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Abstract

Diversity loss has been shown to change the soil community; however, little is known about long-term consequences and
underlying mechanisms. Here, we investigated how nematode communities are affected by plant species richness and whether
this is driven by resource quantity or quality in 15-year-old plant communities of a long-term grassland biodiversity experi-
ment. We extracted nematodes from 93 experimental plots differing in plant species richness, and measured above- and
belowground plant biomass production and soil organic carbon concentrations (C,,,) as proxies for resource quantity, as well
as C/N,, ratio and specific root length (SRL) as proxies for resource quality. We found that nematode community composi-
tion and diversity significantly differed among plant species richness levels. This was mostly due to positive plant diversity
effects on the abundance and genus richness of bacterial-feeding, omnivorous, and predatory nematodes, which benefited
from higher shoot mass and soil C,,,, in species-rich plant communities, suggesting control via resource quantity. In contrast,
plant-feeding nematodes were negatively influenced by shoot mass, probably due to higher top—down control by predators,
and were positively related to SRL and C/N,,, indicating control via resource quality. The decrease of the grazing pressure
ratio (plant feeders per root mass) with plant species richness indicated a higher accumulation of plant-feeding nematodes
in species-poor plant communities. Our results, therefore, support the hypothesis that soil-borne pathogens accumulate in
low-diversity communities over time, while soil mutualists (bacterial-feeding, omnivorous, predatory nematodes) increase
in abundance and richness in high-diversity plant communities, which may contribute to the widely-observed positive plant
diversity—productivity relationship.

Keywords Aboveground—belowground interactions - Biodiversity loss - Plant—soil interactions - Resource quality -
Resource quantity

Communicated by Riccardo Bommarco.

Introduction
Little is known about long-term consequences of plant species
loss on soil organisms. We filled this gap by studying nematode
communities in 15-year-old plant communities of a biodiversity
experiment.

The relationship between plants and soil biota is impor-
tant for controlling plant productivity, decomposition, and
nutrient cycling (Neher 2010; van der Heijden et al. 2008).
Increasing intensity of global change impacts and subse-
quent biodiversity loss might, however, disrupt this relation-
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ship (Classen et al. 2015; Eisenhauer 2012), with unknown
consequences for the ecosystems and the well-being of
humans (FAO et al. 2020; Wall et al. 2015). Therefore, it
is essential to fully understand the underlying mechanisms
of the complex relationships between plants and soil com-
munities to better assess the future impact of global change.

There is an overwhelming diversity of organisms living in
the soil. Only one gram of soil can contain thousands of spe-
cies of bacteria, fungi, protozoa, and nematodes (FAO et al.
2020). Drawing mechanistic links between plant species
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diversity and soil organisms by investigating each soil com-
munity member are challenging. Therefore, it is a frequent
practice in ecological research to focus on key groups, which
act as indicators of soil biodiversity and health. One of the
most important groups of soil organisms are nematodes
because they are the most abundant Metazoan in soil (van
den Hoogen et al. 2019), they occupy all trophic levels and
thus play a key role in the soil food web (Yeates et al. 1993).
The most studied trophic group are plant feeding-nematodes,
best-known as pests in agricultural systems (Neher 2010),
and one of the soil biota groups that are suspected to be
responsible for productivity loss over time in species-poor
plant communities (Eisenhauer et al. 2012). Next to these,
there are bacterial feeders, fungal feeders, predators, and
omnivores, which can be beneficial for plants due to the
increase of microbial activity and soil nutrients (due to
microbivores) and suppression of pests due to top—down
control (caused by omnivores and predators) (Wilschut
and Geisen 2021). In addition to this information about
the structure and topology of the food web, nematodes can
also be used as bioindicators of ecosystem conditions and
health (Wilschut and Geisen 2021). For example, frequent
disturbances can be indicated by many small, fast-growing
nematodes, while large, slow-growing nematodes would be
absent in these systems. Furthermore, nematode community
indices can provide information about environmental con-
ditions, ecosystem functioning in the soil, pollutants, and
whether the system is more dominated by bacteria or fungi
(Wilschut and Geisen 2021).

Due to the plethora of information that nematodes can
offer, they have been investigated in several biodiversity
experiments to determine the effect of plant species loss
on plant—soil interactions, soil food webs, and soil ecosys-
tem processes (Cesarz et al. 2017; Cortois et al. 2017; De
Deyn et al. 2004; Eisenhauer et al. 2011, 2013; Viketoft
et al. 2009, 2011). These studies have shown that there is a
strong impact of plant community composition and diver-
sity on the nematode community; however, the underlying
mechanisms are not fully clarified (Wilschut and Geisen
2021) and plant diversity effects may change over time
(Eisenhauer et al. 2012; Reich et al. 2012). In the present
study, we aimed to address two knowledge gaps, which
are highly important to understand previous inconsistent
results and underlying mechanisms. First, there is a lack
of studies investigating the long-term consequences of
plant diversity loss on nematodes. This is highly relevant
because differences in nematode communities among plant
species richness levels increase over time (Sohlenius et al.
2011; Viketoft et al. 2011), indicating time-lags of nema-
tode responses to changes in plant diversity (Eisenhauer
et al. 2012). Most of the recent investigations were after
a relatively short duration of the biodiversity experiment
(L8 years). To our knowledge, there were only a few studies
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investigating communities older than ten years (Bennett
et al. 2020; Cesarz et al. 2017; Eisenhauer et al. 2013); how-
ever, in these longer-term studies, the focus was more on the
nematode response to disturbances and/or interaction effects
with other environmental changes. Second, there is a lack of
studies investigating in more detail the underlying mecha-
nisms responsible for the effects of plant diversity loss on
nematodes (Cortois et al. 2017). A small number of studies
investigated the impact of resource quantity (e.g., increased
biomass in species-rich communities) on nematodes, with
inconsistent results (Cortois et al. 2017; Eisenhauer et al.
2013; Viketoft et al. 2009). However, only one study (Cor-
tois et al. 2017), to our knowledge, also tested the impact
of resource quality on nematode responses in a biodiversity
experiment.

In the present study, we tried to fill these two knowledge
gaps by investigating the composition and diversity of nema-
todes in 15-year-old plant communities of a long-term biodi-
versity experiment (Jena Experiment; Roscher et al. 2004).
We explored how nematode communities were influenced
by plant species richness after 15 years and whether this is
driven by changes in the quantity or quality of resources
using structural equation modeling. For this, we sampled
nematodes in 93 experimental plots differing in plant spe-
cies richness from one to nine species. Moreover, we sam-
pled roots and shoots to assess biomass production from
these plots and measured soil organic carbon as proxies for
resource quantity. As proxies for resource quality, we deter-
mined leaf C/N ratios and root traits (specific root length,
root length density) of the plant communities.

Due to the experiment’s long duration, we expected sig-
nificant differences in the nematode community composi-
tion and diversity among the plant species richness levels.
Based on previous knowledge, we further expected higher
plant productivity and nutritional quality in species-rich
plant communities (due to increased likelihood of includ-
ing nutrient-rich plant species), which we predicted to be
directly related to plant feeders and indirectly to microbial
feeders via increased microbial biomass, indicating strong
bottom—up effects on these trophic groups (Eisenhauer et al.
2013). We did not assume a direct influence of plant species
richness on omnivores and predators, but an indirect effect
via an increased number of nematodes as prey (Scherber
et al. 2010).

Materials and methods
Study site and plot selection
The Jena Experiment is a long-term biodiversity experiment

located in the floodplain of the Saale River near the city
of Jena (Thuringia, Germany, 50° 55' N, 11° 35’ E, 130 m
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a.s.l.; Roscher et al. 2004). Before the experiment was estab-
lished in 2002, the site had been used as a high-fertilized
arable field for growing wheat and vegetables from the early
1960s until 2000 and was kept fallow during the year 2001.
Mean annual air temperature for the decade before the pre-
sent study (2007-2016) was 9.7 °C, and mean annual pre-
cipitation was 587 mm, both recorded with an automatic
meteorological station at the experimental site (Weather Sta-
tion Jena-Saaleaue, Max-Planck-Institute for Biogeochemis-
try Jena, https://www.bgc-jena.mpg.de/wetter/). The soil is
a Eutric Fluvisol. The soil texture changes from sandy loam
to silty clay with increasing distance from the river Saale.
Thus, the experimental area was divided into four blocks,
arranged in parallel with increasing distance to the river to
account for changes in soil texture (Roscher et al. 2004).
For our study, we used the study plots of a sub-exper-
iment of the Jena Experiment, the so-called Dominance
Experiment. This experiment included nine plant spe-
cies, which often reach dominance in Central Euro-
pean mesophilic grasslands of the Arrhenatherion type
(Ellenberg 1988): five grasses (Alopecurus pratensis L.,
Arrhenatherum elatius (L.) P. Beauv. ex J. Presl et C. Pres],
Dactylis glomerata L., Phleum pratense L., Poa trivialis
L.), two legumes (Trifolium pratense L., Trifolium repens
L.), and two herbs (Anthriscus sylvestris (L.) Hoffm.,
Geranium pratense L.). Species were grown in plots of
3.5%3.5 m from 2002 to 2009 until plot size was reduced
to I X1 m (2010-2018). Species richness levels ranged
from one to nine species (1, 2, 3, 4, 6, and 9 plant species).
Every species and every species pair occurred with the
same frequency at each particular species richness level.
Each of the monocultures and mixtures were replicated (all
N=2; except for the nine-species mixtures [N =8]). The
same number of plant communities per species richness
level was represented in each of the four blocks, while rep-
licates with identical species compositions were located

in different blocks. Seeds from all species were purchased
from a commercial supplier (Rieger-Hoffman GmbH,
Blaufelden-Raboldshause, Germany) and were sown in
May 2002 with a density of 1000 viable seeds per m>.
Study plots were mown every year in June and Septem-
ber (mown plant material was removed), were regularly
weeded to maintain the sown species compositions, and
never fertilized.

