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Abstract
Although nitrogen (N) deposition is increasing globally, N availability still limits many 
organisms, such as microorganisms and mesofauna. However, little is known to which 
extent soil organisms rely on mineral-derived N and whether plant community com-
position modifies its incorporation into soil food webs. More diverse plant commu-
nities more effectively compete with microorganisms for mineral N likely reducing 
the incorporation of mineral-derived N into soil food webs. We set up a field experi-
ment in experimental grasslands with different levels of plant species and functional 
group richness. We labeled soil with 15NH4

15NO3 and analyzed the incorporation of 
mineral-derived 15N into soil microorganisms and mesofauna over 3 months. Mineral-
derived N incorporation decreased over time in all investigated organisms. Plant spe-
cies richness and presence of legumes reduced the uptake of mineral-derived N into 
microorganisms. In parallel, the incorporation of mineral-derived 15N into mesofauna 
species declined with time and decreased with increasing plant species richness in 
the secondary decomposer springtail Ceratophysella sp. Effects of both plant species 
richness and functional group richness on other mesofauna species varied with time. 
The presence of grasses increased the 15N incorporation into Ceratophysella sp., but 
decreased it in the primary decomposer oribatid mite Tectocepheus velatus sarekensis. 
The results highlight that mineral N is quickly channeled into soil animal food webs 
via microorganisms irrespective of plant diversity. The amount of mineral-derived 
N incorporated into soil animals, and the plant community properties affecting this 
incorporation, differed markedly between soil animal taxa, reflecting species-specific 
use of food resources. Our results highlight that plant diversity and community com-
position alter the competition for N in soil and change the transfer of N across trophic 
levels in soil food webs, potentially leading to changes in soil animal population dy-
namics and community composition. Sustaining high plant diversity may buffer detri-
mental effects of elevated N deposition on soil biota.
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1  | INTRODUC TION

Soil microorganisms and soil fauna are key players for ecosystem 
functions such as decomposition and element cycling. Nitrogen 
(N) mineralization is an almost entirely microbially driven process 
(Veresoglou et  al.,  2012), but soil animals also contribute directly 
or indirectly to N cycling (Carrillo et  al.,  2011; Seastedt,  1984; 
Verhoef & Brussaard,  1990). Soil animal species can be classified 
into primary decomposers, secondary decomposers, and predators 
(Scheu, 2002). Primary decomposers contribute to decomposition 
and mineralization of nutrients by feeding on dead plant material, 
while secondary decomposers mainly feed on microorganisms liv-
ing in soil or being associated with plant roots. Both primary and 
secondary decomposers, such as Oribatida and Collembola, signifi-
cantly contribute to carbon (C) and N cycling (Filser, 2002; Lemanski 
& Scheu, 2015; Osler & Sommerkorn, 2007; Pollierer et al., 2012; 
Verhoef & Brussaard,  1990). The beneficial effects of these ani-
mal groups on C and N cycling are mostly indirect either via mod-
ifying microbial activity (Buscot & Varma, 2005) or via distributing 
microbial propagules (Filser,  2002; Renker et  al.,  2005). However, 
the sources from which soil animals acquire N for their own nutri-
tion and the factors affecting N acquisition by soil animals are little 
understood.

Nitrogen is an essential, but limiting resource for plants and 
soil animals (Sterner & Elser,  2003; Vitousek & Howarth,  1991; 
White,  1993). Plants and saprotrophic microorganisms predomi-
nantly take up mineral N and incorporate it into tissue compounds, in 
particular proteins, the predominant source of N for animal nutrition. 
Despite the central role of N for soil animal nutrition, most of the 
studies that investigated element fluxes in soil food webs focused 
on the flux of C (Albers et  al.,  2006; Müller et  al.,  2016; Pollierer 
et al., 2007), and little is known about the resources soil animals use 
to meet their N requirements. Generally, soil animals, such as pri-
mary and secondary decomposers, meet their demand for N based 
either on microbial N or on plant litter N. However, the relative con-
tribution of these sources for soil animal N nutrition is little under-
stood. Pollierer et al. (2012) demonstrated that soil animals in beech 
forest use both the microbial energy channel (bacteria and fungi) 
and plants as C sources. Thus, soil animals may satisfy their demand 
for N also by both channels. Zieger et al. (2017) and Scheunemann 
et al.  (2016) showed that decomposer mesofauna species in beech 
forests and arable fields gain C as well as N by feeding on microor-
ganisms, especially fungi.

The acquisition of N by soil animals for building up their body 
tissue likely also varies with environmental factors influencing soil 
animal nutrition. In particular, plants may modify the incorporation 
of N by soil animals as they compete with microorganisms for N 
in soil and thereby alter the availability of microbial N for soil ani-
mals (Kuzyakov & Xu, 2013; Strecker et al., 2015). Simultaneously, 
plants may provide soil microorganisms and animals with C and N 
via rhizodeposition (Schenck zu Schweinsberg-Mickan et al., 2012; 
Zieger, Holczinger, et  al.,  2017). Recent studies showed that plant 

diversity increases soil N storage (Oelmann et al., 2011), soil micro-
bial activity and C storage (Lange et al., 2015), and soil microbial bio-
mass (Eisenhauer et al., 2010, 2017; Strecker et al., 2015). Scherber 
et al. (2010) demonstrated cascading effects of plant diversity on the 
whole animal food web in temperate experimental grasslands, which 
might be due to plant-mediated changes in animal N nutrition. For 
understanding the impact of plant diversity on the soil animal food 
web, the role of plants for the nutrition of soil animals needs closer 
consideration (Chahartaghi et  al.,  2005; Crotty et  al.,  2011; Sechi 
et al., 2014).

Plants compete with soil microorganisms for mineral N as both 
typically are limited by N (Hodge et al., 2000; Kuzyakov & Xu, 2013), 
and this likely is more severe in species-rich plant communities as 
plants take up nutrients more efficiently in more diverse commu-
nities (Bessler et al., 2012; Jesch et al., 2018; Roscher et al., 2008). 
Eisenhauer et  al.  (2013) investigated the effects of plant diversity 
and N deposition on the abundance and diversity of soil fauna, but 
did not consider the incorporation of N into soil animals. With the 
present study, we addressed these gaps by investigating the incor-
poration of mineral N into soil microorganisms and subsequently 
into soil mesofauna species as modified by plant diversity.

Besides plant diversity, plant functional groups, such as grasses 
and legumes, may affect nutrient incorporation into soil meso-
fauna as they have different root C-to-N ratios (Chen et al., 2008), 
and differ in their annual N uptake (Bessler et  al.,  2012). Grasses 
are highly competitive for soil N due to their dense root system and 
clonal growth (Hodge et al., 1999; Roscher et al., 2008; de Witte & 
Stöcklin, 2010). Strecker et al. (2015) observed the microbial C-to-N 
ratio to increase in the presence of grasses at the field site of the 
present study, indicating competition for N between microorgan-
isms and grasses. This finding is supported by the results of Oelmann 
et al. (2007) who found reduced soil mineral N concentration in the 
presence of grasses at the same field site. Consequently, soil animal 
species relying on microbial N likely also experience increased N lim-
itation in the presence of grasses. Legumes can fix molecular N via 
rhizobia and fuel the soil system with organic N via rhizodeposition 
and input of litter material. Thereby, legumes are likely to mitigate 
competition for N and influence the N nutrition of soil microorgan-
isms and soil animals (Marschner et  al.,  2011; Milcu et  al.,  2006; 
Oelmann et al., 2007; Spehn et al., 2002).

In the present study, we aimed at tracking the incorporation of 
labeled mineral N into soil microorganisms and the channeling of the 
incorporated mineral N to higher trophic levels of the soil food web 
as affected by plant diversity and plant community composition in 
experimental temperate grassland. 15N stable isotope labeling was 
used for tracing N fluxes into different compartments of the below-
ground system (Crotty et al., 2012; Zieger et al., 2015). As the chan-
neling of N from lower to higher trophic levels likely occurs with a 
time lag, we expected the 15N signal to be incorporated first into 
soil microorganisms, then into secondary decomposers, and finally 
into predatory species, but not into primary decomposers (using 
only plant litter as food). To test these expectations, we followed the 
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incorporation of 15N into soil microorganisms and mesofauna 2, 15, 
30, 60, and 120 days after labeling.

In detail, we investigated the following hypotheses:

1.	 Incorporation of mineral N into mesofauna taxa generally follows 
that of the incorporation of mineral N into soil microorgan-
isms, but this is less pronounced in primary decomposers and 
predators than in secondary decomposers.

2.	 Incorporation of mineral N into soil microorganisms and meso-
fauna decreases with increasing plant diversity (plant species 
richness and functional group richness), as high plant diversity 
communities more efficiently exploit nutrient resources in soil.

3.	 Presence of legumes decreases the incorporation of mineral N 
into microorganisms and mesofauna, as legumes fuel the soil sys-
tem with biologically fixed N.

4.	 Presence of grasses decreases the incorporation of mineral N into 
microorganisms and mesofauna, as grasses effectively compete 
for soil N with other soil organisms.

2  | MATERIAL S AND METHODS

2.1 | Study site

The experiment was conducted within the framework of the Jena 
Experiment, a large grassland biodiversity experiment, which inves-
tigates in an integrative way the role of plant diversity for ecosystem 
functioning (Roscher et al., 2004). The experiment was established 
in 2002 on a former arable fields in the floodplain of the Saale River 
near to the city of Jena (Thuringia, Germany; 50°55′N, 11°35′E, 
130 m a.s.l.). The soil is Eutric Fluvisol, mean precipitation is 610 mm 
per year, and mean temperature is 9.9°C (Hoffmann et al., 2014). The 
plant species used in the experiment are typical for Central European 
mesophilic grasslands (Arrhenatherion community; Ellenberg & 
Leuschner, 2010). The experimental plots did not receive any ferti-
lizer and were mown twice a year, and aboveground plant biomass 
was removed from the field site to imitate typical management of 
extensive hay meadows in the study region and weeded by hand 
two to three times a year to maintain the target plant community 
composition.

The 80 plant communities were selected out of a pool of 60 plant 
species and comprised a plant species richness gradient including 
monocultures and 2, 4, 8, 16, and 60 plant species combinations. 
The plant species were chosen from four plant functional groups 
and selected according to cluster analyses based on above- and be-
lowground morphological traits, phenological traits, and N2 fixation, 
resulting in 16 grasses, 12 small herbs, 20 tall herbs, and 12 legumes. 
Thus, the plant communities also comprised a plant functional group 
richness gradient (1, 2, 3, and 4 plant functional groups). The plots 
were grouped into four blocks with an equal number of plots per 
diversity level to account for changes in soil texture with increasing 
distance from the Saale River. For detailed information on the design 
of the Jena Experiment see Roscher et al. (2004).

