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Soil microarthropods alter the 
outcome of plant-soil feedback 
experiments
Eliška Kuťáková1,2, Simone Cesarz3,4,5, Zuzana Münzbergová1,2 & Nico Eisenhauer  3,4,5

Plant-soil feedback (PSF) effects are studied as plant growth responses to soil previously conditioned 
by another plant. These studies usually exclude effects of soil fauna, such as nematodes, soil 
arthropods, and earthworms, although these organisms are known to influence plant performance. 
Here, we aimed to explore effects of a model microarthropod community on PSFs. We performed a 
PSF experiment in microcosms with two plant species, Phleum pratense and Poa pratensis. We added 
a model microarthropod community consisting of three fungivorous springtail species (Proisotoma 
minuta, Folsomia candida, and Sinella curviseta) and a predatory mite (Hypoaspis aculeifer) to half of 
the microcosms. We measured seedling establishment and plant biomass, nematode and microbial 
community composition, microbial biomass, and mycorrhizal colonization of roots. Microarthropods 
caused changes in the composition of nematode and microbial communities. Their effect was 
particularly strong in Phleum plants where they altered the composition of bacterial communities. 
Microarthropods also generally influenced plant performance, and their effects depended on previous 
soil conditioning and the identity of plant species. Microarthropods did not affect soil microbial biomass 
and mycorrhizal colonization of roots. We conclude that the role of soil microarthropods should be 
considered in future PSF experiments, especially as their effects are plant species-specific.

The composition and dynamics of plant communities strongly depend on plant-soil interactions1. To better 
understand the role of plant-soil interactions, plant-soil feedback experiments have been widely applied2. The 
concept of plant-soil feedback effects is based on the idea that plants change properties of the soil in which they 
grow, and such modified soil can, in turn, influence their growth3. Specifically, plants can induce changes in soil 
biotic (e.g., composition of microbial communities) and abiotic (e.g., nutrient content or pH) properties4. Several 
studies have regarded plant-soil feedbacks as one of the key mechanisms affecting species coexistence in natural 
communities, the course of vegetation succession, and spread of invasive species2. However, with such a wide 
applicability in various areas of plant and soil ecology, there is a need for precise interpretation of experimentally 
measured plant-soil feedback effects5.

Plant-soil feedbacks are often studied using two-phase experiments. The first phase of such experiments is 
a conditioning phase, when a plant is grown in a pot to modify soil properties. The second phase is a feedback 
phase, when another plant (of the same or different species) is grown in the soil modified during the conditioning 
phase. The final biomass of a plant from the feedback phase is compared to the biomass of a plant grown in a 
control soil. Because soil microorganisms are perceived as the main drivers of plant-soil feedback effects6,7, many 
studies focus solely on the effects of the microbial community by transferring microbial inoculum between the 
two experimental phases. This excludes not only the abiotic compound of feedback effects from the experiment, 
but also major groups of soil fauna, such as microarthropods. Other plant-soil feedback studies use whole soil8,9, 
which should lead to results which are more comparable to natural conditions. However, even this approach can 
exclude or at least reduce densities of soil fauna: unless these organisms are added to the experiment on purpose 
or their natural immigration is allowed during the experiment. Thus, to contain larger soil fauna like mesofauna, 
the soil should be obtained from a natural locality, carefully transported and treated. Treatments like drying or 
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freezing can be lethal for soil mesofauna, but also soil sieving can lead to substantially decreased densities if they 
are larger than the used mesh size or sensitive to disturbances caused by processing the soil10. As a result, most 
plant-soil feedback experiments may have unintentionally excluded or at least under-estimated the effect of soil 
mesofauna.

The suppression of soil mesofauna in plant-soil feedback experiments can be expected to significantly influ-
ence the respective results. Soil mesofauna is a significant component of the plant-soil system11,12. Beside the 
direct effect of root-feeders on plants, some soil mesofauna can influence interactions between plants and micro-
bial communities by feeding on specific microorganisms. For example, springtails are known to feed on fungal 
hyphae13, and thus indirectly influence plant growth by altering mycorrhizal symbiosis14–17. Springtails’ grazing 
on mycorrhizal fungi can support growth of soil bacteria by lowering fungal biomass and thus making more 
resources accessible to bacterial communities17. In this respect, springtails can indirectly impact plant-microbe 
competition for nutrients18. To sum up, soil microarthropods act on many stages of plant-soil interactions, having 
impact on both soil biota and nutrient cycling19,20. In previous studies, it has been shown that inclusion of larger 
soil organisms in experiments can change nutrient allocation patterns in plants17,21, plant growth21,22, and alter 
plant community composition23–25. However, the role of soil fauna in plant-soil feedback effects is still unclear.

In this study, we investigated the effect of a model soil microarthropod community on plant-soil feedback 
effects. We set up a common plant-soil feedback experiment using two grassland plant species that are known to 
experience dissimilar plant-soil feedback effects26: Phleum pratense (in the following: Phleum for brevity) known 
for its positive intraspecific feedback effect, and Poa pratensis (in the following: Poa for brevity) that exerts a 
negative intraspecific feedback effect, both of them probably caused by interactions with plant species-specific 
soil microbial communities26. By following common methodology in plant-soil feedback studies as mentioned 
above, we established a two-phase experiment consisting of a soil conditioning phase and a feedback phase. 
Furthermore, we used a model microarthropod community comprising two trophic levels: three springtail spe-
cies as primary consumers (fungivores), and a predatory mite as a predator of springtails and other small inverte-
brates occurring in the soil. We hypothesized that (1) the addition of soil microarthropods will change the plant 
response to the pre-conditioned soil, and that (2) the effect of microarthropods will be context-dependent, i.e., it 
will be plant species-specific and depend on soil conditioning, as microarthropods will influence the composition 
of species-specific soil microbial communities responsible for the feedback effect.

Results
Effects on plants. The two plant species differed both in seedling establishment and final biomass. Phleum 
had significantly higher seedling establishment and also produced more above- and belowground biomass than 
Poa (Figs 1–3, Table 1). Seedling establishment was influenced by the interaction of soil conditioning × sterili-
zation: the sterilization treatment increased seedling establishment in Phleum soil, but decreased it in Poa soil 
(Fig. S1). Both species produced more above- and belowground biomass in sterilized soils (Fig. 2 and S2, Table 1). 
Aboveground biomass was influenced by the three-way interaction of soil conditioning × sterilization × species: 
both plant species grew better in soil conditioned by the other species, and sterilization increased the differences 
between this intra- and interspecific soil feedback effect (Fig. S2, Table 1). Similarly, each species produced more 
belowground biomass in soil conditioned by the other species (Fig. S3) but there was no interaction with the ster-
ilization treatment (Table 1). The root-to-shoot ratio was significantly higher in sterilized soils for both species, 
but the ratio for Phleum was generally higher across the other treatments (Fig. 3, Table 1). We found a significant 
effect of the interaction of soil conditioning × sterilization × species on the root-to-shoot ratio (Table 1): the ratio 
in both plant species was the highest when they were grown in non-sterilized soil conditioned by the other species 
(Fig. S4). The root-to-shoot ratio in sterilized soils was much lower, especially in the case of Phleum plants (Fig. S4).

