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• Soil biodiversity in agro-ecosystems faces
stressors including nitrogen fertilizers.

• Little is known about the impact of
fertilizers on soil biodiversity-functioning
relationships.

• A factorial design revealed strong soil
biodiversity-multifunctionality correlations.

• Mineral nitrogen application reduced nitro-
gen uptake from decomposing litter.
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Soil biota contribute substantially to multiple ecosystem functions that are key for geochemical cycles and plant per-
formance. However, soil biodiversity is currently threatened by land-use intensification, and a mechanistic under-
standing of how soil biodiversity loss interacts with the myriad of intensification elements (e.g., the application of
chemical fertilizers) is still unresolved. Here we experimentally simplified soil biological communities in microcosms
to test whether changes in the soil microbiome influenced soil multifunctionality including crop productivity (leek, Al-
lium porrum). Additionally, half ofmicrocosmswere fertilized to further explore how different levels of soil biodiversity
interact with nutrient additions. Our experimental manipulation achieved a significant reduction of soil alpha-
diversity (45.9 % reduction in bacterial richness, 82.9% reduction in eukaryote richness) and resulted in the complete
removal of key taxa (i.e., arbuscular mycorrhizal fungi). Soil community simplification led to an overall decrease in
ecosystem multifunctionality; particularly, plant productivity and soil nutrient retention capacity were reduced with
reduced levels of soil biodiversity. Ecosystem multifunctionality was positively correlated with soil biodiversity
(R = 0.79). Mineral fertilizer application had little effect on multifunctionality compared to soil biodiversity reduc-
tion, but it reduced leek nitrogen uptake from decomposing litter by 38.8 %. This suggests that natural processes
and organic nitrogen acquisition are impaired by fertilization. Random forest analyses revealed a fewmembers of pro-
tists (i.e., Paraflabellula), Actinobacteria (i.e., Micolunatus), and Firmicutes (i.e., Bacillus) as indicators of ecosystem
multifunctionality. Our results suggest that preserving the diversity of soil bacterial and eukaryotic communities
within agroecosystems is crucial to ensure the provisioning ofmultiple ecosystem functions, particularly those directly
related to essential ecosystem services such as food provision.
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1. Introduction

Soil harbours the most diverse biological community on earth, as it is
habitat to a wide range of macro- and microorganisms (Crowther et al.,
2019; Fierer, 2017). Soil biodiversity plays a pivotal role in numerous eco-
logical functions (i.e., ecosystem multifunctionality) that, in turn, sustain
ecosystem services such as the production of food or climate regulation
(Banerjee and van der Heijden, 2023; Byrnes et al., 2014). Despite their
ecological importance, soils currently face the negative impacts ofmany an-
thropogenic activities, including land-use change, and the intensification of
agricultural practices (Winkler et al., 2021), which is leading to decreased
soil biodiversity globally (Carmona et al., 2020; Tsiafouli et al., 2015;
Zhou et al., 2020). Until now, most research efforts focused on understand-
ing the role of aboveground biodiversity (e.g., plants and animals) on eco-
system functions, especially those related to natural ecosystems (Isbell
et al., 2011), but the role of belowground biodiversity in shaping soil func-
tions and ecosystem performance remains unclear. Recent studies however
suggest that microbial diversity could be used as a proxy to predict func-
tioning in natural biomes including grasslands, arid ecosystems, and tropi-
cal forests (Delgado-Baquerizo et al., 2016, 2020).

Ecological theory suggests that a reduction in soil biodiversity (e.g., taxa
richness) does not necessarily imply a loss of soil functions, as compensa-
tion may occur according to the degree of functional niche overlap
among species, particularly at high levels of diversity (Louca et al., 2018;
Pierre-Alain et al., 2018). However, quantitatively assessing the relation-
ship between soil biodiversity and soil functions has, until now, been
obstructed by a lack of experimental approaches allowing for precise ma-
nipulation of taxa abundance and composition. The dilution-to-extinction
method, for example, involves sequentially diluting a microbial inoculum
(Garland and Lehman, 1999), and has been used in soil microbial ecology
as an approach capable of non-specifically reducing soil biodiversity
(Chen et al., 2020; Delgado-Baquerizo et al., 2020; Wertz et al., 2007).
On the other hand, it is also possible to specifically select for certain taxa
by fractionating soil organisms according to size, e.g., using filters of de-
creasing mesh size (Wagg et al., 2019). This experimental approach has ef-
fectively revealed that soil microbial diversity is directly linked to multiple
soil ecosystem functions (i.e., soil multifunctionality) in grasslands (Wagg
et al., 2014, 2019).Whether such relationships can also be found in anthro-
pogenic environments (e.g., agroecosystems) still needs experimental con-
firmation. Consequently, there is a lack of mechanistic understanding on
the importance of soil belowground biodiversity for plant productivity
and ecosystem multifunctionality in agroecosystems.

