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Agroecosystems occupy large areas of the land surface and arable soil foodwebs are of significant importance for
global cycling of carbon (C) and nitrogen (N). In afield experimentwe labeledmaize plants (Zeamays L.) in 13CO2

atmosphere and by K15NO3 fertilization. During 25 days, the incorporation of 13C and 15N was traced in plant
compartments, soil and soil arthropods, as well as 13C in microbial phospholipid fatty acids (PLFAs) and nema-
todes. Highlighting the importance of root-derived resources in agroecosystems, 13C was incorporated into all
foodweb compartments, includingmicroorganisms (PLFAs), nematodes and arthropods. The amount of incorpo-
rated 13C (as compared to unlabeled samples) markedly decreased along the food chain with Δ13C decreasing
from 500‰ in plant roots and 900‰ inmicrobial PLFAs, to less than 40‰ in nematodes and arthropods. Incorpo-
ration of 13C into fungal PLFAs considerably exceeded that into bacterial PLFAs, highlighting the importance of soil
fungi as compared to bacteria in C cycling. Fertilizer-derived 15N uniformly increasedwith time in plant compart-
ments and soil arthropods, indicating that N is distributed homogeneously in the soil food web. High channeling
of both root-derived 13C and fertilizer-derived 15N to higher trophic levels by fungi, and intensive feeding on fungi
by soil animals highlight the central role of saprotrophic fungi in C and nutrient fluxes in soil food webs of arable
ecosystems.

© 2016 Elsevier Inc. All rights reserved.
Keywords:
Macrofauna
Mesofauna
Nematodes
Pulse labeling
Stable isotopes
Saprotrophic fungi
Trophic level
1. Introduction

At a global scale, soil contains nearly twice as much carbon (C) as
both the atmosphere and vegetation combined, comprising an approx-
imate amount of 2500 Gt (Lal, 2004a). The fluxes of C between the soil
and atmosphere play a crucial role in regulating the concentration of
carbon dioxide in the atmosphere and in turn the Earth's climate (Lal,
2004b; Raich and Schlesinger, 1992). Ample information is available
on the total amount of soil C, the different fractions and their residence
time (Gaudinski et al., 2000), whereas surprisingly little is known on
how the accessibility and complexity of organic C interact with the
soil food web and determine the fate of C in soil. Plant-derived organic
C enters the soil food web either belowground via roots and
rhizodeposits or aboveground via leaf litter, which differ markedly in
their quantity, quality and spatio-temporal accessibility (De Deyn
et al., 2008; Kramer et al., 2013;Moll et al., 2015). Rhizodeposits, includ-
ing sloughed root cells as well as mucilage and root exudates, contain
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labile C compounds which are easily available to decomposers
(Balasooriya et al., 2014; Leake et al., 2006). Leaf litter, in contrast, is
rich in structural compounds resisting decomposition (Bahri et al.,
2006). The importance of root- and litter-derived resources for the de-
composer community has been intensively debated and plant litter
has long been considered to be the primary resource of soil food webs
(Moore et al., 2004; Schneider et al., 2012). However, evidence is
mounting that root-derived resources may be of similar or even higher
importance for most soil organisms including microorganisms (Drigo
et al., 2010) and meso- and macrofauna (Eissfeller et al., 2013;
Pollierer et al., 2007; Ruf et al., 2006). This is especially the case in
agroecosystems, where aboveground plant residues are removed at
harvest and roots and root exudates remain as the major pathway of
plant C to soil biota. Despite the importance of the root channel, little
is known on the translocation and flux of root C within arable soil
food webs.

Nitrogen (N) is the most important plant nutrient limiting primary
production in agroecosystems. To meet nitrogen demands of crop
plants inorganic fertilizer is applied to agroecosystems to increase pro-
ductivity (Robertson and Vitousek, 2009). However, fertilizer not only
increases plant productivity but also impacts the soil food web by
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decreasing C fluxes within the soil food web, and thereby feeding back
on energy fluxes within the whole ecosystem (Lemanski and Scheu,
2014a). Surprisingly, detailed knowledge on the fate and pathways of
inorganic fertilizer N in arable soil food webs is lacking, but may help
to increase fertilizer efficiency and to reduce the amounts applied to
arable fields on a global scale.