The presence of arthropods influenced seedling establishment in interaction with sterilization and species 
(sterilization × arthropod addition × species interaction; Table 1). While seedling establishment of Phleum in 
sterilized soil and that of Poa in non-sterilized soil was not influenced by arthropods, their addition decreased 
seedling establishment of Phleum in non-sterilized soils and that of Poa in sterilized soils (Fig. 1). We also found 
a marginally significant interaction effect of soil conditioning × sterilization × arthropods on belowground bio-
mass (Table 1). Arthropod addition generally decreased belowground biomass of plants grown in Phleum soil, 
although the decrease in sterilized Phleum soil was much weaker than in non-sterilized soil. In sterilized Poa 
soil, arthropod addition also decreased belowground biomass, but, in contrast, it increased belowground bio-
mass in non-sterilized Poa soil (Fig. 2). The arthropod addition treatment also altered the root-to-shoot ratio 
in interaction with soil conditioning and plant species, or soil conditioning and sterilization (Fig. 3, Table 1). 
Specifically, arthropods lowered the root-to-shoot ratio of plants in non-sterilized Phleum soil, but they increased 
it in non-sterilized Poa soil. In sterilized soils, the changes were much weaker (Fig. 3a). In Phleum soils, arthropod 
addition lowered the root-to-shoot ratio of Phleum plants, but increased the ratio of Poa plants (Fig. 3b).

Effects on soil microbial and nematode communities. All of the measured soil biological properties 
were affected by the sterilization treatment: sterilization caused an increase in soil microbial biomass (+8.3%; 
Table 1; Fig. S5), but largely decreased both nematode abundance (−94.1%; χ2 = 27.65; p < 0.001) and mycorrhizal 
colonization of Phleum roots (−99.9%; decrease to 0.03 ± 0.02% roots colonized; χ2 = 36.10; p < 0.001;). Soil micro-
bial biomass was significantly influenced by the interaction of soil conditioning × sterilization (Table 1): it increased 
by the sterilization treatment in Phleum-conditioned soil, whereas there was no effect of sterilization in Poa soil 
(Fig. S5a). Similarly, microbial biomass associated with Phleum plants was higher in sterilized soil, while for Poa 
plants, the pattern was the opposite (Fig. S4b). In non-sterilized soil, the nematode abundance was influenced by soil 
conditioning treatment (7.4 ± 2.8 nematodes per g soil dry weight in Phleum conditioned soil compared to 5.6 ± 1.7 
in Poa soil; F = 4.92; p = 0.03), but not by the plant species, arthropod addition, or their interactions (p ≥ 0.26).
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The functional composition of the nematode community was marginally significantly influenced by the 
four-way interaction of all experimental treatments, with the strongest direct effect of sterilization (Table 2, 
Fig. 4). In non-sterilized soil, the greatest differences were observed between the two soil conditioning treat-
ments with omnivores, predators, and fungal feeding nematodes found preferentially in Phleum-conditioned soil 
(Fig. 4). There was no direct effect of the species grown in the feedback phase on nematode community compo-
sition. The composition of soil PLFAs also responded significantly to the four-way interaction of all experimental 
treatments (Table 2). The highest differences in PLFA composition were observable between the sterilized and 
non-sterilized soil and between the two plant species grown in the feedback phase (Table 2, Fig. 5). However, 
there was no direct effect of the soil conditioning treatment. Sterilization increased the arbuscular mycorrhizal 
marker 20:1ω9, the fungal marker 18:1ω9, and the gram-positive markers i15:0 and i17:0. The microbial commu-
nities in sterilized soils were clearly separated by the first axis from communities in non-sterilized soils. The soils 
containing Phleum plants were associated with gram-negative markers cy17:0 and cy19:0 increased, as well as 
i16:0 as an indicator of gram-positive bacteria. The arthropod addition treatment increased the amount of PLFA 
markers i14:0 (gram-positive bacteria) and 16:1ω7 (widespread bacteria). Interestingly, conditioning of the soil 
with Phleum or Poa did not strongly influence PLFAs; sterilization and plant species grown in the feedback phase 
were of higher importance.

Discussion
In this study, we show that the presence of soil microarthropods in a plant-soil feedback experiment can substan-
tially alter the composition of soil microbial and nematode communities. More importantly and potentially as a 
consequence of these shifts in the microbial and nematode communities, the presence of microarthropods altered 
plant seedling establishment, belowground biomass, and biomass allocation patterns. The effect of microarthro-
pods was plant species-specific and depended on previous soil conditioning.

Figure 1. Number of established seedlings as influenced by the interaction of sterilization, arthropod addition 
and species grown in the feedback phase. Shown are means ± SE. Symbols above bars indicate significant 
differences between treatments with and without arthropods addition (*p < 0.05; .p < 0.1; ns p > 0.1). Grey 
bars represent non-sterilized soil, white bars sterilized soil; hatched bars represent treatments with arthropod 
addition. C = conditioning species, Ph = Phleum, Po = Poa; St = sterilization, NS = non-sterilized, S = sterilized; 
A = arthropod treatment, 0 = no arthropods added, +  = arthropods added; Sp = plant species in feedback 
phase; Not distinguished = this treatment is not distinguished in the respective analysis.
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The two plant species we used in our experiment exhibited contrasting plant-soil feedback effects (responded 
differently to soil conditioning treatments) as they did in the previous study of Cortois et al.26. However, although 
we detected significant plant-soil feedback effects on the biomass of plants at the end of the experiment, the seed-
ling establishment rate was not significantly influenced. Similar differences between plant-soil feedback effects 
on seedling establishment and plant biomass have been described before27,28, suggesting that in each of these life 
stages, plant performance may be influenced by different mechanisms. For instance, plant pathogens are often 
specialized to a certain life stage of a host plant29, and several studies suggested that such specialization can be 
found also in mycorrhiza30,31. As a result, soil biota showing a certain effect at one life stage of a plant species 
might have a different impact at another life stage of the same species.

