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Forest soil food webs have been assumed to be fueled substantially by root-derived
resources. However, until today the flux of root-derived resources into soil animals
has been investigated virtually exclusively using isotope labeling experiments, whereas
studies on the consequences of disrupting the flux of root-derived resources into
the soil animal food web are scarce. We here investigated the importance of root-
derived resources for a wide range of soil animals by interrupting the resource flux into
the soil of different forest types in Central Europe using a trenching experiment. We
recorded the abundance of soil animal taxa varying in body size (micro-, meso-, and
macrofauna) 1 and 3 years after root trenching, and quantified changes in biomass,
species composition, and trophic shift using stable isotopes and NLFA analysis. Among
the microfauna groups studied (trophic groups of Nematoda) only the abundance of
plant feeding nematodes showed a trend in being decreased by -58% due to root
trenching. Major soil mesofauna groups, including Collembola and Oribatida, suffered
to a similar extent from root trenching with their abundance and biomass being
reduced by about 30-40%. The soil macrofauna groups studied (Diplopoda, Isopoda,
Chilopoda, Araneae, Coleoptera) generally were only little affected by root trenching
suggesting that they rely less on root-derived resources than micro- and in particular
mesofauna. Notably, the community structure of micro-, meso-, and macrofauna was
not affected by root trenching. Further, we observed trophic shifts only in 2 out of 10
investigated species with the shifts generally being only minor. The results indicate that
soil animal communities are markedly resilient to deprivation of root-derived resources
suggesting that links to root-derived resources are non-specific. However, this resilience
appears to vary with body size, with mesofauna including both decomposers as
well as predators being more sensitive to the deprivation of root-derived resources
than microfauna (except for root feeders) and macrofauna. Overall, this suggests that
body size constrains the channeling of energy through soil food webs, with root-
derived resources in temperate forests being channeled predominantly via soil taxa of
intermediate size, i.e., mesofauna.

Keywords: root-derived resources, mesofauna, macrofauna, trenching, forest, soil food web, stable isotopes,
NLFA
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INTRODUCTION

Interactions between the above- and the belowground
components of terrestrial ecosystems are receiving increased
attention as they strongly affect carbon (C) cycling (Bardgett
and Wardle, 2010). Soil animal communities are linked to the
aboveground system via two trophic pathways, ie., via leaf
litter input and root-derived resources (Wardle, 2002; Pollierer
et al., 2007). Most litter C is bound in structural compounds
and locked up in polymers rich in aliphatic and aromatic
compounds (Tan, 2014) not readily available for soil animals
without previous digestion by microbial enzymes. In addition,
nitrogen (N) concentrations in litter are low (typically only
1-2%) compared to those in animal tissue (ca. 10%) (White,
1993; Vitousek et al., 2002). Nevertheless, leaf litter has been
assumed to function as main food resource of soil animals
as up to 90% of net primary plant production is entering the
soil as detritus (Cebrian, 1999), providing ample resources
for the decomposer system. However, recent studies indicate
that root-derived resources may surpass those derived from
leaf litter in fueling soil animal food webs (Ruf et al., 2006;
Pollierer et al., 2007; Eissfeller et al., 2013; Gilbert et al., 2014).
Roots release substances actively or passively into the soil
(Curl and Truelove, 1986; Jones et al., 2009), which serve as
an easily digestible C resource for microorganisms and are
preferred compared to recalcitrant leaf litter (Farrar et al,
2003; van Hees et al., 2005). These rhizodeposits consist of
sugars, organic acids, amino acids, phenols, and other secondary
metabolites, as well as polysaccharides and proteins (Bais
et al, 2006). Spatial and temporal patterns of the release of
rhizodeposits lead to “hot spots” and “hot moments” in the
rhizosphere, triggering the activity of soil microbial-driven
processes (Beare et al., 1995; Kuzyakov and Blagodatskaya,
2015). The rhizosphere, thereby, is preferentially colonized by
soil organisms such as bacteria, mycorrhizal and saprotrophic
fungi and protists, which acquire resources from root deposits.
Depending on plant species and season, 10-60% of the
photosynthetically fixed C is allocated to roots (Kuzyakov and
Domanski, 2000; Litton et al., 2007), and part of this C enters
the soil food web via root-feeding species or animals feeding
on mycorrhizal fungi and microorganisms that incorporated
root-derived C (Ruf et al., 2006; Bonkowski et al., 2009;
Hoégberg et al,, 2010).