Pulse labeling of plants with 13CO2 allows tracking the flux of root-
derived C into soil animal food webs (Drigo et al., 2010; Ruf et al.,
2006). Previous pulse labeling studies have improved the understand-
ing of spatio-temporal incorporation of root C into soil microorganisms
(Leake et al., 2006), soil organic matter pools (Loya et al., 2002) and soil
arthropods (Gilbert et al., 2014; Högberg et al., 2010). However, most
previous studies on the flux of C from roots into soil arthropods were
conducted in simplified laboratory systems neglecting biotic interac-
tions and the complexity of decomposer food webs (Crotty et al.,
2011; Högberg et al., 2010). Incorporation of root C likely differs within
and between taxonomic groups as even closely related species differ in
their feeding strategy and trophic level (Berg et al., 2004; Klarner et al.,
2013; Schneider et al., 2004), resulting in the need to group species ac-
cording to functional relationships such as feeding guilds rather than
taxonomic affiliation. Although natural abundances of C and N stable
isotopes allow separation of food web compartments according to
their feeding strategy, the incorporation and fluxes of C through the
soil food web can only be traced using isotope labeling.

Most previous studies investigating the flux of root-derived C into
soil food webs were conducted in forest ecosystems (Bradford et al.,
2012; Eissfeller et al., 2013; Pollierer et al., 2012), whereas little is
known on the role of root-derived C for soil animal food webs and pos-
sible consequences for C sequestration in arable soils. This is surprising
given that 40% of the global ice free land surface is currently used for ag-
riculture (Foley et al., 2005) and the substantial increase of land area
used for food production due to the rapidly growing human population
(Tilman et al., 2011). Understanding the flux of C into food webs of ara-
ble soils and its consequences for C mineralization and sequestration
therefore is essential for predicting the fate of C in the terrestrial realm.

We conducted a short-term pulse labeling experiment to follow the
fluxes of C and N into the soil animal food web via belowground inputs.
We pulse labeled maize plants (Zea mays L.) by adding 13CO2 to the at-
mosphere andK15NO3 to the soil, andmeasured the incorporation of 13C
and 15N into plant tissue, soil and the soil food web over a period of
25 days. We focused on C and N fluxes through soil arthropods, but in
addition measured the incorporation of 13C into soil microorganisms
(bacteria and fungi) and nematodes as both channel plant-derived C
and fertilizer-derived N to higher trophic levels. Despite their different
origin we expected 13C and 15N to follow similar incorporation patterns
into the soil food web due to soil microorganisms incorporating both
and thereby forming a central node for the propagation of these
elements into higher trophic levels. In more detail we hypothesized
that (1) root-derived C and fertilizer-deriver N are incorporated into
all dominant groups of the soil animal food web including meso- and
macrofauna of low and high trophic level, (2) lower trophic levels in-
corporate 13C and 15N earlier than higher trophic levels due to the
delay in channeling C and N, and (3) the incorporation of 13C and
15N decreases with increasing trophic level as the diet of predators
include prey species not associated with the rhizosphere and rhizo-
sphere microorganisms.

2. Materials and methods

2.1. Experimental design

The experimental arable field site is characterized as a loamy haplic
Luvisol located in the vicinity of Göttingen (Lower Saxony, Germany) on
a plain of the river Leine 160m a.s.l. (51°33′37″N, 9°53′46″E). Göttingen
is located in the temperate climate zone of central Europe with a mean
annual precipitation of 645mmandmean annual temperature of 8.7 °C.
As part of a long-term experiment the crop was switched from C3 crops
to maize (C4) in 2009 with maize roots remaining in the soil after har-
vest and maize residues being returned to the field after removal of
cobs. The subsection of the arable field we used for the present labeling
experiment covered an area of 24 × 24m, onwhich four labeling cham-
bers were installed in July 2010. The chambers were installed at ran-
domly selected positions, each containing nine maize plants. Control
samples were taken at the day of labeling at a distance of 1.5 m from
the chambers. Labeling chambers consisted of a stainless steel frame
base of 1 × 1 m size that was inserted into the soil to a depth of 10 cm
as base of the chamber, and an aluminum frame (height 2 m) that
was covered with translucent LDPE foil. Before closing the chambers,
15N was added to the plots bywatering the soil with a solution contain-
ing 0.7 g K15NO3 m−2 (99% 15N) dissolved in 600 ml H2O. The annual
amount of N added to the field by fertilization was 11.2 g N m−2