If soil biodiversity determines soil multifunctionality in anthropogenic
environments, the biodiversity-multifunctionality relationship is likely to
be affected by the numerous environmental disturbances that are typical
of these environments. To date, various studies have observed changes in
soil microbial diversity in response to disturbances, such as those related
to intensive agricultural practices (e.g., tillage, fertilization, pesticide appli-
cation) (Banerjee et al., 2019; de Graaff et al., 2019; Wittwer et al., 2021).
Among these disturbances, the release of reactive nitrogen into the environ-
ment as part of agricultural fertilization processes generally increases plant
productivity but may havemajor impacts on soil communities (Wang et al.,
2021; Wittwer et al., 2021). Recent studies employing metabarcoding tech-
niques demonstrated that soil microbial diversity changes following nitro-
gen fertilization; these include shifts towards soil bacterial communities
dominated by Proteobacteria, Actinobacteria and Firmicutes, while the rel-
ative abundance of Acidobacteria and Verrucomicrobia tends to decrease
after nitrogen application (Dai et al., 2018; Wang et al., 2021; Zeng et al.,
2016). Similarly, nitrogen fertilization tends to increase the relative
abundance of certain fungal taxa (e.g., Ascomycota), while reducing others
(e.g., Basidiomycota) (Paungfoo-Lonhienne et al., 2015), although this
seems to be context-dependent (Qi et al., 2021). Other studies showed
that intensive tillage, fertilizer application, and pesticide use negatively
impact important groups of soil biota including earthworms, arbuscular
mycorrhizal fungi, and nitrogen-fixing bacteria (Datta et al., 2016;
Reinprecht et al., 2020; Wittwer et al., 2021). Importantly, nitrogen
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fertilization has also been demonstrated to consistently favor pathogenic
over mutualistic fungi in 25 grassland soils distributed across four conti-
nents (Lekberg et al., 2021). Although variability exists, these and other
studies are in line with the copiotrophic hypothesis, in which taxa adapted
to nutrient-rich environments are more likely to increase under nutrient-
rich conditions (i.e., after nitrogen fertilization), while oligotrophic taxa
tend to decrease (Fierer et al., 2007). Finally, the response of other micro-
bial eukaryotes (e.g., protozoa) to nitrogen deposition is still unclear, al-
though experimental evidence suggests that they might be more sensitive
to nitrogen fertilization than other soil microorganisms (Zhao et al., 2019).

Various studies assessed the impacts of fertilization on ecosystem func-
tioning (Allison et al., 2009; Jian et al., 2016; Ward et al., 2017). For exam-
ple, a meta-analysis covering 65 published nitrogen fertilization
experiments concluded that nitrogen fertilization stimulated carbon and
phosphorus-associated hydrolase activity, while reducing oxidase activity
(Jian et al., 2016). Experimental evidence also points towards a negative ef-
fect of nitrogen fertilization on soil respiration (Ward et al., 2017). Other
soil functions have showed contrasting responses to nitrogen fertilization;
for example, litter decomposition responses to nitrogen deposition ranges
from positive or neutral (Allison et al., 2009; Hobbie et al., 2012; Ren
et al., 2018) to negative (Zhou et al., 2017). These and other studies show
that the effects of nitrogen fertilization on soil biodiversity and ecosystem
functioning have been effectively addressed separately (although not fully
resolved), but it is still unclear how nitrogen fertilization alters the relation-
ship between soil biodiversity and ecosystem multifunctionality.

In this study, we evaluated the impact of soil community simplification
on ecosystem multifunctionality and crop productivity. Moreover, we also
investigated whether the relationship between soil biodiversity and ecosys-
tem multifunctionality depends on soil fertility. To test this, we established
soil microcosms under sterile conditions and experimentally manipulated
(i.e., reduced) soil biodiversity by adding soil inoculum that was sieved
through different meshes following earlier work (Wagg et al., 2014,
2021). The size-based reduction of soil diversity employed in this study
aligns with the impact of intensive land management practices, such as
soil tillage, that physically damages soil organisms depending on their
size (Jansa et al., 2003; Wagg et al., 2018). In addition, half of the
microcosms were fertilized to test whether biodiversity-ecosystem
multifunctionality relationships are altered when mineral nitrogen
fertilizer is applied. Microcosms were harvested after eleven weeks, and
we recorded soil parameters, a set of ecosystem functions, and analyzed
bacterial and eukaryotic communities. We hypothesized that (i) soil com-
munity simplification would reduce overall ecosystem multifunctionality,
(ii) mineral nitrogen fertilizer would increase plant productivity but reduce
soil community diversity and (iii) the interaction between soil diversity loss
and nitrogen depositionwould be additive, leading to an evenmore simpli-
fied soil community than under single-factor conditions, with negative im-
pacts on ecosystem multifunctionality.

2. Materials and methods

2.1. Maintenance of microcosms and experimental conditions

We established microcosms within closed systems of 6.5 L soil volume:
23.5 cm in diameter and 20.4 L ventilated lids (Fig. S1). The 65 cm-high lids
received air and water through 0.22 μm sterile filters to avoid contamina-
tion of the microcosms by water and air-borne microorganisms. As a sub-
strate for community establishment and plant growth, we used a 7.2 Kg
1:1 mixture of field soil from a nearby field (47°25′40.3″N 8°31′04.7″E,
444 asl) and quartz sand (water-holding capacity [WHC] of the mixture
was 0.348 L Kg−1). The substrate mixture was sterilized by autoclaving at
121 °C for 90 min. Four different inocula were created by sequentially
sieving soil through decreasing mesh sizes as described in Wagg et al.
(2014) and Wertz et al. (2007). The most diverse community was estab-
lished by inoculating with soil sieved through a 5-mm mesh, followed by
100 μm, 11 μm, and sterile soil. Mesh sizes were selected based on our pre-
vious findings regarding the capacity of different meshes to discard specific



F. Romero et al. Science of the Total Environment 885 (2023) 163683
soil organisms: for example, the 100 μmmesh was expected to reduce my-
corrhizal abundance, while the 11 μmmeshwas expected to completely re-
move mycorrhizal fungi and nematodes, while also reducing total fungal
and bacterial biomass (Wagg et al., 2014). The sieving procedure was per-
formed by adding 800 mL of sterilized deionized water. The fraction of soil
not passing the sieves was collected and sterilized and added to the micro-
cosms to ensure that the same amount of soil inoculum was added to each
microcosm. Eachmicrocosmwas filledwith the sterilized 1:1 soil-sandmix-
ture and 400 g of soil community inoculum. After inoculation, microcosms
were incubated for six weeks under the experimental conditions described
in van der Heijden et al. (2016) and Wagg et al. (2014) in the greenhouse
before planting 15 seedlings of Allium porrum (i.e., leek) variety Nipper
per microcosm. To improve overall plant survival, leek seeds were
surface-sterilized and pre-germinated on water-agar under sterile condi-
tions for six days before planting. Two weeks after planting the seedlings,
leek seedlings were selectively thinned to nine plants per microcosm.
A. porrum was selected as model plant because previous research suggests
that it greatly depends on soil microbial diversity (Milleret et al., 2009).