For our study, we used the 1-, 2-, 6-, and 9-species
plots of the Dominance Experiment to keep the number of
samples and analyses manageable. Furthermore, two plant
species, the grass P. pratense and the herb A. sylvestris,
were not used as target plant species in this study because
of their very low abundance in the communities (almost
extinct). For the other seven species, we sampled both
monocultures and all existing six-species and nine-species
communities (Table 1). Moreover, we sampled all existing
two-species combinations of the seven species (both repli-
cates), and one replicate with A. sylvestris and P. pratense,
respectively (Supplementary material Table S1). Excep-
tions were the legumes 7. pratense and T. repens, which
were absent in many two-species combinations in 2017.
Therefore, we used only one replicate with A. elatius, A.
pratensis, and D. glomerata and only one replicate, where
both legumes were present (i.e., we chose the replicate
with a higher abundance of the legumes; Table S1). Fur-
thermore, for T. pratense we used both replicates with A.
sylvestris (high abundance of T. pratense). However, we
did not sample the T. repens—A. sylvestris combination as
well as the two-species communities with G. pratense and
A. sylvestris or P. pratense, respectively, because both tar-
get species were extinct in these plots (Table S1). In total,
we sampled 93 plots (Table 1). Realized plant species rich-
ness, i.e., how many target plant species were growing in
the plots, was determined in May 2017.

Table 1 Summary of the

. Plot type
presence of target plant species
in monoculture and mixture Monocultures Two species Six species Nine species
communities and the total
number of plant communities, Grass species
which were used for the soil and A. elatius 2 12 16 8
plant sampling A. pratensis 2 12 16 8
D. glomerata 2 12 16 8
P. trivialis 2 14 16 8
Herb species
G. pratense 2 12 16 8
Legume species
T. pratense 11 16
T. repens 9 16
Total no. of communities 14 47 24

The numbers (in the species rows) indicate how often a plant species occurred in the listed plot type
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Nematode extraction and identification

Nematodes were sampled on 16 May 2017, i.e., shortly
before peak plant biomass. It was a sunny day without
rainfall and a maximum temperature of 23.6 °C. Spring
(March—May) of 2017 was warmer (10.1 °C) than the aver-
age for 2007-2016 (9.2 °C) and had a slightly higher amount
of precipitation (average: 138.29 mm, 2017: 150.59 mm;
Weather Station Jena-Saaleaue, Max-Planck-Institute for
Biogeochemistry Jena). On each of the 93 plots, three ran-
domly located soil cores (2.5 cm diameter) were taken to a
depth of 10 cm. Samples were kept in plastic bags, trans-
ported to the laboratory in a cooling box, and stored in a
fridge at 4 °C. Soil cores per plot were pooled and sieved at
4 mm to remove stones and roots. A subsample of 25 g of
sieved soil was taken for the extraction of free-living nem-
atodes using a modified Baermann method (Cesarz et al.
2019; Ruess 1995). The subsamples were filled in plastic
pots with a bottom consisting of gauze and milk filter and
placed in funnels extended by a plastic tube that was closed
with a clamp. Funnels were then filled with tap water up to
the bottom of the pots and kept for 72 h at room temperature
(~20 °C) for nematode migration from soil to water. After
that, water was filtered through a sieve with a 15 um mesh to
separate nematodes from water. Nematodes were transferred
into vials (by rinsing the mesh) and killed and fixed in for-
maldehyde solution (4%). The remaining soil samples were
dried at 45 °C for 72 h and weighed to calculate the num-
ber of nematodes per 100 g dry soil. Animals were counted
per sample, and 100 individuals (or up to 100 individuals,
when less than 100 were present) were identified to genus
level (Bongers 1988) using 400 X magnification (microscope
DMI4000 B, Leica, Wetzlar, Germany).

Calculation of nematode indices

Nematodes were extrapolated to 100 g dry soil, and genus
richness and Shannon—Wiener diversity based on genera
(=nematode diversity) were calculated (Neher and Darby
2009). To identify changes in the food web structure, nem-
atodes were divided into the trophic groups plant feeders
(PF), fungal feeders (FF), bacterial feeders (BF), preda-
tors (Pr), and omnivores (Om), according to Yeates et al.
(1993); except the genus Filenchus, which was assigned
to fungal feeders (Okada et al. 2005). We determined the
total number of nematodes and the number of genera within
each trophic group. Furthermore, we calculated three ratios
based on trophic group classification: the predator—prey ratio
(Pr+ Om/PF), indicating the ability of the nematode com-
munity to prevent accumulation of plant feeders (top—down
control); the ratio between fungal and bacterial feeders (FF/
(FF +BF)), indicating changes in the relevance of energy
channels (=channel ratio; Neher and Darby 2009); and the
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log ratio of plant feeders to root mass (log(PF/root mass)),
indicating nematode-induced grazing pressure (= grazing
pressure ratio; Cortois et al. 2017). We further divided the
nematodes according to their r vs. K life-history strategy
using the colonizer (c)—persister (p) scale, which ranges
from 1 to 5 (Bongers and Bongers 1998; Ferris et al.
2001). Nematodes within the same c—p group show similar
responses to changes in their environment. Responses range
from extreme r-strategists (c—pl =short life cycle, high
fecundity, tolerant to disturbance) to extreme K-strategists
(c—p 5=Ilong life cycle, produce few large eggs, long gen-
eration time, sensitive to disturbance; Bongers and Bongers
1998). Plant feeders were excluded from these calculations,
as they react differently to nutrient availability (Bongers and
Bongers 1998). Using the c—p scale and the trophic classifi-
cation, we calculated three indices: the Structure Index (SI),
indicating the structure and complexity of the soil food web
(Ferris et al. 2001); the Enrichment Index (EI), indicating
the nutrient status of the soil system (Ferris et al. 2001); and
the Maturity Index (MI), which shows the overall soil food-
web complexity and disturbance level (Bongers and Bongers
1998; Neher and Darby 2009). Furthermore, we grouped the
c—p 1 and c—p 2 nematodes as classic r-strategists, while the
c—p 3, c—p 4, and c—p 5 nematodes represent K-strategists
with increasing intensity.

Plant and soil variables

To test the impact of plant community properties on the
nematode community, we measured plant community bio-
mass (root and shoot mass) as a proxy for resource quantity
and C/N,,; and root traits (specific root length, root length
density) as proxies for resource quality. We used leaf rather
than root samples for our C/N analyses because C/N,, better
represents heterogeneity within the community (leaves were
collected from different individuals per species all around
the plot), while root C/N could only have been measured
from the root biomass of two soil cores. Due to the small
size of the plots, we were only able to take a limited num-
ber of soil cores without permanently disturbing the plots.
Nevertheless, previous work showed a positive correlation
between leaf and root nitrogen concentration (Siebenkis
et al. 2015; Simpson et al. 2020), as well as C/N,,,; and
CIN, o (Ferlian et al. 2017; Legay et al. 2016) making C/N,.,¢
a useful predictor for resource quality.

Shoot mass was harvested block-wise on each plot from
29 May to 5 June 2017. A sample area of 0.2 0.5 m was
chosen in the center of the plots, excluding the outer margin
(0.25 m), and plants were cut five 5 cm above ground level.
Biomass samples were sorted (target plant species, weed,
dead plant material), dried at 70 °C for 48 h, and weighed.
Shoot mass per plot and species were extrapolated to one
square meter (g, M 2). Shortly before the harvest, we
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sampled 10 to 15 fully developed leaves from all plant spe-
cies on all plots, if possible (species by species and block-
wise). Leaf samples per species and plot were dried for
48 h at 70 °C and ground to fine powder with a mixer mill
(MM2000, Retsch, Haan, Germany). Milled plant material
(10 mg) was used to determine leaf carbon and nitrogen
concentrations (mg N g, ', Mg C g, ') With an elemental
analyzer (Vario EL Element Analyzer, Elementar, Hanau,
Germany) and to derive C/N,,,; ratios per plot and species.
Using these values, we calculated the community-weighted
mean (CWM) per plot as the mean trait value weighted by
species relative abundances according to the equation:

N

CWMc,y = Zpiti’
i=1

where § is the number of species in the community, p; are
the species biomass proportions, and ¢; are species-specific
CIN,.,s values.

For root-related measurements, we took two soil cores
(10 cm depth, 5 cm diameter) per plot on 20 and 21 June
2017. The sampling location for each soil core was randomly
selected in the inner area of the plot (at least 25 cm distance
from the edges). For the monoculture plots, we only sampled
one replicate per plant species to keep the disturbance as low
as possible. Soil cores were pooled per plot and stored in a
freezer (— 20 °C). At a later point, soil cores were defrosted,
and roots were cleaned by rinsing off all soil over a 0.5 mm
sieve. To determine root traits, root samples per plot were
scanned on a flatbed scanner at 800 dpi directly after clean-
ing (Epson Expression 10,000 XL scanner, Regent Instru-
ments, Quebec, Canada), and root length was measured with
an image analysis software (WinRHIZO; Regent Instru-
ments, Quebec City, Canada). After that, roots were dried
for 48 h at 70 °C and weighed (=root mass, g, cm; ).
Specific root length (=SRL) was calculated as the ratio of
root length to root mass (M, €., ) and root length density
(=RLD) as the ratio of root length to the soil volume of both
soil cores per plot (cm,,, cm; ™).