(Kramer et al., 2012), the added 15N thereforewas assumed to only little
affect the labile N pool in soil, but allowed investigating the incorpora-
tion of mineral N added as fertilizer into the soil food web. After 15N la-
beling the soil inside the chambers was covered with plastic foil to
ensure that 13C only enters the soil via plant roots. 13C labeling of the
plants was achieved after closing the chambers airtight by addition of
H2SO4 to a tracer solution of 16 g Na213CO3 (99% 13C) in 100 ml H2O
and 4ml of 1MNaOHusing a syringe. The emerging 13CO2was circulat-
ed in the chambers by a fan for 4 h. After the labeling, the foils and alu-
minum frameswere removed from the field, while the steel frame bases
remained in the soil to prevent animals from escaping from the labeled
area. Further details on the experimental site and labeling method are
given in Kramer et al. (2012) and Riederer et al. (2015), respectively.

2.2. Sampling

Soil samples were taken at days 2, 5, 10 and 25 (referred to later as
d2, d5, d10 and d25) after labeling to analyze dynamics of the incorpo-
ration of 13C and 15N into soil microorganisms (13C only), nematodes
(13C only), soil arthropods, plant shoots, roots, and bulk soil. Samples
taken at adjacent plots at the day of the labeling served as control for an-
alyzing 13C and 15N natural abundance. In each labeled plot, two soil
samples to a depth of 10 cm were taken at each sampling date using a
stainless steel soil corer (diameter 20 cm) for the extraction of soil
arthropods, and a soil corer of 2.5 cm diameter for the extraction of
nematodes. Soil arthropods were extracted by heat (Kempson et al.,
1963), stored in saturated NaCl solution at −10 °C and identified to
the highest taxonomic resolution possible under a dissecting and a
lightmicroscope using Schaefer (2010) for identification ofmacrofauna,
and Hopkin (2007), Weigmann (2006) and Karg (1993) for identifica-
tion of Collembola, Oribatida and Gamasida, respectively. Nematodes
were extracted using a modified Baermann method (Ruess, 1995),
fixed in cold 4% formaldehyde solution and separated into trophic
groups (plant feeders, bacterial feeders, fungal feeders, omnivores and
predators) according to Yeates et al. (1993). In addition, at each
sampling date, samples of maize shoots, roots and bulk soil from the
uppermost 10 cmwere taken, dried at 60 °C for 72 h, milled to powder
using a ballmill (MM400; RetschGmbH,Haan,Germany), and analyzed
for 13C and 15N. Wheat shoots were sampled from an adjacent experi-
mental field site and analyzed for 13C and 15N.

2.3. PLFA analysis

Incorporation of 13C into soilmicrobial groupswas analyzed in phos-
pholipid fatty acids (PLFAs) of bulk and rhizosphere soil samples. For
collection of rhizosphere soil we cut one maize plant per sampling and
excavated the roots; soil attached to maize roots was taken as rhizo-
sphere soil and collected by carefully shaking the excavated roots.
Bulk soil was collected between the maize rows to a depth of 10 cm
using a Riverside auger (diameter 5 cm, Eijkelkamp, Giesbeek, The
Netherlands).
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PLFAs from rhizosphere and bulk soil were extracted from 6 g fresh
weight soil according to Frostegard et al. (1991), transformed to fatty
acid methyl esters and measured by gas chromatography as described
by Kramer et al. (2013). Incorporation of 13C into PLFAs was analyzed
after fractionation of fatty acid methyl esters with Ag+ cartridges
(6 ml, Supelco, Palo Alto, USA; Kramer et al., 2008), using a gas chro-
matograph (6890 series, Agilent Technologies, USA) equipped with a
capillary column VS-23MS (Varian Medical Systems, Palo Alto, USA;
30 m × 250 μm, film thickness of 0.25 μm), coupled via a gas chroma-
tography–combustion III interface (Thermo Finnigan, Waltham,
USA) to a Delta Plus XP mass spectrometer (Thermo Finnigan MAT,
Bremen, Germany). Fatty acids i15:0, a15:0, i16:0 and i17:0 were
used as indicators for Gram positive (Gram+) bacteria and cy17:0
for Gram negative (Gram−) bacteria. The fatty acid marker
18:2ω6,9 was used as an indicator for soil fungi (Ruess and
Chamberlain, 2010).