A total of four soil biodiversity treatments were established
(i.e., receiving inoculum sieved through a 5 mm, 100 μm, and a 11 μm
sieve, plus a treatment receiving only sterilized soil), and each soil biodiver-
sity treatment was set up with or without a nitrogen fertilization treatment
(2 levels; high nitrogen vs. control) in a random-block design consisting of 7
blocks. High nitrogenmicrocosms received an equivalent of 145 kg N ha−1

applied as 3 sequential applications of ammonium nitrate 0 (directly after
inoculation), 2 and 7 weeks after planting. Each soil treatment was repli-
cated 7 times; for a total of 56 experimental microcosms (Fig. S1).

2.2. Characterization of soil properties and ecosystem functions

At the end of the experimental phase (21 weeks after setting up the mi-
crocosms and 17weeks after planting leek seedlings), the microcosms were
harvested, and the soil was collected and mixed. Soil samples (200 g) were
collected and dried at 40 °C and sieved (2mmØ); the resulting soil fraction
was used for analysis of Olsen phosphorus (P-Olsen) and pH (Watanabe and
Olsen, 1965) (Table S1). We also quantified nine functions known to be
linked to the functioning of soil ecosystems: plant primary production
(i.e., above- and belowground biomass), soil respiration (i.e., CO2 emis-
sions), nitrous oxide (N2O) emissions, leaching of inorganic forms of nitro-
gen (i.e., ammonium and nitrate) and phosphorus (i.e., phosphate),
decomposition of leaf litter, and nitrogen turnover between leaf litter and
leek plants. To assess overall ecosystem functioning, we then combined
these ecosystem functions into an ecosystem multifunctionality index
(EMF, see below Section 2.3.3).

2.2.1. Gas accumulation measurements
Gas fluxes (i.e., CO2 and N2O) were measured in a closed loop during

4 min by directly plugging a Picarro G2508 Greenhouse Gas Analyzer
(Picarro Inc) into the gas outlet of every microcosm. To account for poten-
tial variation, gas fluxes were repeatedly measured for one week: every
eight hours for the threefirst days, then every 12 h during the two following
days, and every 24 h during the last two days. Cumulative gas fluxes were
then calculated as described in Bender et al. (2014) and expressed as
N2O-N or CO2-C g m2 h−1.

2.2.2. Plant biomass measurements
Leek plants were harvested from microcosms by cutting the stalk just

above the soil surface. Leek plants were then collected in paper bags,
dried in an oven at 60 °C and weighed (aboveground dry biomass).
Roots were collected from the soil by hand and sieving and the same proce-
dure was subsequently followed to estimate root (i.e., belowground) dry
biomass.

2.2.3. Nutrient concentrations in leachate
After plants were harvested and soil respiration wasmeasured, eachmi-

crocosm was watered to bring the soil to saturation (10 % above the WHC)
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and to induce leaching. Leachate percolating through the soil column was
collected from an outlet at the bottom of the microcosms and filtered
through 0.45 μm pore size filters. Ammonium, nitrate, and phosphate con-
centrations were then determined in filtered leachate samples by means of
standard protocols (Murphy and Riley, 1962; van der Heijden, 2010).

2.2.4. Leaf litter decomposition and nitrogen turnover
Litter decomposition was assessed with 0.5 mm propyltex mesh litter-

bags (6× 6 cm) containing 15N-labeled sterilized Loliummultiflorum shoots
that were added to microcosms at the start of the experiment (2 bags of 1 g
per microcosm). The amount of the initial 1 g of litter lost was calculated as
decomposition. The ability for the plants to acquire N through litter miner-
alization was estimated using the δ15N signal in the L. multiflorum shoots at
the end of the experiment. Briefly, dried shoots were milled with a Tissue
Lyser (Qiagen) and loaded into sample boats (1.5mg). Isotopic composition
was then analyzed using a PDZ Europa ANCA-GSL elemental analyzer
interfaced to a PDZ Europa 20–20 isotope ratio mass spectrometer (Sercon
Ltd., Cheshire, UK) following standard procedures (You et al., 2021).

2.3. Characterization of soil microbial community

We analyzed the colonization of leek roots by arbuscular mycorrhizal
fungi and extracted DNA from soil samples to characterize the bacterial
and eukaryotic microbial community using next-generation sequencing
(NGS) of the 16S rRNA and the 18S rRNA genes, respectively. To assess
overall soil community, we then combined these structural parameters
into a soil biodiversity index (see next Section 2.3.2).

2.3.1. Arbuscular mycorrhizal fungi
To analyze the colonization of roots by arbuscular mycorrhizal fungi

(AMF), we cut freshly harvested roots into 1.5 cm pieces and stored them
in 70 % ethanol. Later, roots were washed in deionized water and decolor-
ized in 10%KOH at 80 °C for 17min. Afterwards, roots were washed again
and incubated in an ink-acidic mix at 80 °C for 20 min to colorize fungi
(Vierheilig et al., 1998). AMF colonization was then assessed under a
light microscope (×200 magnification) following the standard gridline in-
tersect method (McGonigle et al., 1990).

2.3.2. Soil DNA extraction and Illumina sequencing
At each harvest, six soil cores (1.7 mm diameter) were taken to the

depth of themicrocosm (∼20 g of fresh soil). Soil coreswere homogenized,
and a 0.25 g subsample was frozen at−20 °C for DNA extraction using the
Nucleospin 96 Soil DNA extraction kit (Macherey-Nagel, Düren, Germany).
Microbial community composition was determined on an Illumina MiSeq
platform using the Nextera XT DNA Library Preparation kit (Illumina Inc.,
CA, USA). Primers 515F and 806R targeting the V3-V4 region of the 16S
rRNA gene were used to characterize the bacterial community, and primers
1391F/EukBRwere selected to target the eukaryotic community (Cui et al.,
2022; Delgado-Baquerizo et al., 2021). Metabarcoding of the 18S rRNA
gene failed for two samples (replicate number one of the sterile
non-fertilized treatment, and replicate number four of the 11-μm fertilized
treatment). Thus, all results related to eukaryotic diversity measures were
calculated on n= 54 (instead of 56). All sequences are available at the Se-
quence Read Archive (SRA) database under BioProject accession numbers
PRJNA956349 (bacteria) and PRJNA956556 (eukaryotes).

