°=0.13, F=15.93, P<0.001), whereas no rela-
tionship was present in control communities (R*<0.01, F=1.01,
P=0.317, Fig. 2). Moreover, in communities with only one or two plant
species, fungicide addition reduced ecosystem multifunctionality by
10% (df=42, t=-2.79, P=0.029) and 11% (df=22, t=-2.70, P=0.029,
Fig. 2), respectively, compared to control communities. However, no
differences were observed in communities with higher plant species
richness (all P>0.26). Considering the multiple thresholds method,
Diversity-Maximized Multifunctionality (Mg, the number of func-
tions achieving T4 at the highest level of diversity) was higher in the
fungicide addition treatment than in the control treatment, indicating
stronger diversity-multifunctionality relationships (Supplementary
Fig. S5). This result was consistent with the average value method
(Fig. 2) and supported that the positive relationship between plant
species richness and ecosystem multifunctionality was stronger in
communities that received fungicide addition compared to control
communities. Similar relationships were observed for some individual
ecosystem functions, such as the positive relationships of phosphorus
stocks and crown interception with plant species richness in commu-
nities that received fungicide addition (R’= 0.16, F=5.56, P= 0.032 and
R’=0.33, F=12.88, P=0.001, respectively; full results for all individual
ecosystem functions are presented in Supplementary Fig. S6 and
Supplementary Table S3).

Fungicide promoted the diversity-ecosystem multifunctionality
relationship through increased selection effects

The relationship between plant species richness and selection
effects depended on the fungicide addition treatment (plant rich-
ness x fungicide addition treatment: df=1, f=-19.31, P<0.001,
Fig. 3b). Specifically, selection effects were positively related to
plant species richness in communities that received fungicide
addition (R?=0.30, F=50.17, P<0.001, Fig. 4b), whereas no such
relationship was observed in control communities (R?*<0.01,
F=0.46, P=0.617). The strength of the relationship between eco-
system multifunctionality and selection effects also depended on
the fungicide addition treatment (df=1, £<0.001, P=0.002,
Fig. 3d). Ecosystem multifunctionality was positively related to
selection effects in communities that received fungicide addition
(R*=0.43, F=50.17, P<0.001, Fig. 3f) but not in control commu-
nities (R°<0.01, F=0.46, P=0.500). We also found that com-
plementarity effects were 177% higher in control communities than
those that received fungicide addition (df=1, F=8.30, P=0.005,
Fig. 3a), and that they were not related to plant species richness,
regardless of the fungicide addition treatment (both R?><0.01,
P> 0.81). The strength of the relationship between complementarity
effects and ecosystem multifunctionality also depended on the
fungicide addition treatment (df=1, f<0.001, P<0.001, Fig. 3c),
although ecosystem multifunctionality was positively related to
complementarity effects in both fungicide addition (R°=0.24,
F=20.92, P<0.001) and control treatment communities (R?=0.06,
F=1.26, P=0.041).
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Fig. 2 | Mean (+ 1 SE) ecosystem multifunctionality (calculated by average value
method) in fungicide addition and control treatment plant communities along
a gradient of plant species richness. Orange triangles and blue circles represent
control and fungicide addition treatment plant communities, respectively. A series
of two-sided t-tests with False Discovery Rate correction were used to test whether
ecosystem multifunctionality differed between fungicide addition and control
treatment plant communities at each level of plant species richness (n =32, 16, 24,
16, and 4 in control plant communities with 1, 2, 4, 6, and 8 species, respectively;
and n=32,16, 24, 16, and 10 in fungicide addition plant communities with 1, 2, 4, 6,
and 8 species, respectively). *0.01< P < 0.05, none = P> 0.05. Solid and dashed lines
represent significant (P < 0.05) and non-significant relationships based on linear
mixed models (n =92 in control plant communities and n = 98 in fungicide addition
plant communities), respectively. Source data are provided as a Source Data file.

Fungicide altered associations among ecosystem functions
When fungal diversity was high (i.e., in control communities), we
observed fewer significant pairwise correlations among ecosystem
functions than in fungicide addition treatment communities, indicat-
ing that soil fungi may mediate interdependence of ecosystem func-
tions (Fig. 4a, b). Similarly, the influence of plant species richness on
ecosystem functioning composition (based on a principal component
analysis) depended on the fungicide treatment (plant species rich-
ness x fungicide addition treatment: df=1, §=1.89, P=0.017, Fig. 4c).
PC1 (interpreted as synergy among ecosystem functions) was posi-
tively related to plant species richness in fungicide addition commu-
nities (R*=0.14, F=15.93, P<0.001, Fig. 4f) and no relationship was
observed in control communities (R*<0.01, F=1.01, P=0.317). Eco-
system multifunctionality had a strong positive relationship with PC1
in both fungicide addition (R*=0.61, F=152.40, P< 0.001, Fig. 4g) and
control communities (R? = 0.25, F=30.77, P<0.001).

Fungicide maintained positive effects of plant species richness
on soil fungal diversity and phylogenetic clustering
Both Shannon diversity and the nearest-taxon-index (NTI; high NTI
represents strong phylogenetic clustering) of soil fungal communities
at harvest were positively related to plant species richness, but only in
communities that received fungicide addition (R°=0.03, F=4.27,
P=0.041, Supplementary Fig. S7b, and R°=0.05, F=5.71, P=0.019,
Fig. 5a, respectively). This result can be visualized by observing the
phylogenetic clustering of treatment effects on fungal operational
taxonomic units (OTUs; rings 3-5 in Supplementary Fig. S8a). More-
over, ecosystem multifunctionality was positively related to both
Shannon diversity (R?=0.04, F=4.79, P=0.031, Supplementary
Fig. S7b) and NTI of soil fungi (where high NTI represents strong
phylogenetic clustering, RZ=0.05, F=7.71, P=0.019, Fig. 5b).