The two plant species were also associated with distinct microbial and nematode communities. The fact 
that plants facilitate specific communities of soil organisms32,33 is considered as one of the main drivers of the 
plant-soil feedback effects6,34. In our study, most of the soil samples from Phleum plants were associated with 
increased PLFA markers cy17:0, cy19:0 (gram-positive bacteria). Gram-negative bacteria are often faster grow-
ing than gram-positive bacteria, and their increased abundance in soils reflects higher nutrient availability and, 
generally, environments favouring r-strategists35. Phleum plants could thus facilitate gram-positive bacteria by 
higher production of root exudates compared to Poa plants that were generally smaller. Apparently, the bacterial 
communities responded to the plant species very quickly: in samples taken after the feedback phase, we could 
not detect any effect of original soil conditioning, but the effect of species grown in the feedback phase was very 
strong. By contract, nematode abundance and community composition of trophic groups at the end of the exper-
iment were still affected by the plant species that conditioned the soil (conditioning phase). This difference in 
stability of these soil communities could be related to the different generation times of the respective organisms: 
while bacteria or fungi can produce multiple generations per day36, nematodes are slower, with generation turn-
over ranging from several days to months37. The composition of nematode communities could also be stabilized 
by other interactions with soil organisms, such as top-down regulation by the predatory mites. These differences 
in the stability of soil communities and, therefore different importance for plant-soil feedbacks, should be studied 
in future experiments.

Addition of the model microarthropod community in our experiment altered the composition of both nem-
atode and microbial communities in the soil. The shifts in the soil communities were not systematic across all the 
treatments, but rather depended on interactions with the other experimental treatments. For example, microar-
thropods caused large shifts in PLFA composition in soils from Phleum plants, but not in soils from Poa plants. 
Microarthropods are generally known to influence the abundance and composition of microbial communities17,38. 
The fact that their influence can vary, depending on plant species or soil conditioning, is an important finding for 
plant-soil feedback research. Interestingly, although the springtails we used in the present study are considered to 
be mostly fungivorous, they did not affect the mycorrhizal colonization of Phleum roots. However, previous studies 
showed both increases and decreases in arbuscular mycorrhiza colonization rates in the presence of springtails, 
depending on springtail densities39 or the availability of alternative resources16, suggesting that the impact of spring-
tails are context-dependent. In contrast, the addition of microarthropods largely influenced composition of bacterial 
PLFAs, probably indirectly, via changes in resources available to bacteria due to springtails’ grazing on soil fungi and 
plant roots17. The changes in microbial communities caused by microarthropods were reflected in their community 
composition rather than in the total biomass, since we did not detect differences in soil microbial biomass.

Germination

Biomass

Root/shoot ratio
Microbial 
biomassAboveground Belowground

F p F p F p F p F p

Sterilization 2.20 0.143 178.57 <0.001 15.77 <0.001 91.02 <0.001 15.06 <0.001

Species 165.72 <0.001 62.56 <0.001 45.09 <0.001 6.58 0.013 13.63 <0.001

Conditioning 0.79 0.376 0.03 0.855 0.00 0.962 0.01 0.919 0.43 0.517

Arthropods 4.32 0.042 0.82 0.367 0.61 0.437 0.01 0.919 0.63 0.432

Steril. × species 2.05 0.157 13.33 0.001 0.79 0.377 14.67 <0.001 30.40 <0.001

Steril. × cond. 5.02 0.029 0.03 0.867 0.20 0.659 0.04 0.838 3.95 0.051

Species × cond. 1.11 0.297 4.62 0.035 3.92 0.052 3.93 0.052 0.59 0.445

Steril. × arthropods 0.12 0.727 0.49 0.486 0.20 0.654 0.02 0.892 0.03 0.857

Species × arthropods 0.39 0.537 0.05 0.828 0.08 0.777 1.20 0.278 2.48 0.120

Cond. × arthropods 0.21 0.648 0.01 0.907 0.84 0.363 1.20 0.278 1.01 0.318

Steril. × species × cond. 2.20 0.143 4.17 0.045 0.02 0.896 7.30 0.009 1.04 0.312

Steril. × species × arthropods 11.02 0.001 1.17 0.283 1.05 0.310 0.14 0.708 1.20 0.278

Steril. × cond. × arthropods 0.39 0.537 1.02 0.317 2.98 0.089 2.81 0.099 0.81 0.373

Species × cond. × arthropods 0.89 0.348 0.25 0.616 2.07 0.155 3.80 0.056 0.41 0.522

Steril. × species × cond. × arth. 0.70 0.406 1.02 0.315 0.04 0.841 1.69 0.198 0.48 0.490

Table 1. The effect of treatments and their interactions on seedling establishment, plant aboveground and 
belowground biomass, root/shoot ratio, and soil microbial biomass. The results of ANOVA are shown. Bold 
values indicate significant relationships (p < 0.05), values in italics and bold indicate marginal significance 
(p < 0.1).
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Figure 2. Belowground biomass as affected by the interaction of soil conditioning, sterilization and arthropod 
addition. Shown are means ± SE. Symbols above bars indicate significant differences between treatments with 
and without arthropods addition (*p < 0.05; .p < 0.1; ns p > 0.1). If distinguished, grey bars represent non-
sterilized soil, white bars sterilized soil, and hatched bars treatments with arthropod addition. C = conditioning 
species, Ph = Phleum, Po = Poa; St = sterilization, NS = non-sterilized, S = sterilized; A = arthropods, 0 = no 
arthropods added, + = arthropods added; Sp = plant species in feedback phase; Not distinguished = this 
treatment is not distinguished in the respective analysis.

Nematode community PLFA composition

F p var. exp. F p var. exp.

Sterilization 389 <0.002 83.6% 56.00 <0.002 55.5%

Species 1.9 0.13 1.2% 18.30 <0.002 28.3%

Conditioning 3.0 0.028 2.6% 1.10 0.314 0.2%

Arthropods 2.1 0.084 1.4% 6.40 0.004 10.9%

Steril. × species 2.1 0.094 1.4% 7.60 <0.002 13.2%

Steril. × cond. 2.5 0.052 2.0% 1.70 0.128 1.5%

Species × cond. 0.3 0.9 0.4% 0.70 0.602 0.0%

Steril. × arthropods 2.1 0.1 1.5% 0.50 0.784 0.0%

Species × arthropods 1.0 0.412 0.0% 5.40 <0.002 9.3%

Cond. × arthropods 0.5 0.764 0.0% 1.60 0.136 1.3%

Steril. × species × cond. 0.5 0.698 0.0% 1.50 0.136 1.3%

Steril. × species × arthropods 1.1 0.338 0.2% 3.10 0.012 5.0%

Steril. × cond. × arthropods 1.4 0.214 0.6 0.80 0.516 0.0%

Species × cond. × arthropods 1.0 0.38 0.1% 0.90 0.452 0.0%

Steril. × species × cond. × arth. 2.3 0.062 1.9% 2.30 0.040 3.8%

Table 2. The effect of the experimental treatments and their interactions on nematode and microbial (PLFA) 
community composition. Results from RDA are shown. Bold values indicate significant relationships (p < 0.05), 
values in italics and bold indicate marginal significance (p < 0.1).
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Figure 4. PCA of the composition of nematode trophic groups after the feedback phase. Symbols represent the 
individual experimental treatments (centroids). Arrows indicate the individual nematode trophic groups.