2.4. Stable isotope analysis and soil animal food web

Soil arthropods with a collective bodyweight of at least 0.05mg dry
weight, plant material and soil were analyzed for 13C/12C and 15N/14N
with a coupled system of an elemental analyzer (NA 1500, Fisons-
Instruments, Rodano, Milan, Italy) and an isotope ratio mass
spectrometer (Delta V Plus, Thermo Fisher Scientific, Bremen,
Germany; Reineking et al., 1993). Except of Necrophloeophagus
longicornis, Scopaeus sp., Paederinae, Aleocharinae and Elateridae
larvae, individuals of different labeling chambers had to be pooled
to obtain a sufficient amount of body tissue for stable isotope anal-
ysis. For some species the limited material available only allowed
single measurements. In addition, some arthropod species were not
found at each sampling date in sufficient numbers to allow stable iso-
tope analysis. Nematodeswere analyzed for 13C/12C using anEurovector
elemental analyzer (Eurovector EA3000, Eurovector S.p.A., Milano,
Italy) coupled to a Delta V Plus isotope ratio mass spectrometer (Ther-
mo Fisher Scientific, Bremen, Germany; Langel and Dyckmans, 2014).
The elemental analyzer was fittedwith smaller oxidation and reduction
reactor tubes (ID 7.8 mm, length 450 mm) to allow lower carrier gas
flow and increase sensitivity.

For 13CV-PDB and for 15N atmospheric nitrogenwas used as standard.
Acetanilide (C8H9NO, Merck, Darmstadt, Germany) was used for internal
calibration. Isotope natural abundancewas expressed using the delta no-
tation with δ13C or δ15N (‰) = [(Rsample − Rstandard) / Rstandard ] × 1000
with Rsample and Rstandard referring to the 13C/12C or 15N/14N ratio in sam-
ples and standard, respectively.

Natural abundance of 15N was used to separate arthropod species
into trophic levels. 15N signatures of wheat and maize litter were
used for baseline construction and individual species were as-
cribed to the position along the baseline assuming no shift in 13C
signatures between resources and consumers (Fig. S1). Soil arthro-
pod species with a 15N signature N1.7‰ above the base line were
designated as species of high, others as species of low trophic
level. The 1.7‰ threshold was chosen as it has been shown that
decomposer invertebrates typically are less enriched than the
common trophic level enrichment of 3.4‰ (Vanderklift and
Ponsard, 2003). This approach bears the risk of oversimplification,
but was used as objective way to group species affiliated to different
trophic levels. We assume that low trophic level species mainly com-
prise primary decomposers feeding on leaf litter and root resources,
while species grouped as high level species comprise a mixture of
fungi feeding secondary decomposers, predators as well as omnivores
(Scheu and Falca, 2000; Vanderklift and Ponsard, 2003). Body size was
used to separate species into meso- and macrofauna with species
b2 mm body length being assigned to mesofauna and those N2 mm
to macrofauna, resulting in four trophic groups: low trophic level
meso- and macrofauna as well as high trophic level meso- and
macrofauna.
2.5. Calculations and statistical analyses

Incorporation of 13C and 15N (Δ13C and Δ15N) into soil arthropods,
nematodes (only 13C), microbial PLFAs (only 13C), maize shoots, maize
roots and bulk soil was calculated as shift in the isotopic signature as

Δ13C or Δ15N ‰½ � ¼ Rlabeled sample−Runlabeled sample;

with R the δ13C or δ15N signature of the respective taxa,microbial PLFAs,
plant tissues or soil, given in ‰ ± standard error of the mean (SEM).
Prior to statistical analyses Δ13C and Δ15N values were log10-
transformed to improve homogeneity of variances; means presented
in text, figures and tables represent back-transformed data.

Incorporation of 13C and 15N into shoots and roots of maize plants
and into bulk soil with time was analyzed by linear regression with
sampling date (d2, d5, d10, d25). Changes in the incorporation of 13C
into soil microorganisms with timewere analyzed using double repeat-
ed analysis of variance (ANOVA) with microbial group (fungi, Gram+

bacteria, Gram− bacteria) and sampling date as repeated factors and
soil (bulk, rhizosphere) as independent factor. Differences in 13C and
15N incorporation between labeling chambers were accounted for by
using chamber number as block (1, 2, 3, 4).

