
Food Webs 9 (2016) 32–38

Contents lists available at ScienceDirect

Food Webs

j ourna l homepage: www. journa ls .e lsev ie r .com/food-webs
Fluxes of root-derived carbon into the nematode micro-food web of an
arable soil
Johanna Pausch a,⁎, Sylva Hofmann b, Anika Scharroba b, Yakov Kuzyakov a,c, Liliane Ruess b

a Department of Soil Science of Temperate Ecosystems, Georg‐August‐University Göttingen, Germany
b Institute of Biology, Ecology Group, Humboldt-Universität zu Berlin, Germany
c Department of Agricultural Soil Science, Georg‐August‐University Göttingen, Germany
⁎ Corresponding author at: Department of Soil Scien
University of Göttingen, Büsgen-Institute, Büsgenweg 2, 3

E-mail address: jpausch@gwdg.de (J. Pausch).

http://dx.doi.org/10.1016/j.fooweb.2016.05.001
2352-2496/© 2016 Elsevier Inc. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 31 July 2015
Received in revised form 29 March 2016
Accepted 23 May 2016
Available online 3 June 2016
Organic carbon (C) released from living roots forms a major resource for microorganisms controlling energy, C
pathways and, hence, food web structure and dynamics. However, knowledge on quantitative C fluxes into
food web compartments is scarce. Nematodes, with functional groups at each trophic level, served as a model
community for assessing root C fluxes into the micro-food web. Maize, grown on soil cores from an arable
field, was pulse-labeled with 14CO2 followed by sampling 2, 5, 10 and 16 days after labeling. Nematode popula-
tion density, community structure, trophic groups and their 14C activities were analyzed.
Overall, 55 genera of 22 families were detected. Plant-feeders, which had the highest density, showed the fastest
and highest incorporation of root C. Bacterial-feeders incorporated more root-derived 14C than fungal-feeders.
Thiswas consistentwith a bacterial- to fungal-feeder-ratio of 0.63 and amoderate to low Channel Index (average
38), a nematode faunal index that assigns themagnitude of carbon flow via the bacterial or fungal channel, both
indicating a major energy flux in the bacterial decomposition pathway. Predators and omnivores showed low
incorporation of root-derived C, pointing to a basal food web structure with short food chains and low energy
transfer to higher trophic levels.
Combining 14C tracing with taxonomic identification of nematodes allowed quantification of root C fluxes into
food web compartments. The incorporation of root C into nematodes was small (~0.1% of that in microbial
biomass), yet forms an important part of belowground C channeling as it links microbial and faunal food web.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

The input of organic carbon (C) from plants, either as shoot and root
litter after plant death or as C released from living roots (rhizodeposits),
is themain determinant of soil foodweb structure and dynamics.While
theC and energyflux from slowly decomposingplant litter into soil food
webs has been intensively studied, little is known about the below-
ground C transfer of easily available rhizodeposits, especially root exu-
dates, with most studies focusing on forest ecosystems (Pollierer et al.,
2012; Eissfeller et al., 2013). It has, however, been suggested that the
majority of soil animals rely on root-derived sources rather than on lit-
ter (Albers et al., 2006; Pollierer et al., 2007). This is especially important
for agroecosystems, where aboveground plant biomass is removed at
harvest, thereby disrupting the internal soil C cycle and intensifying
the dependency of the soil food web on root-derived resources.

To measure the trophic transfer of root-released C through the soil
food web, nematodes are ideal model organisms because they occur at
great densitieswith severalmillion per squaremeter, are highly diverse,
ce of Temperate Ecosystems,
7077 Göttingen, Germany.
and comprise functional groups at each trophic level (Yeates et al.,
1993a; Yeates, 2010). The dominant trophic groups of nematodes in ar-
able soil are plant-, fungal- and bacterial-feeders (Yeates and Bongers,
1999). Plant-feeders play a major role in agriculture as they can cause
severe damage to plant tissue, resulting in reduced crop biomass
(Neher, 2010). However, moderate feeding activity leads to leakage of
cell metabolites, predominantly labile C, which can increase soil micro-
bial biomass and, in turn, nutrient mineralization (Yeates et al., 1998;
Poll et al., 2007). Grazing by bacterial-feeders fosters microbial activity,
again enhancing mineralization and nutrient availability for plants
(Ingham et al., 1985; Neher, 2010). Saprophytic fungi, which degrade
plant litter and detritus, as well as mycorrhiza-forming taxa, constitute
the food source for fungal-feeding nematodes (Ruess et al., 2000). Om-
nivores have considerable influence on soil C fluxes due to their broad
range of nutritional sources (Neher, 2010). They not only consume
plant tissue, bacteria, fungi or other nematodes, but also feed on algae
and enchytraeids (Yeates et al., 1993a, 1993b). Finally, predatory nem-
atodes play an important role within the food web as top down regula-
tors, as well as in the nutrient cycle via released excess nitrogen (Ferris,
2010).