Figure 3. Root-to-shoot ratio as influenced by the interaction of (a) conditioning, sterilization and arthropod 
addition; (b) conditioning, arthropod addition and plant species grown in the feedback phase. Shown are 
means ± SE. Symbols above bars indicate significant differences between treatments with and without 
arthropods addition (*p < 0.05; .p < 0.1; ns p > 0.1). Grey bars represent non-sterilized soil, white bars sterilized 
soil, and hatched bars treatments with arthropod addition. C = conditioning species, Ph = Phleum, Po = Poa; 
St = sterilization, NS = non-sterilized, S = sterilized; A = arthropods, 0 = no arthropods added, + = arthropods 
added; Sp = plant species in feedback phase; Not distinguished = this treatment is not distinguished in the 
respective analysis.
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Microarthropod addition treatment not only affected soil microbial communities, but also had impact on 
plant performance in the feedback phase. Specifically, microarthropods altered seedling establishment, below-
ground plant biomass, and plant biomass allocation, with the effects depending on interactions with other treat-
ments. Although it has been shown that springtails can feed on plant roots40, our results suggest that herbivory 
was not the only determinant of plant performance in our experiment. Rather, it is very likely that microar-
thropods altered plant growth also indirectly by feeding on soil microbial or nematode communities, since we 
reported shifts in both microbial and nematode communities caused by microarthropod addition treatment. 
Springtails can, for example, influence plant germination by feeding on the fungal coat of the seeds41–43. Their 
negative influence on seedling establishment in the present study could thus be caused by springtails’ feeding on 
mycorrhizal fungi13. Feeding on the germinating seeds themselves is unlikely as this behaviour of springtails is 
considered very rare43. Besides these effects, microarthropods can also alter the nutrient availability in the soil19,20. 
As plants are known to change their biomass allocation patterns according to the nutrient status of the soil44,45 
and even according to the form of the nutrient source46, it is possible that the microarthropods impacted plant 
root-to-shoot ratio by altering soil nutrient availability.

We conclude that soil microarthropods can significantly alter plant-soil feedback effects. In our experiment, 
their presence altered the composition of soil microbial and nematode communities (i.e., the potential agents 
of plant-soil feedbacks) and plant performance. More importantly, their effect was highly specific as it differed 
between soil conditionings and was affected by prior soil sterilization. This illustrates that microarthropods do 
not impact plant-soil feedbacks systematically, but their effects can be context-dependent. Considering that soil 
microarthropods are significant members of soil biota, we propose that their role should be considered in future 
plant-soil feedback research.

Methods
Model species. We used two model plant species: Poa pratensis (Poa hereafter for brevity) and Phleum 
pratense (Phleum hereafter). The choice of these species was based on previous research in the framework of the 
Jena Experiment26, where they showed opposing plant-soil feedback effects. This study found that Poa exhibited 
negative intraspecific plant-soil feedback effects (i.e., it grew worse in soil conditioned by individuals of Poa than 
in soil conditioned by individuals of other species). In contrast, Phleum showed a positive intraspecific plant-
soil feedback effect (i.e., it grew better in soil conditioned by individuals of the same species than in soil of other 
species). Such opposing feedbacks could be driven by different mechanisms and thus could interact differently 
with added microarthropods. Seeds of both species were obtained from the same commercial provider (Rieger-
Hoffmann GmbH, Blaufelden-Raboldshausen, Germany) as in Cortois et al.26.

As model soil microarthropods, we used one species of predatory mite (Hypoaspis aculeifer; Gamasida) and 
three springtail species (Proisotoma minuta, Folsomia candida, and Sinella curviseta; Collembola). The mite spe-
cies is a generalist predator feeding on other soil microarthropods including springtails47. The springtail spe-
cies feed mostly on soil fungi (mycorrhiza as well as saprotrophic fungi), but they are omnivorous and can feed 
on a variety of other resources reaching from soil microfauna (such as Protozoa, Nematoda, or Rotatoria) and 
microflora (such as bacteria, and algae), to plant leaf litter or even living roots40,48. In this study, we used a model 
community consisting of three springtail species to increase realism of the experiment: using a single species can 

Figure 5. PCA of the composition of microbial communities after the feedback phase. Symbols represent 
individual experimental treatments (centroids of samples). Arrows indicate the individual PLFA markers.
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lead to biased results due to specific feeding preferences of the model species49. Families of these three species 
(Isotomidae and Entomobryidae) can be found in the grassland where the experimental soil was obtained50. The 
springtail species were cultured on yeast in the laboratory. The mite species was obtained from a commercial 
provider (Schneckenprofi in Germany) and was also used in previous laboratory studies and shown to feed on the 
three springtail species51.

Plant-soil feedback experiment. Following common methodology in plant-soil feedback experiments52, 
our experiment consisted of two phases: the conditioning phase and the feedback phase. To set up the condition-
ing phase, we used soil from a diverse semi-natural grassland adjacent to the Jena Experiment, Jena, Germany53. 
The soil has a pH value of 8.1, carbon concentration of 4.6%, nitrogen concentration of 0.3%, and a C-to-N ratio 
of 15.7; lime content of ~6%, a clay content of ~14%, a silt content of ~41%, and a sand content of ~45%. The two 
plant species were grown in monocultures in a climate chamber, each species in two 20 l mesocosms. The growth 
conditions were 12 hours of daylight, 25 °C, and 70% humidity. The duration of the conditioning phase was 3 
months. After that, plant shoots were harvested, and the soil was sieved with a mesh (size 5 mm) to remove plant 
roots. The soil of both mesocosms of each plant species was homogenized and sampled for further analyses. The 
approach of mixing soils after the conditioning phase has been used in other studies8,9. It might be argued that 
such a treatment leads to artificially lowered variation in soil feedback effects among replicates. However, the 
main goal of this study was not to measure effect sizes but to investigate the possible influence of soil microarthro-
pods on plant-soil feedback effects, legitimizing the present approach54. Then, the soil was split in half, and one 
half of each soil type was sterilized by autoclaving to remove the specific soil microorganisms developed during 
the conditioning phase (twice, each 20 min at 120 °C55).