2.2 | Experimental design

In this study, a subset of 40 plots varying in plant species richness 
(2, 4, 8, and 16 plant species) was used, with ten replicates per plant 
species richness level. The number of plant functional group rich-
ness levels (1, 2, 3, and 4 plant functional groups) was balanced 
within each species richness level, and the plots with different diver-
sity levels were equally distributed across the four blocks. For more 
details on the selection of plant species see Roscher et al. (2004).

On each of the 40 experimental plots, a subplot (56 × 69 cm) was 
established from which samples were taken in five sequential sam-
pling campaigns. To prevent horizontal flow of the tracer solution 
out of the subplots and to reduce lateral migration of soil animals 
between labeled and unlabeled areas, PVC boards were installed as 
barriers along the subplot border to a height and depth of 15 cm, 
respectively.

2.3 | Experimental procedure

The experimental subplots were labeled with 15N at the beginning 
of the growing season in 2011 (18–19 April). The 15N tracer solution 
(0.01  mol 15NH4

15NO3/L deionized water; 98 atom %; Cambridge 
Isotope Laboratories) was injected into predrilled holes of a depth 
of 7 cm in the soil arranged along gridlines (distance within grid lines 
8.7 cm, distance between grid lines 10 cm, resulting in 49 holes per 
subplot). The tracer solution was injected using a 3 mm-thick four-
side port needle (2 ml per injection point) connected with a silicon 
tube to a bottle top dispenser (Socorex Isba SA) on a 1 L glass bottle. 
A funnel was used to prevent contamination of the vegetation with 
tracer solution.

For measuring the time-integrated incorporation of 15N into soil 
microorganisms and mesofauna, five samples were taken 2 (5 for 
mesofauna), 15, 30, 60, and 120 days after labeling. At each sam-
pling campaign, three soil cores were taken per subplot for microbial 
biomass (Ø 5 cm, 0–5 cm depth) and one soil core for mesofauna (Ø 
20 cm, 0–10 cm depth). The three samples per subplot for measuring 
microbial biomass were pooled, placed into plastic bags, and stored 
at 4°C until further analyses. Soil cores for analyzing mesofauna 
were stored for a maximum of 4 days at 4°C to prevent soil animals 
from deceasing. Soil animals were extracted with a high gradient 
heat extractor, collected in glycerol, transferred into 70% ethanol, 
and identified to species or genus level. For the analysis of the nat-
ural abundance of 15N, reference soil cores for microorganisms and 
mesofauna were taken 10 cm adjacent to the sampling area within 
each plot 5 days before labeling as described above.

Based on biomass estimates, the following mesofauna species 
were used for stable isotope analyses: Tectocepheus velatus sarek-
ensis (Oribatida, primary decomposer), Lepidocyrtus cyaneus, Isotoma 
viridis, Parisotoma notabilis, Ceratophysella sp., and Stenaphorura 
denisi (all Collembola, secondary decomposers), and Lasioseius ber-
lesei (Gamasina, predator). All of these species are abundant and 
widespread in grasslands and other ecosystems in Central Europe 
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including the field site of the Jena Experiment (González-Macé & 
Scheu, 2018; Sabais et al., 2011).

Microbial biomass N was extracted from soil by chloroform 
fumigation extraction (CFE) (Brookes et  al.,  1985). Prior to the 
extraction, roots were removed by hand. To remove other back-
ground N, 50  g fresh soil of each sample was taken, and N was 
removed via pre-extraction with 100  ml 0.05  M K2SO4 with agi-
tation for 30 min (200 rpm) and centrifugation for 10 min (200 U/
min) at 4,000 g. Two subsamples (10 g soil fresh weight each) were 
taken from each pre-extracted soil sample. One subsample was fu-
migated with chloroform vapor for 24 hr, and the other remained 
unfumigated. Both subsamples were extracted with 60 ml 0.05 M 
K2SO4 as described above, and the extracts were filtered and fro-
zen at −18°C until further analysis. At each fumigation campaign, 
two blank samples were processed together with fumigated and 
unfumigated subsamples to account for contamination of the sub-
samples during the procedure. Before analyzing stable isotope ra-
tios of the subsamples and blank samples, a fraction of the samples 
(15 ml) was freeze-dried (VaCo2; Zirbus Technology) at −30°C for 
3 days and stored in plastic vessels in a desiccator. For referring 
results of 15N measurements to one gram dry soil, gravimetric soil 
water content was measured by drying 10 g of fresh soil subsam-
ples of each sample at 105°C for 48 hr.

2.4 | Stable isotope analysis

For analyses of 15N/14N ratios in microbial biomass N and in soil mes-
ofauna, appropriate amounts of the freeze-dried microbial N extract 
(60–65  µg) and appropriate numbers of animals (10–120 individu-
als weighing 10–200 µg and containing 1–20 µg N) were transferred 
into tin capsules. In few cases, individuals from the same sampling 
campaign but different plots with similar plant community composi-
tion were pooled. Stable isotope ratios were measured with a cou-
pled system of an elemental analyzer (NA 1,500; Carlo Erba) and 
a mass spectrometer (MAT 251; Finnigan) (Reineking et  al.,  1993). 
Mesofauna samples were measured on a micro-elemental analyzer 
system (Euro-EA 300; Eurovector) allowing the analysis of small 
amounts of animal tissue (Langel & Dyckmans,  2014). Isotope sig-
natures are expressed using the δ notation with δ15N (‰) =  (Rsamp

le/Rstandard − 1) × 1000, where R is the molar ratio of heavy to the 
light isotope (15N/14N). Acetanilide (C8H9NO; Merck) was used for 
internal calibration. As standard for δ15N, atmospheric N was used. 
Shifts in 15N/14N ratios in mesofauna species due to labeling with 
15NH4

15NO3 were inspected by calculating the difference between 
δ15N values of specimens inside and outside the subplots, that is, Δ 
values.

For calculating microbial biomass N, the amounts of N in the two 
blind samples of the different CFE campaigns were averaged and 
subtracted from the measured N mass of each subsample. Microbial 
biomass N was calculated as Nmic = EN/kEN, with EN being the differ-
ence between total N extracted from fumigated soil and total N 

extracted from unfumigated soil, and kEN being the extractable frac-
tion of microbial biomass N after fumigation (Joergensen & 
Mueller,  1996). Soil microbial biomass 15N (µg 15N/g dry soil) was 
calculated as 15Nmic (µg/g dry soil) = 15N (µg/g dry soil) of fumigated 
subsample – 15N (µg/g dry soil) of unfumigated subsample (Brookes 
et al., 1985). Atom percent excess (APE, isotopic enrichment) of 15N 
in microbial biomass N was calculated as the difference in atom% 
between labeled and natural abundance levels of 15N in soil micro-
bial biomass (Buresh et  al.,  1982; Dyckmans et  al.,  2005) as APE 
15N =

((

15Nmic

total Nmic

)

labeled

−

(

15Nmic

total Nmic

)

natural

)

∗ 100. Microbial biomass C was cal-
culated as Cmic = EC/kEC, with EC being the difference between total 
C extracted from fumigated soil and total C extracted from unfumi-
gated soil.

2.5 | Statistical analyses

All statistical analyses were performed in R vers. 3.6.1 using 
the graphical user interface RSTUDIO vers. 1.1.383 (R Core 
Team,  2019). Data were inspected for normality (Shapiro–Wilk 
test, Q-Q plot) and homoscedasticity (Levene's test). To improve 
normality and homoscedasticity, we log-transformed microbial 
APE 15N and Δ15N for the total dataset and for all animal species 
separately. For testing the effects of plant community properties 
on microbial APE 15N and Δ15N values of mesofauna species, plant 
species richness was log-transformed to linearize the relation-
ship between plant diversity and microbial properties (Hooper 
et al., 2005). Regarding the multiple linear regression model (LM) 
of the total dataset between 15N data and the fixed factors block 
(four levels), animal species (seven levels), plant species richness 
(SR, log-linear term; four levels), plant functional group richness 
(FGR, linear term; four levels), legume presence–absence (LEG, 
two levels), grasses presence–absence (GR, two levels), and time 
(days since labeling; five levels), no experimental treatment sig-
nificantly influenced the response variable except of block, animal 
species, and time (see Table A1). Therefore, we chose multiple lin-
ear mixed-effects models (LMEs), used block as random factor, and 
calculated LMEs between 15N data and treatments for each animal 
species and microbial biomass separately. The presence–absence 
of grasses (GR) and the presence–absence of legumes (LEG) as well 
as days after labeling (time) were used as categorical predictors, 
while log-transformed plant species richness (SR) and plant func-
tional group richness (FGR) were used as linear variables (using 
SR and FGR as categorical predictors was not possible because 
the dataset was too small and unbalanced). We used the function 
lmer() implemented in the R package “lme4” vers. 1.1-21 (Bates 
et al., 2015; Bates et al., 2019) and the R package “lmerTest” vers. 
3.1-0 (Kuznetsova et  al.,  2019) for calculating p-values. We per-
formed backward model selection by stepwise removing the least 
significant variable until the final model was reached (Crawley, 
2015). Additionally, we proved each model simplification step with 
the Akaike information criterion (AIC).
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3  | RESULTS

3.1 | Microorganisms

Generally, the incorporation of 15N into microorganisms (15Nmic APE) 
declined with time (t = −12.78, p < 0.0001, Figure 1), reflecting the 
fast incorporation of the mineral 15N into microorganisms and its fol-
lowing turnover. Plant species richness significantly decreased 15Nmic 
APE (Figure 2a). The presence of legumes affected microbial 15N, but 
this effect varied over time with microbial 15N being lower in the 
presence of legumes compared to without legumes at early sampling 
dates, but this effect disappeared at days 60 and 120 (Figure 2b). 
15Nmic (µg/g dry soil) was positively correlated with Nmic (R

2 = 0.93; 
t = 43.69, p < 0.0001) and Cmic (R

2 = 0.83; t = 26.24, p < 0.0001) 
irrespective of the sampling date, indicating that changes in 15N in-
corporation paralleled changes in Nmic and Cmic.