Plant species richness and the fungicide addition treatment also
influenced the relative abundance of fungal functional groups, orders

and OTUs. In control treatment communities, the relative abundance
of arbuscular mycorrhizal (AM) fungi was negatively related to plant
species richness but no such relationship was observed in the fungi-
cide addition treatment (plant species richness x fungicide addition
treatment: $=0.001, P=0.032, Fig. 6a). This was likely because fun-
gicide addition reduced the relative abundance of AM fungi by 92-97%
across all levels of plant species richness (all P< 0.05, Fig. 6b). We also
found that the relative abundance of saprophytic fungi was 89% lower
in communities that received fungicide addition than in control
communities (df=91, t=2.34, P=0.022, Fig. 5d). The random forest
analysis identified several fungal orders that may influence ecosystem
multifunctionality (Supplementary Fig. S9) and which were affected by
the fungicide addition and plant species richness treatments (Sup-
plementary Fig. S10). Specifically, fungicide addition reduced the
relative abundance of Zoopagales and Eurotiales, but plant species
richness had positive relationships with relative abundance Micro-
ascales. Fungicide addition alleviated the negative effects of plant
species richness on the relative abundance of Magnaporthales and
Filobasidiales (all P<0.047, Supplementary Fig. S10), which might
involve in the degradation of organic matter.

Discussion

In our experiment, fungicide addition (i.e., reduced fungal diversity)
reduced ecosystem multifunctionality by 6%, but strengthened the
positive relationship between plant species richness and ecosystem
multifunctionality (Fig. 2a). This finding indicates that soil fungi sup-
port the maintenance of ecosystem multifunctionality in low diversity
plant communities and the relationship between plant diversity and
ecosystem multifunctionality. Fungicide addition also enhanced
selection effects, especially in plant communities with high species
richness (Fig. 3), which was potentially driven by dominance of non-
mycorrhizal Suaeda plant species (i.e., Chenopodiaceae, average
relative abundance of 34% across all treatments). Selection effects
were positively related to ecosystem multifunctionality in the fungi-
cide addition treatment (Fig. 3), indicating that high plant diversity can
buffer against the loss of fungal diversity through the disproportionate
contribution of high-functioning plant species. Fungicide addition
promoted correlations among ecosystem functions, which had posi-
tive impacts on ecosystem multifunctionality (Fig. 4). Furthermore,
fungicide addition (i.e., reduced fungal diversity) promoted a positive
relationship between plant species richness and phylogenetic clus-
tering, potentially contributing to higher ecosystem multifunctionality
through more specialized plant-fungal interactions.

In contrast to our first hypothesis (scenario 8 in Fig. 1), we found
that fungicide addition (i.e., reduced fungal diversity) strengthened
the positive relationship between plant diversity and ecosystem mul-
tifunctionality, and this effect might be due to the strong negative
effects of fungicide on ecosystem multifunctionality that were only
observed in communities with low plant species richness (i.e., one or
two plant species) (Fig. 2). This result corresponds to scenario 6 in
Fig. 1. We posit that reduced fungal diversity directly affects ecosystem
multifunctionality, such as through altered nitrogen stocks or litter
decomposition rate, and that low diversity plant communities are less
able to counteract this effect through the selection effects that occur
in high diversity plant communites’. Taken together, we found that
although plant communities with high sown species richness had
similar ecosystem multifunctionality regardless of whether they were
treated with fungicide vs. the control, they achieved this via different
mechanisms (i.e., selection effects vs. fungal diversity, respectively).
These key results demonstrate how both plant and fungal diversity
contribute to ecosystem multifunctionality, highlighting the impor-
tance of maintaining biodiversity across a range of taxa and trophic
levels®, especially in low diversity plant communities such as coastal
wetlands with high soil salinity®® and agricultural fields under long-
term cultivation®.
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treatment plant communities across all levels of plant species richness by a One-
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communities). *P=0.005. ¢, d Relationships between complementarity and selec-
tion effects with mean (1 SE) ecosystem multifunctionality (average value
method) of plant communities. Orange triangles and blue circles represent control
and fungicide addition treatment plant communities, respectively. Solid and
dashed lines represent significant (P < 0.05) and non-significant relationships based
on linear mixed models (n =92 in control plant communities and n = 98 in fungicide
addition plant communities), respectively. Source data are provided as a Source
Data file.

Importantly, we found that fungicide application reduced fungal
diversity but not abundance, meaning that our findings can be attrib-
uted to changes in soil fungal diversity and not abundance. Although
the effect of fungicide on fungal diversity was modest (i.e., a 21%
reduction in fungal diversity; no reduction in fungal evenness, Sup-
plementary Fig. S11), this still led to substantial impacts on ecosystem
multifunctionality, further emphasizing the importance of fungal
diversity. The unchanged fungal abundance could be explained by the
1-month period between carbendazim treatment and soil sample col-
lection (which coincided with seed sowing), during which time fungal
abundance could have recovered to pre-treatment levels without a
concomitant recovery of fungal diversity. For example, the fungal
necromass resulting from the fungicide treatment may have provided
novel resources for saprophytic fungi such as Mortierella®, which
increased in relative abundance with the fungicide addition treatment.
Overall, we believe that the effect of fungicide on fungal diversity but
not abundance further strengthens our conclusions regarding the
roles of plant and fungal diversity in the maintenance of ecosystem
multifunctionality.