We also determined soil organic carbon and soil nitro-
gen concentrations to test whether these soil variables have
an impact on the nematode community. Both variables
have been shown to be strongly related to the soil micro-
bial community (Lange et al. 2015; Prommer et al. 2020),
and were thus classified as additional proxies for resource
quantity. However, because of the strong positive corre-
lation between organic carbon and nitrogen (r=0.866,
P <0.001), we decided to only use organic carbon for
statistical analyses. For determination, we took subsam-
ples from the freshly sieved soil (4 mm) for the nematode
extraction, which was further sieved to 2 mm and then
air-dried. After this, the soil samples were ground to a
fine powder with a mixer mill (MM2000, Retsch, Haan,

Germany) and dried at 40 °C for 5 h. Soil nitrogen and
total carbon concentrations were analyzed with an ele-
mental analyzer (Vario EL Element Analyzer, Elemen-
tar, Hanau, Germany) using 40 mg of the ground soil. To
determine the concentration of soil organic carbon, we
measured the concentrations of soil carbonate volumetri-
cally with a calcimeter according to Scheibler (Schlichting
and Blume 1966) and subtracted the value from the total
carbon concentrations.

Statistical analyses

To analyze the nematode community structure, non-met-
ric multidimensional scaling (NMDS) was used to check
whether the composition of the nematode communities
differed among plant species richness levels using the veg-
dist function in the package vegan (Oksanen et al. 2007)
of the statistical software R (version 3.6.1, R Development
Core Team, http://www.R-project.org). The NMDS was
based on three dimensions, contained all 93 sampled plots
and 51 identified nematode genera, and was performed
for nematode abundances using Bray—Curtis dissimilarity
(=Sgrensen index) and for presence—absence of nematode
genera based on the Jaccard index, respectively. Moreover,
we fitted the nematode genera to the ordination to check
which genera were most important for the distribution and
thus causing significant differences along the sown plant
species richness gradient using the envfit function in the R
package vegan (Oksanen et al. 2007). Associated with this
analysis, we also tested whether there were indicator genera,
which were highly abundant only at specific levels of plant
species richness using the multipatt function in the R pack-
age indicspecies (De Caceres et al. 2016).

To test whether nematode community structure differed
depending on plant species richness, linear mixed-effects
models were fitted using the Imer function in the R package
Ime4 (Bates et al. 2015) with the response variables sum-
marized in Table 2. Block and mixture identity (i.e. specific
combination of plant species) were used as random effects
in the models. We started with a null model with the random
effects only and then added sown plant species richness (as
a log-linear term) and realized plant species richness as a
fixed effect, respectively. If sown plant species richness had
a significant influence on a nematode variable, we checked
whether this was caused by increased richness or the pres-
ence of specific plant species in mixtures using the trans-
gressive overyielding approach (Loreau 1998): If the effects
of plant species on a nematode variable are complementary,
plant species mixtures will have values deviating from those
expected from the “best” monoculture, which is described as
transgressive overyielding (Dy,,; Loreau 1998). Dy, values
were calculated according to the equation:
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where O is the nematode value of a given mixture, and
M.« the highest value (=“best”) among the monocultures
of plant species occurring in this mixture. Based on the
results of the mixed-effects model analyses, we expected
that nematode diversity, bacterial feeder abundance and
abundance of r-strategists (c—p 1+ 2 nematodes) in mix-
tures (positive relationships with plant species richness)
should have higher values than the monoculture with the
highest nematode diversity, bacterial feeder abundance, and
abundance of r-strategists, respectively, to indicate comple-
mentarity (D,,,,>0). In contrast, we expected that channel
ratio and grazing pressure ratio (negative relationships with
plant species richness) in the mixtures should have lower
values than the monoculture with the lowest channel ratio

or grazing pressure ratio, respectively, to indicate comple-
mentarity (D, <0). Finally, separate analyses of variance
(ANOVA) with block, sown plant species richness, and
mixture identity were conducted for calculated D,,,, to test
grand means against hypothetical values (i.e., their deviation
from zero), indicating whether mixtures on average showed
transgressive overyielding or not. If we did not find a signifi-
cant deviation of D,,, from zero (=no transgressive overy-
ielding), this relationship is probably caused by one or a few
specific plant species, which also had high/low nematode
values in monoculture (selection effect). Moreover, for the
nematode variables that were significantly influenced by spe-
cies richness, we additionally fitted mixed-effects models as
explained above, but with the presence—absence of the seven
target plant species as a second fixed effect in separate mod-
els (Npoge1s=7)- This was done to assess which plant species
might have caused the plant species richness effect if no

Table2 Summary of mixed-

. Sown plant Sr (log) Realized plant Sr
effect model analyses testing
the effects of sown and DF  Chi? P DF  Chi? P
realized plant species richness
on nematode community Nematode community
variables, the abundance of Total Number per 100 g dry soil 1 0.93 0.335 1 0.59 0.443
trophic groups, trophic group Genus richness 1 2.94 0.087 1 1 2.70 0.100 1
fgﬁﬁ;sgi?lﬁartﬁ;eﬁ f}fetrco_%hlc Shannon—Wiener diversity 1 5.00 0.025 5.48 0.019 1
scale, and functional guild Trophic groups — abundances
indices Plant feeder 1 0.17 0.682 1 0.04 0.842
Bacterial feeder 1 8.07 0.004 17 1 6.24 0.012 1
Fungal feeder 1 0.07 0.797 1 0.01 0.936
Omnivores + predators 1 0.18 0.673 1 0.19 0.666
Trophic groups — ratios
Predator—prey ratio 1 0.18 0.674 1 0.08 0.778
Channel ratio 1 5.13 0.024 | 1 4.42 0.036 |
Grazing pressure ratio 1 19.72 <0.001 | 1 15.83 <0.001 |
Trophic groups — genus richness
Plant feeder 1 1.43 0.232 1 0.01 0.915
Bacterial feeder 1 2.11 0.146 1 4.11 0.043 1
Fungal feeder 1 0.15 0.697 1 0.25 0.620
Omnivores + predators 1 0.72 0.395 1 0.24 0.627
c—p scale
cpl+2 1 5.16 0.023 1 1 4.33 0.038 1
cp3 1 0.02 0.877 1 0.08 0.784
cp4 1 0.10 0.747 1 0.02 0.899
cp5 1 1.95 0.162 1 4.90 0.027 1
Functional guild indices
Enrichment Index 1 0.28 0.595 1 0.47 0.494
Structure Index 1 2.20 0.138 1 2.05 0.152
Maturity Index 1 1.15 0.284 1 0.41 0.522

Shown are degrees of freedom (DF), Chi?, and P values (P). Significant influences are given in bold and
marginally significant influences in italics. Arrows indicate a significant increase (1) or decrease (|) of the
measures with species richness. Note that predators and omnivores were grouped due to similar life-history
strategies and that grazing pressure ratio was calculated with only seven instead of 14 monocultures (no
root mass data for the second replicate)
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transgressive overyielding was found. One exception was the
analysis for scores of NMDS axis 1 and 2, which was tested
for significant differences among sown plant species richness
levels (categorial) with Tukey’s HSD test using the function
glht of the R package multcomp (Hothorn et al. 2008).

To test whether plant species richness effects on the
nematode community can be explained by a change in
resource quantity or quality, we applied piecewise struc-
tural equation modeling (SEM) for nematode community
indices (total number of nematodes, genus richness, nem-
atode diversity, scores of NMDS axis 2 [nematodes were
spread along the species richness gradient on NMDS axis
2]), for the abundance of trophic groups, for genus richness
of trophic groups, and for the c—p scale in separate models
(due to similar life-history strategies, predators and omni-
vores were grouped to keep the SEM clearly structured).
We started with an initial model for all models containing
the possible causal drivers of nematode variables and their
interrelationships based on current knowledge. We used all
measured plant and soil variables, except root length density
(strong correlation with root mass) and soil nitrogen concen-
tration (strong positive correlation with soil organic carbon).
Piecewise SEMs were run with 86 plant communities (no
root data available for the second replicate of the monocul-
tures) and were based on linear mixed-effects models using
the function psem of the R package piecewiseSEM (Lef-
check 2016) for accounting for block and mixture identity

(a) Abundance of nematode genera

as random effects. Model fit was assessed using Fisher’s C
statistic, where P> 0.05 indicates that the data are well rep-
resented by the model. Before linear mixed-effects model
and SEM analyses, variables were transformed to meet the
assumptions of normality and variance homogeneity: sown
plant species richness, the abundance of bacterial feeders,
fungal feeders and omnivores + predators, predator—prey
ratio, c—p 1+ 2 nematodes, and c—p 4 nematodes were log-
transformed; genus richness of fungal feeders and nematodes
in c—p 3 and 4 were square root-transformed.

Results
Nematode community composition

We extracted on average 1852.4 +724.2 (SD) nematode
individuals 100 g~! dry soil (highest number: 3604.9 nema-
todes g~! dry soil; lowest number: 538.7 nematodes g~! dry
soil). We identified 51 different genera in total (Table S2),
whereas most genera belonged to the plant feeder and bacte-
rial feeder groups (18 genera, respectively). Fungal feeders,
omnivores, and predators were less diverse (5, 7, and 3 gen-
era). The most abundant trophic group was the plant-feeding
group with 63.6% of total number of identified nematodes.
Bacterial feeders, fungal feeders, and omnivores had simi-
lar proportion with~10% (12.3%, 13.0%, and 8.9%), while

(b) Presence-absence of nematode genera

Plant species richness
Nine species
[& Six species Eucephalobus
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Fig.1 Summary of non-metric multidimensional scaling (NMDS),
abundance based on Bray—Curtis dissimilarity (a) and presence—
absence based on Jaccard index (b) of 51 nematode genera identi-
fied in 93 plant communities. Circles indicate the plant communi-
ties differing in sown plant species richness, and the ellipses indicate

the standard deviation of point scores for each plant species richness
level. Arrow in NMDS for abundance (a) indicates which nematode
genera were most important for the distribution of circles and ellipses
along the sown plant species richness gradient
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the predatory group was the one with the lowest percentage
(2.3%).