3.2 | Mesofauna

Generally, the incorporation of 15N (Δ15N values) into the studied 
mesofauna species declined with time parallel to 15Nmic APE, except 
in T. velatus sarekensis (Figure 1), reflecting the dominant flux of min-
eral N into mesofauna species via microbial N. However, the factors 
affecting the incorporation of 15N into mesofauna varied among the 

species studied (Table 1). Time affected the mineral 15N incorpora-
tion into all studied mesofauna species, either as a main factor or in 
combination with plant community properties. As main factor, it was 
only significant in L. berlesei and marginally significant in L. cyaneus 
with Δ15N values decreasing over time (Figure 3, Figure 6c, Table 1).

Δ15N values of Ceratophysella sp. significantly varied with plant 
species richness being high in plots with two and eight species but 
low in those with four and 16 species (Figure 4). In T. velatus sare-
kensis, Δ15N values also varied with plant species richness, but the 
effect depended on time. Early in the experiment, the incorporation 
of 15N was lower at high species richness, whereas later it was higher 
(Figure 5a). Similarly, Δ15N values in P. notabilis and S. denisi also var-
ied significantly with plant species richness and time. In both species, 
Δ15N values increased with plant species richness at day 5, whereas 
they varied little or decreased at day 120 (Figure 5b,c). Functional 
group richness as main factor did not affect Δ15N values of any stud-
ied mesofauna species. However, in combination with time, func-
tional group richness affected Δ15N values in T.  velatus sarekensis, 
S. denisi, L. cyaneus, and I. viridis (Figure 6a–d). In T. velatus sarekensis, 
Δ15N values decreased with increasing plant functional group rich-
ness at day 5, but did not respond in a consistent way at the later 
sampling dates. In S. denisi and I. viridis, Δ15N values decreased with 
plant functional group richness at days 15 and 30, respectively, but 
not at the other days. Similarly, in L. cyaneus Δ15N values decreased 
at days 30, 60, and 120, but not at days 5 and 15.

F I G U R E  1   Changes in the 
incorporation of 15N into soil 
microorganisms (APE 15Nmic) and soil 
mesofauna species (Δ15N values) over 
time (2–120 days for microorganisms and 
5–120 days for mesofauna species)

F I G U R E  2   Changes in the 
incorporation of 15N into microbial 
biomass N (15Nmic APE) with (a) plant 
species richness and (b) time and presence 
of legumes; 0/1 = absence/presence of 
legumes; means ± 1 SE

plant species 
richness 

t = -2.52, p = 0.013 
time  legume 

interaction 
t = 2.33, p = 0.021 

(a) (b)
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The presence of legumes generally did not affect Δ15N values of 
any of the studied mesofauna species. By contrast, the presence of 
grasses significantly affected Δ15N values in Ceratophysella sp. and 
T. velatus sarekensis, but the effect varied with time (Figure 7a,b). In 
Ceratophysella sp., Δ15N values strongly increased in the presence 
of grasses, in particular at days 5 and 15. By contrast, in T. velatus 
sarekensis, Δ15N values decreased in the presence of grasses, with 
the effect being most pronounced at days 15 and 30.

4  | DISCUSSION

Soil microorganisms are one of the main food resources of soil 
animals, thereby channeling microbial N to higher trophic levels 
of the soil food web. Nevertheless, until today it is unclear which 

TA B L E  1   Incorporation of mineral-derived N into mesofauna species as affected by plant diversity (species richness, SR, functional 
group richness, FGR), plant functional group identity (legumes, LEG, grasses, GR), and time

Lasioseius berlesei Ceratophysella sp. Tectocepheus velatus sarekensis Parisotoma notabilis Stenaphorura denisi

Estimate df t-value p-value Estimate df t-value p-value Estimate df t-value p-value Estimate df t-value p-value Estimate df t-value p-value

(Intercept) 2.711 75.00 71.27 <0.0001 2.620 10.68 24.12 <0.0001 1.792 52.00 20.69 <0.0001 2.462 16.41 22.30 <0.0001 2.449 22.00 46.25 <0.0001

SR −0.262 64.82 −2.20 0.032 −0.261 52.00 −2.28 0.026 0.219 24.76 1.92 0.070

FGR

LEG

GR 0.460 10.65 3.72 0.004

Time −0.005 75.00 −8.91 <0.0001

SR × Time 0.007 52.00 2.25 0.028 −0.005 24.36 −6.67 <0.0001 −0.007 22.00 −2.55 0.018

FGR × Time 0.003 52.00 2.63 0.011 0.002 22.00 2.48 0.021

LEG × Time −0.005 22.00 −1.99 0.060

GR × Time −0.004 68.99 −4.58 <0.0001 −0.010 52.00 −3.80 0.0004 0.003 22.00 1.42 0.171

AIC full mod. −14.10 35.47 30.72 5.15 79.979

AIC red. mod. −25.38 31.46 −1.03 −4.84 3.35

Lepidocyrtus cyaneus Isotoma viridis

Estimate df t-value p-value Estimate df t-value p-value

(Intercept) 2.6724 8.72 61.56 <0.0001 2.36 12 11.25 <0.0001

SR 0.46 12 1.772 0.102

FGR

LEG −0.39 12 −1.953 0.075

GR

Time −0.002 63.38 −1.80 0.077

SR × Time

FGR × Time −0.0009 63.51 −2.69 0.009 0.00 12 −2.92 0.013

LEG × Time 0.01 12 2.05 0.063

GR × Time

AIC full mod. −16.48 15.07

AIC red. mod. −26.57 13.20

Note: LME table of t- and p-values for the effects of the factors plant species richness (SR), plant functional group richness (FGR), presence 
of legumes (LEG), presence of grasses (GR), and time on the incorporation of mineral nitrogen into soil mesofauna species (Δ15N values). 
Intercept = intersection point with y-axis. df = estimated degrees of freedom. Significant effects (p ≤0.05) are given in bold; df = theoretical 
degrees of freedom.

F I G U R E  3   Changes in the incorporation of 15N into Lasioseius 
berlesei (Δ15N values) with time; means ± 1 SE

�me 
t = -8.91, p < 0.0001 
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soil animals rely predominantly on N derived from microorgan-
isms and which predominantly rely on N from dead organic mat-
ter. Further, it is unknown whether plants modify the uptake of N 
by soil animals via these channels. Simplified ecosystems with low 
plant diversity may hamper ecosystem functions (Landis, 2017), in-
cluding the channeling of N to higher trophic levels. Plant N uptake 
is driven by plant traits, such as root density and the ability to fix 
molecular N, and therefore, both plant functional group identity 
and plant diversity need to be considered for understanding min-
eral N uptake by microorganisms and its subsequent channeling to 
higher trophic levels of soil food webs. Despite the need to sustain 
functioning grassland ecosystems to ensure ecosystem services, 
detailed knowledge on the relationships between plant community 
properties and the channeling of N into higher trophic levels of the 
soil food web is still scarce. To address these gaps of knowledge, 

TA B L E  1   Incorporation of mineral-derived N into mesofauna species as affected by plant diversity (species richness, SR, functional 
group richness, FGR), plant functional group identity (legumes, LEG, grasses, GR), and time

Lasioseius berlesei Ceratophysella sp. Tectocepheus velatus sarekensis Parisotoma notabilis Stenaphorura denisi

Estimate df t-value p-value Estimate df t-value p-value Estimate df t-value p-value Estimate df t-value p-value Estimate df t-value p-value

(Intercept) 2.711 75.00 71.27 <0.0001 2.620 10.68 24.12 <0.0001 1.792 52.00 20.69 <0.0001 2.462 16.41 22.30 <0.0001 2.449 22.00 46.25 <0.0001

SR −0.262 64.82 −2.20 0.032 −0.261 52.00 −2.28 0.026 0.219 24.76 1.92 0.070

FGR

LEG

GR 0.460 10.65 3.72 0.004

Time −0.005 75.00 −8.91 <0.0001

SR × Time 0.007 52.00 2.25 0.028 −0.005 24.36 −6.67 <0.0001 −0.007 22.00 −2.55 0.018

FGR × Time 0.003 52.00 2.63 0.011 0.002 22.00 2.48 0.021

LEG × Time −0.005 22.00 −1.99 0.060

GR × Time −0.004 68.99 −4.58 <0.0001 −0.010 52.00 −3.80 0.0004 0.003 22.00 1.42 0.171

AIC full mod. −14.10 35.47 30.72 5.15 79.979

AIC red. mod. −25.38 31.46 −1.03 −4.84 3.35

Lepidocyrtus cyaneus Isotoma viridis

Estimate df t-value p-value Estimate df t-value p-value

(Intercept) 2.6724 8.72 61.56 <0.0001 2.36 12 11.25 <0.0001

SR 0.46 12 1.772 0.102

FGR

LEG −0.39 12 −1.953 0.075

GR

Time −0.002 63.38 −1.80 0.077

SR × Time

FGR × Time −0.0009 63.51 −2.69 0.009 0.00 12 −2.92 0.013

LEG × Time 0.01 12 2.05 0.063

GR × Time

AIC full mod. −16.48 15.07

AIC red. mod. −26.57 13.20

Note: LME table of t- and p-values for the effects of the factors plant species richness (SR), plant functional group richness (FGR), presence 
of legumes (LEG), presence of grasses (GR), and time on the incorporation of mineral nitrogen into soil mesofauna species (Δ15N values). 
Intercept = intersection point with y-axis. df = estimated degrees of freedom. Significant effects (p ≤0.05) are given in bold; df = theoretical 
degrees of freedom.

F I G U R E  4   Changes in the incorporation of 15N into Ceratophysella 
sp. (Δ15N values) with plant species richness; means ± 1 SE

plant species richness 
t = -2.20, p = 0.032 
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we added mineral 15N to semi-natural grassland of different plant 
diversity and plant community compositions and tracked its incor-
poration into soil microorganisms and higher trophic levels of the 
soil food web.