In partial support of our second hypothesis, we found that fun-
gicide addition (i.e., reduced fungal diversity) amplified the positive
effects of plant species richness on selection effects (Fig. 4c), which
were strong enough to overcome the reduced complementarity
effects associated with reduced fungal diversity (Fig. 4b). One possible
explanation for this result could be that fungicide addition reduced the

relative abundance of arbuscular mycorrhizal fungi, favoring non-
arbuscular mycorrhizal plant species, which were more likely to be
present in plant communities with high species richness. This expla-
nation is consistent with our results showing that the relative abun-
dance of Chenopodiaceae (Suaeda glauca and S. salsa) increased with
reduced fungal diversity, and that this effect was stronger in commu-
nities with high plant species richness (Supplementary Fig. S4). Suaeda
spp. were the dominant species in our experimental plant commu-
nities, and the drivers of selection effects*’. Suaeda spp. are non-
mycorrhizal plants*, and this may help explain their increased dom-
inance and the strong selection effects observed with fungicide addi-
tion, which also reduced the relative abundance of AM fungi
(Supplementary Fig. S12). Our findings further reflect the dominance
of Suaeda spp. in coastal wetlands of the Yellow River Delta*’, where
they support high primary productivity and nutrient cycling rates,
among other ecosystem functions*’. Our findings are consistent with
other studies showing that dominant species play an important role in
maintaining multiple ecosystem functions, and that these dominant
species might contribute disproportionately to ecosystem multi-
functionality through selection effects****. Therefore, reduced fungal
diversity may promote dominant species and selection effects, espe-
cially at higher levels of sown plant species richness, offering a
potential mechanism explaining why the positive relationship between
plant species richness and ecosystem multifunctionality was more
pronounced with reduced fungal diversity.
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Fig. 4 | Synergies and trade-offs among ecosystem functions. a, b Pairwise
correlations between ecosystem functions in plant communities without (a) and
with (b) fungicide addition. Significant pairwise Pearson’s correlation coefficients
are shown, with the color gradient (darker red = stronger positive correlation,
darker blue = stronger negative correlation) and square size (larger = stronger
correlation) representing the correlation coefficient direction and magnitude
(n=92 in control communities and n =98 in fungicide addition communities).
*0.01<P<0.05; *0.001<P<0.01; **P< 0.00L. ¢ Principal component analysis
(PCA) of ecosystem functions (n =190). Different symbol types represent the plant
species richness of communities and symbol color represents the control (orange)
and fungicide addition (blue) treatment plant communities. Points closer together
in the plot represent communities with more similar ecosystem function

composition and points and error bars represent the mean + 1 SE for each treat-
ment, respectively. The arrow length represents the relative importance of each
ecosystem function to the principal components. d, e Relationships between PCA
axis values and complementarity effect or selection effect. f, g Relationships
between PC1 axis values and plant species richness or ecosystem multifunctionality
(average value method). Orange triangles represent control treatment plant com-
munities and blue circles represent fungicide addition treatment plant commu-
nities. Solid and dashed lines represent significant (P < 0.05) and non-significant
relationships based on linear mixed models (n =92 in control plant communities
and n =98 in fungicide addition plant communities), respectively. Source data are
provided as a Source Data file.

In contrast to our third hypothesis, the fungicide addition treat-
ment promoted synergy among ecosystem functions (i.e., stronger
positive and negative relationships), which resulted in an overall
positive relationship with ecosystem multifunctionality (Fig. 4a, b, c,
g). Furthermore, the PCA divided individual ecosystem functions into
two groups, one related to plant traits such as productivity and crown
interception, and the other to fungal-mediated functions such as litter
decomposition and microbial biomass. These two groups exhibited a
trade-off relationship, whereby the decline in one could be

compensated by the other. This was consistent with the result that
high plant diversity can offset reductions in ecosystem multi-
functionality resulting from decreased fungal diversity (Fig. 2).

In partial support of our fourth hypothesis, we found that reduced
fungal diversity slightly strengthened the positive relationship
between plant species richness and phylogenetic clustering of the
fungal community (i.e., NTI), but that this was in turn positively related
to ecosystem multifunctionality (Fig. 5). Although fungicide decreased
fungal richness and diversity (Supplementary Fig. S7), plant species
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Fig. 6 | Effects of plant species richness and the fungicide addition treatment
on the relative abundance of fungal functional groups. The mean (+1 SE) relative
abundance of (a) arbuscular mycorrhizal, (b) plant pathogenic and (c) wood

saprophytic fungi in communities along a gradient of plant species richness, with
and without fungicide addition. Inset text presents estimated effect sizes and sta-
tistical significance of the individual and interactive effects of fungicide and plant
species richness on the relative abundance of fungal functional groups, based on
linear mixed models (n =190). Orange triangles and blue circles represent control
and fungicide addition treatment plant communities, respectively. A series of two-

Plant species richness

side t-tests with False Discovery Rate correction were used to test whether relative
abundance of fungal functional groups differed between fungicide and control
treatments at each level of plant species richness (n=32,16, 24,16, and 4 in control
plant communities with 1, 2, 4, 6, and 8 species, respectively; and n =32, 16, 24, 16,
and 10 in fungicide addition plant communities with 1, 2, 4, 6, and 8 species,
respectively). **P < 0.001; *0.05 < P< 0.001; *P < 0.05; none P> 0.05. F fungicide
treatment; P plant species richness; F x P interactions between fungicide treatment
and plant species richness. Source data are provided as a Source Data file.

richness was positively related to phylogenetic clustering of the fungal
community in the fungicide addition treatment, suggesting that plant
species richness can act as a biotic filter on the fungal niche*‘. Recent
studies found higher phylogenetic clustering might indicate fungal
functional redundancy and therefore resilience to disturbance, such as
warming, drought and nitrogen deposition*>*’. Furthermore,
increased plant species richness alleviated the negative impacts of
fungicide on the relative abundance of some fungal taxa, such as
Magnaporthales and Filobasidiales, which were identified as fungal
orders that contributed strongly to ecosystem multifunctionality
(Supplementary Fig. S10). Magnaporthales and Filobasidiales mainly
include saprophytic fungi, which can promote litter decomposition
and carbon cycling'®. Both orders also include pathogenic fungi of

gramineous plants*>*®°, potentially promoting selection effects

associated with the dominant plant species by reducing the relative
abundance of their competitors®’.