Analyses of the natural abundance of stable carbon (12C/13C) or ni-
trogen (14N/15N) isotopes have given detailed insight into soil food
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webs and essential knowledge about trophic linkages (Gannes et al.,
1997, 1998; Post, 2002; Crawford et al., 2008; Martínez del Rio et al.,
2009). δ15N reflects the relative trophic levels, whereas δ13C corre-
sponds to the respective food sources (Ponsard and Arditi, 2000;
Scheu and Falca, 2000; Tiunov, 2007). However, nematodes as impor-
tant representatives of the soil microfauna, have seldom been studied.
The few stable isotope data available are mainly on whole communities
or single well defined species (Neilson and Brown, 1999; Crotty et al.,
2011; Darby and Neher, 2012), giving no insight into food web struc-
ture. Only recently, methodological advances were made in obtaining
C stable isotope ratios of low organismic biomass (Crotty et al., 2013),
and first empirical investigations under field conditions studying nema-
tode trophic groups were performed (Pausch et al., 2015).

Beside stable isotope measurements of nematodes, a few experi-
ments have been carried out employing the radioactive isotope 14C as
tracer to follow the C flux from pulse-labeled plants to nematodes. Fu
et al. (2000) used 14C-labeled corn and showed higher 14C incorporation
from plant residues into nematode biomass in conventional tilled com-
pared to no-tillage soil. Further, Fu et al. (2001) determined the impact
of aboveground grazers, namely grasshoppers, and revealed that the 14C
activities in nematode populations are highest with intensive grazing
and without tillage. Yeates et al. (1998) analyzed the C transfer from
plants to plant-feeders by inoculation of white clover with Heterodera
trifolii, after plants were labeled with 14C-CO2. The study strikingly
showed that the C uptake by plant-feeders caused considerable leakage
of root cell metabolites into the rhizosphere. A comparable experiment
with five plant-feeding taxa revealed distinct differences in root C incor-
poration between the species (Yeates et al., 1999). However, with the
focus on plant-feeders only, these experiments did not take into account
the whole nematode community and their food web linkages.

To address root-derived C incorporation at food-web level and to es-
tablish a budget of root C flux to nematodes, a 14CO2 pulse labeling ex-
periment with maize (Zea mays) was conducted in undisturbed soil
cores fromanarable field. To gain a comprehensive picture of the nature
of Cflux and allocation to the soilmicro-foodweb, the 14C activity of tro-
phic groups of nematodes was examined. By using undisturbed soil
cores the study aimed to establish a representative endogenous nema-
tode community as prerequisite for modeling plant C flux to the below-
ground fauna. As nematodes are key drivers of the soil micro-food web
and mirror major functional changes, their population dynamics, struc-
ture and faunal indices serve as image for the entire micro-food web.
This plant-soil system was used to test the following hypotheses: i)
14C is predominantly incorporated into plant-feeding nematodes as
they directly feed on labeled roots, ii) leakage induced by plant-
feeders fosters 14C flux into the rhizosphere and to rhizosphere bacteria,
resulting in iii) a fast and high incorporation of 14C in bacterial-feeding
nematodes and, hence, into the bacterial energy channel of the food
web.

2. Material and methods

2.1. Experimental set-up

The soil (Luvisol) for the experiment was taken from an arable field
cropped with wheat in the north-west of Göttingen, Germany, in No-
vember 2010. The sampling site and soil properties are described in de-
tail by Kramer et al. (2012). Twenty undisturbed soil cores were taken
with a soil corer (inner diameter 12 cm, height 30 cm) and directly
transferred into Plexiglas pots (inner diameter 13 cm, height 30 cm)
covered with dark foil. Maize seeds (Zea mays L. cv. Ronaldinio) were
germinated on wet filter paper for 3 days and afterwards 3 seeds were
planted in each soil cores. The pots were then covered with Plexiglas
lids, with holes for the plant shoots. The soil water content was gravi-
metrically adjusted daily to 70% of the water holding capacity. Plants
were grown at a temperature of 26 to 28 °C during the day and 22 to
23 °C at night and a light intensity of ~400 μmol m−2 s−1.
Of the labeledmaize plants (see Section 2.2) four potswere destruc-
tively harvested on days 2, 5, 10, and 16 after labeling. In addition, unla-
beled control pots were sampled at day 0, i.e. before labeling. Maize
shoots were cut at their base and the roots were carefully picked from
the soil with tweezers. Plant and soil material was dried (60 °C for
3 days) and pulverized in a ball mill. The remaining soil was stored at
4 °C until further analysis.

2.2. 14CO2 pulse labeling

Maize plants were labeled at the tillering stage, 25 days after
planting. One day before labeling, the holes in the lids were sealed
with a silicon paste (NG3170, Thauer &Co., Germany). The labelingpro-
cedure was done 2 times with 8 pots each in a Plexiglas chamber
(48.1 × 48.1 × 158 cm3). The chamberwas connected to a flask contain-
ing the labeling solution (5 ml of Na214CO3; ARC Inc., USA) with a 14C
activity of 1.2 MBq per pot. The 14CO2 was released into the chamber
by addition of an excess (10 ml) of 5 M H2SO4. Plants were exposed
to the label for 4 h. Afterwards, the air inside the chamber was
pumped through 15ml of 1 M NaOH solution for 2 h to remove the un-
assimilated 14CO2. After labeling, the chamber was opened and the
plants were further grown under the conditions described above. Four
pots with plants were kept unlabeled as control.