Incorporation of 13C and 15N into nematodes (only 13C) and meso-
and macrofauna was analyzed by linear mixed effects models fit by
maximum likelihood, with chamber number (block) and species identi-
ty as random effect for nematodes and soil arthropods, respectively.
Three linear mixed effects models were calculated with Δ13C as depen-
dent continuous variable and (1) nematodes (plant feeders, bacterial
feeders, fungal feeders, omnivores and predators) ormeso−/macrofau-
na (low andhigh trophic level, respectively) as additional random factor
to account for effects of sampling date, (2) sampling date as additional
random factor to account for effects of nematodes and meso−/macro-
fauna, and (3) sampling date and nematodes or meso−/macrofauna
as independent factor to inspect for interactions of sampling date and
nematodes or sampling date and meso-/macrofauna, i.e. for differences
in incorporation of 13C with time. Differences between means were
inspected using Tukey's HSD test at p b 0.05.

Statistical calculationswere performed using R Version 3.1.1 (R Core
Team, 2013) and the packages Multcomp (Hothorn et al., 2008), NLME
(Pinheiro et al., 2013) and Effects (Fox, 2003).

3. Results

3.1. Incorporation of 13C and 15N into plant tissue and soil

Enrichment of 13C in maize shoots significantly decreased with time
from 352.4 ± 66.2‰ at d2 to 207.4 ± 58.9‰ at d25 (F1,14 = 6.78, p =
0.021, r2 = 0.326), and from 522.6 ± 64.5‰ at d2 to 104.4 ± 20.4‰
at d25 in maize roots (F1,14 = 46.27, p b 0.0001, r2 = 0.768; Fig. 1a).
13C enrichment of bulk soil did not significantly change with time
(F1,14 = 0.36, p = 0.558) and averaged 2.1 ± 0.4‰ across sampling
dates (Fig. S2).

In contrast to 13C, 15N enrichment increased with time in maize
shoots (F1,14 = 5.56, p = 0.033, r2 = 0.284) and roots (F1,14 = 6.06,
p = 0.027, r2 = 0.302), with an increase from 182.0 ± 41.5‰ at d2 to
694.9 ± 126.8‰ at d25 in shoots and from 316.1 ± 110.9‰ at d2 to
727.8 ± 66.0‰ at d25 in roots (Fig. 1b). In bulk soil, 15N enrichment
did not change significantly with time (F1,14= 0.01, p= 0.957) and av-
eraged 31.8 ± 7.4‰ across sampling dates (Fig. S2).

3.2. Incorporation of 13C into soil microorganisms

Across all sampling dates, incorporation of 13C into microbial PLFAs
was strongly affected by soil (F1,6 = 20.56, p = 0.004) and averaged
170.5 ± 53.8‰ in the rhizosphere and 35.5 ± 19.0‰ in bulk soil. This
was consistent in all microbial groups (microbial group × soil effect:



Fig. 1. Changes in the incorporation of (a) 13C and (b) 15N into shoots (black diamonds)
and roots (white squares) of maize plants labeled with 13CO2 and K15NO3 during
25 days after labeling (means ± SEM, n = 4).

Fig. 2. Changes in the incorporation of 13C into microbial PLFAs of the rhizosphere (white
symbols) and bulk soil (black symbols) during 25 days after labeling (means ± SEM,
n = 4).
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F2,12= 0.29, p= 0.752). Incorporation varied significantly betweenmi-
crobial groups (F2,12 = 823.74, p b 0.0001), with fungi incorporating
higher amounts of 13C than Gram+ and Gram− bacteria, averaging
341.2 ± 65.7‰, 11.3 ± 1.9‰ and 8.1 ± 1.4‰ across sampling dates,
respectively. 13C enrichment significantly decreased with time
(F3,18 = 4.31, p = 0.018) and this did not differ significantly in
rhizosphere and bulk soil (F3,18 = 1.49, p = 0.250). Changes in the 13C
incorporation with time varied between microbial groups, and strongly
decreased in fungi, while remained more constant in Gram+ and
Gram− bacteria (microbial group × sampling date interaction; F6,36 =
7.50, p N 0.0001) in both rhizosphere and bulk soil (F6,36 = 1.60, p =
0.215; Fig. 2).
Fig. 3. Changes in the incorporation of 13C into nematodes during 25 days after labeling
(means ± SEM, n = 4).
3.3. Incorporation of 13C into nematode trophic groups

When averaged across sampling dates, incorporation of 13C dif-
fered between nematode trophic groups (F4,54 = 3.43, p = 0.014),
with higher incorporation into fungal feeders, plant feeders and om-
nivores (9.4 ± 1.9‰, 9.0 ± 1.7‰ and 9.0 ± 3.3‰, respectively) than
into bacterial feeders and predators (3.8 ± 0.9‰ and 5.6 ± 2.0‰,
respectively).