Demultiplexed fastq files were processed using the DADA2 (v1.16)
package (Callahan et al., 2016) in R software (3.6). Filter and trimming
(function filterandtrim) parameters were maxN = 0, maxEE = c (2,2).
truncQ = 2. MaxEE corresponds to the maximum expected errors calcu-
lated from the quality score as sum(10^(−Q/10). TruncQ = 2 parameter
truncate reads at the first instance of a quality score less than or equal to
two. MaxN is maximum number of accepted ‘N’ bases. The error rates
were estimated using the function learnErrors. Exact amplicon sequence
variants (ASV) were resolved using dada function, and chimeric sequences
were removed using the function removeBimeraDenovo. Taxonomic assign-
ment was performed using the assignTaxonomy function on the sequence



Table 1
Analysis of variance output (F-values) demonstrating the effect of soil biodiversity
manipulation, nitrogen fertilization and the interaction of both factors on a range
of ecosystem functions and biodiversity parameters. Results are also shown
for the calculated indices (EMF and SBI). Df; degrees of freedom. Significance:
***; p-value < 0.001, ***; p-value < 0.01, ***; p-value < 0.05. Significant results
are highlighted in bold.

Soil
biodiversity
(df = 3)

Nitrogen
(df = 1)

Interaction
(df = 3)

Ecosystem functions
Belowground biomass 17.55 *** 1.06 0.41
Aboveground biomass 38.31 *** 0.78 1.94
CO2 emissions 5.98 ** < 0.01 2.02
N2O emissions 0.33 2.98 1.39
Nitrogen turnover (δ15N) 8.04 *** 17.04 *** 0.04
Litter decomposition 3.22 * 0.65 1.23
NH4 leaching 16.88 *** 0.26 1.37
NO3 leaching 3.07 * 4.06 * 0.29
PO4 leaching 24.88 *** 0.02 3.13 *
Ecosys. Multif. Index (EMF) 27.79 *** 1.82 2.03

Biodiversity
ASV richness (16S rRNA) 8.81 *** 0.09 1.04
ASV Shannon (16S rRNA) 8.93 *** 0.74 0.93
ASV richness (18S rRNA) 18.16 *** 0.71 0.10
ASV Shannon (18S rRNA) 17.49 *** 1.05 1.95
AMF colonization 46.83 *** < 0.01 0.15
Soil Biodiversity Index (SBI) 66.11 *** 0.10 0.34

Fig. 1. Soil biodiversity index (SBI) for the four soil biodiversity (sterile, 11 μm,
100 μm, and 5 mm) and nitrogen (control, high) treatments. Different letters
indicate significant differences between groups (Tukey post-hoc test, p < 0.05).
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table (seqtab.nochim) against the Silva reference database (v132) for 16S
rRNA gene dataset and the PR2 database (v4.14.0) for the 18S rRNA gene
dataset (Guillou et al., 2012; Quast et al., 2012). After removing sequences
classified as Chloroplast orMitochondria, all reads from individual taxa were
expressed as percentages of the total number of counts in a sample.

2.3.3. Ecosystem multifunctionality (EMF) and Soil biodiversity (SBI) indices
We calculated an ecosystem multifunctionality index to estimate the

ability of soil microbial communities to sustain multiple functions simulta-
neously (Byrnes et al., 2014). For this, we standardized all ecosystem func-
tion data by z-transformation (overall mean of 0 and standard deviation of
1) and expressed multifunctionality as the mean of all the z-transformed
variables (Maestre et al., 2012). Leaching data (NH4

+, NO3
−, and PO4

3+)
and N2O loss were multiplied by −1 because we consider higher values
of these functions to reflect an undesirable ecosystem state. As such, in-
creasingly negative multifunctionality values indicate a decline in overall
ecosystem functioning (Wagg et al., 2014). Similarly, as a general indicator
of soil biodiversity, we calculated a biodiversity index for each microcosm
comprised of the mean of z-transformed values of 16S and 18S Shannon di-
versity and percentage of AMF colonization.

2.4. Statistical analyses

We examined the response of the nine ecosystem functions and the
community-level metrics (alpha diversity) in each microcosm (n = 56)
using R Software v3.6.0. For each ecosystem function and each community-
level metric, we first plotted the residuals (qqplot) and then ran Levene's
and Shapiro-Wilk tests to check for homogeneity of variances and normality
of error distributions (functions leveneTest and shapiro.test). Data not meeting
either one or both assumptions (i.e., p-value < 0.05 on Levene's and/or
Shapiro-Wilk test) was transformed using the bestNormalize function
(Table S2). We then ran a 2-way ANOVA using the aov function (v3.6.2)
with the factorsDiversity (four levels: 5mm, 100 μm, 11 μm, sterile) andNitro-
gen (two levels: control, high) as fixed factors, as well as the interaction be-
tween both factors (Diversity*Nitrogen). We also ran 2-way ANOVA on the
relative abundance of the 10 most abundant bacterial and eukaryotic groups
(phyla for bacteria, supergroup for eukaryotes).WeusedTukey's honest signif-
icant differences (HSD) for post hoc pairwise comparisons. The effects of the
two factors (Diversity and Nutrient) and their interaction onmicrobial commu-
nity composition were evaluated by means of permutational multivariate
ANOVA (PERMANOVA) ran using the adonis function (Package vegan v2.4-
2). We constructed a dissimilarity matrix using Bray-Curtis distances to reveal
differences in bacterial (i.e., 16S rRNA gene) and eukaryotic (i.e., 18S rRNA
gene) community composition, and visualized the results from the similarity
matrix in non-metric multidimensional scaling (nMDS) plots. Relationships
among variables (e.g., ecosystem functions and indices) were explored by
means of Pearson's correlation using the stat_cor function within the ggpubr
package (v4.0). To further explorewhichmicrobial taxa could be good predic-
tors of ecosystemmultifunctionality, we ran random forest analyses on the dif-
ferent functions (n = 9) and the ecosystem multifunctionality index (EMF)
using themost abundant amplicon sequence variants (ASVs>0.1%of relative
abundance) as predictors.We also included alpha-diversity parameters as pre-
dictors (i.e., richness and Shannon's diversity of bacterial and eukaryotic
ASVs). Random forest analyses were performed with 100 permutations and
5000 trees using the rfPermute package. The ASVs significant at p < 0.01
were selected as predictors of ecosystem multifunctionality.