2.3. 14C analyses of plant tissue, microbial biomass, soil and CO2 efflux

To assess plant tissue and soil 14C activity, 50mg of shoots and roots,
and 500 mg of soil per replicate were combusted in an oxidizer unit
(Feststoffmodul 1300, AnalytikJena, Germany). The released CO2 was
trapped in 10ml of 1MNaOH. For 4 pots, starting directly after labeling,
the soil CO2 efflux was continuously trapped using 15 ml of 1 M NaOH
solution. The NaOH solution was changed every 2 h after labeling for
the first day, then twice daily, then once every 2 days until 16 days
after labeling.

The 14C activity of microbial biomass C (MBC) and of extractable
organic C (EOC) was determined for day 16 after labeling by the
chloroform fumigation extractionmethod of Vance et al. (1987). Briefly,
5 g fresh soil were shaken with 20 ml of 0.05 M K2SO4 for 1 h at
200 rev min−1, centrifuged at 3000 rev min−1 for 10min, and filtrated.
Another 5 g fresh soil were fumigated with chloroform for 24 h and ex-
tracted in the same way. The extracts were analyzed for total organic
carbon by means of an N/C analyzer (Multi N/C 2100, AnalytikJena,
Germany) (Pausch et al., 2013).

The 14C activity of shoots, roots, soil, unassimilated CO2 after label-
ing, C remaining in the tracer solution, and soil CO2 efflux were mea-
sured in 2 ml aliquots of sample added to 4 ml Rothiscint scintillation
cocktail (Roth, Germany) with a liquid scintillation counter (LS 6500
Multi-Purpose Scintillation Counter, 217 Beckman, USA) after the
decay of chemiluminescence. The K2SO4 extracts of non-fumigated
and fumigated soil for MBC and EOC analysis were measured in the
sameway in 1ml aliquots added to 6ml Rothiscint scintillation cocktail.
The 14C counting efficiencywas about 92% and the 14C activitymeasure-
ment error did not exceed 2%. Total C of all sampleswere analyzed by an
N/C analyzer (Multi N/C 2100, AnalytikJena, Germany).

2.4. Nematode extraction and 14C analyses

Nematodes were extracted from 50–80 g fresh soil using a modified
Bearman method after Ruess (1995), fixed in 4% formaldehyde, and
stored at 7 °C in a refrigerator. Nematodes were counted and 10% or a
minimum of 100 individuals per sample were identified to genus level
(Bongers, 1994; Brzeski, 1998; Andrássy, 2007). For 14C measurements,
individuals were assigned to bacterial-, fungal-, and plant-feeders, om-
nivores and predators according to Yeates et al. (1993a) using an
inverted microscope and sorted with a Pasteur pipette into scintillation
vials. The Dauerlarvae of Rhabditidae were assigned to the group of



Fig. 1. Population density (individuals 100 g−1 DW ± SD, blue bars) and 14C activity
(Bq 100 g−1 DW ± SD, red bars) for the sum of all trophic groups 0, 2, 5, 10, and
16 days after 14CO2 pulse labeling. Bars with the same or no letters are not significantly
different over time according Tukey's HSD tests at P b 0.05.
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bacterial-feeders. All nematodes within a sample were sorted and iden-
tified. The 14C activity of trophic groups was measured after volatiliza-
tion of formaldehyde solution in 6 ml Rothiscint scintillation cocktail
(Roth, Germany) using a liquid scintillation counter as described
above. To obtain exact 14C activity of nematodes, the duration of scintil-
lation counting of each groupwas at least 3 h.We alsomeasured the 14C
activity of trophic groups of nematodes sampled at day 0 (before label-
ing). These 14C activities were set as natural background and were
subtracted from the 14C activities of all nematode groups sampled
after labeling (day 2, 5, 10, and 16 after labeling).

2.5. Nematode indices

To assess whether the carbon flow is predominantly via the bacterial
or fungal channel the bacterial- to fungal-feeder ratio (b/f) according to
Yeates et al. (1993b) and the Channel Index (CI) according to Ferris et al.
(2001) were calculated. The following equations were used:

b
f
¼ proportion of bacterial feeders

proportion of bacterial feedersþ proportion of fungal feedersð Þ
ð1Þ

CI ¼ 100 � 0:8Fu2

3:2Ba1 þ 0:8Fu2
ð2Þ

where the coefficients (0.8 and 3.2) are weightings for the functional
nematode guilds after Ferris et al. (2001), and Ba1 represents the
bacterial-feeders with a colonizer-persister (c-p) value of 1 and Fu2

fungal-feeders with a c-p value 2. Nematodes life strategy was ascribed
to colonizers (c) and persisters (p) that are extremes on a scale from1 to
5, respectively (Bongers, 1990). Nematode families classified as c-p 1
represented colonizers or r-strategists, whereas, families, c-p 5 are per-
sisters orK-strategists. Opportunists are characterized as c-p 2,while c-p
3 have an intermediate life strategy and c-p 4 can be assigned tomoder-
ate K-strategists (Bongers, 1990).

Note that the Rhabditidae Dauerlarvae are non-feeding stages and,
therefore, they have not been taken into consideration for the calcula-
tion of CI and b/f.