Plant species richness effects on nematode
community composition and diversity

NMDS analysis based on nematode abundances revealed
that nematode communities were spread along the sown
plant species richness gradient on the NMDS axis 2
(Fig. 1a). The nematode composition differed significantly
between monocultures and nine-species communities
(Fig. 1a; Table S3), while two- and six-species communi-
ties were located between these extremes of the diversity
gradient (Fig. 1a). We found several genera, which were
significantly related to the second dimension of the ordi-
nation (P <0.01; Table S2). Significant genera, which had
high negative loadings (< —0.4) for NMDS axis 2 were
Aphelenchus (FF2 [number indicates c—p scale]), Prodesmo-
dora (BF3), and Helicotylenchus (PF3), and separating the
monocultures, while the genera with high positive loadings
(<0.4) were Eucephalobus (BF2), Plectus (BF2), Miconchus
(Pr4), Clarkus (Pr4), and Prodorylaimus (OmS) separating

the nine-species communities (Table S2). NMDS analysis
based on the presence-absence of genera revealed no sig-
nificant differences among nematode communities along the
plant species richness gradient (Fig. 1b). Indicator analysis
showed that the genera Protorhabditis (BF1), Eucephalobus
(BF2), Wilsonema (BF2), Lelenchus (PF2), Prodorylaimus
(Om5), and Aporcelaimellus (OmS5) were highly abundant
genera in the nine-species communities, while other plant
species richness-levels showed no significant indicator
genera.

In general, we found similar mixed-effects model results
for sown plant species richness and realized plant spe-
cies richness (Table 2). Nematode diversity significantly
increased with plant species richness (Fig. 2a), while the
total number of nematodes and genus richness showed no
significant relationship with plant species richness (Table 2).
Nematode diversity in plant mixtures was not significantly
higher than nematode diversity of the “best” monoculture
(no transgressive overyielding; F' 143= 0.165, P=0.687), but
we detected two grass species, A. elatius and D. glomerata,
which positively influenced nematode diversity (A. elatius:
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Fig.2 Relationships between plant species richness and nematode
diversity (a), number of bacterial feeders 100 g=' dry soil (log-trans-
formed; b), channel ratio (=FF (FF+BF)™!; ¢), grazing pressure
ratio (=log (PF root mass™!); d), number of c—p | and 2 nematodes
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2
Sown plant species richness

2 3
Realized plant species richness

100 g~! dry soil (log-transformed; e), and number of c—p 5 nematodes
100 g~! dry soil (square root-transformed; f). Each circle represents
a plant community, lines (+SE) indicate significant relationships of
linear mixed-effects models (P <0.05; Table 2)
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Chi*=6.89, P=0.009; D. glomerata: Chi*=5.58, P=0.018;
monoculture with highest diversity: A. elatius).

Piecewise SEM revealed that plant species richness
positively influenced most of the measured plant and soil
variables; except specific root length, which was marginally
significantly and negatively related to plant species richness,
as well as C/N,, ratio, which showed no relationship with
plant species richness (Fig. 3). The positive effects of plant
species richness on nematode diversity were explained via
increased shoot mass and soil organic carbon concentrations
with higher plant species richness, which was also shown for
genus richness (Fig. 3a). Moreover, shoot mass was posi-
tively related to nematode community composition (scores
of NMDS axis 2) and negatively associated with the total
number of nematodes (Fig. 3a).

Plant species richness effects on trophic groups
and their ratios

Linear mixed-effect model analysis revealed that the
abundance and genus richness of bacterial feeders were

(a) Diversity and Fisher's C = 10.682

Plant species
richness

(b) Trophic group

positively related with plant species richness (genus rich-
ness only with realized plant species richness; Table 2;
Fig. 2b), while channel ratio and grazing pressure ratio
were negatively related with plant diversity (Table 2;
Fig. 2c, d). Bacterial feeder abundance in mixtures was
higher than expected from monocultures (transgressive
overyielding; F; 4,=38.91, P=0.005), while grazing pres-
sure ratio in mixtures was lower than expected from mono-
cultures (F 43=13.41, P<0.001). In addition, plots with
the grass A. elatius and the legume 7. repens showed lower
grazing pressure than communities without these plant
species (A. elatius: Chi’=13.71, P<0.001; T. repens:
Chi*=4.79, P=0.029).

Piecewise SEM for trophic group abundances revealed
that the positive influence of plant species richness on the
number of bacterial feeders was induced via increased
soil organic carbon concentrations (Fig. 3b). Further, we
detected that the number of plant feeders was positively
affected by C/N,, ratio and negatively by shoot mass
(Fig. 3b). The number of omnivores and predators were
positively influenced by the number of plant feeders and

Fisher's C = 9.960

Plant species
richness
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Fig.3 Piecewise structural equation models (SEM) exploring the
effect of sown plant species richness, root mass, specific root length
(SRL), shoot mass, C/N ratio of leaves (C/Ny,), and soil organic car-
bon concentrations (soil C,,) on nematode diversity and composition
(a), trophic group abundance (b), trophic group genus richness (c),
and nematodes along the c—p scale (d). Arrows represent significant
unidirectional relationships among variables (P<0.05), while blue
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0.41

arrows indicate positive relationships and red arrows indicate nega-
tive relationships. Double-headed arrows show correlated errors.
Standardized parameter estimates are given next to the arrows. Mar-
ginal R? (based on fixed effects only) and conditional R? (based on
random and fixed effects) for component models with significant rela-
tionships are given in brackets below the respective response variable
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bacterial feeders (Fig. 3b). Piecewise SEM for genus rich-
ness within trophic groups showed that plant feeder rich-
ness was positively affected by specific root length and
bacterial feeder richness by soil organic carbon concentra-
tions (Fig. 3¢). Genus richness of omnivores and predators
was also positively influenced by soil organic carbon and
additionally by shoot mass (Fig. 3c).

Plant species richness effects on r- and K-strategists
and functional guild indices

We found a positive relationship between plant species rich-
ness and abundance of c—p 1 and 2 nematodes (abundance
in mixtures was higher than expected from monocultures,
F 43=28.51, P<0.001) and between plant species richness
and abundance of c—p 5 nematodes (only with realized plant
species richness; Table 2; Fig. 2e, f), while other c—p groups
were not significantly influenced. Piecewise SEM indicated
that the positive influence of plant species richness on c—p 5
nematodes was mediated via enhanced soil organic carbon
concentration (Fig. 3d). We found no significant influence
of plant diversity on functional guild indices (SI, EI, MI).

Discussion

Plant species richness effects on nematode
community composition and diversity

We generally found that nematode community composi-
tion (NMDS for abundance) and nematode diversity dif-
fered among the plant species richness levels, which is in
line with recent studies (Cortois et al. 2017; De Deyn et al.
2004; Eisenhauer et al. 2011; Guerrero-Ramirez et al. 2019).
Interestingly, the ellipses in the NMDS, which indicate
the standard deviation (SD) of point scores for each plant
species richness level, did not strongly differ in their size
indicating similar variability in community composition.
Several microcosm experiments (Niu et al. 2019; Wardle
et al. 2003) and field studies (De Deyn et al. 2004; Viketoft
et al. 2005) have shown that plant species strongly differ in
their effects on nematode community composition. Thus,
we expected that monocultures show the highest variation
(i.e. largest ellipse); however, we found that monocultures
showed a lower within-variation than two- and six-species
communities (area,  ,=0.13; area,,,=0.20; area;, =0.15;
area,;,. = 0.10, see Fig. S1 for calculation). A possible
explanation could be that plant species in monoculture were
exposed to a similar selection environment, i.e. the accu-
mulation of soil-borne pathogens favors individuals, which
are able to defend and persist (Eisenhauer et al. 2019). This
may lead to similar trade-offs in “functioning” of plant spe-
cies in monoculture, e.g., higher investment in chemical and
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morphological defense traits, which in turn could similarly
shape the nematode community composition. Thus, short-
term effects of single plant species on nematode communi-
ties could be diluted over time. The NMDS analysis based
on presence—absence did not reveal any significant differ-
ences among plant species richness levels, indicating that
most nematode genera were present in all plant species rich-
ness levels. Both NMDS results together show that compo-
sitional differences along the plant species richness gradient
were mainly caused by increased or decreased abundance of
genera but not by specific genera, which only occur under
certain plant species richness levels. This is also supported
by the indicator analysis which revealed no indicator genera,
except for the nine-species plots. One possible reason for
the detection of indicator genera in the nine-species plots
could be that these communities provide the highest resource
quality or quantity, which enables the existence of specific
genera (for example the large K-strategists Prodorylaimus
and Aporcelaimellus; see discussion on bacterial feeders
and omnivores). However, we cannot exclude that we found
indicator genera because the nine-species communities were
eight identical replicates of the same plant species composi-
tion, which caused a low within-variation (smallest ellipse)
and thus higher chance to detect indicator genera.

Although we found a positive influence of plant species
richness on nematode diversity, we did not detect higher val-
ues in mixtures than expected from monocultures. Instead,
the two most-productive plant species of the Dominance
Experiment, A. elatius and D. glomerata (Roscher et al.
2007) showed significant positive effect on nematode diver-
sity next to species richness. This is in line with the SEM
results showing that positive effects of plant species rich-
ness on nematode diversity, genus richness, and composi-
tion were induced via increased shoot mass. An additional
pathway was shown via increased soil organic carbon con-
centrations. These results indicate that nematode diversity
and composition depend mainly on resource quantity and
that high-productive, dominant plant species (i.e. A. elatius
and D. glomerata in our study) play an important role for the
diversity of nematodes, which is in line with a recent study
(Wang et al. 2019).