Although many experiments have used fungicide to explore
interactions between plant and fungal diversity”, the potential for
direct influence of fungicide on ecosystem functioning should be
considered. For example, fungicide may represent an additional car-
bon input that could directly affect ecosystem functioning. However,
we found that carbon stocks were not affected by fungicide addition
(Supplementary Fig. Séh), indicating that any impacts of fungicide
were likely due to changes in fungal communities rather than altered
carbon input. We also note that other biotic interactions, such as plant-
bacterial and fungal-bacterial interactions, are likely to influence the
relationship between plant diversity and ecosystem multifunctionality,
and should be incorporate into future studies. Finally, the mean
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temperature (30 °C) in our greenhouse experiment was higher than
generally encountered in the field, which could affect fungal diversity
and composition'*. However, all treatments were conducted in a con-
sistent environment, meaning that temperature was not confounded
with treatment effects. Despite this, the artificially controlled condi-
tions of a greenhouse might limit our ability to extrapolate our results
to the field. Different fungicides could also affect the outcome of the
experiment through selective effects on fungal taxa® (e.g., stronger
impacts on arbuscular mycorrhizal and saprophytic fungi than plant
pathogens, Fig. 6a-c). Thus, future research may aim to investigate how
our findings generalize along abiotic gradients and other biotic inter-
actions in controlled and field conditions.

We showed that the positive relationship between plant species
richness and ecosystem multifunctionality was more pronounced in
communities where fungal diversity had been reduced. Our findings
demonstrate that soil fungi influence the relationship between plant
diversity and ecosystem multifunctionality and buffer the effects of
plant diversity loss on ecosystem multifunctionality. Selection effects
(i.e., superiority of dominant species) increased with plant species
richness when fungicide was added, indicating that species-rich plant
communities can mitigate the negative effects of reduced fungal
diversity to maintain ecosystem multifunctionality. Moreover, reduced
fungal diversity promoted a positive relationship between plant spe-
cies richness and phylogenetic clustering of fungal communities,
which showed the importance of fungal functional redundancy in the
maintenance of ecosystem multifunctionality and plant-fungal inter-
actions. Ongoing global change poses a significant threat to both plant
and fungal diversity, affecting ecosystem functions across a range of
ecosystems>*. Our results demonstrate that both plant and fungal
diversity are key to the maintenance of ecosystem multifunctionality,
and that ecosystem multifunctionality is especially sensitive to chan-
ges in fungal diversity in low diversity plant communities that lack the
ability to compensate through strong section effects. A diverse fungal
community can help to buffer the negative impacts of plant diversity
loss on ecosystem multifunctionality, while plant diversity can in turn
mitigate the negative impacts of fungal diversity loss by promoting
phylogenetic clustering and functional redundancy of the fungal
community. Our study highlights the urgent need for conservation
efforts to safeguard both plant and fungal diversity, which are crucial
to the maintenance of multifunctionality in the face of global envir-
onmental change, especially in fast processing ecosystems with low
plant diversity.

Methods

Location and study species

The experiment was conducted in a greenhouse at Baimiao Experi-
mental Station, Shandong University, China (36°23’10” N, 120°36’44”
E). We chose two plant species from each of four families of plants that
commonly co-occur with high species richness, abundance, and broad
distributions in wetlands of the Yellow River Delta*’. The four families
were Gramineae (Eleusine indica (L.) Gaertn and Setaria viridis (L.)
Beauv.); Chenopodiaceae (Suaeda glauca Bunge and Suaeda salsa
(Linnaeus) Pallas); Asteraceae (Crepis bonii Gagnepain and Xanthium
strumarium L.); and Fabaceae (Glycine soja Sieb. et Zucc. and Melilotus
officinalis (L.) Pall.). These species were selected to represent different
functional groups™ (i.e., grasses, non-mycorrhizal, herbs, and legumes,
respectively) and we used two plant species within each family to
reduce the potential for confounding effects of differences in phylo-
genetic distance with differences in species richness. For example,
plant communities with two or more species always contained plant
pairs from within the same family (Supplementary Fig. S1) so that any
changes in ecosystem multifunctionality could be more closely asso-
ciated with increased plant species richness rather than phylogenetic
diversity. The seeds of each plant species were collected from the
Yellow River Delta Field Experiment Station (37°51'9” N, 118°48’53”E) in

October 2020 and stored in a -4 °C seed storage cabinet until the
experiment began.

Experimental design

Plant communities were grown in planting boxes (52 cm long x 35 cm
wide x 30 cm high) that contained a soil mixture comprising 18.5 kg of
field soil from Shandong University Garden and 13.5 kg of peat growing
medium (Pindstrup, Denmark). Coarse litter and stones were removed
from the field soil with a 5mm sieve. Before planting, seeds were
surface sterilized with 3% hydrogen peroxide solution for 5min (to
reduce the influence of non-soil microbes) and then soaked in ster-
ilized water for 20 min. Seeds were planted at a depth of 2.5mm in
March 2021. Based on germination rates that were measured before
starting the experiment (following seed germination experiment),
each plant community was sown at a rate calculated to produce ~1000
total sprouting seedlings, evenly distributed across the species in the
community. The planted seed mass and estimated abundance of each
plant species per plant community are presented in Supplemen-
tary Data 1.