The experiment for the feedback phase was set up in 300 ml microcosms (diameter: 7 cm, height: 10 cm) 
with a fine mesh at the bottom (50 µm) and a 10 cm plastic fence at the top of the round pots, both preventing 
soil fauna from escaping. Microcosms were filled with each of the pre-conditioned soil (further referred to as 
Poa-conditioned soil and Phleum-conditioned soil, respectively), both either sterilized or non-sterilized. Each of 
these soil types was crossed with further treatments: sowing of either Phleum or Poa seeds, and either an addi-
tion of soil arthropods or no addition of arthropods. With five replicates per treatment, the experiment resulted 
in 80 microcosms: 2 (soil conditioning) × 2 (soil sterilization) × 2 (species sown) × 2 (arthropod addition) × 5 
(replicates).

Before sowing, all microcosms were repeatedly watered to leach nutrients released by the sterilization proce-
dure55. After two days of watering, 50 seeds of either Phleum or Poa were sown into each microcosm. Microcosms 
with microarthropod addition treatment received three individuals of the predatory mite and ten individuals 
of each springtail species (30 springtail individuals per microcosm in total, equivalent to 8000 individuals per 
square meter). The number of added springtails was expected to be sufficient to establish viable population in 
each microcosm: springtails are known to quickly reach population carrying capacity according to the available 
resources56,57. We did not determine the densities of springtails before setting and after harvesting the experiment, 
but we expect the original numbers to be close to zero (due to large disturbances during the preparation of the 
conditioning phase) and the final numbers to be at the carrying capacity of each microcosm58.

The microcosms were kept in the climate chamber (for details see above) and were watered daily with 20 ml of 
distilled water. The establishing seedlings were counted every other day. After four weeks, the aboveground and 
belowground biomass of all seedlings was harvested, dried at 60 °C, and weighed. Soil samples were taken from 
each microcosm after removal of plant roots: soil from the whole microcosm was homogenized and sampled for 
subsequent soil analyses. We also sampled plant roots for estimation of mycorrhizal colonization rates.

Analyses of soil communities. The soil samples taken after the feedback phase of the experiment were 
used to analyse the composition of soil microbial communities (5 g of fresh soil per sample, frozen at −20 °C), 
nematode communities (25 g of fresh soil), and substrate-induced soil respiration (5 g of fresh soil) to determine 
active soil microbial biomass. We used root samples from the feedback phase to estimate the mycorrhizal root col-
onisation. In all cases, we used five samples per treatment (i.e., from all replicates), except for only three samples 
per treatment for analysis of soil microbial communities (PLFAs).

Phospholipid fatty acids (PLFAs) were used as taxonomic markers for the quantification and classification of 
microorganisms59. Analysing PLFAs present in soil samples is an effective tool for studying the composition of 
soil microbial communities. Before PLFA extraction, soil samples were sieved with 2 mm mesh size to remove 
root and litter pieces. Lipid extraction followed the protocol by Frostegård et al.60. Therefore, 5 g fresh weight of 
soil was weighed and mixed with 18.5 ml Bligh & Dyer reagent61. Samples were shaken for 2 h to extract lipids 
from microorganisms. A centrifugation step with 1500 g for 10 min separated two phases. The upper organic 
phase was extracted and mixed with 6.2 ml chloroform and 6.2 ml citrate buffer. After centrifugation, 4 ml of the 
lower phase was transferred to a new tube. This organic phase was evaporated at 30 °C under a nitrogen atmos-
phere. Silica-gel separation columns fractionated the lipid phase into phospholipid fatty acids by adding meth-
anol which was again evaporated under a nitrogen atmosphere at 30 °C. After evaporation, 30 ml of an internal 
standard (C 19:0), 1 ml methanol/toluene, and 1 ml methanol/KOH were added. The resulting fatty acid methyl 
esters (FAME) were heated for 15 min at 37 °C. After adding 2 ml hexanechloroform, 0.3 ml acetic acid, and 2 ml 
deionized water, the mixture was centrifuged and the upper phase was filled in a new tube and evaporated at 
30 °C under a nitrogen atmosphere. The evaporated extract was solved in 100 µl hexane and filled into vials for 
analysis. FAMEs were identified by chromatographic retention time according to standard mixtures (Bacterial 
Acid Methyl Esters; methyl ester derivatives of a naturally occurring mix of bacterial fatty acids; Sigma Aldrich, 
St Louis, USA). Identification and quantification of PLFAs was performed by a gas chromatograph (SHIMADZU 
GC 17 A) equipped with column DB 225MS (length: 60 m; diameter: 0.25 mm; film thickness: 0.25 mm) and 
hydrogen as carrier gas.The PLFAs detected in the samples were assigned to the major groups of soil organisms: 
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gram-positive bacteria, gram-negative bacteria, saprotrophic fungi, and arbuscular mycorrhizal fungi59 (see 
Table S1 in Supporting Information).

Nematodes were extracted from 25 g of fresh soil samples (the average soil moisture was 13.3%) using a mod-
ified Baermann method62. The extraction took 72 hours63, which should allow even the slower nematode spe-
cies to migrate from the soil sample and get trapped in the water. After that, nematodes were preserved in 4% 
formaldehyde. Nematodes were counted, identified to the family level (or genus, if needed for classification to 
trophic groups) following Bongers64, and classified to trophic groups (bacterial feeders, fungal feeders, plant 
feeders, omnivores, and predators)65. The mean number of nematodes extracted per sample was 139.2 (in the 
non-sterilized treatments). In each sample, we identified 100 individuals (or all nematodes present in the sample, 
if the total number did not exceed 100 individuals). We extrapolated the numbers of nematodes in each trophic 
group to the total nematode abundance in a sample and then expressed the numbers as individuals per gram soil 
dry weight.

We measured substrate-induced soil microbial respiration of 5 g of fresh soil using an O2-microcompensation 
apparatus66. After 24 h of adjusting basal respiration, we added 4 mg D-glucose g−1 soil dry weight as aqueous 
solution and determined the respiratory response to substrate addition. The mean of the lowest three readings 
within the first 10 h (between the initial peak caused by disturbing the soil and the peak caused by microbial 
growth) was assessed as the maximum initial respiratory response (MIRR; µl O2 g−1 soil dry weight). Microbial 
biomass (µg C g−1 soil dry weight) was calculated as 38 × MIRR67.

