
Vol.:(0123456789)1 3

Oecologia (2021) 197:297–311 

https://doi.org/10.1007/s00442-021-04956-1

HIGHLIGHTED STUDENT RESEARCH

Effects of plant species diversity on nematode community 
composition and diversity in a long-term biodiversity experiment

Peter Dietrich1,2  · Simone Cesarz2,3 · Tao Liu4 · Christiane Roscher1,2  · Nico Eisenhauer2,3 

Received: 11 January 2021 / Accepted: 26 May 2021 / Published online: 6 June 2021 

© The Author(s) 2021

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 (Corg) as proxies for resource quantity, as well 

as C/Nleaf 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 Corg 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/Nleaf, 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

Introduction

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-

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 

(≤ 8 years). To our knowledge, there were only a few studies 

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. Presl, 

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 1 × 1 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  m2. 

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 T. 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 

presence of target plant species 

in monoculture and mixture 

communities and the total 

number of plant communities, 

which were used for the soil and 

plant sampling

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

Plot type

Monocultures Two species Six species Nine species

Grass species

 A. elatius 2 12 16 8

 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 2 11 16 8

 T. repens 2 9 16 8

Total no. of communities 14 47 24 8

https://www.bgc-jena.mpg.de/wetter/
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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 µm 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 × 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 

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–p1 = short life cycle, high 

fecundity, tolerant to disturbance) to extreme K-strategists 

(c–p 5 = long 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/Nleaf 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/Nleaf 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 (Siebenkäs 

et al. 2015; Simpson et al. 2020), as well as C/Nleaf and 

C/Nroot (Ferlian et al. 2017; Legay et al. 2016) making C/Nleaf 

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  (gshoot  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  gleaf
−1, mg C  gleaf

−1) with an elemental 

analyzer (Vario EL Element Analyzer, Elementar, Hanau, 

Germany) and to derive C/Nleaf 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:

where S is the number of species in the community, pi are 

the species biomass proportions, and ti are species-specific 

C/Nleaf 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,  groot  cmsoil
−3). 

Specific root length (= SRL) was calculated as the ratio of 

root length to root mass  (mroot  groot
−1) and root length density 

(= RLD) as the ratio of root length to the soil volume of both 

soil cores per plot  (cmroot  cmsoil
−3).

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, 

CWMC∕N =

S
∑

i=1

piti,

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- proje ct. 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 

(= Sørensen 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 lmer function in the R package 

lme4 (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 (DMax; Loreau 1998). DMax values 

were calculated according to the equation:

http://www.R-project.org
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where OT is the nematode value of a given mixture, and 

MMax 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 (Dmax > 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 

DMax =

O
T
− MMax

MMax

,
or grazing pressure ratio, respectively, to indicate comple-

mentarity (Dmax < 0). Finally, separate analyses of variance 

(ANOVA) with block, sown plant species richness, and 

mixture identity were conducted for calculated Dmax, 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 Dmax 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 (Nmodels = 7). This was done to assess which plant species 

might have caused the plant species richness effect if no 

Table 2  Summary of mixed-

effect model analyses testing 

the effects of sown and 

realized plant species richness 

on nematode community 

variables, the abundance of 

trophic groups, trophic group 

ratios, genus richness of trophic 

groups, nematodes in the c–p 

scale, and functional guild 

indices

Shown are degrees of freedom (DF),  Chi2, and P values (P). Significant influences are given in bold and 

marginally significant influences in italics. Arrows indicate a significant increase (↑) 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)

Sown plant Sr (log) Realized plant Sr

DF Chi2 P DF Chi2 P

Nematode community

 Total Number per 100 g dry soil 1 0.93 0.335 1 0.59 0.443

 Genus richness 1 2.94 0.087 ↑ 1 2.70 0.100 ↑
 Shannon–Wiener diversity 1 5.00 0.025 ↑ 1 5.48 0.019 ↑

Trophic groups – abundances

 Plant feeder 1 0.17 0.682 1 0.04 0.842

 Bacterial feeder 1 8.07 0.004 ↑ 1 6.24 0.012 ↑
 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 ↑
 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

 c–p 1 + 2 1 5.16 0.023 ↑ 1 4.33 0.038 ↑
 c–p 3 1 0.02 0.877 1 0.08 0.784

 c–p 4 1 0.10 0.747 1 0.02 0.899

 c–p 5 1 1.95 0.162 1 4.90 0.027 ↑
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
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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 

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−1 dry soil (highest number: 3604.9 nema-

todes  g−1 dry soil; lowest number: 538.7 nematodes  g−1 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 

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 (Om5) 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 (Om5) 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; F1,43 = 0.165, P = 0.687), but 

we detected two grass species, A. elatius and D. glomerata, 

which positively influenced nematode diversity (A. elatius: 

Fig. 2  Relationships between plant species richness and nematode 

diversity (a), number of bacterial feeders 100  g−1 dry soil (log-trans-

formed; b), channel ratio (= FF  (FF + BF)−1; c), grazing pressure 

ratio (= log (PF root  mass−1); d), number of c–p 1 and 2 nematodes 

100  g−1 dry soil (log-transformed; e), and number of c–p 5 nematodes 

100   g−1 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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 Chi2 = 6.89, P = 0.009; D. glomerata:  Chi2 = 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/Nleaf 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 

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; F1,42 = 8.91, P = 0.005), while grazing pres-

sure ratio in mixtures was lower than expected from mono-

cultures (F1,43 = 13.41, P < 0.001). In addition, plots with 

the grass A. elatius and the legume T. repens showed lower 

grazing pressure than communities without these plant 

species (A. elatius:  Chi2 = 13.71, P < 0.001; T. repens: 

 Chi2 = 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/Nleaf ratio and negatively by shoot mass 

(Fig. 3b). The number of omnivores and predators were 

positively influenced by the number of plant feeders and 

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/Nleaf), and soil organic car-

bon concentrations (soil Corg) 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 

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 R2 (based on fixed effects only) and conditional R2 (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. 3c). 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, 

F1,43 = 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‐Ramírez 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  (areamono = 0.13;  areatwo = 0.20;  areasix = 0.15; 

 areanine = 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 

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 1 + 2 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/Nleaf 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 

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 



309Oecologia (2021) 197:297–311 

1 3

steps forward would be the set-up of plant–soil feedback 

experiments to verify soil nematodes’ contribution to plant 

diversity–productivity relationships (Guerrero‐Ramírez 

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.
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