About the seed germination experiment, based on the weight
and size of their seeds, the eight plant species were divided into three
seed types: small (Eleusine indica, Crepis bonii, Suaeda salsa, Setaria
viridis), medium (Suaeda glauca, Melilotus officinalis, Glycine soja)
and large (Xanthium strumarium). We sowed 1g of seeds of each
small seed type species, 5g of seeds of each medium seed type
species, and 25g of seeds of large seed type species in individual
planting boxes (52cm longx35cm wide x30 cm high) that con-
tained a soil mixture comprising 18.5 kg of field soil from Shandong
University Garden and 13.5 kg of peat growing medium (Pindstrup,
Denmark). Coarse litter and stones were first removed from the field
soil with a 5 mm sieve. Planting boxes were placed in the greenhouse
and watered every 2 days. After 2 weeks, seedlings in each planting
box were counted and the number of germinated seedlings per 1g of
seed was calculated for each species. This value was used to deter-
mine the mass of seeds sown and the estimated number of germi-
nated seedlings expected in each plant community for the main
experiment (Supplementary data 1).

The experimental communities were planted with five levels of
plant species richness (1, 2, 4, 6, 8), such that there were eight different
communities with plant species richness of one (i.e., one community
per plant species), four different communities with plant species
richness of two and six species, six different communities with plant
species richness of four, and one community containing all eight plant
species (Supplementary data land Supplementary Fig. S1). Each of
these 23 different plant communities was replicated eight times and
we randomly selected the different plant functional groups to be sown
in communities with four or more plant species (but always keeping
plant species from each functional group together as descri-
bed above).

To investigate the impact of reduced soil fungal diversity on
ecosystem multifunctionality, we mixed the broad-spectrum fungicide
carbendazim with the soil of half the planting boxes 1 month before
planting (i.e., four of the eight replicates of each plant community), ata
0.4% mass ratio. As a broad-spectrum fungicide, carbendazim strongly
inhibits many fungal taxa by inhibiting cell division through the pre-
vention of mitotic spindle formation during karyokinesis®. Before
sowing seeds, we used high-throughput sequencing of soil samples to
confirm that the carbendazim treatment had reduced soil fungal
diversity but not abundance (Supplementary Fig. S2).

Plant communities were watered every day and soil moisture
content maintained at ~75% saturated field capacity using a soil
moisture sensor (Item-6466, Spectrum, Aurora, CO, United States).
Any seedlings of plants that did not belong to the sown community
were removed by hand. The daily mean temperature was 30 °C (10%
more than field environment) and air humidity maintained at ~85% by
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ventilating fan throughout the experimental period. In previous
research, we had observed that heterogeneous fungicide concentra-
tion (due to varying soil aggregate sizes) could inflict localized plant
mortality, and that high diversity plant communities were especially at
risk of local extinction and therefore lower plant species richness,
because the lower relative abundance of each plant species increased
the risk of random mortality. To mitigate this potential for random
species loss in the eight species plant community, we planted six extra
replicates of the fungicide addition treatment, thoroughly mixed the
soil and fungicide, and waited 1 month before sowing seed. However,
we observed no local extinction of plant species due to fungicide in the
experiment and retained these six replicates in the statistical analysis
to include all the available data. In total there were 190 plant com-
munities (23 plant communities nested within 5 levels of species
richness x 2 fungicide addition treatments x 4 replicates + 6 extra plant
communities) (Supplementary Fig. S1).

Measurement of ecosystem multifunctionality

To assess ecosystem multifunctionality, we measured ten ecosystem
functions: primary productivity, floral abundance, crown interception
of light, water and wind, water conservation, microbial biomass, litter
decomposition, soil enzyme activity, carbon stocks, nitrogen stocks,
and phosphorus stocks. These variables reflect multiple types of eco-
system functions, including nutrient cycling, climate regulation, and
soil properties and fertility, and are related to the concepts of “sup-
porting” and “regulating” ecosystem services*®. Detailed protocols for
the measurement of each ecosystem function are described in the next
section.

To minimize the influence of non-random selection of ecosystem
functions, we used both the average value (Eq. 1) and multiple
thresholds methods (Eq. 2) to quantify ecosystem multifunctionality
via the multifunc package®. First, the average value method is simply
the average value of standardized ecosystem functioning®® (Supple-
mentary Table S1):

F
Ecosystem multifunctionality = % Z gr(f)) 1)
i=1

fiis the measurement of a single ecosystem function i; r is a mathe-
matical function that transforms fi to be positive; g is the mathema-
tical function to transform ecosystem function i to [0,1] by the min-
max normalization method*’; and F is the total number of ecosystem
functions that were measured. High values of our ecosystem multi-
functionality measure could be considered to represent productive
and ‘fast’ systems, although we acknowledge that this may not always
be a desirable outcome for many ecosystems®. However, our
experimental system was based on the Yellow River Delta coastal
wetlands, where high values of ‘fast’ ecosystem multifunctionality
reflect the natural state of high productivity and rapid biomass and
nutrients cycling rates®>',

While the average value method offers a straightforward and
interpretable metric for assessing ecosystem multifunctionality, it fails
to account for potential trade-offs among these functions and assumes
interchangeability of functionalities. To overcome these limitations,
we also quantified multifunctionality using the multiple thresholds
method. The multiple thresholds method captures the number of
functions that simultaneously exceed different thresholds of the
maximum observed value of each function and evaluates whether
more (or fewer) functions are performing simultaneously at high (or
low) levels, providing a more nuanced and comprehensive under-
standing of ecosystem multifunctionality®.