2.6. Nematode biomass and carbon content

The length and width of individuals within a nematode genus are
relatively constant and can be used as a reliable morphometric trait.
The biomass (fresh weight) of the nematodes was calculated according
to Andrássy (1956), with the following equation:

Nematode biomass μgð Þ ¼ a2 � b=16 � 100;000 ð3Þ

where a is the body width and b the body length. The correction factor
16 was derived from Andrássy and multiplication by 100,000 converts
biomass data to μg.

The biomass was calculated for each genus and the C content
assigned as 12.5% of the fresh weight, based on the assumption that
the dry weight is 25% of the fresh weight and has a carbon content of
50% (Schmidt et al., 2000).

2.7. Calculations

Activity of 14C in various trophic groups of nematodes over time
(r(14C)nematode; %) was expressed relative to the total belowground 14C
activity at each sampling date (a(14C)belowground; kBq pot−1), i.e. as a
percentage of the sum of 14C in roots, soil, and soil CO2:

r 14C
� �

nematode %ð Þ ¼ a 14C
� �

nematode=a
14C
� �

belowground � 100 ð4Þ
where a(14C)nematode is the 14C activity of the individual nematode tro-
phic group (kBq pot−1).

The 14C budget was compiled for day 16 after labeling on the basis
that the 14C allocation between above- and belowground pools is com-
pleted at that time. Itwas shown that the allocation of recent assimilates
between above- and belowground C pools is mainly completed within
the first 2 days after labeling (Pausch et al., 2013).

The percentage of 14C recovered in a C pool (r(14C)pool; %)was calcu-
lated by relating the 14C activity of the respective C pool (a(14C)pool;
kBq pot−1) to the total 14C recovery at day 16 (a(14C)total; kBq pot−1),
i.e. to the sum of the 14C activity in shoot, root, soil, and CO2:

r 14C
� �

pool %ð Þ ¼ a 14C
� �

pool=a
14C
� �

total � 100 ð5Þ

Specific 14C activities (kBq g−1 C) of the individual nematode groups
were calculated by dividing the measured activity of the respective
group by its C content. The specific 14C activity allowed to compare
the various trophic groups of nematodes independently of their C pool
size.

2.8. Statistics

Means and standard deviations (SD) are presented in figures and
tables.

A one-way analysis of variance (ANOVA) in combination with post
hoc Tukey's HSD tests was performed for each sampling date to deter-
mine if the trophic groups of nematodes (independent variable) varied
significantly (P ≤ 0.05). A one-wayANOVA in combinationwith post hoc
Tukey's HSD tests was also performed for each trophic group of nema-
todes to determine significant differences (P ≤ 0.05) over time (the sam-
pling date was the independent variable).

3. Results

3.1. Nematode population density and community structure

The population density of nematodes was ~590 Ind. 100 g−1 DW at
day 0 and increased significantly until the end of the experiment (day
16) with ~1800 Ind. 100 g−1 DW (Fig. 1). In total, 55 nematode genera
belonging to 22 families were detected (Table 1, Appendix 1). Of these,
nine families were classified as bacterial-feeders, whereas plant-feeders



Table 1
Nematode familieswithin different trophic groups (individuals 100 g−1 DW±SD) at day 0, and 2, 5, 10 and 16 days after 14CO2 pulse labeling and colonizer-persister (c-p) values accord-
ing to Bongers (1990). Values followed by different letters indicate significant differences over time according to Tukey's HSD tests at P b 0.05. Values without letters are not significantly
different over time. For information to nematode genera see Appendix A1.

Trophic group Nematode family Time after labeling [days] c-p value

0 2 5 10 16

[Ind 100 g−1 DW]

Plant-feeders 340 ± 325 484 ± 416 501 ± 229 229 ± 151 785 ± 495
Dolichodoridae 17 ± 13 12 ± 7 24 ± 25 38 ± 15 67 ± 53 3
Heteroderidae 19 ± 38 1 ± 3 0 0 0 3
Paratylenchidae 0 0 0 0 1 ± 2 2
Pratylenchidae 0 0 0 0 2 ± 4 3
Tylenchidae 304 ± 284 470 ± 120 477 ± 226 190 ± 137 715 ± 525 2

Bacterial-feeders 163 ± 144 192 ± 79 410 ± 309 410 ± 161 507 ± 126
Alaimidae 3 ± 3 6 ± 8 8 ± 15 0 6 ± 11 4
Cephalobidae 92 ± 81 100 ± 9 192 ± 129 220 ± 46 260 ± 122 2
Diploscapteridae 19 ± 38 25 ± 35 24 ± 14 2 ± 3 10 ± 8 1
Panagrolaimidae 5 ± 8 4 ± 9 4 ± 5 2 ± 3 1 ± 2 1
Plectidae 3 ± 4 12 ± 5 29 ± 48 9 ± 16 18 ± 25 2
Prismatolaimidae 17 ± 10 14 ± 10 32 ± 28 47 ± 48 79 ± 56 3
Rhabditidae 26 ± 22 14 ± 9 79 ± 92 130 ± 58 125 ± 36 1
Rhabditidae DL 67 ± 49 28 ± 33 77 ± 70 75 ± 48 43 ± 17
Rhabdolaimidae 0 0 0 1 ± 2 0 3
Teratocephalidae 0 0 1 ± 3 0 0 3