To determine the mycorrhizal root colonization, all fine roots from one microcosm were cut, pooled, and a 
new random sample was taken as a representative sample68 and stored in 50% ethanol until further processing. 
The samples were then cleared and stained with Trypan Blue. Therefore, root samples were carefully rinsed and 
cleared using 10% solution of KOH at 90 °C for 60 min. Roots were washed again and acidified with 2% solution 
of lactic acid at 90 °C for 20 min. Finally, the acidic solution was poured off, and the roots were put into 0.05% 
solution of Trypan Blue in lactoglycerol and heated at 90 °C for 30 min. After staining, the remaining dye was 
washed out, and roots were stored in phials filled up with lactoglycerol. The mycorrhizal inoculation rates were 
determined using the gridline intersect method68 with 200 intersects per sample at 100 × magnification. However, 
due to difficulties with distinguishing between arbuscular mycorrhizal fungi and other endophytic fungi in the 
roots of Poa, the mycorrhizal inoculation rates were determined only in Phleum roots.

Data analysis. We analyzed the data on individual plant measures using ANOVA with the main effects and 
all possible interactions of the four treatments, i.e., soil conditioning, sterilization, arthropod addition, and sown 
species. Prior the analyses, we checked the data for normality using QQplot. Further, we checked for correlations 
of the individual measures and as the total plant biomass was highly correlated with aboveground biomass, we 
excluded the total biomass from the analyses (see Table S2 in Supporting Information for the correlation matrix). 
Thus, we performed ANOVA for data on seedling establishment, aboveground and belowground plant biomass, 
root/shoot ratio, and microbial biomass. If significant differences were found, the means of individual treatments 
were compared by Tukey’s HSD test. Both data on the total nematode counts and the mycorrhizal colonization of 
Phleum roots were not normally distributed: there were essentially no records of both measures in the sterilized 
soils, while the values in non-sterilized soils followed a normal distribution. Therefore, we used chi-square tests 
to analyze the effect of sterilization treatment on the presence of nematodes and the presence of mycorrhiza in 
Phleum roots. Values lower than 2 nematodes per sample (25 g of soil) and values lower than 2 mycorrhizal counts 
(out of 200 intersects) were treated as zeros. These zeros corresponded to the sterilized treatments. Further, we 
investigated the effects of soil conditioning, arthropod addition, sown species, and their interactions on nematode 
counts in non-sterilized soils using ANOVA. We used ANOVA to test the effects of soil conditioning, arthropod 
addition, and their interaction on mycorrhizal colonization of Phleum roots in non-sterilized soils. All statistical 
analyses were performed using R 2.4.069.

To examine the influence of experimental treatments on the trophic composition of soil nematodes and PLFAs 
we used redundancy analysis (RDA)70. Here, arthropod addition was treated as an explanatory variable and the 
nematode abundance of each trophic group per gram dry soil (or PLFA measures) as dependent variables, respec-
tively. We repeated this analysis to investigate the effect of sown species, soil conditioning, sterilization, and all 
possible interactions of these factors. In each analysis, the other main factors were used as covariates (in the case 
of higher-level interactions we used also all the lower-level interactions as covariates). For visualization of the 
data of both nematode trophic groups and soil PLFAs, we used principal component analysis (PCA)70. PCA is 
an indirect alternative of RDA searching for the main gradients in the data without explicitly considering the 
information on the different treatments. We used this method since it reveals the largest possible variance in the 
data and illustrates the composition of individual samples as well as their similarities. All the multivariate analyses 
were performed using Canoco 571.

Data Availability. The data reported in this paper has been deposited at FigShare (https://doi.org/10.6084/
m9.figshare.6797432).

References
 1. Bever, J. D. Soil community feedback and the coexistence of competitors: conceptual frameworks and empirical tests. New Phytol. 

157, 465–473 (2003).
 2. van der Putten, W. H. et al. Plant-soil feedbacks: the past, the present and future challenges. J. Ecol. 101, 265–276 (2013).
 3. Bever, J. D., Westover, K. M. & Antonovics, J. Incorporating the soil community into plant population dynamics: the utility of the 

feedback approach. J. Ecol. 85, 561–573 (1997).
 4. Ehrenfeld, J. G., Ravit, B. & Elgersma, K. Feedback in the plant-soil system. Annu. Rev. Environ. Resour. 30, 75–115 (2005).
 5. Brinkman, E. P., V der Putten, W. H., Bakker, E. J. & Verhoeven, K. J. F. Plant-soil feedback: Experimental approaches, statistical 

analyses and ecological interpretations. J. Ecol. 98, 1063–1073 (2010).

http://dx.doi.org/10.6084/m9.figshare.6797432
http://dx.doi.org/10.6084/m9.figshare.6797432


www.nature.com/scientificreports/

1 0Scientific REPORtS |  (2018) 8:11898  | DOI:10.1038/s41598-018-30340-w

 6. Bever, J. Feeback between plants and their soil communities in an old field community. Ecology 75, 1965–1977 (1994).
 7. Klironomos, J. N. Feedback with soil biota contributes to plant rarity and invasiveness in communities. Nature 417, 67–70 (2002).
 8. Hawkes, C. V., Kivlin, S. N., Du, J. & Eviner, V. T. The temporal development and additivity of plant-soil feedback in perennial 

grasses. Plant Soil 369, 141–150 (2013).
 9. Dostálek, T., Münzbergová, Z., Kladivová, A. & Macel, M. Plant–soil feedback in native vs. invasive populations of a range expanding 

plant. Plant Soil 399, 209–220 (2016).
 10. de Rooij-van der Goes, P. C. E. M., van Dijk, C., van der Putten, W. H. & Jungerius, P. D. Effects of sand movement by wind on 

nematodes and soil-borne fungi in coastal foredunes. J. Coast. Conserv. 3, 133–142 (1997).
 11. Bonkowski, M., Villenave, C. & Griffiths, B. Rhizosphere fauna: The functional and structural diversity of intimate interactions of 

soil fauna with plant roots. Plant Soil 321, 213–233 (2009).
 12. Wardle, Da et al. Ecological linkages between aboveground and belowground biota. Science 304, 1629–1633 (2004).
 13. Klironomos, J. N. & Ursic, M. Density-dependent grazing on the extraradical hyphal network of the arbuscular mycorrhizal fungus, 

Glomus intraradices, by the collembolan, Folsomia candida. Biol. Fertil. Soils 26, 250–253 (1998).
 14. Gange, A. Arbuscular mycorrhizal fungi, Collembola and plant growth. Trends Ecol. Evol. 15, 369–372 (2000).
 15. Sabatini, M. A. & Innocenti, G. Effects of collembola on plant-pathogenic fungus interactions in simple experimental systems. Biol. 