F
Ecosystem multifunctionality = Z (rihi>t;) )
i=1

In other words, ecosystem multifunctionality using the multiple
thresholds method was the number of ecosystem functions with
standardized values greater than a given threshold (¢;). This approach
involved testing the effect of plant species richness on ecosystem
multifunctionality across the full range of ecosystem multi-
functionality thresholds between 1% and 99% (Supplementary Fig. S5),
providing the following indices: T, (the lowest threshold where
diversity-multifunctionality relationships become significant), Tqx
(the highest threshold where diversity-multifunctionality relationships
become significant) and T4 (the threshold where the diversity-
multifunctionality relationship is strongest). At the same time, M,,;,,
Mpao and M, indicate the number of functions (i.e., multiple
threshold multifunctionality) at the respective thresholds of T, Tinax
and T4, respectively. Thus, it can be inferred that biodiversity exhi-
bits a strong positive association with multifunctionality if 7,,;, is low
and the other five indices are high, and vice versa®. We found similar
relationships between plant diversity and ecosystem multi-
functionality using both the average value and multiple thresholds
methods, and hence we present results from only the average value
method in the main text to aid interpretability®.

Measurement of single ecosystem function
We measured ten single ecosystem functions, including primary pro-
ductivity, floral abundance, crown interception, water conservation,
microbial biomass, litter decomposition, soil enzyme activity, carbon
stocks, nitrogen stocks and phosphorus stocks.

(1) Primary productivity. Aboveground biomass of communities
was harvested in November 2021, after 6 months of growth, and
considered as primary productivity. All plants were cut along the
soil surface and sorted according to species. Plant tissues were
dried at 80 °C for 48 h before being weighed.

(2) Floral abundance. Floral abundance is important to visiting
insects, plant reproduction, maintenance of biodiversity, and
intrinsic esthetic value®®. The total number of plants that had
flowered was counted at harvest to represent the floral abun-
dance of each community®®.

(3) Crown interception. Crown interception represents the cap-
ability of a plant community to influence the microenvironment
and allocation of resources®’. The capability of the plant com-
munity to intercept wind, rain and light was used to assess the
response of crown interception to reduced fungal diversity. To
measure wind interception, we used a 30 cm diameter fan to
blow air across the plant community at 4.2ms?, from 25cm
away and 50 cm above the ground. We then measured wind
speed with an anemometer at 50 cm above the ground on the
other side of the plant community. The proportional reduction
in wind speed from 4.2 ms” was used as a measure of crown
wind interception. To measure crown rain interception, we used
a water sprayer to spray water evenly onto each plant commu-
nity for 5 min from a height of 2 m above the ground. A 100 mL
beaker was placed in the middle of the plant community to
collect water during the spray period. The proportional reduc-
tion in the volume of water in the beaker compared with a
control (i.e., the same spray treatment but with no plants; n=6)
was used as a measure of crown rain interception. Finally, to
measure light interception, we measured the light level at 25 cm
above the soil surface in the middle of the plant community
using an illuminometer (TES-1339R, TES Electrical Electronic
Corp.). The proportional reduction in light compared with the
no plants control was used as a measure of crown light
interception.

(4) Water conservation. To assess water conservation, we measured
changes in soil moisture content. Before measuring water con-
servation, we ceased watering the plant communities for 3 days
and then provided sufficient water until soil moisture content
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was at 50% of saturated field capability (measured using a soil
moisture meter, Item-6466, Spectrum, Aurora, CO, United
States). Each plant community was then provided with 1L of
water and soil moisture content was measured again after
30 min. The proportional increase in soil moisture content
compared with the no plants control was used as a measure of
water conservation.

(5) Microbial biomass. Microbial biomass was used to represent the
overall response of soil microbes to our experimental
treatments®®. To measure microbial biomass and other soil
characteristics described below (i.e., carbon cycling, nitrogen
cycling, phosphorus cycling and soil enzyme activity), we col-
lected 400 g of fresh soil from each community using the five-
point sampling method (five 80 g samples collected from points
in a quincunx [i.e., at the community center and halfway towards
each of the four corners] and then pooled together for analysis).
Of this soil, 200 g was stored in a -80 °C refrigerator and the
other 200 g was placed on plastic sheets in a cool, ventilated
room to air dry. Microbial biomass was quantified using 10 g of
fresh soil following the arginine ammonification method®’.

(6) Litter decomposition. Leaf and wood decomposition rates were
used to assess litter decomposition. We used standardized lit-
ters that were not closely related to the experimental plant
species to assess decomposition of both foliar and woody plant
material, providing a more comprehensive assessment of eco-
system functioning’. To measure these ecosystem functions,
we buried nylon mesh bags (15cm x 10 cm, mesh aperture of
1mm) containing 5g of green tea leaves (Camellia sinensis
(Linnaeus) Kuntze) or 10 g of bamboo chips (Phyllostachys edulis
(Carriere) J. Houzeau) into the soil at a depth of 5cm before
seeds were sown. The green tea leaves and bamboo chips were
dried at 80 °C for 48 h and weighed before burial. At harvest, soil
was washed off the litter surface with water, and the litter was
again dried at 80 °C for 48 h and weighed. The proportional
reduction in dried litter mass was used to represent the litter
decomposition rate of the plant community.

(7) Soil enzyme activity. N-acetyl-B-D-glucosaminidase (NAG), -
glucosidase, and phosphomonoesterase are three soil enzymes
involved in nitrogen, carbon, and phosphorus cycling, and
therefore are important for ecosystem functioning”. To assess
N-acetyl-B-D-glucosaminidase activity, we measured the ability
of 1g of fresh soil to hydrolyze N-acetyl-B-D-glucosamine, fol-
lowing Parham and Deng’> To assess B-glucosidase activity, we
measured the ability of 1g of fresh soil to hydrolyze para-
nitrophenyl-B-D-glucopyranoside, following Turner, Hopkins”.
Finally, to assess phosphomonoesterase activity, we measured
the ability of 1g of fresh soil to hydrolyze [B-nitrophenyl
phosphate, following Lazcano, Gomez-Brandon’*.