Over all nematode trophic groups, mean incorporation increased
with time (F3,51 = 3.20, p = 0.031; Fig. 3), most evident in fungal
feeders and omnivores, with highest incorporation of 16.8 ± 5.8‰
and 21.8 ± 9.8‰ at day 25, respectively. In bacterial feeders and preda-
tors incorporation of 13C was constant at all sampling dates with only
slightly higher enrichment at day 25 than at the other sampling dates,
reaching 5.3 ± 3.7‰ and 8.7 ± 6.1‰, respectively. In contrast, the flux
of plant C was fast into plant feeders, with highest incorporation of
13.0 ± 4.6‰ at day 10, but decreasing incorporation afterwards. Never-
theless, incorporation dynamics did not differ significantly between
nematode trophic groups (nematodes × sampling date interaction;
F12,51 = 1.03, p = 0.440).
3.4. Incorporation of 13C and 15N into soil arthropods

Based on unlabeled stable isotope signatures from the control
samples, we constructed the food web of the present arable field
(Fig. S1), and separated soil arthropod taxa into trophic groups (see
Section 2.4), with low trophic level macrofauna species including six
taxa with average natural abundance δ15N of 3.3 ± 0.6‰, high trophic
level macrofauna species including six taxa with average δ15N of
9.1 ± 1.4‰, low trophic level mesofauna species including three taxa
with δ15N of 6.0 ± 1.0‰, and high trophic level mesofauna species
including ten taxa with average δ15N of 10.1 ± 1.2‰.

Each of the species studied incorporated root-derived 13C and
fertilizer-derived 15N, but the enrichment differed between taxa,



Fig. 5. Changes in the incorporation of 15N into meso- and macrofauna of low and high
trophic level during 25 days after labeling (means ± SEM, number of replicates varied
between n = 3 for low trophic level macrofauna at day 25 to n = 18 for high trophic
level macrofauna at day 5).
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sampling date and element (Tables S3 and S4). The incorporation of 13C
into meso- and macrofauna averaged 12.3 ± 1.4‰ across sampling
dates and increased during the experiment (F3,143 = 3.66, p = 0.014),
with the enrichment being significantly higher at d25 than at d2, d5
and d10. Generally, 13C incorporation did not differ between trophic
groups (F3,72=0.66, p=0.587), but increasedwith time in high trophic
level taxa, whereas it remained more constant in low trophic level taxa
(sampling date × meso-/macrofauna interaction; F9,134 = 3.19, p =
0.006; Fig. 4).

In general, 15N incorporation increased during the experiment
across trophic groups and averaged 36.9 ± 6.7‰ at day 2 and
158.6 ± 51.1‰ at day 25 (F3,143 = 11.42, p b 0.0001). The increase
was similar in each of the trophic groups (sampling date × meso-/
macrofauna interaction; F9,134 = 1.33, p = 0.229), while average incor-
poration was higher in low trophic level mesofauna than low trophic
level macrofauna, with high trophic level macrofauna and mesofauna
displaying intermediate 15N enrichment (F3,72 = 4.52, p = 0.006;
Fig. 5).

4. Discussion

4.1. Incorporation of 13C and 15N into the soil food web

Root-derived C rapidly propagated through the soil food web from
basal trophic levels including bacteria and fungi to higher trophic levels
including nematodes and arthropods, confirming our first hypothesis.
Since previous studies performed in microcosms (Ruf et al., 2006) and
forest ecosystems (Pollierer et al., 2007) yielded similar results, we
conclude that root-derived C is an important resource for the soil food
web across ecosystems (Balasooriya et al., 2014; Strickland et al., 2012).

Notably, incorporation of root-derived C into fungi strongly
exceeded that into bacteria, particularly at day 2 after labeling, followed
by a rapid loss of 13C until day 25. This is in contrast to the general as-
sumption of a slower fungal metabolism and therefore higher C storage
in soil fungi than bacteria (Six et al., 2006; Strickland and Rousk, 2010),
but reflects the high activity of soil fungi as compared to bacteria in the
present arable field (Pausch et al., 2015). The low fungi-to-bacteria ratio
at the study site (Scharroba et al., 2012) and other arable fields
(Esperschütz et al., 2007; Ngosong et al., 2010), and therefore higher C
pool size of bacteria may have resulted in dilution of the label in bacte-
ria. However, Pausch et al. (2015) showed the net incorporation of 13C
into fungi to exceed that into bacteria, despite the smaller C pool size
of the former. Further, decreasing 13C signatures in fungal PLFAs sug-
gests that recently assimilated plant C quickly passes through the
Fig. 4. Changes in the incorporation of 13C into meso- and macrofauna of low and high
trophic level during 25 days after labeling (means ± SEM, number of replicates varied
between n = 3 for low trophic level macrofauna at day 25 to n = 18 for high trophic
level macrofauna at day 5).
saprotrophic fungal community and leaves the soil system via respira-
tion (Pausch et al., 2015), pointing to a lowmicrobial growth efficiency
of saprotrophic fungi in arable fields.