4.1 | Temporal variation of mineral N incorporation

Generally, the concentration of 15N in mesofauna species declined 
parallel to that in microorganisms with time, reflecting the dominant 

flux of N from microorganisms to higher trophic levels. The applied 
15N presumably was increasingly taken up by microorganisms and 
plants with time. In the long term, plants are superior to microor-
ganisms in mineral N acquisition as they have longer life cycles and 
effectively capture N released by decaying microorganisms (Hodge 
et al., 2000; Kaye & Hart, 1997; Kuzyakov & Xu, 2013). In particular 
in N-limited ecosystems, such as the grassland site investigated in 
this study (Strecker et al., 2015), N is immobilized quickly by micro-
organisms and plants. Mowing and removal of plant aboveground 
biomass likely aggravate N limitation, even though the deposition of 

F I G U R E  5   Changes in the 
incorporation of 15N into (a) Tectocepheus 
velatus sarekensis, (b) Parisotoma notabilis, 
and (c) Stenaphorura denisi with time and 
plant species richness (Δ15N values); 
means ± 1 SE

time  plant species richness interaction
t = 2.25, p = 0.028

time  plant species 
richness interaction 
t = -6.67, p < 0.0001 

time plant species 
richness interaction 
t = -2.55, p = 0.018 

(a)

(b) (c)

F I G U R E  6   Changes in the 
incorporation of 15N into (a) Tectocepheus 
velatus sarekensis, (b) Stenaphorura denisi, 
(c) Lepidocyrtus cyaneus, and (d) Isotoma 
viridis with time plant functional group 
richness (Δ15N values); means ± 1 SE

time  plant functional 
group interaction 
t = 2.63, p = 0.011 

time plant functional  
group interaction 
t = 2.48, p = 0.021 

time  plant functional 
group interaction 

t = -2.69, p = 0.009 

time plant functional  
group interaction 

t = -2.92, p = 0.013 

(a) (b)

(c)
(d)



     |  4303STRECKER et al.

N is high and increasing on a global scale (Leimer et al., 2013, 2016; 
Reay et al., 2008).

Conform to our expectations (Hypothesis 1), the incorporation 
of mineral-derived N into soil animal species followed the incorpora-
tion into soil microorganisms. Generally, N incorporation uniformly 
peaked at the first sampling date after labeling for all studied me-
sofauna species, except in the primary decomposer T. velatus sarek-
ensis. However, the amount of mineral-derived N incorporated into 
soil animal tissue differed markedly between animal taxa reflecting 
differential use of food resources. Further, the incorporation of 
mineral-derived N into soil animal species changed with time sug-
gesting that factors driving the incorporation of mineral-derived N 
into soil animals, such as tissue turnover and feeding behavior, show 
species-specific temporal dynamics.

At the first sampling date, incorporation of mineral-derived N 
was highest in the Collembola species Ceratophysella sp., followed 
by the Gamasina L. berlesei and the Collembola L. cyaneus, I. viridis, 
P. notabilis, S. denisi, and the primary decomposer Oribatida T. vela-
tus sarekensis. High Δ15N values in Ceratophysella sp. suggest that 
this species predominantly acquires its N by feeding on microor-
ganisms, which were heavily labeled with 15N. This is supported 
by other studies reporting Ceratophysella sp. and other species 
of Poduromorpha to predominantly feed on fungi (Chahartaghi 
et al., 2005; Maraun et al., 2003). However, there is evidence that 
Poduromorpha species also feed on plants (Sechi et al., 2014); thus, 
combined feeding on fungi and plant roots may have been responsi-
ble for the high Δ15N values in Ceratophysella sp. Omnivory, that is, 
feeding on prey from more than one trophic level, may alleviate N 
limitation by broadening the prey spectrum (Lefcheck et al., 2013; 
White, 1993). The Collembola species L. cyaneus incorporated less 
15N than Ceratophysella sp., but still incorporation was high 5 days 
after labeling, which also suggests that this species acquired much 
of its N from feeding on microorganisms. This is in line with other 
studies reporting L.  cyaneus to preferentially feed on fungi and to 
a minor degree on bacteria (Berg et al., 2004; Ferlian et al., 2015). 
Unexpectedly, also the predatory Gamasina species L.  berlesei 
quickly incorporated high amounts of mineral-derived N similar to 
the level in its potential prey species L. cyaneus. In addition to feed-
ing on highly labeled Collembola prey species, the unexpected fast 
incorporation of mineral-derived N into predators may have resulted 

from feeding on nematodes as major grazers of soil microorganisms 
(Heidemann et al., 2014). In fact, L. berlesei has been shown to prey 
on nematodes and small arthropods such as Collembola (Christian & 
Karg, 2006; Walter & Ikonen, 1989), thereby quickly incorporating 
N from basal resources. Further, L. berlesei develops fast, reaching 
maturity after only 9–19 days (Christian & Karg, 2006), suggesting 
that this species incorporates mineral-derived N from prey species 
within a few days.

Intermediate levels of mineral-derived N incorporated into ani-
mals, such as the Collembola I. viridis, P. notabilis, and S. denisi, sug-
gest that these species only in part fed on microorganisms and that 
their diet includes a substantial amount of dead organic matter. 
However, as these species have been assumed to be predominantly 
microbivorous (Berg et al., 2004; Chahartaghi et al., 2005; Ngosong 
et  al.,  2011), slow tissue turnover rate may also have contributed 
to the lower 15N incorporation as compared to the microbivorous 
Ceratophysella sp. and L. cyaneus.

Low incorporation of mineral-derived 15N in T. velatus sarekensis 
suggests that this species little relies on microbial N. Notably, only in 
this species the incorporation of mineral-derived N increased slowly 
with time. This suggests that the predominant feeding strategy of 
T.  velatus sarekensis was detritivory, potentially including microbial 
residues, confirming earlier studies assuming this species to live 
as primary decomposer virtually not relying on N from living mi-
croorganisms (Laumann et al., 2007; Maraun et al., 2011; Siepel & 
Ruiter-Dijkman, 1993).

4.2 | Variation of mineral N incorporation with 
plant diversity

In general, plant diversity played a major role for the incorporation of 
mineral-derived N into the studied mesofauna species, and this was 
true for both plant species richness and plant functional group rich-
ness. Confirming our Hypothesis 2, plant species richness decreased 
the uptake of mineral-derived N by microorganisms. Competition be-
tween microorganisms and plants for mineral N in soil is likely to be 
aggravated in more diverse plant communities as they take up N more 
efficiently than communities of low diversity (Bessler et al., 2012; Jesch 
et al., 2018), for example, due to different rooting depths of different 

F I G U R E  7   Changes in the 
incorporation of 15N into (a) Tectocepheus 
velatus sarekensis and (b) Ceratophysella sp. 
with time and presence of grasses (Δ15N 
values); means ± 1 SE

time  plant functional 
group interaction 

t = -2.69, p = 0.009 

time plant functional  
group interaction 

t = -2.69, p = 0.009 

(a) (b)
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plant species (Cardinale et  al.,  2007; Scherer-Lorenzen et  al.,  2003; 
Spehn et al., 2005). Despite stronger competition for soil N under high 
plant diversity, positive effects of plant diversity on microbial commu-
nities may surpass negative ones as soil microbial activity and biomass 
increase with plant diversity, probably due to increased rhizodeposition 
that mitigates carbon limitation of microorganisms (Cline et al., 2018; 
Lange et al., 2015; Strecker et al., 2015, 2016).

Also in line with Hypothesis 2, plant species richness as a main 
factor significantly decreased Δ15N values in Ceratophysella sp., 
likely because Ceratophysella sp. fed on microorganisms that were 
also reduced in 15N due to limited N supply in high diverse plant 
communities (see above). Interestingly, plant species richness ex-
erted time-dependent effects on T. velatus sarekensis, P. notabilis, and 
S.  denisi. In T.  velatus sarekensis, Δ15N values decreased with plant 
species richness at the beginning of the experiment, but increased 
with increasing plant species richness later in the experiment. 
Potentially, the increase in Δ15N values in T. velatus sarekensis with 
plant species richness later in the experiment was due to increased 
availability of dead plant roots containing 15N from the mineral 15N 
added. In P.  notabilis and S.  denisi, Δ15N values increased with in-
creasing plant species richness early in the experiment, but this ef-
fect disappeared later. Presumably, this reflects that certain species 
of microorganisms associated with roots incorporated more 15N in 
more diverse plant communities and were heavily grazed by micro-
bivorous microarthropods such as P. notabilis and S. denisi.

In addition to plant species richness, Δ15N values of microarthro-
pods also varied significantly with plant functional group richness. In 
T. velatus sarekensis, S. denisi, I. viridis, and L. cyaneus, Δ15N values de-
creased with increasing plant functional group richness in particular 
early in the experiment. Presumably, this again reflects the more ef-
fective capture of nutrients by plants in more diverse plant commu-
nities resulting in lower incorporation of 15N into microorganisms.

4.3 | Variations in mineral N incorporation with 
plant functional group identity

Conform to Hypothesis 3, the presence of legumes decreased 
mineral-derived N in soil microorganisms, with the effect being most 
pronounced at day 30 and declining later in the experiment. This is 
in line with results of Strecker et al.  (2015) reporting that legumes 
reduce N limitation of soil microorganisms at the field site of the 
Jena Experiment, presumably via the release of N fixed by legumes 
into the soil via rhizodeposition diluting the added mineral 15N and 
thereby its uptake by microorganisms. However, we found no effect 
of legumes on the incorporation of mineral-derived N into any of the 
studied mesofauna species. Obviously, the effect of legumes on soil 
microbial N did not propagate to higher trophic levels, contrasting 
our expectations. Potentially, the large number of other plant spe-
cies in the Jena Experiment diluted the legume effect at our field 
site.

In contrast to Hypothesis 4, the presence of grasses did not 
affect mineral-derived N in microorganisms. This contradicts 

earlier findings showing that the presence of grasses enhances the 
microbial C-to-N ratio, that is, decreases the availability of N for 
soil microorganisms (Strecker et al., 2015). Although the presence 
of grasses did not change microbial 15N APE, they affected Δ15N 
values in Ceratophysella sp. and in T. velatus sarekensis. However, 
the effects differed between species and varied with time. In 
Ceratophysella sp., the presence of grasses increased Δ15N values 
with the effect being strongest at days 5 and 15. The positive ef-
fect of grasses on the Δ15N values of Ceratophysella sp. not only 
supports the view that the diet of this species is not restricted to 
microorganisms but also includes plants (Sechi et al., 2014) in par-
ticular roots highly labeled with 15N (Jesch et al., 2018). Conform 
to Hypothesis 4, grasses decreased Δ15N values in T.  velatus 
sarekensis, and this effect was strongest at days 30 and 60. This 
suggests that T. velatus sarekensis mainly fed on herbs and not on 
grasses. This is supported by the fact that, despite effective nutri-
ent acquisition, grasses have a higher C-to-N ratio compared with 
many legume and nonlegume herbs (Abbas et  al.,  2013; Bessler 
et al., 2012), resulting in low food quality.