(8) Carbon stocks. Soil organic carbon content was used to repre-
sent carbon stocks. We used 5 g of air-dried soil to measure soil
organic carbon content with the potassium dichromate oxida-
tion spectrophotometric method”.

(9) Nitrogen stocks. Soil total nitrogen, nitrate, and ammonium

content were used to represent nitrogen stocks. We used 1g of

air-dried soil to measure total nitrogen content with the Kjeldahl
method’. To measure nitrate and ammonium concentrations,
we first added 5 g of fresh soil to 2 mol L* KCI solution following

a 1:5v/vratio, and the solution was centrifugated at 8000 g. The

supernatant was used to determine nitrate and ammonium

concentration using hydrazine sulfate reduction” and Nessler’s
reagent colorimetric method’®, respectively.

Phosphorus stocks. Soil total phosphorus content was used to

represent phosphorus stocks. We used 1g of air-dried soil to

measure total phosphorous content with the molybdenum
antimony colorimetric method”.

10)

Measurement of complementarity and selection effects
Complementarity effects occur when, due to resource partitioning and
positive interactions, the net yield (i.e., biomass) in multispecies plant
communities is on average higher than predicted based on the
weighted average of the component species in monoculture commu-
nities. Selection effects occur when species with higher-than-average
yields in monoculture dominate the biomass of multispecies plant
communities and is measured by the covariance between the yield of
species in monoculture communities and their change in relative yield
in the mixture communities. We followed the method described by
Loreau and Hector”

Diversity effect(4Y)=Y o — Y =NARYM + Ncov(4RY, M) 3)
Complementarity effect =NARY M 4)

Selection effect =Ncov(ARY,M)=A4Y — NARYM 5)

For a given plant community, Y, was the total observed yield; Y was
the total expected yield based on monoculture communities; ARY was
the deviation from the expected relative yield; M was the yield of
corresponding plant species in monoculture communities; and N was
the number of plant species.

Characterization of the soil fungal community
To characterize the soil fungal community, 25 g of soil from 5-10 cm
below the soil surface was collected at harvest using a spade (sterilized
in 75% ethanol) and following the five-point sampling method (five 5g
samples collected from points in a quincunx [i.e., at the community
center and halfway towards each of the four corners] and then pooled
for analysis). To assess the effect of fungicide addition on soil fungal
diversity prior to planting, a 5 g soil sample was obtained by combining
soil samples from the replicate planting boxes for each of the ten
experimental treatment combinations (i.e., control or fungicide addi-
tion crossed with each level of plant species richness). Soil samples
were stored at -80 °C until DNA extraction for ITS high-throughput
sequencing to characterize the soil fungal community diversity and
composition. Total soil DNA was extracted using MagPure Soil DNA LQ
Extraction Kits (Magen, China). NanoDrop and agarose gel were used
to confirm the presence of DNA and measure its concentration. Gen-
ome template DNA, barcoded primers, and Tks Gflex DNA Polymerase
(Takara) were used for PCR amplification. The ITS I variable region was
amplified with the universal primers ITSIF and ITS2 (Supplementary
Table S4). Gel electrophoresis was used to visualize amplicon quality.
The PCR products were purified with Agencourt AMPure XP beads
(Beckman Coulter Co., USA) and quantified using the Qubit dsDNA
assay kit. The DNA concentrations were then adjusted for sequencing,
which was performed with two paired end read cycles of 250 base pairs
each on an Illumina NovaSeq6000 (Illumina Inc., San Diego, CA) at the
Oebiotechnology Company (Shanghai, China). Paired end reads were
preprocessed using Trimmomatic software 1 to detect and trim
ambiguous bases (N). After trimming, paired end reads were assem-
bled using FLASH software®’. Reads with ambiguous, homologous
sequences or below 200 bp were removed from analyses. Reads with
75% of bases above Q20 were retained using QIIME software (version
1.8.0)%. Clean reads were subjected to primer sequences removal and
clustering to generate operational taxonomic units (OTUs) using
VSEARCH software with 97% similarity cutoff®’. The representative
read of each OTU was selected using QIIME. All reads were annotated
and blasted against the UNITE database (confidence threshold
of 70%)%.

To assess the effects of fungicide on fungal abundance prior to
planting, we used qPCR (quantitative polymerase chain reaction) to
estimate soil fungal abundance following Rousk, Baath®* and using the
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same soil samples and primers from the original extraction and
amplification. Fungal gene copy numbers were generated using a
regression equation for each assay that related the cycle threshold (Ct)
value to the known number of copies in the standards.