Fertil. Soils 33, 62–66 (2001).
 16. Schreiner, R. P. & Bethlenfalvay, G. J. Crop residue and Collembola interact to determine the growth of mycorrhizal pea plants. Biol. 

Fertil. Soils 39, 1–8 (2003).
 17. Maboreke, H. R. et al. Multitrophic interactions in the rhizosphere of a temperate forest tree affect plant carbon flow into the 

belowground food web. Soil Biol. Biochem. 115, 526–536 (2017).
 18. Kuzyakov, Y. & Xu, X. Competition between roots and microorganisms for nitrogen: mechanisms and ecological relevance. New 

Phytol. 198, 656–669 (2013).
 19. Maire, N., Borcard, D., Laczkó, E. & Matthey, W. Organic matter cycling in grassland soils of the Swiss Jura mountains: Biodiversity 

and strategies of the living communities. Soil Biol. Biochem. 31, 1281–1293 (1999).
 20. Filser, J. The role of Collembola in carbon and nitrogen cycling in soil. Pedobiologia (Jena). 46, 234–245 (2002).
 21. Ngosong, C., Gabriel, E. & Ruess, L. Collembola grazing on arbuscular mycorrhiza fungi modulates nutrient allocation in plants. 

Pedobiologia - J. Soil Ecol. 57, 171–179 (2014).
 22. Setala, H. & Huhta, V. Soil fauna increase Betula pendula growth: laboratory experiments with coniferous forest floor. Ecology 72, 

665–671 (1991).
 23. Bradford, M. A. et al. Impacts of soil faunal community composition on model grassland ecosystems. Science (80-.). 298, 615–618 

(2002).
 24. De Deyn, G. B. et al. Soil invertebrate fauna enhances grassland succession and diversity. Nature 422, 711–713 (2003).
 25. Eisenhauer, N. et al. Impact of above- and below-ground invertebrates on temporal and spatial stability of grassland of different 

diversity. J. Ecol. 99, 572–582 (2011).
 26. Cortois, R., Schröder-Georgi, T., Weigelt, A., van der Putten, W. H. & De Deyn, G. B. Plant-soil feedbacks: role of plant functional 

group and plant traits. J. Ecol. (2016).
 27. Münzbergová, Z. & Šurinová, M. The importance of species phylogenetic relationships and species traits for the intensity of plant-

soil feedback. Ecosphere 6, 234 (2015).
 28. Yang, Q. et al. Plant–soil biota interactions of an invasive species in its native and introduced ranges: Implications for invasion 

success. Soil Biol. Biochem. 65, 78–85 (2013).
 29. Agrios, G. N. Plant pathology. (Academic Press, 2005).
 30. Zelmer, C. D., Cuthbertson, L. & Currah, R. S. Fungi associated with terrestrial orchid mycorrhizas, seeds and protocorms. 

Mycoscience 37, 439–448 (1996).
 31. McKendrick, S. L., Leake, J. R., Taylor, D. L. & Read, D. J. Symbiotic germination and development of myco-heterotrophic plants in 

nature: ontogeny of Corallorhiza trifida and characterization of its mycorrhizal fungi. New Phytol. 145, 523–537 (2000).
 32. Westover, K. M., Kennedy, A. N. N. C. & Kelley, S. E. Patterns of Rhizosphere Microbial Community Structure Associated with Co-

Occurring Plant Species. J. Ecol. 85, 863–873 (1997).
 33. Marschner, P., Yang, C.-H., Lieberei, R. & Crowley, D. E. Soil and plant specific effects on bacterial community composition in the 

rhizosphere. Soil Biol. Biochem. 33, 1437–1445 (2001).
 34. Klironomos, J. N. Feedback with soil biota contributes to plant rarity and invasiveness in communities. Nature 417, 67–70 (2002).
 35. Vries, F. T. D. & Shade, A. Controls on soil microbial community stability under climate change. Front. Microbiol. 4, 269 (2013).
 36. Jousset, A., Eisenhauer, N., Materne, E. & Scheu, S. Evolutionary history predicts the stability of cooperation in microbial 

communities. Nat. Commun. 4, 2573 (2013).
 37. Bongers, T. & Bongers, M. Functional diversity of nematodes. Appl. Soil Ecol. 10, 239–251 (1998).
 38. Griffiths, B. S., Bonkowski, M., Dobson, G. & Caul, S. Changes in soil microbial community structure in the presence of microbial-

feeding nematodes and protozoa. Pedobiologia (Jena). 43, 297–304 (1999).
 39. Bonkowski, M., Cheng, W. X., Griffiths, B. S., Alphei, G. & Scheu, S. Microbial-faunal interactions in the rhizosphere and effects on 

plant growth. Eur. J. Soil Biol. 36, 135–147 (2000).
 40. Endlweber, K., Ruess, L. & Scheu, S. Collembola switch diet in presence of plant roots thereby functioning as herbivores. Soil Biol. 

Biochem. 41, 1151–1154 (2009).
 41. Mitschunas, N., Wagner, M. & Filser, J. Evidence for a positive influence of fungivorous soil invertebrates on the seed bank 

persistence of grassland species. J. Ecol. 94, 791–800 (2006).
 42. Mitschunas, N., Wagner, M. & Filser, J. Increased field emergence of seedlings at high densities of fungivorous soil mesofauna. J. 

Torrey Bot. Soc. 135, 272–280 (2008).
 43. Nietschke, L., Burfeindt, I., Seupt, A. & Filser, J. Collembola and seed germination: relevance of substrate quality and evidence for 

seed attack. Soil Org. 83, 451–462 (2011).
 44. Glimskar, A. & Ericsson, T. Relative nitrogen limitation at steady-state nutrition as a determinant of plasticity in five grassland plant 

species. Ann. Bot. 84, 413–420 (1999).
 45. Müller, I., Schmid, B. & Weiner, J. The effect of nutrient availability on biomass allocation patterns in 27 species of herbaceous plants. 