3. Results

3.1. Soil biodiversity measures

3.1.1. Arbuscular mycorrhizal fungi (AMF)
The different soil biodiversity treatments had a significant effect on AMF

root colonization (Table 1). Plant roots in microcosms inoculated with steril-
ized or 11-μm sieved inocula were hardly colonized by AMF (≤ 1 % of total
root surface showing AMF colonization), demonstrating that soil sterilization
4

removed AMF and that AMF propagules cannot pass the 11-μm sieve. In mi-
crocosms inoculated with 100-μm and 5-mm sieved inocula, AMF coloniza-
tion rates reached 48 ± 12 % and 47 ± 16 % of total root surface,
respectively (Fig. S2). Nitrogen addition did not significantly alter AMF
colonization, and no interaction between diversity and nitrogen addition
was observed (Table 1).

3.1.2. Bacterial and eukaryote community composition based on DNA
metabarcoding

High-throughput sequencing of the 16S rRNA and the 18S rRNA genes
was employed to assess the impact of the different soil biodiversity treatments
on alpha-diversity metrics and the community composition of the established
microbial communities. After removing short and low-quality sequences, the
16S rRNA gene data set consisted of 6′442’862 (average read number per
sample: 115′051 ± 21′078). A total of 9046 amplicon sequence variants
(ASVs) were observed. Bacterial richness (i.e., observed ASVs in the 16S
rRNA gene data set) ranged from 258.86 ± 61.95 (microcosms inoculated
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with sterilized soil enriched with N) to 477.43± 125.76 (microcosms inocu-
lated with soil sieved through 5mmand enrichedwith N) (Fig. S3). Similarly,
Shannon-Wiener Index (H′) ranged from 4.71 ± 0.43 (sterile treatment
enriched with N) to 5.47 ± 0.30 (5-mm treatment enriched with
N) (Fig. S3). The Eukaryote (18S) rRNA gene dataset consisted of 1’729’181
reads (average read number per sample: 32’020 ± 12’370), that clustered
into 1824 ASVs. Eukaryote richness ranged from 25.83±14.05 (sterile treat-
ment non-enriched with N) to 146.43± 30.45 (5 mm-N treatment) (Fig. S3).
Eukaryote Shannon's diversity ranged from 1.53 ± 0.79 (sterile treatment
non-enriched with N) to 3.84± 0.24 (10 μm-N treatment) (Fig. S3). Overall,
soil sieving through decreasing mesh sizes had a strong impact on all alpha-
diversity parameters (Table 1).

Non-metric multidimensional scaling (NMDS) showed that the overall
bacterial and eukaryotic community composition (beta-diversity of 16S and
18S rRNA genes ASV) in sterile soil was clearly separated from the 5-mm,
100-μm and 11-μm treatments (Fig. S4). The effect of sieving on microbial
Fig. 2. Changes in below- and aboveground biomass (A, B), Lolium decomposition rate (C
treatment along the diversity gradient (Sterile - 11 μm - 100 μm - 5mm). Boxplot color ind
(pink). Different letters within each ecosystem function indicate statistically significant

5

community composition was further supported by PERMANOVA on both
bacterial and eukaryote communities. Nitrogen addition effects on
microbial community composition were low, and no significant interaction
between diversity and nitrogen addition was found (Table 1). To further
explore the effect of sequential sieving on the composition of bacterial and
eukaryotic communities, we repeated this procedure (Bray-Curtis distances
calculation, NMDS, and PERMANOVA) without the samples from the sterile
treatment. This allowed us to show a separation of the 11-μm treatment
community from the 100-μm and 5-mm treatments, especially for the
eukaryotic community.

Overall, soil bacterial community composition was dominated by
Actinobacteria, Proteobacteria, and Firmicutes, while the supergroups
Archaeplastida, Opisthokonta, and Amoebozoa dominated the eukaryote
community (Fig. S5). Out of the top-10 most abundant bacterial classes, six
were significantly impacted by the diversity treatment, while three were im-
pacted by the addition of mineral nitrogen (Fig. S6, Table S3). The interaction
), nitrogen turnover (D), nutrient leaching (E-G), and gases emissions (H, I) for each
icateswhethermicrocosmswere supplementedwithmineral nitrogen (green) or not
differences at a significant level of p < 0.05 (Tukey's HSD test).
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between diversity and nitrogen addition was only significant for one bacterial
class (i.e., Gemmatimonadetes). Regarding the eukaryotic community, seven
out of the ten most abundant classes were affected by the diversity treatment,
and none of them was significantly affected by nutrient addition, nor by the
interaction between both factors (Fig. S7, Table S3).

3.1.3. Soil biodiversity index (SBI)
The calculated SBI values ranged from−1.82 to 1.42 (Fig. 1) and were

the highest in microcosms inoculated with 5-mm sieved soil inocula and
supplemented with nitrogen (0.69 ± 0.43). The lowest values of the SBI
were recorded in microcosms inoculated with sterile soil (−1.12 ±
0.49). In line with the observations made for alpha-diversity parameters
and AMF colonization, only the factor diversity significantly influenced
the calculated soil biodiversity index (Table 1).