The ITS high-throughput sequencing data were used to construct
a fungal phylogenetic tree using ‘constrained topology search’ in Fas-
tTree v2.1.11in the Galaxy pipeline (http://ieg3.rccc.ou.edu:8081/)%. To
characterize fungal phylogenetic structure, we quantified the mean-
nearest-taxon-distance (MNTD) and nearest-taxon-index (NTI)*® for
the soil fungi sampled from each plant community via iCAMP
package®. MNTD was calculated as the phylogenetic distance between
each operational taxonomic unit (OTU) and its closest relative in the
sample. NTI was quantified as the number of standard deviations that
observed MNTD was from the mean of the null distribution (999 ran-
domizations). For a single community, NTI >+2 indicates that fungal
OTUs were more closely related than would be expected by chance
(i.e., strong phylogenetic clustering). Conversely, NTI<-2 indicates
that fungal OTUs were more distantly related than would be expected
by chance (i.e., phylogenetic overdispersion). Because of phylogenetic
conservatism (where closely related taxa share similar ecological
niches and functions®), phylogenetic clustering indicates potential
functional redundancy of the fungal community, which could enhance
resilience of fungal functions to disturbance but reduce com-
plementarity effects.

ny
MNTD= " fiymin(Aijy) (6)
ik=1
N7/ = MNT Dyt = MNTD 7

sd(MNTD,)

fi, was the relative abundance of OTU i in fungal community k, n, was
the number of OTUs in k, and min(4i.j,) was the minimum phyloge-
netic distance between OTU i and all other OTUsj that are also part of
fungal community k and the phylogenetic tree. MNTD,,, and
MNTD,,, were the phylogenetic distances for the observed commu-
nity and one randomized community, respectively.

ITS sequences were further assigned into functional groups based
on the FungalTraits database®. We parsed fungal OTUs into trophic
modes based on genus information and divided fungal taxa into dif-
ferent functional groups by primary lifestyle as identified by the Fun-
galTraits database and following P6Ime, Abarenkov®,

Statistical analysis

To test how plant species richness and the fungicide addition treat-
ment influenced ecosystem multifunctionality (Hypothesis 1), we used
a linear mixed model with ecosystem multifunctionality (average value
method) as the response variable, plant species richness (1, 2, 4, 6, and
8 plant species as a continuous variable), the fungicide addition
treatment (addition, control), and their interaction as explanatory
variables, and plant community (i.e., plant community composition) as
a random factor [ecosystem multifunctionality ~ plant species rich-
ness x fungicide addition treatment + (1Jplant community), LMM1] via
Ime4® and car®® package. We present the response variables, expla-
natory variables, sample sizes, and other model parameters for all
models in Supplementary Table S2. If a significant plant species rich-
ness x fungicide addition treatment interaction was detected, multiple
t-tests with False Discovery Rate correction were used to test whether
ecosystem multifunctionality differed between the fungicide addition
and control treatments for each level of plant species richness.

To test how plant species richness and the fungicide addition
treatment influenced complementarity and selection effects, we used
multiple linear mixed models containing complementarity and selec-
tion effects as response variables, and following the same general

structure as LMML1 above (Hypothesis 2, Supplementary Table S2).
Linear mixed models with similar structure were also used to test the
relationships between ecosystem multifunctionality and com-
plementarity or selection effects in the control and fungicide addition
treatment plant communities.

To explore the effects of plant species richness and the fungicide
addition treatment on the interrelationships among multiple ecosys-
tem functions, a principal components analysis (PCA) was used to
reduce multiple ecosystem functions to fewer dimensions by
accounting for their collinearity (Hypothesis 3) via FactoMineR
package”. High values on the resulting PC1 axis were interpreted as
representing synergy among ecosystem functions’. To statistically
test the individual and interactive effects of plant species richness and
the fungicide addition treatment on the composition of ecosystem
functioning, we used permutational analysis of variance (PERMA-
NOVA) based on Bray-Curtis distances in ecosystem functioning
between plant communities. To explore the effects of plant species
richness and fungal diversity on the synergy among functions, we used
the linear mixed models with the PCl value as the as response vari-
ables, and following the same general structure as LMMI1 (Supple-
mentary Table S2). To explore the effects of PC1 values on ecosystem
multifunctionality in the control and fungicide addition treatment, we
also used the linear mixed models with ecosystem multifunctionality
as response variables (Supplementary Table S2).

To test how relationships between plant species richness and
fungal diversity were influenced by the fungicide addition treatment,
we used linear mixed models with plant diversity at harvest, fungal
Chaol richness estimate and Shannon diversity index®® as response
variables, and following the same general structure as LMM1 (Sup-
plementary Table S2) via Rmisc’* and vegan® package. To test how
plant species richness and the fungicide addition treatment influenced
the phylogenetic structure of soil fungal commnities (Hypothesis 4),
we used linear mixed models with nearest-taxon-index (NTI) as the
response variable, following the same general structure as LMM1
(Supplementary Table S2). We also used linear mixed models with
similar structure to test the relationship between NTI and ecosystem
multifunctionality in the control and fungicide addition treatment
plant communities. Linear mixed models with similar structure were
also used to test the relationships between ecosystem multi-
functionality and the Chaol fungal richness estimate and Shannon
diversity index in the control and fungicide treated plant communities.
To explore the effects of plant species richness and the fungicide
addition treatment on the relative abundance of plant species, fungal
taxa and fungal functional groups (i.e., arbuscular mycorrhizal,
pathogenic and saprophytic fungi), we used linear mixed models with
the same structure as LMM1 (Supplementary Table S2). To test the
potential influence of individual fungal taxa on ecosystem multi-
functionality, we used a random forest analysis with ecosystem mul-
tifunctionality as the response variable and the relative abundance of
different fungal taxonomic taxa as explanatory variables via rfPermute
package’®. Percentage increases in the MSE (mean squared error)
associated with the inclusion of each taxon were used to estimate the
importance of these predictors, with higher MSE percentages implying
more influential predictors”.

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

Data availability

All raw sequencing data have been deposited in the NCBI GenBank
Short Read Archive under accession number PRJNA1090839. Raw data
of single ecosystem functions and ecosystem multifunctionality are
available from the Figshare Database: https://doi.org/10.6084/m9.
figshare.25460713. Source data are provided with this paper.
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Code availability
All code for the current analyses can be found at Zenodo, https://doi.
org/10.5281/zenodo.15256374.
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