The increase of soil organic carbon with plant species
richness is in line with recent studies showing that higher
plant diversity leads to an increase of root exudates, which
in turn increases the activity and growth of soil biota (Eisen-
hauer et al. 2017; Lange et al. 2015; Prommer et al. 2020).
Hence, we conclude that positive plant diversity effects were
induced via increased microbial biomass, which enhances
the diversity and composition of nematode communities
(Eisenhauer et al. 2013), particularly bacterial feeders and
omnivores (as shown in the SEM for trophic group genus
richness).
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In contrast to our expectations and previous findings
(Eisenhauer et al. 2013), we did not find any influence
of root mass on nematode diversity or composition but a
strong influence of shoot mass. The lack of the effect was
also present when we excluded shoot mass from the SEM
analysis (not shown). We can only speculate about the rea-
sons, but it is plausible that more shoot mass and denser
vegetation caused a reduction of evaporation and increased
topsoil moisture (0—10 cm; Fischer et al. 2018; Wright et al.
2015). Further, higher shoot mass could have also buffered
negative impacts by drought, e.g., due to shading, leading to
more stable soil moisture over the years (Wright et al. 2017).
Indeed, Lange et al. (2014) showed that denser vegetation
promotes higher soil microbial activity via increased soil
moisture in the Jena Experiment. Thus, we conclude that
nematode diversity could be increased by positive micro-
climatic effects due to more stable and beneficial soil mois-
ture, which enables, for example, the establishment of large
K-strategist, and/or by positive effects via increased micro-
bial activity (Lange et al. 2015) promoting the establishment
of different microbial-feeding and omnivorous genera (Yan
et al. 2018). In addition, higher shoot mass could indicate
elevated levels of photosynthates released into the rhizo-
sphere, which could boost bottom—up effects on microbi-
vores (Eisenhauer et al. 2017). The positive impact of shoot
mass and dominant grass species is probably the reason why
we did not find higher nematode diversity in mixtures than
expected from monocultures (no transgressive overyielding)
because monocultures of dominant plant species (in particu-
lar A. elatius) showed high aboveground biomass production
and thus also high nematode diversity.

Furthermore, SEM results indicated that shoot mass has
a negative impact on the total number of nematodes, which
is explainable by a decrease of plant feeders with increasing
shoot mass (as shown in the SEM for trophic group abun-
dances). Plant feeders had the most considerable portion of
the total number of nematodes per plot, ranging between
40% and 90%, while other trophic groups had a lower
amount between 1% and 30%, respectively. It is plausible
that plant feeders experienced more control by predators and
omnivores at higher plant diversity (Barnes et al. 2020) lead-
ing to an elevated top—down pressure and thus lower number
of plant-feeding nematodes (see discussion on plant feeders).

Plant species richness effects on trophic groups,
their ratios, and r- and K-strategists

We found significant higher abundance of bacterial feed-
ers in mixtures than in the “best” monoculture, indicating
a strong positive influence of plant species richness on this
trophic group. SEM revealed that the positive diversity effect
was caused by increased soil organic carbon. Guenay et al.
(2013) found in the Dominance Experiment transgressive

overyielding for soil microbial biomass, suggesting that
bacterial feeders benefitted from the higher amounts of
resources with increasing plant species richness (Eisen-
hauer et al. 2013). A possible mechanism underlying these
relations could be that higher plant species richness leads
to a higher amount and diversity of root exudates, which
positively influence soil microbial biomass (Eisenhauer et al.
2017; Prommer et al. 2020) and thus abundance and richness
of bacterivorous nematodes. We, therefore, conclude that
bacterial feeders were mainly dependent on plant diversity-
induced effects of resource quantity. This is in line with the
results found for the c—p 142 group, as 13 out of 16 genera
within this group were bacterivorous.

In contrast to bacterial feeders, fungal feeders did not
respond significantly to increasing plant species richness.
The increase of bacterial feeders and the stable number of
fungal feeders with increasing plant diversity led to a change
from more fungal-dominated systems to more bacteria-dom-
inated systems, indicated by a significant decrease of the
channel ratio with increasing species richness. Our results
contradict previous findings showing that plant communi-
ties become more fungal-dominated with increasing plant
diversity (Bennett et al. 2020; Eisenhauer et al. 2011, 2017);
however, there was one significant difference between pre-
vious work and our study. Plant communities in our study
were dominated by grasses (relative biomass production
of grasses in two-species plots was 71% + 6% (SE) and
increased up to 89% + 3% in nine-species plots), while in
the other studies, there was a more balanced combination
of herbs, legumes and grasses in mixtures (Marquard et al.
2009). Plant functional group identity and diversity differ-
ently influence microbial-feeding nematodes (Cortois et al.
2017; Viketoft et al. 2005), so that the different composition
of plant mixtures probably explain the contrasting results,
but this hypothesis needs further testing.

We found no direct impact of plant species richness on
omnivores and predators; but SEM analysis showed that the
abundance of omnivores and predators was positively influ-
enced by the abundance of bacterial and plant feeders. Sev-
eral studies support our results by showing that omnivores
and predators were positively impacted by other trophic
groups of nematodes functioning as a food source (Cortois
et al. 2017; Eisenhauer et al. 2013; Khan and Kim 2007).
Furthermore, SEM results showed that genus richness of
omnivores and predators was enhanced via increased shoot
mass and soil organic carbon, indicating an indirect positive
influence of plant species richness. As explained for nema-
tode diversity, shoot mass, and thus denser vegetation can
buffer adverse drought effects, which leads to a more stable
microenvironment and enables a higher richness of large
K-strategic omnivores and predators, as shown in Yan et al.
(2018). In addition to this, higher soil organic carbon could
enhance the richness of omnivores and predators, either due
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to higher microbial biomass (as a resource for omnivores)
and/or higher abundance of bacterial-feeding nematodes
(as a resource for omnivores and predators). In conclusion,
results of the present study indicate that omnivores and
predators were dependent on plant diversity-induced effects
of resource quantity (and microenvironmental conditions),
similar to bacterial feeders. This conclusion is supported
by the results found for c—p 5 nematodes (positive relation-
ship between abundance and realized plant species richness;
SEM), since all genera belonging to the c—p 5 group were
omnivorous.

Interestingly, plant species richness did not influence
plant feeder abundance or richness, but grazing pressure
ratio significantly decreased with increasing plant diversity.
This supports previous findings indicating a higher accumu-
lation of pathogens in low-diversity than in high-diversity
communities (Cortois et al. 2017; Kulmatiski et al. 2012;
Schnitzer et al. 2011). This dilution effect in species-rich
communities is a possible explanation contributing to the
positive diversity—productivity relationship found in this
study and many biodiversity experiments (Cardinale et al.
2007; Marquard et al. 2009; Roscher et al. 2007). We did
not find a significant influence of the plant species A. elatius
and T. repens on the abundance of plant feeders, but a posi-
tive impact on grazing pressure. Thus, we think that these
dilution effects were caused by the promotion of root mass
production (bottom—up effect) and not by suppressing plant
feeders. The grass A. elatius directly increased root mass
due to general high productivity (as dominant species in the
Jena Experiment), while it is likely that the legume T. repens
indirectly increased the root mass production of the whole
community due to legume-specific interactions with rhizo-
bacteria increasing the soil nitrogen concentrations (Bessler
et al. 2012).

Piecewise SEM analysis showed that the abundance of
plant feeders increased with a higher C/N,., ratio and genus
richness of plant feeders with higher specific root length.
These results indicate that plant feeders, in contrast to other
trophic groups, were controlled by resource quality. The
positive relationship between plant feeders and aboveground
plant C/N ratios was also found in the Jena Experiment in
previous studies for nematodes (Cortois et al. 2017) and
aboveground arthropods (Ebeling et al. 2014). Both studies
stated that this is an unexpected result because the abundance
of herbivores should increase with the higher nutritional
quality (i.e. lower C/N) of the food source (Cebrian et al.
2009). Further, they argued that supporting tissues, such as
plant stems, have higher C/N ratios and that such tissues
increased with increasing plant species richness (Roscher
et al. 2007), which probably explains the unexpected rela-
tionship. In our study, we determined the C/N ratio of leaves,
not of shoot mass, but still found this positive relationship.
Perhaps, there is an undiscovered influence and/or correlated
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variables, which should be investigated in more detail in the
future. The positive relationship between specific root length
and plant feeder richness indicates that plant feeders depend
on a higher fineness of roots, which is to some extent in line
with previous studies. Otfinowski and Coffey (2020) showed
that higher SRL increased the abundance of plant-feeding
nematodes, and Cortois et al. (2016) showed that plants with
higher SRL more strongly suffer from soil-borne pathogens.
We assume that lower tissue density (Otfinowski and Cof-
fey 2020) or higher nutritional quality of fine roots (Gordon
and Jackson 2000) enhanced herbivory attractivity and thus
the richness of plant feeders. Next to the resource quality
impacts on plant feeders, we also detected shoot mass as a
proxy for resource quantity influencing plant feeder abun-
dance. Interestingly, this relationship was not positive, as
expected, but negative. This indicates that plant feeders were
not controlled by higher food quantity, but probably by a
more substantial top—down control by predators and omni-
vores. As described above, a higher shoot mass may cause
a lower vulnerability to drought, enhancing the abundance
and richness of omnivores and predators. This, in turn, could
increase the top—down control (Barnes et al. 2020), lead-
ing to a lower plant feeder abundance in communities with
more stable soil moisture over the years (Franco et al. 2020;
Wilschut and Geisen 2021).

Conclusion

In the present study, we showed that nematode communi-
ties in 15-year-old plant communities significantly changed
along the plant species richness gradient, caused by strong
bottom—up effects on almost all trophic groups (except fun-
gal feeders). We found evidence that bacterial feeders, omni-
vores, and predators were controlled mainly by resource
quantity, leading to a higher abundance and richness of these
trophic groups in species-rich plant communities. Contrary
to this, plant feeders were primarily controlled by resource
quality and showed a higher accumulation in species-poor
plant communities (likely causing higher top-down pressure
on plants). Our results confirm the assumption by Eisen-
hauer et al. (2012) that soil mutualists, such as bacterivores,
predators, and omnivores (Wilschut and Geisen 2021), accu-
mulate in high-diversity plant communities over time, while
in low-diversity plant communities there is an accumula-
tion of soil-borne plant antagonists, such as plant-feeding
nematodes. The opposing accumulation of mutualistic and
antagonistic nematodes can explain, at least in part, the posi-
tive strengthening relationship between plant productivity
and diversity over time, which was found in many long-term
biodiversity experiments (Guerrero-Ramirez et al. 2017;
Reich et al. 2012; Tilman et al. 2006). The next promising
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steps forward would be the set-up of plant—soil feedback
experiments to verify soil nematodes’ contribution to plant
diversity—productivity relationships (Guerrero-Ramirez
et al. 2019) and the direct manipulation of nematode com-
munities to steer plant community functioning.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-021-04956-1.