5  | CONCLUSIONS

Labeling temperate grassland soil with mineral 15N allowed track-
ing the incorporation of mineral N into soil microorganisms and its 
transfer into higher trophic levels of the soil food web as affected 
by plant diversity and community composition. Importantly, the 
method allowed differentiating between soil animals relying on mi-
crobial N and those relying on N from dead organic matter. All of 
the investigated mesofauna species at least in part incorporated mi-
crobial mineral-derived N. Our data thus underline the predominant 
role of microorganisms in channeling N to higher trophic levels of soil 
food webs and indicate that this resource contributes significantly 
to the nutrition of soil invertebrates. Notably, predatory species 
quickly incorporated not only mineral-derived N (within 5 days), sug-
gesting that prey species with short life cycles, presumably mainly 
nematodes, speed up the channeling of microbial N into predators, 
but also secondary decomposers such as Collembola, which in part 
also feed on nematodes.

Confirming our expectations, plant diversity (species richness 
and functional group richness) significantly modified the incorpo-
ration of mineral-derived N into the studied mesofauna species. 
The data suggest that high plant diversity reduces the incorpo-
ration of mineral-derived N into higher trophic levels of the soil 
food web due to their high competitiveness for N toward micro-
organisms. Thus, we conclude that high plant diversity may alter 
the competitive interactions between soil animal taxa and change 
the nutrient transfer across trophic levels in soil food webs via 
tightening the competition for N. Especially in N-limited grassland 
systems such as the field site of the Jena Experiment (Eisenhauer 
et  al.,  2010), this may also change the population dynamics and 
community composition of the soil food web compared to those 
at low plant diversity. Presumably, high plant diversity may lead to 
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soil food webs that are mainly based on fungi, as these are more 
efficient in exploiting soil resources compared to bacteria. This 
is supported by de Vries et al.  (2006) and de Vries et al.  (2007), 
who found increased soil fungal biomass in grasslands with no or 
reduced N fertilizer input (hence, low mineral N availability). In 
the face of elevated N deposition worldwide, high plant diversity 
may also buffer detrimental effects of N deposition on soil biota 
(Eisenhauer et al., 2012), highlighting the importance of sustaining 
high plant diversity in grassland ecosystems.

ACKNOWLEDG MENTS
The experiment was designed and set up by Hans de Kroon, 
Arthur Gessler, Liesje Mommer, and Michael Scherer-Lorenzen. 
We are grateful to all student helpers, technicians, and colleagues 
who helped in the labeling and sampling campaigns (especially 
Ahmad Sagheer for taking soil samples, further Guido Humpert 
and Lennart Holst). We thank Gerlinde Kratzsch and the garden-
ers team, for maintaining the field site, and, in addition, thank 
Andrea-Gräbe-Treger for help with CFE, as well as Sara Mosch and 
Babette Günther for help with identifying soil animals and process-
ing samples. We further thank Reiner Georg Jörgensen for provi-
sion of laboratory facilities and Gabriele Dormann for advices in 
the laboratory. We further thank Anne Ebeling for the coordination 
of the Jena Experiment, and Reinhard Langel and Lars Szwec from 
the Kompetenzzentrum Stabile Isotope for analyzing 15N of animals 
and microorganisms. This research is part of the Jena Experiment 
supported by the DFG (SCHE 376/36-1). Nico Eisenhauer acknowl-
edges support by the German Centre for Integrative Biodiversity 
Research (iDiv) Halle-Jena-Leipzig, funded by the German Research 
Foundation (FZT 118).

CONFLIC T OF INTERE S T
The authors declare no competing interests.

AUTHOR CONTRIBUTIONS
Tanja Strecker: Conceptualization (supporting); data curation 
(lead); formal analysis (lead); investigation (lead); methodology 
(supporting); software (supporting); visualization (lead); writing – 
original draft (lead); writing – review and editing (lead). Annette 
Jesch: Formal analysis (supporting); investigation (supporting); 
visualization (supporting); writing – review and editing (support-
ing). Dörte Bachmann: Formal analysis (supporting); investiga-
tion (supporting); visualization (supporting); writing – review and 
editing (supporting). Melissa Jüds: Formal analysis (supporting); 
investigation (supporting); visualization (supporting); writing – re-
view and editing (supporting). Kevin Karbstein: Formal analysis 
(supporting); software (equal); visualization (supporting); writ-
ing – review and editing (supporting). Janneke Ravenek: Formal 
analysis (supporting); investigation (supporting); visualization 
(supporting); writing – review and editing (supporting). Christiane 
Roscher: Conceptualization (supporting); funding acquisition (sup-
porting); methodology (supporting); project administration (sup-
porting); writing – review and editing (supporting). Alexandra 

Weigelt: Conceptualization (supporting); funding acquisition (sup-
porting); methodology (supporting); project administration (sup-
porting); supervision (supporting); writing – review and editing 
(supporting). Nico Eisenhauer: Conceptualization (supporting); 
data curation (supporting); formal analysis (supporting); funding 
acquisition (equal); investigation (supporting); methodology (sup-
porting); project administration (equal); resources (supporting); 
software (supporting); supervision (supporting); validation (sup-
porting); visualization (supporting); writing – original draft (sup-
porting); writing – review and editing (supporting). Stefan Scheu: 
Conceptualization (lead); data curation (supporting); formal analy-
sis (supporting); funding acquisition (lead); investigation (support-
ing); methodology (lead); project administration (lead); resources 
(lead); software (supporting); supervision (lead); validation (lead); 
visualization (supporting); writing – original draft (supporting); 
writing – review and editing (lead).

DATA AVAIL ABILIT Y S TATEMENT
Data used in this manuscript have been submitted to Pangaea and 
are preliminary available at https://issues.panga​ea.de/brows​e/
PDI-26860.

ORCID
Christiane Roscher   https://orcid.org/0000-0001-9301-7909 
Alexandra Weigelt   https://orcid.org/0000-0001-6242-603X 
Nico Eisenhauer   https://orcid.org/0000-0002-0371-6720 
Stefan Scheu   https://orcid.org/0000-0003-4350-9520 

R E FE R E N C E S
Abbas, M., Ebeling, A., Oelmann, Y., Ptacnik, R., Roscher, C., Weigelt, 

A., Weisser, W. W., Wilcke, W., & Hillebrand, H. (2013). Biodiversity 
effects on plant stoichiometry. PLoS One, 8, e58179. https://doi.
org/10.1371/journ​al.pone.0058179

Albers, D., Schaefer, M., & Scheu, S. (2006). Incorporation of plant carbon 
into the soil animal food web of an arable system. Ecology, 87, 235–
245. https://doi.org/10.1890/04-1728

Bates, D., Mächler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 67, 
1–48. https://doi.org/10.18637/​jss.v067.i01

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2019). lme4: Linear 
mixed-effects models using ‘Eigen’ and S4. R package version 1.1-10. 
Retrieved from http://CRAN.R-proje​ct.org/packa​ge=lme4

Berg, M. P., Stoffer, M., & Van Den Heuvel, H. H. (2004). Feeding guilds in 
Collembola based on digestive enzymes. Pedobiologia, 48, 589–601. 
https://doi.org/10.1016/j.pedobi.2004.07.006

Bessler, H., Oelmann, Y., Roscher, C., Buchmann, N., Scherer-Lorenzen, 
M., Schulze, E. D., Temperton, V. M., Wilcke, W., & Engels, C. (2012). 
Nitrogen uptake by grassland communities: Contribution of N2 fixa-
tion, facilitation, complementarity, and species dominance. Plant and 
Soil, 358, 301–322. https://doi.org/10.1007/s1110​4-012-1181-z

Brookes, P., Landman, A., Pruden, G., & Jenkinson, D. S. (1985). 
Chloroform fumigation and the release of soil nitrogen: A rapid 
direct extraction method to measure microbial biomass nitro-
gen in soil. Soil Biology and Biochemistry, 17, 837–842. https://doi.
org/10.1016/0038-0717(85)90144​-0

Buresh, R. J., Austin, E. R., & Craswell, E. T. (1982). Analytical methods in 
15N research. Fertilizer Research, 3, 37–62. https://doi.org/10.1007/
BF010​63408

https://issues.pangaea.de/browse/PDI-26860
https://issues.pangaea.de/browse/PDI-26860
https://orcid.org/0000-0001-9301-7909
https://orcid.org/0000-0001-9301-7909
https://orcid.org/0000-0001-6242-603X
https://orcid.org/0000-0001-6242-603X
https://orcid.org/0000-0002-0371-6720
https://orcid.org/0000-0002-0371-6720
https://orcid.org/0000-0003-4350-9520
https://orcid.org/0000-0003-4350-9520
https://doi.org/10.1371/journal.pone.0058179
https://doi.org/10.1371/journal.pone.0058179
https://doi.org/10.1890/04-1728
https://doi.org/10.18637/jss.v067.i01
http://CRAN.R-project.org/package=lme4
https://doi.org/10.1016/j.pedobi.2004.07.006
https://doi.org/10.1007/s11104-012-1181-z
https://doi.org/10.1016/0038-0717(85)90144-0
https://doi.org/10.1016/0038-0717(85)90144-0
https://doi.org/10.1007/BF01063408
https://doi.org/10.1007/BF01063408


4306  |     STRECKER et al.

Buscot, F., & Varma, A. (2005). Microorganisms in soils – Roles in genesis 
and functions. Berlin: Springer.

Cardinale, B. J., Wright, J. P., Cadotte, M. W., Carroll, I. T., Hector, A., 
Srivastava, D. S., Loreau, M., & Weis, J. J. (2007). Impacts of plant 
diversity on biomass production increase through time because of 
species complementarity. Proceedings of the National Academy of 
Sciences of the United States of America, 104, 18123–18128. https://
doi.org/10.1073/pnas.07090​69104

Carrillo, Y., Ball, B. A., Bradford, M. A., Jordan, C. F., & Molina, M. (2011). 
Soil fauna alter the effects of litter composition on nitrogen cycling in 
a mineral soil. Soil Biology and Biochemistry, 43, 1440–1449. https://
doi.org/10.1016/j.soilb​io.2011.03.011

Chahartaghi, M., Langel, R., Scheu, S., & Ruess, L. (2005). Feeding guilds 
in Collembola based on nitrogen stable isotope ratios. Soil Biology 
and Biochemistry, 37, 1718–1725. https://doi.org/10.1016/j.soilb​
io.2005.02.006

Chen, M., Chen, B., & Marschner, P. (2008). Plant growth and soil micro-
bial community structure of legumes and grasses grown in mono-
culture or mixture. Journal of Environmental Sciences, 20, 1231–1237. 
https://doi.org/10.1016/S1001​-0742(08)62401​-8

Christian, A., & Karg, W. (2006). The predatory mite genus Lasioseius 
Berlese, 1916 (Acari, Gamasina). Abhandlungen Und Berichte Des 
Naturkundemuseums Görlitz, 77, 99–250.