Fungal-feeder 78 ± 29 94 ± 39 163 ± 99 161 ± 41 503 ± 147
Anguinidae 3 ± 4 0 2 ± 3 9 ± 12 8 ± 14 2
Aphelenchidae 29 ± 20 23 ± 11 35 ± 23 58 ± 17 46 ± 18 2
Aphelenchoididae 47 ± 12 71 ± 44 125 ± 76 94 ± 67 451 ± 127 2

Predators 2 ± 3 1 ± 3 4 ± 5 2 ± 3 5 ± 7
Anatonchidae 0 0 1 ± 2 0 0 4
Aphelenchoididae 0b 0b 0b 0b 2 ± 3a 2
Mononchidae 2 ± 3 1 ± 3 3 ± 5 2 ± 3 3 ± 6 4

Omnivores 8 ± 3 5 ± 4 7 ± 4 15 ± 9 2 ± 2
Aporcelaimidae 0 0 3 ± 3 0 1 ± 2 5
Qudsianematidae 3 ± 2b 2 ± 3b 3 ± 3b 12 ± 7a 0b 4
Thornenematidae 5 ± 4 2 ± 3 2 ± 5 2 ± 4 1 ± 2 5

DL: Dauerlarvae.
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were represented by five families. Fungal-feeders, omnivores and pred-
ators comprised three families each.

Plant-feeders were the most abundant trophic group with a mean
density across time of 468 Ind. 100 g−1 DW (Table 1), equaling 42.6%
of all nematodes. Bacterial- and fungal-feeders accounted on average
for 323 and 200 Ind. 100 g−1 DW, representing 32.5% and 18.2% of
the nematode community, respectively. Both, bacterial- and fungal-
feeders showed a slight increase (not statistically significant) in density
over the experimental period. Omnivores and predators were scarce
with 7 and 3 Ind. 100 g−1 DW, respectively, representing a minor por-
tion of the nematode fauna with an average of 1% for omnivores and
0.3% for predators.

The Channel Index (CI) did not differ significantly between the sam-
pling dates. The CI was below 50, with an overall average of 38, indicat-
ing a modest dominance of the bacterial decomposition channel (data
not presented). Correspondingly, the number of bacterial-feeders was
higher than that of fungal-feeders, leading to a b/f-ratio with an average
of 0.63. Values for both indices did not differ significantly between the
sampling days (data not presented).
Fig. 2. 14C activities of each trophic group as percentage of total belowground 14C (i.e. sum
of root, soil, and soil CO2 efflux ± SD) at days 2, 5, 10, and 16 after 14CO2 pulse labeling.
Significant differences (P b 0.05) between the trophic groups of nematodes at one
sampling date are indicated by different letters. Values with the same or no letters are
not significantly different according Tukey's HSD tests at P b 0.05.
3.2. 14C allocation to various trophic groups of nematodes

The nematodes in the soil were successfully labeledwith 14C derived
from the maize plants as they had significant higher 14C activities com-
pared to the background samples from the unlabeled control (data not
shown). All functional groups of nematodes already showed a 14C signal
at day 2 after labeling with 14C activities for the whole nematode popu-
lation ranging from 0.09 ± 0.05 Bq 100 g−1 DW at day 5 to 0.25 ±
0.2 Bq 100 g−1 DW at day 16 (Fig. 1). The 14C activity increased with
time (not significant), which is in accordance with the higher popula-
tion density at day 16 after labeling (Fig. 1).

The 14C activity of various trophic groups of nematodes through time
is given as percentage of total belowground 14C (Fig. 2). Among the tro-
phic groups, the plant-feeders showed the highest 14C activity across
the entire experimental period. Incorporation of root C into plant-
feeders was significantly higher compared to the other trophic groups
at day 2 and 16 after labeling. The 14C activity of plant-feeders increased



36 J. Pausch et al. / Food Webs 9 (2016) 32–38
with time from about 0.7 × 10−3% of total belowground 14C at day 2 to a
maximum of 1.2 × 10−3% at day 16 after labeling (Fig. 2). The 14C
activity for bacterial-feeders ranged from 0.3 × 10−3% at day 5 to
0.7 × 10−3%−1 at day 10 after labeling, and that of fungal-feeders be-
tween 0.04 × 10−3% at day 5 and 0.1 × 10−3% at day 16 after labeling.
The 14C transferred to higher trophic levels (omnivores and predators)
was always below 0.2 × 10−3%.

The specific 14C activity gives a relativemeasure of root C allocated to
nematodes per gram of biomass C. Two days after labeling, with maxi-
mum 14C recovery belowground, root-derived C was uniformly distrib-
uted between the herbivore food chain (12.9 kBq g−1 C) in plant-
feeders and the detritivore food chain with 5.8 and 1.4 kBq g−1 C for
bacterial- and fungal-feeders, respectively (data not presented). In com-
parison, omnivores had approximately 10 to 30 times higher specific 14C
activity, with 126.4 kBq g−1 C, whereas that in predators was negligible
and not significantly different from unlabeled controls.