Acknowledgements We thank the gardeners and many student help-
ers for weeding and mowing the study plots of the Jena Experiment,
and Anne Ebeling and Anja Vogel for coordinating maintenance. Fur-
thermore, we are grateful to Petra Hoffmann and Laura Bergmann for
measurements in the laboratory, and Tom Kiinne and Nils Gmyrek for
help with root washing. We acknowledge helpful comments by two
anonymous reviewers.

Author contribution statement PD and CR originally formulated the
idea, SC and NE developed the methodology. PD conducted the field
and lab work, and TL identified the nematodes. PD performed statisti-
cal analyses (based on discussion with CR, SC, and NE) and wrote
the manuscript. All authors contributed critically to the revisions of
the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. The Jena Experiment is funded by the German Research Foun-
dation (FOR 1451, FOR 5000), supported by the University of Jena
and the Max Planck Institute for Biogeochemistry. Further support was
received by the German Centre for Integrative Biodiversity Research
(iDiv) Halle-Jena-Leipzig, funded by the German Research Foundation
(FZT 118), by the Heinrich Boll Foundation (Ph.D. scholarship and
travel funding to PD), and by the Graduate School HIGRADE (travel
funding to PD).

Availability of data and materials The data reported in this paper have
been deposited in BEXIS, which can be publicly accessed at https://
jexis.uni-jena.de/ddm/data/Showdata/160 and https://jexis.uni-jena.de/
ddm/data/Showdata/161.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All applicable institutional and national guidelines
for the care and use of animals were followed.

Consent to participate All patients included in this study gave written
informed consent to participate in this research.

Consent for publication All patients included in this research gave
written informed consent to publish the data contained within this
case report.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated

otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Barnes AD, Scherber C, Brose U, Borer ET, Ebeling A, Gauzens B,
Giling DP, Hines J, Isbell F, Ristok C, Tilman D, Weisser WW,
Eisenhauer N (2020) Biodiversity enhances the multitrophic con-
trol of arthropod herbivory. Sci Adv 6:eabb6603. https://doi.org/
10.1126/sciadv.abb6603

Bates D, Maechler M, Bolker B, Walker S, Christensen RHB, Sing-
mann H, Dai B, Grothendieck G, Green P, Bolker MB (2015)
Package ‘Ime4.” Convergence 12:2

Bennett JA, Koch AM, Forsythe J, Johnson NC, Tilman D, Klironomos
J (2020) Resistance of soil biota and plant growth to disturbance
increases with plant diversity. Ecol Lett 23:119-128. https://doi.
org/10.1111/ele.13408

Bessler H, Oelmann Y, Roscher C, Buchmann N, Scherer-Lorenzen M,
Schulze ED, Temperton VM, Wilcke W, Engels C (2012) Nitro-
gen uptake by grassland communities: contribution of N, fixation,
facilitation, complementarity, and species dominance. Plant Soil
358:301-322. https://doi.org/10.1007/s11104-012-1181-z

Bongers T (1988) De nematoden van Nederland: een identificatietabel
voor de in Nederland aangetroffen zoetwater-en bodembewonende
nematoden, 1st edn. KNNV, Utrecht

Bongers T, Bongers M (1998) Functional diversity of nematodes. Appl
Soil Ecol 10:239-251. https://doi.org/10.1016/S0929-1393(98)
00123-1

Cardinale BJ, Wright JP, Cadotte MW, Carroll IT, Hector A, Srivas-
tava DS, Loreau M, Weis JJ (2007) Impacts of plant diversity
on biomass production increase through time because of species
complementarity. Proc Natl Acad Sci USA 104:18123-18128.
https://doi.org/10.1073/pnas.0709069104

Cebrian J, Shurin JB, Borer ET, Cardinale BJ, Ngai JT, Smith MD,
Fagan WF (2009) Producer nutritional quality controls ecosystem
trophic structure. PLoS ONE 4:e4929. https://doi.org/10.1371/
journal.pone.0004929

Cesarz S, Ciobanu M, Wright AJ, Ebeling A, Vogel A, Weisser WW,
Eisenhauer N (2017) Plant species richness sustains higher trophic
levels of soil nematode communities after consecutive environ-
mental perturbations. Oecologia 184:715-728. https://doi.org/10.
1007/s00442-017-3893-5

Cesarz S, Schulz AE, Beugnon R, Eisenhauer N (2019) Testing soil
nematode extraction efficiency using different variations of the
Baermann-funnel method. Soil Org 91:61-72. https://doi.org/10.
25674/5091201

Classen AT, Sundqvist MK, Henning JA, Newman GS, Moore JA,
Cregger MA, Moorhead LC, Patterson CM (2015) Direct and indi-
rect effects of climate change on soil microbial and soil microbial-
plant interactions: what lies ahead? Ecosphere 6:1-21. https://doi.
org/10.1890/ES15-00217.1

Cortois R, Schroder-Georgi T, Weigelt A, van der Putten WH, De Deyn
GB (2016) Plant—soil feedbacks: role of plant functional group
and plant traits. J Ecol 104:1608-1617. https://doi.org/10.1111/
1365-2745.12643

Cortois R, Veen GF, Duyts H, Abbas M, Strecker T, Kostenko O,
Eisenhauer N, Scheu S, Gleixner G, De Deyn GB, van der Putten
WH (2017) Possible mechanisms underlying abundance and
diversity responses of nematode communities to plant diversity.
Ecosphere 8:¢01719. https://doi.org/10.1002/ecs2.1719

@ Springer


https://doi.org/10.1007/s00442-021-04956-1
https://jexis.uni-jena.de/ddm/data/Showdata/160
https://jexis.uni-jena.de/ddm/data/Showdata/160
https://jexis.uni-jena.de/ddm/data/Showdata/161
https://jexis.uni-jena.de/ddm/data/Showdata/161
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1126/sciadv.abb6603
https://doi.org/10.1126/sciadv.abb6603
https://doi.org/10.1111/ele.13408
https://doi.org/10.1111/ele.13408
https://doi.org/10.1007/s11104-012-1181-z
https://doi.org/10.1016/S0929-1393(98)00123-1
https://doi.org/10.1016/S0929-1393(98)00123-1
https://doi.org/10.1073/pnas.0709069104
https://doi.org/10.1371/journal.pone.0004929
https://doi.org/10.1371/journal.pone.0004929
https://doi.org/10.1007/s00442-017-3893-5
https://doi.org/10.1007/s00442-017-3893-5
https://doi.org/10.25674/so91201
https://doi.org/10.25674/so91201
https://doi.org/10.1890/ES15-00217.1
https://doi.org/10.1890/ES15-00217.1
https://doi.org/10.1111/1365-2745.12643
https://doi.org/10.1111/1365-2745.12643
https://doi.org/10.1002/ecs2.1719

310

Oecologia (2021) 197:297-311

De Caceres M, Jansen F, De Caceres M (2016) Indicspecies: relation-
ship between species and groups of sites. R Package 1:2014

De Deyn GB, Raaijmakers CE, van Ruijven J, Berendse F, van der
Putten WH (2004) Plant species identity and diversity effects on
different trophic levels of nematodes in the soil food web. Oikos
106:576-586. https://doi.org/10.1111/j.0030-1299.2004.13265.x

Ebeling A, Meyer ST, Abbas M, Eisenhauer N, Hillebrand H, Lange
M, Scherber C, Vogel A, Weigelt A, Weisser WW (2014) Plant
diversity impacts decomposition and herbivory via changes in
aboveground arthropods. PLoS ONE 9:¢106529. https://doi.org/
10.1371/journal.pone.0106529

Eisenhauer N (2012) Aboveground—belowground interactions as a
source of complementarity effects in biodiversity experiments.
Plant Soil 351:1-22. https://doi.org/10.1007/s11104-011-1027-0

Eisenhauer N, Migunova VD, Ackermann M, Ruess L, Scheu S (2011)
Changes in plant species richness induce functional shifts in soil
nematode communities in experimental grassland. PLoS ONE
6:€24087. https://doi.org/10.1371/journal.pone.0024087

Eisenhauer N, Reich PB, Scheu S (2012) Increasing plant diversity
effects on productivity with time due to delayed soil biota effects
on plants. Basic Appl Ecol 13:571-578. https://doi.org/10.1016/j.
baae.2012.09.002

Eisenhauer N, Dobies T, Cesarz S, Hobbie SE, Meyer RJ, Worm K,
Reich PB (2013) Plant diversity effects on soil food webs are
stronger than those of elevated CO, and N deposition in a long-
term grassland experiment. Proc Natl Acad Sci USA 110:6889—
6894. https://doi.org/10.1073/pnas.1217382110

Eisenhauer N, Lanoue A, Strecker T, Scheu S, Steinauer K, Thakur MP,
Mommer L (2017) Root biomass and exudates link plant diversity
with soil bacterial and fungal biomass. Sci Rep 7:44641. https://
doi.org/10.1038/srep44641

Eisenhauer N, Bonkowski M, Brose U, Buscot F, Durka W, Ebeling A,
Fischer M, Gleixner G, Heintz-Buschart A, Hines J (2019) Biotic
interactions, community assembly, and eco-evolutionary dynam-
ics as drivers of long-term biodiversity—ecosystem functioning
relationships. Res Ideas Outcomes 5:e47042. https://doi.org/10.
3897/ri0.5.e47042

Ellenberg HH (1988) Vegetation ecology of central Europe, 4th edn.
Cambridge University Press, Cambridge