Perspect. Plant Ecol. Evol. Syst. 3, 115–127 (2000).
 46. Cambui, C. A. et al. Patterns of plant biomass partitioning depend on Nitrogen source. PLoS One 6, 1–7 (2011).
 47. Heckmann, L. H., Ruf, A., Nienstedt, K. M. & Krogh, P. H. Reproductive performance of the generalist predator Hypoaspis aculeifer 

(Acari: Gamasida) when foraging on different invertebrate prey. Appl. Soil Ecol. 36, 130–135 (2007).
 48. Rusek, J. Biodiversity of Collembola and their functional role in the ecosystem. Biodivers. Conserv. 7, 1207–1219 (1998).
 49. Hopkin, S. P. Biology of the Springtails (Insecta: Collembola). (Oxford University Press, 1997).
 50. Sabais, A. C. W., Scheu, S. & Eisenhauer, N. Plant species richness drives the density and diversity of Collembola in temperate 

grassland. Acta Oecologica 37, 195–202 (2011).
 51. Thakur, M. P. et al. Cascading effects of belowground predators on plant communities are density-dependent. Ecol. Evol. 5, 

4300–4314 (2015).
 52. Kulmatiski, A., Beard, K. H., Stevens, J. R. & Cobbold, S. M. Plant-soil feedbacks: a meta-analytical review. Ecol. Lett. 11, 980–92 

(2008).



www.nature.com/scientificreports/

1 1Scientific REPORtS |  (2018) 8:11898  | DOI:10.1038/s41598-018-30340-w

 53. Roscher, C., Schumacher, J. & Baade, J. The role of biodiversity for element cycling and trophic interactions: an experimental 
approach in a grassland community. Basic Appl. Ecol. 121, 107–121 (2004).

 54. Cahill, J. F. et al. No silver bullet: Different soil handling techniques are useful for different research questions, exhibit differential 
type I and II error rates, and are sensitive to sampling intensity. New Phytol. 11–14 (2016).

 55. Eisenhauer, N. et al. Impacts of earthworms and arbuscular mycorrhizal fungi (Glomus intraradices) on plant performance are not 
interrelated. Soil Biol. Biochem. 41, 561–567 (2009).

 56. Eisenhauer, N., Sabais, A. C. W. & Scheu, S. Collembola species composition and diversity effects on ecosystem functioning vary 
with plant functional group identity. Soil Biol. Biochem. 43, 1697–1704 (2011).

 57. Sabais, A. C. W. et al. Soil organisms shape the competition between grassland plant species. Oecologia 170, 1021–1032 (2012).
 58. Eisenhauer, N., Sabais, A. C. W. & Scheu, S. Collembola species composition and diversity effects on ecosystem functioning vary 

with plant functional group identity. Soil Biol. Biochem. 43, 1697–1704 (2011).
 59. Ruess, L. & Chamberlain, P. M. The fat that matters: Soil food web analysis using fatty acids and their carbon stable isotope signature. 

Soil Biol. Biochem. 42, 1898–1910 (2010).
 60. Frostegård, Å., Tunlid, A. & Bååth, E. Use and misuse of PLFA measurements in soils. Soil Biol. Biochem. 43, 1621–1625 (2011).
 61. Bligh, E. G. & Dyer, W. J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 37, 911–917 (1959).
 62. Ruess, L. Studies on the nematode fauna of an acid forest soil: spatial distribution and extraction. Nematology 41, 229–239 (1995).
 63. Nijs, D. PM 7/119 (1) Nematode extraction. EPPO Bull. 43, 471–495 (2013).
 64. Bongers, T. De Nematoden van Nederland. (KNNV Publishing, 1994).
 65. Yeates, G. W., Bongers, T., de Goede, R. G. M., Freckman, D. W. & Georgieva, S. S. Feeding habits in soil nematode families and 

genera – an outline for soil ecologists. J. Nematol. 25, 315–331 (1993).
 66. Scheu, S. Automated measurement of the respiratory response of soil microcompartments: active microbial biomass in earthworm 

faeces. Soil Biol. Biochem. 24, 1–6 (1992).
 67. Beck, T. et al. An inter-laboratory comparison of ten different ways of measuring soil microbial biomass C. Soil Biol. Biochem. 29, 

1023–1032 (1997).
 68. Giovannetti, M. & Mosse, B. An evaluation of techniques for measuring vesicular mycorrhizal infection in roots. New Phytologist 84, 

489–500 (1980).
 69. R Development Core Team. R: A language and environment for statistical computing (2017).
 70. Lepš, J. & Šmilauer, P. Multivariate Analysis of Ecological Data using CANOCO, (Cambridge University Press 2003).
 71. TerBraak, C. J. & Šmilauer, P. Canoco reference manual and user’s guide: software for ordination, version 5.0. (2012).

Acknowledgements
E.K. and Z.M. thank colleagues from “poseminář” and POPEKOL working group for helpful comments. This 
study was partially funded by Czech grant agency [grant number 16-09659 S], institutional projects M.Š.M.T. 
and R.V.O. [grant number 67985939], and Charles University Mobility Fund. NE acknowledges funding by the 
Deutsche Forschungsgemeinschaft (German Research Foundation; Ei 862/2). The Jena Experiment is funded 
by the Deutsche Forschungsgemeinschaft (FOR 1451). We thank Gerlinde de Deyn for suggestions on plant 
selection. Further support came from the German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-
Leipzig, funded by the German Research Foundation (FZT 118). We also thank Ilka Wolf, Sylvia Kreutzburg and 
Silke Schroekh from Jena University for help with harvesting the experiment.

Author Contributions
N.E. designed the study and supervised the project. Z.M. and S.C. commented on the experimental design. E.K. 
performed the experiments, processed all soil and plant samples, and performed data analyses. S.C. supervised 
the determination of nematodes, extraction of soil PLFAs, and measurements of soil respiration, and helped with 
the data processing. Z.M. supervised the data analyses. E.K. wrote the first draft of the manuscript. All the authors 
discussed the results and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-30340-w.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-30340-w
http://creativecommons.org/licenses/by/4.0/

	Soil microarthropods alter the outcome of plant-soil feedback experiments
	Results
	Effects on plants. 
	Effects on soil microbial and nematode communities. 

	Discussion
	Methods
	Model species. 
	Plant-soil feedback experiment. 
	Analyses of soil communities. 
	Data analysis. 
	Data Availability. 

	Acknowledgements
	Figure 1 Number of established seedlings as influenced by the interaction of sterilization, arthropod addition and species grown in the feedback phase.
	Figure 2 Belowground biomass as affected by the interaction of soil conditioning, sterilization and arthropod addition.
	Figure 3 Root-to-shoot ratio as influenced by the interaction of (a) conditioning, sterilization and arthropod addition (b) conditioning, arthropod addition and plant species grown in the feedback phase.
	Figure 4 PCA of the composition of nematode trophic groups after the feedback phase.
	Figure 5 PCA of the composition of microbial communities after the feedback phase.
	Table 1 The effect of treatments and their interactions on seedling establishment, plant aboveground and belowground biomass, root/shoot ratio, and soil microbial biomass.
	Table 2 The effect of the experimental treatments and their interactions on nematode and microbial (PLFA) community composition.