3.2. Links between soil biodiversity and ecosystem functioning

3.2.1. Plant biomass and gas (CO2 and N2O) emissions
We observed that sterilization of the inoculum lead to very low above-

and belowground biomass production (Fig. 2). Aboveground biomass in
microcosms containing the sterilized inoculum averaged 0.12 ± 0.06 g,
and belowground biomass averaged 0.40± 0.49 g. The above- and below-
ground biomass produced significantly increased inmicrocosms receiving a
live soil inoculum (Table 1) with the maximum biomass production ob-
served in microcosms inoculated with 5-mm sieved inoculum (total bio-
mass: 12.50 ± 5.32 g). Nitrogen addition only had a minor impact on
biomass production, and no significant effect was reported (Table 1). Inoc-
ulation of microcosms with live soil communities also tended to increase
CO2 emissions from soil (Fig. 2), while no effect on N2O was observed
(Fig. 2, Table 1).

3.2.2. Nutrient leaching
Ammonium and phosphate leaching values were highest inmicrocosms

receiving the sterile inoculum, averaging 44.78± 23.38 mg NH4
+ L−1 and

2.17 ± 0.90 mg P L−1 (Fig. 2). However, sterile treatments showed the
lowest nitrate concentrations in their leachates (13.43 ± 19.24 mg NO3

−

L−1). Microcosms supplemented with nitrogen had significantly higher ni-
trate concentrations present in their leachates (43.96 ± 40.69 mg NO3

−

L−1) compared to the control microcosms without nitrogen fertilization
(24.15 ± 25.65 mg NO3

− L−1) (Fig. 2, Table 1).

3.2.3. Litter decomposition and 15N turnover
Across all microcosms, we found that an average of 61.37± 20.59% of

the sterilized Loliummultiflorum shoots added to assess litter decomposition
Fig. 3.Ecosystemmultifunctionality index (A) along diversity (sterile, 11 μm,100 μm, an
differences between groups (Tukey post-hoc test, p < 0.05). Relationship between soil b
inoculum (B). Fit statistics (Pearson's R and P-value) are also provided. Points are indiv
whether microcosms were supplemented with nitrogen (triangles) or not (circles).
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were decomposed by the end of the experiment. We found a trend towards
increased decomposition rates in treatments with soil sieved through
increasing mesh sizes (Fig. 2), although with some noticeable intra-
treatment variation, particularly in the 5-mm treatment. The ability of
leek plants to acquire N through litter mineralization was estimated using
the δ15N signal in the shoots at the end of the experiment. The δ15N signal
ranged from 160.54 ± 85.80 (sterile treatment microcosms) to 358.86 ±
173.93 (5-mm treatment microcosms). Microcosms with nitrogen added
showed significantly lower δ15N signals (215.49 ± 106.48) than control
microcosms without nitrogen fertilization (352.18 ± 179.58) (Table 1),
indicating that N fertilization suppresses the importance of biological N
supply sources.

3.2.4. Ecosystem multifunctionality index (EMF)
The calculated EMF values ranged from−0.87 to 0.98 andwere highest

in microcosms receiving the 5-mm sieved soil inoculum (Fig. 3). Micro-
cosms inoculated with soil sieved through 100 μm showed an average
EMF of 0.21 ± 0.38 (11 μm; −0.02 ± 0.32). The lowest values of the
EMF were recorded in microcosms inoculated with sterile soil (−0.59 ±
0.16). We ran correlations between the EMF values and each ecosystem
function (Fig. S8), and observed that aboveground biomass (R = 0.89,
p < 0.001), followed by belowground biomass (R = 0.86, p < 0.001) best
correlated with EMF.

3.3. Biodiversity-ecosystem functioning relationships

Soil biodiversity correlated significantlywith ecosystemmultifunctionality
(Fig. 3). Ecosystem multifunctionality and soil biodiversity did not vary
strongly between microcosms inoculated with 5-mm and 100-μm sieved
soil, but these indices decreased in microcosms inoculated with 11-μm sieved
soil and, particularly, in microcosms inoculated with sterilized soil had the
lowest EMF. The correlation between soil biodiversity and ecosystem
multifunctionality was strongly driven by the sterile treatment, but it was
still significant when microcosms inoculated with sterile soil were removed
from the ordinary least-squares regression model (R = 0.50, p < 0.001;
Fig. S9). Among the ecosystem functions included in the EMF, plant dry bio-
mass and mineral nutrient leaching showed the highest dependency on soil
biodiversity (Fig. S10). All soil biodiversity measures included in this study
(i.e., bacterial and eukaryotic alpha-diversity, and AMF colonization) signifi-
cantly correlated with ecosystem multifunctionality (Fig. S11), the strongest
correlation being with Shannon's diversity of eukaryotic amplicon sequence
variants (R = 0.61, p < 0.001). However, the correlation between
multifunctionality and AMF colonization was strongly driven by the micro-
cosms with no AMF colonization (i.e., sterile and 11 μm treatments); this
d 5mm) and nitrogen (control, high) treatments. Different letters indicate significant
iodiversity and ecosystem multifunctionality in microcosms receiving different soil
idual microcosms. Color indicates soil biodiversity treatment, and shape indicates



Fig. 4. Top 10 predictors of ecosystem multifunctionality according to random forest regression model. Amplicon sequence variants (ASV) are assigned to the lowest
taxonomic group, and taxonomy is indicated in each bar plot. Predictor importance is indicated as % increase in mean square error (MSE). Significance: **; p-
value < 0.01, *; p-value < 0.05. Correlations between these predictors and multifunctionality are shown in Fig. S12.
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correlation became non-significant (p-value > 0.05) when the microcosms re-
ceiving sterilized inoculumwere removed from the correlation. Random forest
analysis further determined that 28 eukaryotic amplicon sequence variants
(ASVs) and 36 bacterial ASVs were significantly (p < 0.01) associated to
changes in one or several ecosystem functions (Table S4). Random forest
analysis also determined that alpha-diversity parameters (i.e., richness and
Shannon's diversity) of eukaryotic sequences were strongly associated to
changes in ecosystem multifunctionality Fig. 4, Table S4). Bacterial ASVs
associated to ecosystem functioning were mainly related to members of the
Firmicutes phylum (i.e., Clostridium and Domibacillus), while eukaryotic
ASVs spanned many supergroups including Stramenopiles, Rhizaria,
Opisthokonta, Archaeaplastida, and Alveolata (Table S4).