FAO, ITPS, GSBI, SCBD, EC (2020) State of knowledge of soil biodi-
versity - Status, challenges and potentialities. Report 2020. Rome,
FAO. https://doi.org/10.4060/cb1928en

Ferlian O, Wirth C, Eisenhauer N (2017) Leaf and root C-to-N ratios
are poor predictors of soil microbial biomass C and respiration
across 32 tree species. Pedobiologia 65:16-23. https://doi.org/10.
1016/j.pedobi.2017.06.005

Ferris H, Bongers T, de Goede RGM (2001) A framework for soil
food web diagnostics: extension of the nematode faunal analysis
concept. Appl Soil Ecol 18:13-29. https://doi.org/10.1016/S0929-
1393(01)00152-4

Fischer C, Leimer S, Roscher C, Ravenek J, de Kroon H, Kreutziger Y,
Baade J, BeBler H, Eisenhauer N, Weigelt A, Mommer L, Lange
M, Gleixner G, Wilcke W, Schroder B, Hildebrandt A (2018)
Plant species richness and functional groups have different effects
on soil water content in a decade-long grassland experiment. J
Ecol 107:127-141. https://doi.org/10.1111/1365-2745.13046

Franco AL, Gherardi LA, de Tomasel CM, Andriuzzi WS, Ankrom KE,
Bach EM, Guan P, Sala OE, Wall DH (2020) Root herbivory con-
trols the effects of water availability on the partitioning between
above-and below-ground grass biomass. Funct Ecol 34:2403—
2410. https://doi.org/10.1111/1365-2435.13661

Gordon WS, Jackson RB (2000) Nutrient concentrations in fine roots.
Ecology 81:275-280. https://doi.org/10.2307/177151

Guenay Y, Ebeling A, Steinauer K, Weisser WW, Eisenhauer N
(2013) Transgressive overyielding of soil microbial biomass in a

@ Springer

grassland plant diversity gradient. Soil Biol Biochem 60:122—124.
https://doi.org/10.1016/j.s0ilbio.2013.01.015

Guerrero-Ramirez NR, Craven D, Reich PB, Ewel JJ, Isbell F,
Koricheva J, Parrotta JA, Auge H, Erickson HE, Forrester DI,
Hector A, Joshi J, Montagnini F, Palmborg C, Piotto D, Potvin
C, Roscher C, van Ruijven J, Tilman D, Wilsey B, Eisenhauer
N (2017) Diversity-dependent temporal divergence of ecosystem
functioning in experimental ecosystems. Nat Ecol Evol 1:1639—
1642. https://doi.org/10.1038/s41559-017-0325-1

Guerrero-Ramirez NR, Reich PB, Wagg C, Ciobanu M, Eisenhauer N
(2019) Diversity-dependent plant—soil feedbacks underlie long-
term plant diversity effects on primary productivity. Ecosphere
10:e02704. https://doi.org/10.1002/ecs2.2704

Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in gen-
eral parametric models. Biom J 50:346-363. https://doi.org/10.
1002/bimj.200810425

Khan Z, Kim YH (2007) A review on the role of predatory soil nema-
todes in the biological control of plant parasitic nematodes. Appl
Soil Ecol 35:370-379. https://doi.org/10.1016/j.aps0il.2006.07.
007

Kulmatiski A, Beard KH, Heavilin J (2012) Plant—soil feedbacks pro-
vide an additional explanation for diversity—productivity relation-
ships. Proc R Soc Lond Ser b: Biol Sci 279:3020-3026. https://
doi.org/10.1098/rspb.2012.0285

Lange M, Habekost M, Eisenhauer N, Roscher C, Bessler H, Engels C,
Oelmann Y, Scheu S, Wilcke W, Schulze ED, Gleixner G (2014)
Biotic and abiotic properties mediating plant diversity effects on
soil microbial communities in an experimental grassland. PLoS
ONE 9:e96182. https://doi.org/10.1371/journal.pone.0096182

Lange M, Eisenhauer N, Sierra CA, Bessler H, Engels C, Griffiths RI,
Mellado-Vazquez PG, Malik AA, Roy J, Scheu S, Steinbeiss S,
Thomson BC, Trumbore SE, Gleixner G (2015) Plant diversity
increases soil microbial activity and soil carbon storage. Nat Com-
mun 6:6707. https://doi.org/10.1038/ncomms7707

Lefcheck JS (2016) piecewiseSEM: Piecewise structural equation mod-
elling in R for ecology, evolution, and systematics. Methods Ecol
Evol 7:573-579. https://doi.org/10.1111/2041-210x.12512

Legay N, Grassein F, Binet MN, Arnoldi C, Personeni E, Perigon S,
Poly F, Pommier T, Puissant J, Clement JC, Lavorel S, Mouhama-
dou B (2016) Plant species identities and fertilization influence
on arbuscular mycorrhizal fungal colonisation and soil bacterial
activities. Appl Soil Ecol 98:132-139. https://doi.org/10.1016/j.
apsoil.2015.10.006

Loreau M (1998) Separating sampling and other effects in biodiversity
experiments. Oikos 82:600-602. https://doi.org/10.2307/3546381

Marquard E, Weigelt A, Temperton VM, Roscher C, Schumacher J,
Buchmann N, Fischer M, Weisser WW, Schmid B (2009) Plant
species richness and functional composition drive overyielding
in a 6-year grassland experiment. Ecology 90:3290-3302. https://
doi.org/10.1890/09-0069.1

Neher DA (2010) Ecology of plant and free-living nematodes in natural
and agricultural soil. Annu Rev Phytopathol 48:371-394. https://
doi.org/10.1146/annurev-phyto-073009-114439

Neher DA, Darby BJ (2009) General community indices that can
be used for analysis of nematode assemblages. In: Wilson M,
Kakouli-Duarte T (eds) Nematodes as environmental indicators.
CABI, Wallingford, pp 107-123

Niu X, Zhai P, Zhang W, Gu Y (2019) Effects of earthworms and
agricultural plant species on the soil nematode community in a
microcosm experiment. Sci Rep 9:11660. https://doi.org/10.1038/
$41598-019-48230-0

Okada H, Harada H, Kadota I (2005) Fungal-feeding habits of six
nematode isolates in the genus Filenchus. Soil Biol Biochem
37:1113-1120. https://doi.org/10.1016/j.s0ilbio.2004.11.010


https://doi.org/10.1111/j.0030-1299.2004.13265.x
https://doi.org/10.1371/journal.pone.0106529
https://doi.org/10.1371/journal.pone.0106529
https://doi.org/10.1007/s11104-011-1027-0
https://doi.org/10.1371/journal.pone.0024087
https://doi.org/10.1016/j.baae.2012.09.002
https://doi.org/10.1016/j.baae.2012.09.002
https://doi.org/10.1073/pnas.1217382110
https://doi.org/10.1038/srep44641
https://doi.org/10.1038/srep44641
https://doi.org/10.3897/rio.5.e47042
https://doi.org/10.3897/rio.5.e47042
https://doi.org/10.4060/cb1928en
https://doi.org/10.1016/j.pedobi.2017.06.005
https://doi.org/10.1016/j.pedobi.2017.06.005
https://doi.org/10.1016/S0929-1393(01)00152-4
https://doi.org/10.1016/S0929-1393(01)00152-4
https://doi.org/10.1111/1365-2745.13046
https://doi.org/10.1111/1365-2435.13661
https://doi.org/10.2307/177151
https://doi.org/10.1016/j.soilbio.2013.01.015
https://doi.org/10.1038/s41559-017-0325-1
https://doi.org/10.1002/ecs2.2704
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1016/j.apsoil.2006.07.007
https://doi.org/10.1016/j.apsoil.2006.07.007
https://doi.org/10.1098/rspb.2012.0285
https://doi.org/10.1098/rspb.2012.0285
https://doi.org/10.1371/journal.pone.0096182
https://doi.org/10.1038/ncomms7707
https://doi.org/10.1111/2041-210x.12512
https://doi.org/10.1016/j.apsoil.2015.10.006
https://doi.org/10.1016/j.apsoil.2015.10.006
https://doi.org/10.2307/3546381
https://doi.org/10.1890/09-0069.1
https://doi.org/10.1890/09-0069.1
https://doi.org/10.1146/annurev-phyto-073009-114439
https://doi.org/10.1146/annurev-phyto-073009-114439
https://doi.org/10.1038/s41598-019-48230-0
https://doi.org/10.1038/s41598-019-48230-0
https://doi.org/10.1016/j.soilbio.2004.11.010

Oecologia (2021) 197:297-311

311

Oksanen J, Kindt R, Legendre P, O’Hara B, Stevens MHH, Oksanen
MJ, Suggests M (2007) The Vegan Package. Communy Ecol
Package 10:631-637

Otfinowski R, Coffey V (2020) Can root traits predict communities of
soil nematodes in restored northern prairies? Plant Soil 453:459—
471. https://doi.org/10.1007/s11104-020-04624-y

Prommer J, Walker TW, Wanek W, Braun J, Zezula D, Hu Y, Hof-
hansl F, Richter A (2020) Increased microbial growth, biomass,
and turnover drive soil organic carbon accumulation at higher
plant diversity. Global Change Biol 26:669-681. https://doi.org/
10.1111/gcb.14777

Reich PB, Tilman D, Isbell F, Mueller K, Hobbie SE, Flynn DFB,
Eisenhauer N (2012) Impacts of biodiversity loss escalate through
time as redundancy fades. Science 336:589-592. https://doi.org/
10.1126/science.1217909

Roscher C, Schumacher I, Baade J, Wilcke W, Gleixner G, Weisser
WW, Schmid B, Schulze ED (2004) The role of biodiversity
for element cycling and trophic interactions: an experimental
approach in a grassland community. Basic Appl Ecol 5:107-121.
https://doi.org/10.1078/1439-1791-00216