3.3. 14C budget of the plant-soil-nematode system

To place the 14C data of nematodes in a broader perspective, we
compared the 14C recovery in trophic groups at day 16 to the respective
14C in plant and soil pools (data fromPausch et al., 2013). The end of the
experiment was chosen to consider the flux of root-derived C through
the entire nematode micro-food-web. Half of the 14C tracer remained
in the shoots, while 28%was detected in roots. About 5% of 14C remained
in the soil and 16% had been lost via root-derived respiration after
16 days (Table 2). The microbial biomass and extractable organic C
contained 1% and 0.05% 14C, respectively. Among the trophic groups of
nematodes, the plant-feeders incorporated the highest amount of 14C,
with 0.68 × 10−3% (according to Eq. (5)). Even though the bacterial-
and fungal-feeders had identical population densities at day 16 after la-
beling (Table 1), the 14C content of bacterial-feeders, at 0.12 × 10−3% of
total recovered 14C was about twice as high as that of fungal-feeding
nematodes. The omnivores and predatory nematodes incorporated
0.02 × 10−3 and 0.07 × 10−3% 14C, respectively.

4. Discussion

4.1. Development of endogenous nematode populations

At the beginning of the experiment, the endogenous nematode com-
munity in the undisturbed soil cores (0–30 cm depth) had a population
density of 6.6 Ind. g−1 DW. This corresponds to a report from the same
field site by Scharroba et al. (2012) with 7.7 Ind. g−1 DW at 0–10 cm
depth under maize during the growing season (July). Such low nema-
tode densities are common in arable soils due to frequent disturbance
bymanagement practices. Studies with other crops (barley, wheat, soy-
bean, maize) have reported between 7 and 10 Ind. g−1 DW (Sohlenius
and Sandor, 1987; Neher et al., 2005; Liang et al., 2009; Hu and Qi,
2010).

The population density of nematodes in an arable field varies with
season depending on alterations in soil moisture, agricultural practice
and crop root development (Freckman and Ettema, 1993; Yeates and
Table 2
14C budget calculated as % of 14C recovered (i.e. sum of shoot, roots, soil, soil CO2

efflux) 16 days after labeling (±SD). The data of plant and soil pools were taken
from Pausch et al. (2013).

Plant and soil pools 14C [% recovery] Nematode trophic
group

14C [% recovery]
× 10−3

Shoot 50.9 ± 7.3 Plant-feeders 0.68 ± 0.55
Root 28.0 ± 10.8 Bacterial-feeders 0.12 ± 0.07
Soil 5.3 ± 0.6 Fungal-feeders 0.07 ± 0.1
Soil CO2 efflux 16.2 ± 3.8 Omnivores 0.02 ± 0.01
MBC 1.0 ± 0.3 Predatory nematodes 0.07 ± 0.1
EOC 0.05 ± 0.02 Total nematodes 0.96 ± 0.57
Bongers, 1999). The environmental conditions in the present experi-
ment were kept constant, i.e. the nematode population was predomi-
nantly affected by the growing maize root. The associated enhanced
resource supply, with both living root tissue aswell as rhizodeposits, re-
sulted in a strong increase of the nematode population density from 6.6.
to 18.4 Ind. g−1 DW. Similar densities were observed in the field under
maize crop with litter amendment, where 15.1 Ind. g−1 DW were re-
corded (Scharroba et al., 2012).

The nematode communities in the incubated soil displayed a diver-
sity level and composition comparable to the arable site where the un-
disturbed cores were taken (Scharroba et al., 2012). However, a
noteworthy difference was observed for Tylenchidae, with densities of
1.9–4.8 and 0.9 Ind. g−1 DW in pot-incubated andfield soil, respectively.
These nematodes can either act as root- or fungal-feeders (Yeates et al.,
1993a, 1993b; Okada et al., 2005), thereby serving quite different food
web functions. Their distinctly higher density in pot compared to field
soil, as well as the increase along with plant growth during the experi-
mental period, assigns roots as predominant carbon source. Thus, in
the present study Tylenchidae can be considered as plant-feeding op-
portunists that respond quickly to an increase in root biomass, which
is in line with Ferris and Bongers (2006).

In contrast to plant-feeding Tylenchidae, the Rhabditidaeweremore
frequent while their Dauerlarvae were less in the field (1.7 and
2.3 Ind. g−1 DW, respectively) than in the laboratory (0.2–1.3 and
2.8–7.7 Ind. g−1 DW, respectively). As r-strategists, Rhabditidae multi-
ply fast with food enrichment, but enter dauerstage when nutrients
diminish (Ferris and Matute, 2003). This suggests a moderate and
continuous resource supply for the micro-food web during the
experiment.

4.2. Composition of the nematode micro-food web

In arable soils, plant-feeding nematodes are key biota in the primary
production-based (herbivory) food chains (Cohn et al., 2002) and are
the most abundant trophic group, making up 46 to 69% in soils under
maize (Li et al., 2009;Hu andQi, 2010). In the investigated soil this func-
tional group was dominated by ectoparasites, particularly epidermal
cell and root hair feeders (i.e. Tylenchidae), whereas endoparasites
(i.e. Heteroderidae, Pratylenchidae) with strong negative effect on
plant performance were scarce. This has implications for root C flux
into the food web, as predominantly ectoparasites promote the release
of C into the soil by causing leakage of labile plant metabolites from epi-
dermal cells, whereas endoparasites mainly act as strong nutrient and
carbon sinks (Yeates et al., 1999; Williamson and Gleason, 2003). The
release of root C into the soil by leakage was shown to result in en-
hanced microbial biomass (Yeates et al., 1998; Poll et al., 2007), yet mi-
crobial biomass C did not change in the present investigation. As
bacterial feeders were the second abundant trophic group within the
community, a potential “bloom” of bacteria could have been rapidly
exploited by these nematodes.