The occurrence of mycorrhizal fungi was very low at our field site as
assigned by molecular analyses (J. Moll, pers. comm.), indicating that
mainly saprotrophic fungi accounted for the high 13C enrichment.
Saprotrophic fungi are assumed to predominantly rely on aboveground
litter resources (Ruess and Ferris, 2004), but our results suggest that
they took over the role of arbuscular mycorrhiza fungi that are consid-
ered to be the major conduit in transfer of plant C into arable soils
(Drigo et al., 2010). Our results support earlier findings by Kramer
et al. (2012) who also found high contribution of saprotrophic as com-
pared to mycorrhizal fungi to fungal biomass at our field site. Further-
more, the results are in line with recent studies in arable and
grassland systems stressing the key role of saprotrophic fungi in
channeling C to higher trophic levels (Lemanski and Scheu, 2014a,
2014b; Tavi et al., 2013). Fast incorporation of 13C into high trophic
level taxa, i.e. fungal feeders and predators, and high incorporation of
root-derived 13C into saprotrophic fungi in the present study underpin
the importance of the fungal energy channel for soil animal food webs
and suggest that C flux via saprotrophic fungi is more important than
previously assumed (Moore et al., 2005; Ngosong et al., 2009).

Fertilizer-derived N was incorporated into each of the taxa of meso-
and macrofauna proving that mineral nutrients in soil are channeled
rapidly into the soil food web. The combined incorporation of root-
derived 13C and fertilizer-derived 15N into soil meso- and macrofauna
suggests that saprotrophic microorganisms function as major control
point in channeling N from inorganic resources and C from root-
derived resources to higher trophic levels. Both types of resources are
available for meso- and macrofauna via the fungal energy channel,
since fungal hyphae are the main food resource of many species
(Scheu and Falca, 2000), and earlier studies suggest that soil arthropods
readily incorporate fungal N as well as C (Eissfeller et al., 2013).

4.2. Temporal dynamics

Different incorporation patterns of 13C and 15N into the soil foodweb
indicate that the fluxes of root-derived C and inorganic nutrients varied
markedly. This contrasts our expectations and suggests that root de-
rived resources function as short term pulse in fueling soil food webs,
whereas fertilizer-derived N is incorporated more continuously.

In plant tissue and rhizosphere soil microorganisms, the enrichment
in 13C was highest at day 2, while 13C incorporation into nematodes and
meso- andmacrofauna increasedwith time or remained constant. Thus,
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root C rapidly enters basal trophic levels, while incorporation into
higher trophic levels is delayed, confirming our second hypothesis.
This is in line with studies that found plant derived C entering the mi-
crobial soil food web within a few days (Leake et al., 2006; Pausch
et al., 2013). However, at higher trophic levels, i.e. within low trophic
level meso- andmacrofauna, 13C incorporation did not increase rapidly,
but was constant throughout the sampling dates, while it increased
with time in high trophic level taxa.

Whereas the constant 13C signatures of low trophic level taxa sug-
gest that they quickly incorporated root C, the low amount of incorpo-
rated 13C points to unlabeled litter residues as an additional important
resource. Consequently, increasing incorporation of 13C into high
trophic level taxa in time can most likely be explained by relying on
nematode prey rather than arthropod decomposers. Supporting this as-
sumption, Collembola and Gamasida made up the majority of fungal
feeding and predatory species in the present study, and have both
been found to intensively feed on nematodes (Heidemann et al., 2014;
Read et al., 2006). Similar to high trophic level meso- and macrofauna,
13C in fungivorous nematodes generally increased with time, pointing
to the possibility that high trophic levelmeso- andmacrofauna included
omnivorous species that rely on soil fungi as well as animal prey. The
role of nematodes as prey for decomposer soil invertebrates has been
discussed recently with molecular gut content analyses indicating
high feeding rates (Heidemann et al., 2014; Read et al., 2006), but the
extent to which decomposers rely on nematodes as food remains
controversial (Kudrin et al., 2015). Due to the lack of nematode 15N
data we cannot prove their role as prey for higher trophic levels in the
studied soil food web, but high 15N signatures in many mesofauna
taxa indicate feeding on other soil animals, most likely nematodes.