Cline, L. C., Hobbie, S. E., Madritch, M. D., Buyarski, C. R., Tilman, D., 
& Cavender-Bares, J. M. (2018). Resource availability underlies the 
plant-fungal diversity relationship in a grassland ecosystem. Ecology, 
99, 204–216. https://doi.org/10.1002/ecy.2075

Crawley, M.J. (2015). Statistics: An introduction using R, 2nd ed.. 
Chichester: John Wiley & Sons.

Crotty, F. V., Adl, S. M., Blackshaw, R. P., & Murray, P. J. (2012). Using 
stable isotopes to differentiate trophic feeding channels within soil 
food webs. Journal of Eukaryotic Microbiology, 59, 520–526. https://
doi.org/10.1111/j.1550-7408.2011.00608.x

Crotty, F. V., Blackshaw, R. P., & Murray, P. J. (2011). Tracking the flow of 
bacterially derived 13C and 15N through soil faunal feeding channels. 
Rapid Communications in Mass Spectrometry, 25, 1503–1513. https://
doi.org/10.1002/rcm.4945

de Vries, F. T., Bloem, J., van Eekeren, N., Brusaard, L., & Hoffland, E. 
(2007). Fungal biomass in pastures increases with age and reduced 
N input. Soil Biology and Biochemistry, 39, 1620–1630. https://doi.
org/10.1016/j.soilb​io.2007.01.013

de Vries, F. T., Hoffland, E., van Eekeren, N., Brussaard, L., & Bloem, J. 
(2006). Fungal/bacterial ratios in grasslands with contrasting ni-
trogen management. Soil Biology and Biochemistry, 38, 2092–2103. 
https://doi.org/10.1016/j.soilb​io.2006.01.008

de Witte, L. C., & Stöcklin, J. (2010). Longevity of clonal plants: Why 
it matters and how to measure it. Annals of Botany, 106, 859–870. 
https://doi.org/10.1093/aob/mcq191

Dyckmans, J., Scrimgeour, C. M., & Schmidt, O. (2005). A simple and 
rapid method for labelling earthworms with 15N and 13C. Soil Biology 
and Biochemistry, 37, 989–993. https://doi.org/10.1016/j.soilb​
io.2004.10.017

Eisenhauer, N., Beßler, H., Engels, C., Gleixner, G., Habekost, M., Milcu, 
A., Partsch, S., Sabais, A. C. W., Scherber, C., Steinbeiss, S., Weigelt, 
A., Weisser, W. W., & Scheu, S. (2010). Plant diversity effects on soil 
microorganisms support the singular hypothesis. Ecology, 91, 485–
496. https://doi.org/10.1890/08-2338.1

Eisenhauer, N., Cesarz, S., Koller, R., Worm, K., & Reich, P. B. (2012). Global 
change belowground: Impacts of elevated CO2, nitrogen, and summer 
drought on soil food webs and biodiversity. Global Change Biology, 18, 
435–447. https://doi.org/10.1111/j.1365-2486.2011.02555.x

Eisenhauer, N., Dobies, T., Cesarz, S., Hobbie, S. E., Meyer, R. J., Worm, 
K., & Reich, P. B. (2013). Plant diversity effects on soil food webs 
are stronger than those of elevated CO2 and N deposition in a long-
term grassland experiment. Proceedings of the National Academy of 

Sciences of the United States of America, 110, 6889–6894. https://doi.
org/10.1073/pnas.12173​82110

Eisenhauer, N., Lanoue, A., Strecker, T., Scheu, S., Steinauer, K., Thakur, 
M. P., & Mommer, L. (2017). Root biomass and exudates link plant 
diversity with soil bacterial and fungal biomass. Scientific Reports, 7, 
44641. https://doi.org/10.1038/srep4​4641

Ellenberg, H., & Leuschner, C. (2010). Vegetation Mitteleuropas mit den 
Alpen (6th ed.). Stuttgart: Ulmer.

Ferlian, O., Klarner, B., Langeneckert, A. E., & Scheu, S. (2015). Trophic 
niche differentiation and utilisation of food resources in collembolans 
based on complementary analyses of fatty acids and stable isotopes. 
Soil Biology and Biochemistry, 82, 28–35. https://doi.org/10.1016/j.
soilb​io.2014.12.012

Filser, J. (2002). The role of Collembola in carbon and nitro-
gen cycling in soil. Pedobiologia, 46, 234–245. https://doi.
org/10.1078/0031-4056-00130

González-Macé, O., & Scheu, S. (2018). Response of Collembola and 
Acari communities to summer flooding in a grassland plant diversity 
experiment. PLoS One, 13, e0202862. https://doi.org/10.1371/journ​
al.pone.0202862

Heidemann, K., Hennies, A., Schakowske, J., Blumenberg, L., Ruess, L., 
Scheu, S., & Maraun, M. (2014). Free-living nematodes as prey for 
higher trophic levels of forest soil food webs. Oikos, 123, 1199–1211. 
https://doi.org/10.1111/j.1600-0706.2013.00872.x

Hodge, A., Robinson, D., & Fitter, A. (2000). Are microorganisms more ef-
fective than plants at competing for nitrogen? Trends in Plant Science, 
5, 304–308. https://doi.org/10.1016/S1360​-1385(00)01656​-3

Hodge, A., Robinson, D., Griffiths, B. S., & Fitter, A. H. (1999). 
Why plants bother: Root proliferation results in increased ni-
trogen capture from an organic patch when two grasses com-
pete. Plant, Cell and Environment, 22, 811–820. https://doi.
org/10.1046/j.1365-3040.1999.00454.x

Hoffmann, K., Bivour, W., Frueh, B., Koßmann, M., & Voss, P.-H. (2014). 
Klimauntersuchungen in Jena für die Anpassung an den Klimawandel und 
seine erwarteten Folgen: Ein Ergebnisbericht (243rd ed.). Offenbach: 
Selbstverlag des Deutschen Wetterdienstes.

Hooper, D. U., Chapin, F. S., Ewel, J. J., Hector, A., Inchausti, P., Lavorel, 
S., Lawton, J. H., Lodge, D. M., Loreau, M., Naeem, S., Schmid, B., 
Setälä, H., Symstad, A. J., Vandermeer, J., & Wardle, D. A. (2005). 
Effects of biodiversity on ecosystem functioning: A consensus of 
current knowledge. Ecological Monographs, 75, 3–35. https://doi.
org/10.1890/04-0922

Jesch, A., Barry, K. E., Ravenek, J. M., Bachmann, D., Strecker, T., Weigelt, 
A., Buchmann, N., de Kroon, H., Gessler, A., Mommer, L., Roscher, C., 
& Scherer-Lorenzen, M. (2018). Below-ground resource partitioning 
alone cannot explain the biodiversity-ecosystem function relation-
ship: A field test using multiple tracers. Journal of Ecology, 106(5), 
2002–2018. https://doi.org/10.1111/1365-2745.12947

Joergensen, R. G., & Mueller, T. (1996). The fumigation-extraction-
method to estimate soil microbial biomass: Calibration of the 
ken value. Soil Biology and Biochemistry, 28, 33–37. https://doi.
org/10.1016/0038-0717(95)00101​-8

Kaye, J., & Hart, S. (1997). Competition for nitrogen between plants and 
soil microorganisms. Trends in Ecology and Evolution, 12, 139–142. 
https://doi.org/10.1016/S0169​-5347(97)01001​-X

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2019). lmerTest: 
Tests in linear mixed effects models. Journal of Statistical Software, 
82(13). Retrieved from, https://cran.r-proje​ct.org/web/packa​ges/
lmerT​est/index.html

Kuzyakov, Y., & Xu, X. (2013). Competition between roots and micro-
organisms for nitrogen: Mechanisms and ecological relevance. New 
Phytologist, 198, 656–669. https://doi.org/10.1111/nph.12235

Landis, D. A. (2017). Designing agricultural landscapes for biodiversity-
based ecosystem services. Basic and Applied Ecology, 18, 1–12. 
https://doi.org/10.1016/j.baae.2016.07.005

https://doi.org/10.1073/pnas.0709069104
https://doi.org/10.1073/pnas.0709069104
https://doi.org/10.1016/j.soilbio.2011.03.011
https://doi.org/10.1016/j.soilbio.2011.03.011
https://doi.org/10.1016/j.soilbio.2005.02.006
https://doi.org/10.1016/j.soilbio.2005.02.006
https://doi.org/10.1016/S1001-0742(08)62401-8
https://doi.org/10.1002/ecy.2075
https://doi.org/10.1111/j.1550-7408.2011.00608.x
https://doi.org/10.1111/j.1550-7408.2011.00608.x
https://doi.org/10.1002/rcm.4945
https://doi.org/10.1002/rcm.4945
https://doi.org/10.1016/j.soilbio.2007.01.013
https://doi.org/10.1016/j.soilbio.2007.01.013
https://doi.org/10.1016/j.soilbio.2006.01.008
https://doi.org/10.1093/aob/mcq191
https://doi.org/10.1016/j.soilbio.2004.10.017
https://doi.org/10.1016/j.soilbio.2004.10.017
https://doi.org/10.1890/08-2338.1
https://doi.org/10.1111/j.1365-2486.2011.02555.x
https://doi.org/10.1073/pnas.1217382110
https://doi.org/10.1073/pnas.1217382110
https://doi.org/10.1038/srep44641
https://doi.org/10.1016/j.soilbio.2014.12.012
https://doi.org/10.1016/j.soilbio.2014.12.012
https://doi.org/10.1078/0031-4056-00130
https://doi.org/10.1078/0031-4056-00130
https://doi.org/10.1371/journal.pone.0202862
https://doi.org/10.1371/journal.pone.0202862
https://doi.org/10.1111/j.1600-0706.2013.00872.x
https://doi.org/10.1016/S1360-1385(00)01656-3
https://doi.org/10.1046/j.1365-3040.1999.00454.x
https://doi.org/10.1046/j.1365-3040.1999.00454.x
https://doi.org/10.1890/04-0922
https://doi.org/10.1890/04-0922
https://doi.org/10.1111/1365-2745.12947
https://doi.org/10.1016/0038-0717(95)00101-8
https://doi.org/10.1016/0038-0717(95)00101-8
https://doi.org/10.1016/S0169-5347(97)01001-X
https://cran.r-project.org/web/packages/lmerTest/index.html
https://cran.r-project.org/web/packages/lmerTest/index.html
https://doi.org/10.1111/nph.12235
https://doi.org/10.1016/j.baae.2016.07.005


     |  4307STRECKER et al.