The second dominant C pathway in soil is the detritivore food chain
comprising fungal- and bacterial-feeders as basal groups. The latter
were frequent in the investigated soil (average 33%), whereas fungal-
feeders were less (average 18%), a pattern generally observed in arable
soil (Ruess, 2003; Ruess and Ferris, 2004). Likelymaize rhizodeposits, as
easily decomposed and fast available C source, promoted the bacterial
decomposition channel within the detritivore food chain. Scharroba
et al. (2012) report a CI of 22 under fodder maize at the arable field
site the undisturbed soil cores were derived from. Compared to that,
the observed CI of up to 38 is fairly high (Ferris et al., 2001), in particular
as no abovegroundmaize litter, themajor resource for fungal degraders,
entered the soil due to coverage of pots by lids. This suggests that root-
derived resources supported the fungal carbon pathway to some extent.

Omnivores and predators, with an average proportion of 1% each,
represented a minor fraction of the community, suggesting no “long”
food chains with substantial biomass at higher trophic levels, pointing



A

A
A
A

A

A

C

D
D

H
M
P

P
P

37J. Pausch et al. / Food Webs 9 (2016) 32–38
to a micro-food-web regarded as bottom-heavy, with only slow growth
of predator populations.

4.3. Root carbon allocation to nematode trophic groups and 14C budget

Plant-feeders showed the strongest incorporation of root-derived C
among the nematodes, likely because they feed directly on the roots.
However, a 13C pulse labeling of maize in the field revealed a higher up-
take of plant-derived C by the detritivore food chain (Pausch et al.,
2015). This divergence is explained by the up to 5 times higher densities
of plant-feeders, namely Tylenchidae, in the undisturbed soil cores com-
pared tofield soil, increasing the significance of the root energy channel.
Accordingly, at day 16 after labeling, the root biomass in the 30 cmhigh
soil core was 8 times higher than in the field (considering the upper
30 cm; Pausch et al., 2013). This indicates that shifts in C flux through
herbivore and detritivore food chains are likely to take place during
the growing season, when plant parasites are fostered by the increased
root biomass of crops. The 14C incorporation in plant-feeding nema-
todes nearly doubled over 16 days, yet not statistically significant. Nev-
ertheless, the constant increase with time suggests a continuous flow of
root-derived C into the herbivore food chain. As the dominant
Tylenchidae are migratory ectoparasites, moving freely in soil between
host plants, they may act as an important link between herbivore and
detritivore food chain via higher level predators, merging the flux of
root C in the soil food web.

Plant C uptake by bacterial- and fungal-feeders was lower over time
compared to plant-feeders due to the intervening trophic level, the mi-
croorganisms as primary decomposers. The ecological rule of thumb
gives about 10% energy allocation per consumer level in the trophic cas-
cade (Smith and Smith, 2006). However, only 1% of root-derived 14C
was recovered in microbial biomass at day 16 after labeling, as about
62% was lost by respiration as CO2 (Pausch et al., 2013). Although not
significant, bacterial feeders allocated 2 to 7 times more 14C than fungal
feeders, which reflects rhizosphere bacteria as the major functional
group allocating and processing plant root C, whereas fungi rely more
on recalcitrant and complex plant C such as cellulose or lignin
(Strickland and Rousk, 2010). The loss at the next trophic level was
even greater, with only 0.2% of the 14C in microbial biomass allocated
to the bacterial- and fungal-feeding nematodes. This indicates either a
high loss via respiration or a low efficiency of energy transfer between
trophic levels, e.g. nematode predators and bacterial/fungal prey in
the decomposer food chain. In particular, C loss by respiration could
have been enhanced by the experimental incubation temperature be-
tween 22 and 28 °C, as many bacterial-feeders show highest metabolic
rates (10–20 ng CO2 μg nematode−1 h−1) at temperatures around
25 °C (Ferris et al., 1995). In this case, C transfer to higher trophic levels
such as predators and omnivores is limited (Ferris and Bongers, 2006),
which is in accordancewith the low 14C activity of these trophic groups.
Shortly after labeling, omnivores had 10 to 30 times higher specific 14C
activity (i.e. C allocation in biomass) than bacterial- and fungal-feeders,
whereas that in predators was negligible but increased within 16 days.
This suggests that omnivores rely directly on rhizosphere resources,
either animal- or microbial-based, whereas predators range the bulk
soil for their prey.