In contrast to root-derived 13C, incorporation of fertilizer-derived
15N increased with time in plant tissue and soil arthropods. This
suggests that inorganic nutrients are incorporated increasingly into
soil microorganisms, presumably fungi, and channeled in a proportional
way into higher trophic levels of the soil food web (Eissfeller et al.,
2013). Notably, 15N changes with time did not significantly differ
between trophic groups of meso- and macrofauna, indicating that N
flows in a homogeneous way through the soil food web. Uptake of N
by soil arthropods mainly occurs via microorganisms (Caner et al.,
2004). In the arable field studied saprotrophic fungi showed much
higher activity than bacteria (Pausch et al., 2015), suggesting that the
former incorporated 15N more rapidly. Preferential feeding on fungi as
compared to bacteria in most soil arthropods further points to a central
position of saprotrophic fungi in channelingN to higher trophic levels of
soil meso- and macrofauna, supporting earlier findings for forest soil
food webs (Eissfeller et al., 2013).

4.3. Extent of 13C enrichment in different trophic levels

The incorporation of root-derived 13C decreased markedly along the
food chain. Little incorporation into nematodes and meso- and macro-
fauna suggests that root-derived C is locked up in rhizosphere microor-
ganisms, quickly leaves the soil system via respiration (Pausch and
Kuzyakov, 2012; Pausch et al., 2013), and does not reach higher trophic
levels. Nevertheless, all foodweb compartments incorporated 13C rapid-
ly after labeling, underlining the importance of root-derived C as major
C source in arable soils.

Higher incorporation of root-derived C into fungivorous and omniv-
orous nematodes as compared to other nematode trophic groups
suggests that they allocated plant C directly from saprotrophic fungi,
as those very efficiently captured plant C (Pausch et al., 2015; Riederer
et al., 2015). Obviously, fungal feeders achieved the 13C enrichment by
their direct trophic linkage to fungi, while the high incorporation of
13C into omnivores suggests a considerable proportion of fungal tissue
as diet, besides feeding on other (labeled) nematodes.

Later in the experiment, soil animal predators incorporated higher
amounts of 13C than decomposers, contradicting our third hypothesis.
Nematodes form an important part of the diet of soil fauna predators
(Heidemann et al., 2014; Koehler, 1997; Read et al., 2006), but the
similar incorporation patterns of soil fauna predators and fungivorous
nematodes suggest direct feeding on soil fungi as the main 13C source
for most species grouped as high trophic level taxa, and nematodes as
supplementary diet, resulting in omnivory as themain feeding strategy.
Nematode feeding likely diluted the incorporation of 13C into high
trophic level meso- and macrofauna due to the high contribution of
less labeled bacterial feeders to the nematode community at the inves-
tigated field site (Scharroba et al., 2012). However, nematodes were
extracted from bulk soil and incorporation of root-derived 13C into
rhizosphere nematodes, in particular bacterial and plant feeders, pre-
sumably was underestimated.

The efficiency of plants in incorporation of CO2 and releasing C via
roots may have affected the incorporation of labeled C into the soil
food web, as indicated by the high variability of 13C incorporation be-
tween replicates, i.e. labeling chambers. Nonetheless, our results sug-
gest that the incorporation of root-derived C and fertilizer-derived N
decreases at higher trophic levels, as also suggested by Pausch et al.
(2015).

5. Conclusions

The dual 13C and 15N labeling approach allowed following the flux of
energy and nutrients through an arable soil food web. The root-derived
resources are of essential importance for arable soil foodwebs, and root-
derived C is channeled to higher trophic levels concurrently with
fertilizer-derived N, predominantly via saprotrophic fungi. Increasing
amounts of root-derived C and fertilizer-derived N with time suggest
that the bottom up transfer of resources is shaped by high connectivity
within the food web, i.e. high degrees of omnivory in higher trophic
levels. Rapid incorporation of root-derived C into rhizosphere microor-
ganisms and lower incorporation into micro-, meso- and macrofauna
suggest that in arable systems the majority of root-derived C remains
locked up at the base of the soil food web.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.fooweb.2016.02.006.
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