Roscher C, Schumacher J, Weisser WW, Schmid B, Schulze ED
(2007) Detecting the role of individual species for overyielding
in experimental grassland communities composed of potentially
dominant species. Oecologia 154:535-549. https://doi.org/10.
1007/500442-007-0846-4

Ruess L (1995) Studies on the nematode fauna of an acid forest soil:
spatial distribution and extraction. Nematologica 41:229-239.
https://doi.org/10.1163/003925995x00198

Scherber C, Eisenhauer N, Weisser WW, Schmid B, Voigt W, Fis-
cher M, Schulze ED, Roscher C, Weigelt A, Allan E, Bessler H,
Bonkowski M, Buchmann N, Buscot F, Clement LW, Ebeling A,
Engels C, Halle S, Kertscher I, Klein AM, Koller R, Konig S,
Kowalski E, Kummer V, Kuu A, Lange M, Lauterbach D, Middel-
hoff C, Migunova VD, Milcu A, Muller R, Partsch S, Petermann
JS, Renker C, Rottstock T, Sabais A, Scheu S, Schumacher J,
Temperton VM, Tscharntke T (2010) Bottom-up effects of plant
diversity on multitrophic interactions in a biodiversity experiment.
Nature 468:553-556. https://doi.org/10.1038/nature09492

Schlichting E, Blume H-P (1966) Bodenkundliches praktikum—eine
einfithrung in pedologisches arbeiten fur 6kologen, insbesondere
land- und forstwirte und fiir geowissenschaftler. Parey-Verlag,
Hamburg

Schnitzer SA, Klironomos JN, HilleRisLambers J, Kinkel LL, Reich
PB, Xiao K, Rillig MC, Sikes BA, Callaway RM, Mangan SA, van
Nes EH, Scheffer M (2011) Soil microbes drive the classic plant
diversity—productivity pattern. Ecology 92:296-303. https://doi.
org/10.1890/10-0773.1

Siebenkds A, Schumacher J, Roscher C (2015) Phenotypic plasticity to
light and nutrient availability alters functional trait ranking across
eight perennial grassland species. AoB Plants 7:plv029. https://
doi.org/10.1093/aobpla/plv029

Simpson KJ, Bennett C, Atkinson RR, Mockford EJ, McKenzie S,
Freckleton RP, Thompson K, Rees M, Osborne CP (2020) C,
photosynthesis and the economic spectra of leaf and root traits
independently influence growth rates in grasses. J Ecol 108:1899—
1909. https://doi.org/10.1111/1365-2745.13412

Sohlenius B, Bostrom S, Viketoft M (2011) Effects of plant species and
plant diversity on soil nematodes—a field experiment on grass-
land run for 7 years. Nematology 13:115-131. https://doi.org/10.
1163/138855410X520945

Tilman D, Reich PB, Knops JM (2006) Biodiversity and ecosystem
stability in a decade-long grassland experiment. Nature 441:629—
632. https://doi.org/10.1038/nature04742

van den Hoogen J, Geisen S, Routh D, Ferris H, Traunspurger W,
Wardle DA, de Goede RGM, Adams BJ, Ahmad W, Andriuzzi
WS, Bardgett RD, Bonkowski M, Campos-Herrera R, Cares JE,
Caruso T, de Brito CL, Chen X, Costa SR, Creamer R, da Cunha
M, Castro J, Dam M, Djigal D, Escuer M, Griffiths BS, Gutierrez
C, Hohberg K, Kalinkina D, Kardol P, Kergunteuil A, Korthals G,
Krashevska V, Kudrin AA, Li Q, Liang W, Magilton M, Marais
M, Martin JAR, Matveeva E, Mayad EH, Mulder C, Mullin P,
Neilson R, Nguyen TAD, Nielsen UN, Okada H, Rius JEP, Pan
K, Peneva V, Pellissier L, Pereira C, da Silva J, Pitteloud C, Pow-
ers TO, Powers K, Quist CW, Rasmann S, Moreno SS, Scheu
S, Setala H, Sushchuk A, Tiunov AV, Trap J, van der Putten W,
Vestergard M, Villenave C, Waeyenberge L, Wall DH, Wilschut
R, Wright DG, Yang JI, Crowther TW (2019) Soil nematode abun-
dance and functional group composition at a global scale. Nature
572:194-198. https://doi.org/10.1038/s41586-019-1418-6

van der Heijden MG, Bardgett RD, van Straalen NM (2008) The unseen
majority: soil microbes as drivers of plant diversity and productiv-
ity in terrestrial ecosystems. Ecol Lett 11:296-310. https://doi.org/
10.1111/j.1461-0248.2007.01139.x

Viketoft M, Palmborg C, Sohlenius B, Huss-Danell K, Bengtsson J
(2005) Plant species effects on soil nematode communities in
experimental grasslands. Appl Soil Ecol 30:90-103. https://doi.
org/10.1016/j.aps0il.2005.02.007

Viketoft M, Bengtsson J, Sohlenius B, Berg MP, Petchey O, Palmborg
C, Huss-Danell K (2009) Long-term effects of plant diversity and
composition on soil nematode communities in model grasslands.
Ecology 90:90-99. https://doi.org/10.1890/08-0382.1

Viketoft M, Sohlenius B, Bostrom S, Palmborg C, Bengtsson J, Berg
MP, Huss-Danell K (2011) Temporal dynamics of soil nematode
communities in a grassland plant diversity experiment. Soil Biol
Biochem 43:1063-1070. https://doi.org/10.1016/j.s0ilbio.2011.
01.027

Wall DH, Nielsen UN, Six J (2015) Soil biodiversity and human health.
Nature 528:69-76. https://doi.org/10.1038/nature15744

Wang XT, Xiao S, Yang XL, Liu ZY, Zhou XH, Du GZ, Zhang LM,
Guo AF, Chen SY, Nielsen UN (2019) Dominant plant species
influence nematode richness by moderating understory diver-
sity and microbial assemblages. Soil Biol Biochem 137:107566.
https://doi.org/10.1016/j.s0ilbi0.2019.107566

Wardle DA, Yeates GW, Williamson W, Bonner KI (2003) The
response of a three trophic level soil food web to the identity and
diversity of plant species and functional groups. Oikos 102:45-56.
https://doi.org/10.1034/j.1600-0706.2003.12481.x

Wilschut RA, Geisen S (2021) Nematodes as drivers of plant perfor-
mance in natural systems. Trends Plant Sci 26:237-247. https://
doi.org/10.1016/j.tplants.2020.10.006

Wright A, Schnitzer SA, Reich PB (2015) Daily environmental con-
ditions determine the competition—facilitation balance for plant
water status. J Ecol 103:648-656. https://doi.org/10.1111/1365-
2745.12397

Wright AJ, Wardle DA, Callaway R, Gaxiola A (2017) The overlooked
role of facilitation in biodiversity experiments. Trends Ecol Evol
32:383-390. https://doi.org/10.1016/j.tree.2017.02.011

Yan DM, Yan DH, Song XS, Yu ZL, Peng D, Ting X, Weng BS (2018)
Community structure of soil nematodes under different drought
conditions. Geoderma 325:110-116. https://doi.org/10.1016/j.
geoderma.2018.03.028

Yeates GW, Bongers T, De Goede R, Freckman DW, Georgieva S
(1993) Feeding habits in soil nematode families and genera—an
outline for soil ecologists. J Nematol 25:315

@ Springer


https://doi.org/10.1007/s11104-020-04624-y
https://doi.org/10.1111/gcb.14777
https://doi.org/10.1111/gcb.14777
https://doi.org/10.1126/science.1217909
https://doi.org/10.1126/science.1217909
https://doi.org/10.1078/1439-1791-00216
https://doi.org/10.1007/s00442-007-0846-4
https://doi.org/10.1007/s00442-007-0846-4
https://doi.org/10.1163/003925995x00198
https://doi.org/10.1038/nature09492
https://doi.org/10.1890/10-0773.1
https://doi.org/10.1890/10-0773.1
https://doi.org/10.1093/aobpla/plv029
https://doi.org/10.1093/aobpla/plv029
https://doi.org/10.1111/1365-2745.13412
https://doi.org/10.1163/138855410X520945
https://doi.org/10.1163/138855410X520945
https://doi.org/10.1038/nature04742
https://doi.org/10.1038/s41586-019-1418-6
https://doi.org/10.1111/j.1461-0248.2007.01139.x
https://doi.org/10.1111/j.1461-0248.2007.01139.x
https://doi.org/10.1016/j.apsoil.2005.02.007
https://doi.org/10.1016/j.apsoil.2005.02.007
https://doi.org/10.1890/08-0382.1
https://doi.org/10.1016/j.soilbio.2011.01.027
https://doi.org/10.1016/j.soilbio.2011.01.027
https://doi.org/10.1038/nature15744
https://doi.org/10.1016/j.soilbio.2019.107566
https://doi.org/10.1034/j.1600-0706.2003.12481.x
https://doi.org/10.1016/j.tplants.2020.10.006
https://doi.org/10.1016/j.tplants.2020.10.006
https://doi.org/10.1111/1365-2745.12397
https://doi.org/10.1111/1365-2745.12397
https://doi.org/10.1016/j.tree.2017.02.011
https://doi.org/10.1016/j.geoderma.2018.03.028
https://doi.org/10.1016/j.geoderma.2018.03.028

	Effects of plant species diversity on nematode community composition and diversity in a long-term biodiversity experiment
	Abstract
	Introduction
	Materials and methods
	Study site and plot selection
	Nematode extraction and identification
	Calculation of nematode indices
	Plant and soil variables
	Statistical analyses

	Results
	Nematode community composition
	Plant species richness effects on nematode community composition and diversity
	Plant species richness effects on trophic groups and their ratios
	Plant species richness effects on r- and K-strategists and functional guild indices

	Discussion
	Plant species richness effects on nematode community composition and diversity
	Plant species richness effects on trophic groups, their ratios, and r- and K-strategists

	Conclusion
	Acknowledgements 
	References