Lange, M., Eisenhauer, N., Sierra, C. A., Bessler, H., Engels, C., Griffiths, R. 
I., Mellado-Vázquez, P. G., Malik, A. A., Roy, J., Scheu, S., Steinbeiss, 
S., Thomson, B. C., Trumbore, S. E., & Gleixner, G. (2015). Plant diver-
sity increases soil microbial activity and soil carbon storage. Nature 
Communications, 6, 6707. https://doi.org/10.1038/ncomm​s7707

Langel, R., & Dyckmans, J. (2014). Combined 13C and 15N isotope analysis 
on small samples using a near-conventional elemental analyzer/iso-
tope ratio mass spectrometer setup. Rapid Communications in Mass 
Spectrometry, 28, 1019–1022. https://doi.org/10.1002/rcm.6878

Laumann, M., Norton, R. A., Weigmann, G., Scheu, S., Maraun, M., & 
Heethoff, M. (2007). Speciation in the parthenogenetic oribatid 
mite genus Tectocepheus (Acari, Oribatida) as indicated by molecu-
lar phylogeny. Pedobiologia, 51, 111–122. https://doi.org/10.1016/j.
pedobi.2007.02.001

Lefcheck, J. S., Whalen, M. A., Davenport, T. M., Stone, J. P., & 
Duffy, J. E. (2013). Physiological effects of diet mixing on con-
sumer fitness: A meta-analysis. Ecology, 94, 565–572. https://doi.
org/10.1890/12-0192.1

Leimer, S., Oelmann, Y., Eisenhauer, N., Milcu, A., Roscher, C., Scheu, S., 
Weigelt, A., Wirth, C., & Wilcke, W. (2016). Mechanisms behind plant 
diversity effects on inorganic and organic N leaching from temperate 
grassland. Biogeochemistry, 131, 339–353. https://doi.org/10.1007/
s1053​3-016-0283-8

Leimer, S., Wirth, C., Oelmann, Y., & Wilcke, W. (2013). Biodiversity ef-
fects on nitrate concentrations in soil solution: A Bayesian model. 
Biogeochemistry, 118, 141–157. https://doi.org/10.1007/s1053​
3-013-9913-6

Lemanski, K., & Scheu, S. (2015). The influence of fertilizer addition, 
cutting frequency and herbicide application on soil organisms in 
grassland. Biology and Fertility of Soils, 51, 197–205. https://doi.
org/10.1007/s0037​4-014-0963-2

Maraun, M., Erdmann, G., Fischer, B. M., Pollierer, M. M., Norton, R. 
A., Schneider, K., & Scheu, S. (2011). Stable isotopes revisited: 
Their use and limits for oribatid mite trophic ecology. Soil Biology 
and Biochemistry, 43, 877–882. https://doi.org/10.1016/j.soilb​
io.2011.01.003

Maraun, M., Martens, H., Migge, S., Theenhaus, A., & Scheu, S. (2003). 
Adding to “the enigma of soil animal diversity”: Fungal feeders and 
saprophagous soil invertebrates prefer similar food substrates. 
European Journal of Soil Biology, 39, 85–95. https://doi.org/10.1016/
S1164​-5563(03)00006​-2

Marschner, P., Crowley, D., & Rengel, Z. (2011). Rhizosphere interactions 
between microorganisms and plants govern iron and phosphorus 
acquisition along the root axis - model and research methods. Soil 
Biology and Biochemistry, 43, 883–894. https://doi.org/10.1016/j.
soilb​io.2011.01.005

Milcu, A., Partsch, S., Langel, R., & Scheu, S. (2006). The response of 
decomposers (earthworms, springtails and microorganisms) to vari-
ations in species and functional group diversity of plants. Oikos, 112, 
513–524. https://doi.org/10.1111/j.0030-1299.2006.14292.x

Müller, K., Kramer, S., Haslwimmer, H., Marhan, S., Scheunemann, N., 
Butenschön, O., Scheu, S., & Kandeler, E. (2016). Carbon transfer 
from maize roots and litter into bacteria and fungi depends on soil 
depth and time. Soil Biology and Biochemistry, 93, 79–89. https://doi.
org/10.1016/j.soilb​io.2015.10.015

Ngosong, C., Raupp, J., Richnow, H. H., & Ruess, L. (2011). Tracking 
Collembola feeding strategies by the natural 13C signal of fatty acids 
in an arable soil with different fertilizer regimes. Pedobiologia, 54, 
225–233. https://doi.org/10.1016/j.pedobi.2011.02.004

Oelmann, Y., Buchmann, N., Gleixner, G., Habekost, M., Roscher, C., 
Rosenkranz, S., Schulze, E.-D., Steinbeiss, S., Temperton, V. M., 
Weigelt, A., Weisser, W. W., & Wilcke, W. (2011). Plant diversity 
effects on aboveground and belowground N pools in temper-
ate grassland ecosystems: Development in the first 5  years after 

establishment. Global Biogeochemical Cycles, 25, GB2014. https://doi.
org/10.1029/2010G​B003869

Oelmann, Y., Kreutziger, Y., Temperton, V. M., Buchmann, N., Roscher, C., 
Schumacher, J., Schulze, E.-D., Weisser, W. W., & Wilcke, W. (2007). 
Nitrogen and phosphorus budgets in experimental grasslands of vari-
able diversity. Journal of Environmental Quality, 36, 396–407. https://
doi.org/10.2134/jeq20​06.0217

Osler, G. H. R., & Sommerkorn, M. (2007). Toward a complete soil C and 
N cycle: Incorporating the soil fauna. Ecology, 88, 1611–1621. https://
doi.org/10.1890/06-1357.1

Pollierer, M. M., Dyckmans, J., Scheu, S., & Haubert, D. (2012). Carbon flux 
through fungi and bacteria into the forest soil animal food web as indi-
cated by compound-specific 13C fatty acid analysis. Functional Ecology, 
26, 978–990. https://doi.org/10.1111/j.1365-2435.2012.02005.x

Pollierer, M. M., Langel, R., Körner, C., Maraun, M., & Scheu, S. (2007). 
The underestimated importance of belowground carbon input for 
forest soil animal food webs. Ecology Letters, 10, 729–736. https://
doi.org/10.1111/j.1461-0248.2007.01064.x

R Core Team (2019). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. http://www.R-proje​
ct.org/.

Reay, D. S., Dentener, F., Smith, P., Grace, J., & Feely, R. A. (2008). Global 
nitrogen deposition and carbon sinks. Nature Geoscience, 1, 432–437. 
https://doi.org/10.1038/ngeo230

Reineking, A., Langel, R., & Schikowski, J. (1993). 15N, 13C on-line mea-
surements with an elemental analyser (Carlo Erba, NA 1500), a mod-
ified trapping box and a gas isotope mass spectrometer (Finnigan, 
MAT 251). Isotopenpraxis Isotopes in Environmental and Health Studies, 
29, 169–174. https://doi.org/10.1080/10256​01930​8046151

Renker, C., Otto, P., Schneider, K., Zimdars, B., Maraun, M., & Buscot, F. 
(2005). Oribatid mites as potential vectors for soil microfungi: Study 
of mite-associated fungal species. Microbial Ecology, 50, 518–528. 
https://doi.org/10.1007/s0024​8-005-5017-8

Roscher, C., Schumacher, J., Baade, J., Wilcke, W., Gleixner, G., Weisser, 
W. W., Schmid, B., & Schulze, E.-D. (2004). The role of biodiversity 
for element cycling and trophic interactions: An experimental ap-
proach in a grassland community. Basic and Applied Ecology, 5, 107–
121. https://doi.org/10.1078/1439-1791-00216

Roscher, C., Thein, S., Schmid, B., & Scherer-Lorenzen, M. (2008). 
Complementary nitrogen use among potentially dominant species 
in a biodiversity experiment varies between two years. Journal of 
Ecology, 96, 495–504. https://doi.org/10.1111/j.1365-2745.2007.0

Sabais, A. C. W., Scheu, S., & Eisenhauer, N. (2011). Plant species rich-
ness drives the density and diversity of Collembola in temperate 
grassland. Acta Oecologica, 37, 195–202. https://doi.org/10.1016/j.
actao.2011.02.002

Schenck zu Schweinsberg-Mickan, M., Jörgensen, R. G., & Müller, T. (2012). 
Rhizodeposition: Its contribution to microbial growth and carbon and 
nitrogen turnover within the rhizosphere. Journal of Plant Nutrition and 
Soil Science, 175, 750–760. https://doi.org/10.1002/jpln.20110​0300

Scherber, C., Eisenhauer, N., Weisser, W. W., Schmid, B., Voigt, W., 
Fischer, M., Schulze, E.-D., Roscher, C., Weigelt, A., Allan, E., 
Bessler, H., Bonkowski, M., Buchmann, N., Buscot, F., Clement, L. 
W., Ebeling, A., Engels, C., Halle, S., Kertscher, I., … Tscharntke, T. 
(2010). Bottom-up effects of plant diversity on multitrophic interac-
tions in a biodiversity experiment. Nature, 468, 553–556. https://doi.
org/10.1038/natur​e09492

Scherer-Lorenzen, M., Palmborg, C., Prinz, A., & Schulze, E.-D. (2003). 
The role of plant diversity and composition for nitrate leaching in 
grasslands. Ecology, 84, 1539–1552.10.1890/0012-9658(2003)084[
1539:TROPDA]2.0.CO;2