4. Discussion

Here we manipulated soil biodiversity in experimental microcosms by
sequentially sieving soil inoculum through decreasing mesh sizes.
This allowed us to assess whether reductions in soil biodiversity decrease
ecosystem multifunctionality. Among the ecosystem functions assessed,
plant dry biomass was strongly affected by soil community simplification,
suggesting that soil biodiversity is of crucial importance for crop yield in
agroecosystems. We used leek as crop in this study. It is well known that
the growth of leek is promoted by soil biota such as arbuscular mycorrhizal
fungi (Salomon et al., 2022), and further studies need tomechanistically as-
sess whether other crops are also affected so much when soil biodiversity is
changed.

Our study found a sequential decrease in soil biodiversity across the di-
versity treatments, but this reduction was not fully mirrored at the
7

multifunctionality level. Although there was a noticeable trend, we did
not observe any significant differences in multifunctionality among the
microcosms that received inoculum sieved through 11 μm, 100 μm, and
5 mm. This indicates that there is a certain level of functional redundancy.
Our results indicate that reducing biodiversity in soil can have a negative
impact on ecosystem multifunctionality.

Fertilization showed only small effects on soil biodiversity and ecosys-
tem multifunctionality, and these effects were limited to nitrogen turnover
and leaching of mineral nitrate. Interestingly, the fraction of plant nitrogen
derived from decomposing litter declined strongly upon fertilization; the
δ15N signal on leek shoots from fertilized microcosms was on average
38.8 % lower than the signal on control (non-fertilized) microcosms, indi-
cating that fertilization impairs the natural fertilizer role of soil biota at
multiple diversity levels. The small effect of nitrogen fertilization on soil
biodiversity could be due to the relative short duration of this experiments
(21 weeks) or because the primers used did not detect important groups of
microbes that are sensitive to nitrogen fertilization (e.g., taxa involved in
the nitrogen cycle including nitrifying and denitrifying bacteria).

The correlation between overall ecosystem multifunctionality and soil
biodiversity was strong and remained significant even after microcosms re-
ceiving sterile inoculum were removed from the analysis. Random forest
determined that alpha diversity of 18S rRNA gene amplicons were better
predictors of ecosystem multifunctionality than 16S rRNA. In line with
this, previous studies have shown that microbial eukaryotes (e.g., fungi
and protists) might be better predictors of soil multifunctionality than bac-
teria (Guo et al., 2021; Hu et al., 2021; Li et al., 2019). Further studies are
necessary and a mechanistic understanding on the relative importance of
different soil taxa is lacking, as other studies show the opposite trend
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(Wagg et al., 2019). Random forest analysis pointed in this study towards
protists belonging to Amoebozoa (i.e., Paraflabellula) and Excavata
(Paratrimastix) as good predictors of ecosystemmultifunctionality. The gen-
era Paraflabellula and Paratrimastix are known to primarily feed on bacteria,
and we therefore suggest that future studies should address their potential
top-down control of bacterial community composition and how this drives
soilmultifunctionality (Hampl, 2017; Roger Anderson, 2017). RandomFor-
est also indicated towards members of Actinobacteria (i.e., Microlunatus),
Bacteroidetes (i.e., Prolixibacteraceae), and Firmicutes (i.e., Bacillus) as
good predictors of ecosystem multifunctionality.

The method employed here to experimentally reduce diversity has suc-
cessfully been employed before to manipulate both composition and alpha
diversity in soil communities (Wagg et al., 2014, 2021). Compared to the
dilution-to-extinction method, where the filtering of species is nonspecific,
our approach has the advantage of increased predictability over the com-
munity composition present in the inoculum. However, reductions in over-
all soil diversity with the method employed here are equivalent to those
observed following the dilution-to-extinction method (Chen et al., 2020).
By sequentially sieving a soil inoculum, we achieved a 45.9 % reduction
in bacterial richness and a 13.9 % reduction in bacterial diversity
(Shannon's Index). The effect on eukaryotic communitywas larger: richness
was on average 82.9 % lower in microcosms inoculated with sterilized soil
compared to microcosms inoculated with 5-mm sieved inoculum
(Shannon's diversity index was 60.2 % lower). Whereas the dilution-to-
extinction method should produce similar effects on bacterial and eukary-
otic communities, we here show that our approach wasmore efficient in re-
ducing eukaryotic rather than bacterial diversity. In line with this, we fully
removed arbuscular mycorrhizal fungi (AMF) from the sterile and 11 μm
treatments. Importantly, AMF colonization rates observed in 100 μm and
5 mm treatments (ca. 50 %) were like those found on conventional and
no-tillage farming systems (Banerjee et al., 2019). Consistent with our ex-
pectations, the microcosms inoculated with sterilized soil exhibited the
greatest within-treatment variation in soil diversity. We attribute this find-
ing to reduced interspecific competition and increased stochastic reassem-
bly, which likely allowed the soil community to evolve rapidly in various
directions and reach distinct equilibria. This suggests that the initial condi-
tions of the soil community strongly influence its subsequent diversity and
composition. As previous research has demonstrated, sterilization may
have reset the community to a state where stochastic processes played a
more prominent role in shaping its assembly, resulting in greater heteroge-
neity among replicate microcosms (Kim et al., 2013; Santillan et al., 2019).