At day 16 after labeling, about 0.96 × 10−3% of total 14C recovered
was incorporated into nematodes. This value is in accordance with
results from the 13CO2 pulse labeling experiment in the field, showing
that minimum fluxes of root-derived C through the nematodes micro-
food-web ranged between 0.1 × 10−3 and 1.6 × 10−3% (Pausch et al.,
2015). Plant-feeders showed the highest 14C recovery with
0.68 × 10−3%, however, Yeates et al. (1999) calculated even higher
14C recovery rates ranging from 0.02–0.09%. The latter study mainly in-
vestigated endoparasites, predominantly cyst and root-knot nema-
todes, which modify plant gene expression and alter physiological
processes to shift photoassimilate C directly to the nematode parasite
(Williamson and Gleason, 2003; Davis et al., 2004). Endoparasites
might have been underrepresented in the present study, as Yeates
et al. (1999) usedWhitehead trays,more efficient thanBearman funnels
for those nematodes. However, free ranging larvae of Heterodera (cyst
nematode) were scarce andMeloidogyne (root-knot nematode) not de-
tected in the arable field likely due tomaize as common crop (Scharroba
unpub.). The dominant plant-feeders in the present studywere external
epidermal cell and root hair feeding Tylenchidae with low impact on
plant carbon transfer, likely resulting in less 14C recovery compared to
the findings of Yeates et al. (1999), despite the high 14C activity of
roots (28% 14C recovery). This indicates that in arable systems the host
plant and its associated nematode plant parasites are of predominant
importance for the level of plant C flux into the soil food web.

5. Conclusions

The present study demonstrated that 14CO2 pulse labeling of plant
shoots and the subsequent 14C tracing in trophic groups of nematodes
is a promising approach to disentangle root-derived C fluxes through
the soil microfauna and individual food web levels. Dynamics of 14C ac-
tivity and recovery allow the C share in the herbivore and detritivore
food chains to be distinguished, as well as assignment of their linkage
at higher trophic levels. Shifts between these twomajor soil food chains
likely occur during a crop cycle, and are modulated by plant root
growth. The high 14C activity in plant-feeders underlines the role of
nematodes as strong and direct root C sinks and their contribution to
C and energy transfers within soil food webs in agricultural ecosystems.

Acknowledgments

We would like to thank Dr. Tian Jing for her support during this ex-
periment. This study was supported by the German Research Founda-
tion (DFG) within the Research Unit “Carbon flow in belowground
food webs assessed by isotope tracers” (FOR 918).

Appendix A

Table A1
Nematode taxa detected in the pot soil across the whole experimental period. Trophic
groups were assigned according to Yeates et al. (1993a, 1993b).
Family
 Genus
 Trophic group
laimidae
 Alaimus
 Bacterial-feeders

Amphidellus
 Bacterial-feeders
natonchidae
 Anatonchus
 Predators

nguinidae
 Ditylenchus
 Fungal-feeders

phelenchidae
 Aphelenchus
 Fungal-feeders
Paraphelenchus
 Fungal-feeders

phelenchoididae
 Aphelenchoides
 Fungal-feeders
Seinura
 Predators

porcelaimidae
 Aporcelaimellus
 Omnivores
Aporcelaimus
 Omnivores

ephalobidae
 Acrobeloides
 Bacterial-feeders
Acrobelophis
 Bacterial-feeders

Cephalobus
 Bacterial-feeders

Chiloplacus
 Bacterial-feeders

Eucephalobus
 Bacterial-feeders

Heterocephalobus
 Bacterial-feeders
iploscapteridae
 Diploscapter
 Bacterial-feeders

olichodoridae
 Amplimerlinius
 Plant-feeders
Bitylenchus
 Plant-feeders

Merlinius
 Plant-feeders

Nagelus
 Plant-feeders

Tylenchorhynchus
 Plant-feeders
eteroderidae
 Heterodera
 Plant-feeders

ononchidae
 Clarkus
 Predators

anagrolaimidae
 Panagrellus
 Bacterial-feeders
Panagrolaimus
 Bacterial-feeders

aratylenchidae
 Paratylenchus
 Plant-feeders

lectidae
 Anaplectus
 Bacterial-feeders
(continued on next page)
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able A1 (continued)
Family
P

P
Q

R

R
T
T

T

Genus
 Trophic group
Plectus
 Bacterial-feeders

ratylenchidae
 Hirschmanniella
 Plant-feeders
Pratylenchus
 Plant-feeders

rismatolaimidae
 Prismatolaimus
 Bacterial-feeders

udsianematidae
 Epidorylaimus
 Omnivores
Eudorylaimus
 Omnivores

Microdorylaimus
 Omnivores

Thonus
 Omnivores
habditidae
 Mesorhabditis
 Bacterial-feeders

Protorhabditis
 Bacterial-feeders

Rhabditis
 Bacterial-feeders
habdolaimidae
 Rhabdolaimus
 Bacterial-feeders

eratocephalidae
 Teratocephalus
 Bacterial-feeders

hornenematidae
 Laimydorus
 Omnivores
Mesodorylaimus
 Omnivores

ylenchidae
 Aglenchus
 Plant-feeders
Basiria
 Plant-feeders

Boleodorus
 Plant-feeders

Coslenchus
 Plant-feeders

Filenchus
 Plant-feeders

Lelenchus
 Plant-feeders

Malenchus
 Plant-feeders

Neopsilenchus
 Plant-feeders

Tylenchus
 Plant-feeders
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