Scheu, S. (2002). The soil food web: Structure and perspectives. 
European Journal of Soil Biology, 38, 11–20. https://doi.org/10.1016/
S1164​-5563(01)01117​-7

https://doi.org/10.1038/ncomms7707
https://doi.org/10.1002/rcm.6878
https://doi.org/10.1016/j.pedobi.2007.02.001
https://doi.org/10.1016/j.pedobi.2007.02.001
https://doi.org/10.1890/12-0192.1
https://doi.org/10.1890/12-0192.1
https://doi.org/10.1007/s10533-016-0283-8
https://doi.org/10.1007/s10533-016-0283-8
https://doi.org/10.1007/s10533-013-9913-6
https://doi.org/10.1007/s10533-013-9913-6
https://doi.org/10.1007/s00374-014-0963-2
https://doi.org/10.1007/s00374-014-0963-2
https://doi.org/10.1016/j.soilbio.2011.01.003
https://doi.org/10.1016/j.soilbio.2011.01.003
https://doi.org/10.1016/S1164-5563(03)00006-2
https://doi.org/10.1016/S1164-5563(03)00006-2
https://doi.org/10.1016/j.soilbio.2011.01.005
https://doi.org/10.1016/j.soilbio.2011.01.005
https://doi.org/10.1111/j.0030-1299.2006.14292.x
https://doi.org/10.1016/j.soilbio.2015.10.015
https://doi.org/10.1016/j.soilbio.2015.10.015
https://doi.org/10.1016/j.pedobi.2011.02.004
https://doi.org/10.1029/2010GB003869
https://doi.org/10.1029/2010GB003869
https://doi.org/10.2134/jeq2006.0217
https://doi.org/10.2134/jeq2006.0217
https://doi.org/10.1890/06-1357.1
https://doi.org/10.1890/06-1357.1
https://doi.org/10.1111/j.1365-2435.2012.02005.x
https://doi.org/10.1111/j.1461-0248.2007.01064.x
https://doi.org/10.1111/j.1461-0248.2007.01064.x
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1038/ngeo230
https://doi.org/10.1080/10256019308046151
https://doi.org/10.1007/s00248-005-5017-8
https://doi.org/10.1078/1439-1791-00216
https://doi.org/10.1111/j.1365-2745.2007.0
https://doi.org/10.1016/j.actao.2011.02.002
https://doi.org/10.1016/j.actao.2011.02.002
https://doi.org/10.1002/jpln.201100300
https://doi.org/10.1038/nature09492
https://doi.org/10.1038/nature09492
https://doi.org/10.1016/S1164-5563(01)01117-7
https://doi.org/10.1016/S1164-5563(01)01117-7


4308  |     STRECKER et al.

Scheunemann, N., Pausch, J., Digel, C., Kramer, S., Scharroba, A., 
Kuzyakov, Y., Kandeler, E., Ruess, L., Butenschoen, O., & Scheu, S. 
(2016). Incorporation of root C and fertilizer N into the food web of 
an arable field: Variations with functional group and energy channel. 
Food Webs, 9, 39–45. https://doi.org/10.1016/j.fooweb.2016.02.006

Seastedt, T. R. (1984). The role of microarthropods in decomposition and 
mineralization processes. Annual Review of Entomology, 29, 25–46. 
https://doi.org/10.1146/annur​ev.en.29.010184.000325

Sechi, V., D'Annibale, A., Ambus, P., Sarossy, Z., Krogh, P. H., Eriksen, J., 
& Holmstrup, M. (2014). Collembola feeding habits and niche spe-
cialization in agricultural grasslands of different composition. Soil 
Biology and Biochemistry, 74, 31–38. https://doi.org/10.1016/j.soilb​
io.2014.02.019

Siepel, H., & Ruiter-Dijkman, E. M. D. (1993). Feeding guilds of oribatid mites 
based on their carbohydrase activities. Soil Biology and Biochemistry, 
25, 1491–1497. https://doi.org/10.1016/0038-0717(93)90004​-U

Spehn, E. M., Hector, A., Joshi, J., Scherer-Lorenzen, M., Schmid, B., 
Bazeley-White, E., Beierkuhnlein, C., Caldeira, M. C., Diemer, M., 
Dimitrakopoulos, P. G., Finn, J. A., Freitas, H., Giller, P. S., Good, J., 
Harris, R., Högberg, P., Huss-Danell, K., Jumpponen, A., Koricheva, 
J., … Lawton, J. H. (2005). Ecosystem effects of biodiversity manip-
ulations in European grasslands. Ecological Monographs, 75, 37–63. 
https://doi.org/10.1890/03-4101

Spehn, E. M., Scherer-Lorenzen, M., Schmid, B., Hector, A., Caldeira, M. 
C., Dimitrakopoulos, P. G., Finn, J. A., Jumpponen, A., O’Donnovan, 
G., Pereira, J. S., Schulze, E. D., Troumbis, A. Y., & Korner, C. (2002). 
The role of legumes as a component of biodiversity in a cross-
European study of grassland biomass nitrogen. Oikos, 98, 205–218. 
https://doi.org/10.1034/j.1600-0706.2002.980203.x

Sterner, R. W., & Elser, J. J. (2003). Ecological stoichiometry – The biol-
ogy of elements from molecules to the biosphere. Princeton: Princeton 
University Press.

Strecker, T., Barnard, R. L., Niklaus, P. A., Scherer-Lorenzen, M., Weigelt, 
A., Scheu, S., & Eisenhauer, N. (2015). Effects of plant diversity, func-
tional group composition, and fertilization on soil microbial proper-
ties in experimental grassland. PLoS One, 10, e0125678. https://doi.
org/10.1371/journ​al.pone.0125678

Strecker, T., Mace, O. G., Scheu, S., & Eisenhauer, N. (2016). Functional 
composition of plant communities determines the spatial and 

temporal stability of soil microbial properties in a long-term plant 
diversity experiment. Oikos, 125(12), 1743–1754. https://doi.
org/10.1111/oik.03181

Veresoglou, S. D., Chen, B., & Rillig, M. C. (2012). Arbuscular mycorrhiza 
and soil nitrogen cycling. Soil Biology and Biochemistry, 46, 53–62. 
https://doi.org/10.1016/j.soilb​io.2011.11.018

Verhoef, H. A., & Brussaard, L. (1990). Decomposition and nitrogen 
mineralization in natural and agro-ecosystems: The contribution of 
soil animals. Biogeochemistry, 11, 175–211. https://doi.org/10.1007/
BF000​04496

Vitousek, P. M., & Howarth, R. W. (1991). Nitrogen limitation on land and 
in the sea : How can it occur ? Biogeochemistry, 13, 87–115.

Walter, D. E., & Ikonen, E. K. (1989). Species, guilds, and functional 
groups: Taxonomy and behavior in nematophagous arthropods. 
Journal of Nematology, 21, 315–327.

White, T. C. R. (1993). The inadequate environment – Nitrogen and the 
abundance of animals. New York: Springer.

Zieger, S. L., Ammerschubert, S., Polle, A., & Scheu, S. (2017). Root-
derived carbon and nitrogen from beech and ash trees differentially 
fuel soil animal food webs of deciduous forests. PLoS One, 12, 1–14. 
https://doi.org/10.1371/journ​al.pone.0189502

Zieger, S. L., Eissfeller, V., Maraun, M., & Scheu, S. (2015). Incorporation 
of carbon and nitrogen from leaf litter differing in structural com-
pounds into soil microarthropods of a deciduous forest. Pedobiologia, 
58, 219–227. https://doi.org/10.1016/j.pedobi.2015.10.001

Zieger, S. L., Holczinger, A., Sommer, J., Rath, M., Kuzyakov, Y., Polle, A., 
Maraun, M., & Scheu, S. (2017). Beech trees fuel soil animal food 
webs via root-derived nitrogen. Basic and Applied Ecology, 22, 28–35. 
https://doi.org/10.1016/j.baae.2017.06.006

How to cite this article: Strecker T, Jesch A, Bachmann D, et 
al. Incorporation of mineral nitrogen into the soil food web as 
affected by plant community composition. Ecol Evol. 
2021;11:4295–4309. https://doi.org/10.1002/ece3.7325

https://doi.org/10.1016/j.fooweb.2016.02.006
https://doi.org/10.1146/annurev.en.29.010184.000325
https://doi.org/10.1016/j.soilbio.2014.02.019
https://doi.org/10.1016/j.soilbio.2014.02.019
https://doi.org/10.1016/0038-0717(93)90004-U
https://doi.org/10.1890/03-4101
https://doi.org/10.1034/j.1600-0706.2002.980203.x
https://doi.org/10.1371/journal.pone.0125678
https://doi.org/10.1371/journal.pone.0125678
https://doi.org/10.1111/oik.03181
https://doi.org/10.1111/oik.03181
https://doi.org/10.1016/j.soilbio.2011.11.018
https://doi.org/10.1007/BF00004496
https://doi.org/10.1007/BF00004496
https://doi.org/10.1371/journal.pone.0189502
https://doi.org/10.1016/j.pedobi.2015.10.001
https://doi.org/10.1016/j.baae.2017.06.006
https://doi.org/10.1002/ece3.7325


     |  4309STRECKER et al.

APPENDIX 

TA B L E  A 1   LM table of t- and p-values for the effects of species richness (SR), plant functional group richness (FGR), legumes (LEG), 
grasses (GR), time, block (1–4), mesofauna species (Isotoma viridis, Lasioseius berlesei, Lepidocyrtus cyaneus, Ceratophysella sp., Parisotoma 
notabilis, Stenaphorura denisi, Tectocepheus velatus sarekensis), and the respective interactions of plant community properties and time on the 
incorporation of mineral N (Δ15N values) of the studied mesofauna species

Estimate SE t value p-value

(Intercept) 2.8070 0.07458 37.637 <0.0001***

SR −0.0351 0.07170 −0.489 0.6252

FGR −0.0350 0.04000 −0.875 0.3821

LEG 0.0178 0.08193 0.217 0.8281

GR 0.0656 0.07346 0.893 0.3722

Time −0.0031 0.00100 −3.069 0.0023**

Block 1 0.0464 0.08214 0.564 0.5730

Block 2 −0.0715 0.04891 −1.461 0.1448

Block 3 −0.0151 0.04730 −0.319 0.7501

Block 4 0.1309 0.04612 2.839 0.0048**

Isotoma viridis −0.2912 0.07248 −4.017 0.0001***

Lasioseius berlesei −0.1475 0.04349 −3.392 0.0008***

Lepidocyrtus cyaneus −0.1593 0.04653 −3.425 0.0007***

Ceratophysella sp. −0.8506 0.12190 −6.979 <0.0001***

Parisotoma notabilis −0.1456 0.05752 −2.531 0.0118*

Stenaphorura denisi −0.1785 0.05960 −2.995 0.0003**

Tectocepheus velatus sarekensis −0.9648 0.04739 −20.36 <0.0001***

SR × Time −0.0003 0.00124 −0.232 0.8163

FGR × Time 0.0000 0.00059 0.009 0.9932

LEG × Time 0.0003 0.00117 0.263 0.7925

GR × Time −0.0002 0.00112 −0.194 0.8465

Note: Significant effects (p ≤ 0.05) are given in bold. Asterisks indicate levels of significance (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001).