Our first hypothesis predicted that soil community simplification would
reduce overall ecosystem multifunctionality, and this prediction was
supported by our results. We here provide solid experimental evidence that
soil microbial diversity is strongly associated to ecosystemmultifunctionality.
Importantly, moderate-to-small reductions in microbial richness led to con-
siderable decreases of ecosystem multifunctionality in this study, especially
in the case of plant primary production and soil capacity to retain inorganic
nutrients. In line with previous studies, we found that microcosms receiving
sterilized inoculum showed the largest ammonium concentrations in their
leachates (Bonkowski and Roy, 2005). Similarly, other studies have found
that soil biota enhance agricultural sustainability by reducing nitrogen
(Bender and van der Heijden, 2015; Thiele-Bruhn et al., 2012) and phospho-
rus (Wagg et al., 2014) losses. Our results are therefore in linewith a growing
body of literature pointing at the role of soilmicrobial diversity on supporting
multiple ecosystem functions (Delgado-Baquerizo et al., 2016; Shi et al.,
2020; Wagg et al., 2014; Wang et al., 2022). We add to previous studies
pointing at losses of microbial richness over 50 % as a tipping point over
which ecosystem multifunctionality is seriously compromised (Wagg et al.,
2021). It is important to note that it is not possible to directly compare the re-
sults of this experiment with agricultural fields and further research needs to
establish tipping point values for agricultural fields. Also, the levels of micro-
bial diversity here are lower compared to values observed in some field stud-
ies (Cui et al., 2022; Delgado-Baquerizo et al., 2021). It is possible that there is
a strong link between microbial diversity and ecosystem performance below
a specific basic level of microbial diversity. Above such a level (e.g., a tipping
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point) microbial diversity might be less important, as there is functional re-
dundancy. Future studies need to assess this hypothesis. Finally, we highlight
here the need to include additional ecosystem functions in future studies,
such as those related to carbon utilization potential, to further enhance our
understanding of how soil biodiversity drives multifunctionality (Garland
et al., 2021).

Importantly, the correlation between soil biodiversity and ecosystem
multifunctionality was maintained even when the treatment receiving ster-
ilized inoculum was removed from the analysis, indicating a reliable
biodiversity-ecosystem function (BEF) relationship in our microcosms. Fur-
thermore, we show that integrating several biodiversity components into a
soil biodiversity index, together with the integration of nine ecosystem
functions into an ecosystem multifunctionality index, allows evaluation of
BEF relationships in an integrative manner. In line with this, the strong cor-
relation between ecosystem multifunctionality and soil biodiversity indi-
cated that the soil community characteristics included in the SBI were
adequate indicators of soil diversity in ourmicrocosms. The use of biodiver-
sity/functioning indices has been previously proposed to efficiently repre-
sent the interactive nature of soil biodiversity networks (Wagg et al.,
2014). We observed that the function showing the largest dependency on
soil biodiversity was aboveground biomass, which is of great interest
from the food production perspective.

Our second hypothesis predicted thatmineral nitrogen fertilizationwould
increase plant productivity, while decreasing diversity in soil. We could not
observe a clear increase in plant biomass in microcosms supplemented with
ammonium nitrate, suggesting that leek plants in our experiment were not
nitrogen limited. However, we systematically recorded higher relative abun-
dances of Alpha- and Gammaproteobacteria in microcosms supplemented
with nitrogen, while the relative abundance of Clostridia decreased. Previous
studies have also shown shifts towards Proteobacteria-dominated communi-
ties after nitrogen application (Dai et al., 2018; Stefan et al., 2021). In our
study, the change in bacterial community composition following nitrogen
addition was accompanied by lower nitrogen turnover rates between Lolium
litter and leek shoots, indicating that changes in soil bacterial community
structure might impair nitrogen acquisition by plants. We here show that
decreased nitrogen acquisition by leek plants occurs independently of the
diversity treatment, with an average decrease of 38.8 %. Previous research
suggests that mineral nitrogen might partially decimate nitrifying communi-
ties (e.g., ammonia-oxidizing bacteria), therefore leading to reduced uptake
of oxidized forms of nitrogen (i.e., nitrate) by plants (Fan et al., 2011; Kong
et al., 2019). With the random forest analysis, we further demonstrated that
changes in nitrogen turnover rates could have been driven by shifts in the rel-
ative abundance of bacterial taxa such as Domibacillus and Bacteroidales. The
order Bacteroidales has recently been significantly correlated to enzymatic
activities in mangrove soils (Craig et al., 2021), therefore it is expected that
members of this group actively make nitrogen available for plant growth in
natural and anthropogenic environments. Similarly, the Bacillaceae family
(including Domibacillus) and other members within the phylum Firmicutes
are efficient decomposers of plant litter and are known to play an important
role in the nitrogen cycle (Ines et al., 2015). On the other hand, addition of
mineral fertilizer significantly increased nitrate concentrations in leachate.
Overall, this indicates that excess nitrogen in microcosms supplemented
with ammonium nitrate was kept in the soil rather than used by plants.
Despite we did not measure initial nitrogen concentrations in our
microcosms, a previous experiment using the same soil recorded initial
nitrogen concentrations around 10 mg of inorganic N per kg of soil (Wagg
et al., 2014). In linewith this, we argue that nitrogenwas not a limiting factor
in our experiment, therefore only minor differences in ecosystem
multifunctionality were observed following application of mineral nitrogen.

Our third hypothesis predicted that the interaction between soil diver-
sity loss and nitrogen deposition would be additive, leading to a soil com-
munity even more simplified than under single-factor conditions, with
negative impacts on ecosystem multifunctionality. This hypothesis was
not confirmed, as we did not observe additive effects between diversity
direct manipulation and nitrogen addition. We argue that the lack of inter-
action might have been because nitrogen was not a limiting factor in our
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experiment. We argue that future studies should include quantitative mea-
sures of nitrogen-cycle genes (e.g., qPCR of denitrification genes) to fully
understand how soil diversity andmineral fertilization interact to alter eco-
system multifunctionality. Moreover, only one sampling was performed in
this experiment, limiting our capacity to predict single and interactive ef-
fects at different time points (Wagg et al., 2021) and over a longer period.
Finally, future studies should use other primer pairs to capture sequences
that might have been overlooked in this experiment, and that belong to po-
tentially important taxa for ecosystem multifunctionality, like arbuscular
mycorrhizal fungi (Higo et al., 2020).

Overall, this study suggests that preserving the diversity of soil bacterial
and eukaryotic communities within agroecosystems is crucial to ensure the
provisioning of multiple ecosystem functions, particularly those directly re-
lated to essential ecosystem services such as food provision.
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