In forest soils a large fraction of the microbial biomass
comprises ectomycorrhizal (ECM) fungi (Hogberg and Hogberg,
2002; Wallander et al., 2004; Ekblad et al., 2013). They contribute
to element cycling, provide N to plants and channel large
amounts of plant-derived C into the soil (Treseder et al., 2006;
Clemmensen et al., 2013; Ekblad et al., 2013). The production
rate of the extra-matrical mycelia of ECM fungi in the upper
10 cm of forest soil has been estimated to be about 160 kg dry
matter ha=! y~! (Ekblad et al., 2013) and due to large biomass of
ECM fungi it has been suggested as an important food resource
for soil invertebrates (Fitter and Garbaye, 1994; Pollierer et al.,
2012). However, recent evidence indicates that consumption of
ECM fungi by soil invertebrates is limited (Potapov and Tiunov,
2016; Bluhm et al., 2019b).

The flux of root-derived resources through soil food webs
and their assimilation by soil animals has been demonstrated by
variations in the natural abundance of stable isotopes (Albers
et al., 2006; Scheunemann et al., 2015) and isotope labeling
experiments (Pollierer et al., 2007, 2009; Eissfeller et al., 2013;
Scheunemann et al., 2016; Zieger et al,, 2017a) conducted in
grasslands (Ostle et al, 2007; Lemanski and Scheu, 2014),
arable fields (Albers et al., 2006; Scheunemann et al., 2016),
and forests (Pollierer et al, 2007; Zieger et al., 2017b). In
long-term (Pollierer et al., 2007, 2009; Eissfeller et al., 2013)
and short-term isotope labeling experiments (Scheunemann
et al., 2016; Zieger et al., 2017a) it has been shown that root-
derived resources are incorporated into the whole soil animal
community and channeled across trophic levels. The addition
of easily accessible resources, imitating root exudates, has been
shown to increase the abundance of some species of soil
invertebrates including Lumbricidae, Diplopoda, and Isopoda
(Scheu and Schaefer, 1998; Tiunov and Scheu, 2004). However,
the effect of deprivation of root-derived resources has only been
investigated in Nematoda (Parmelee et al., 1993), as well as in
Oribatida and Collembola by girdling of trees (Remén et al.,
2008; Malmstrom and Persson, 2011) and trenching of roots
(Siira-Pietikdinen et al., 2001, 2003).

Shortage of resources likely is among the main factors driving
the abundance and biomass of soil animals (Scheu and Schaefer,
1998). Resource deprivation, however, also is likely to induce
dietary shifts counteracting changes in abundance and biomass.
Such dietary shifts may be traced by analyzing variations in
stable isotope ratios as well as lipid patterns (Traugott et al.,
2013). Variations in stable isotope ratios allow ascribing species
to trophic levels as >N concentrations increase with trophic
level due to fractionation processes (Post, 2002; Potapov et al.,
2019b). Further, variations in '>C concentrations in soil animal
consumers allow to trace changes in the use of C resources
(Albers et al., 2006; Pollierer et al., 2009; Potapov et al., 2019b).
Neutral lipid fatty acid patterns in consumers allow to trace
the incorporation of basal resources, such as bacteria, fungi and
plants, into consumers as lipids in the diet are incorporated into
consumers without major change (“dietary routing”; Pollierer
et al., 2010; Ruess and Chamberlain, 2010).

In the present study, we investigated the effect of deprivation
of resource input via tree roots on the abundance, biomass and
community structure of micro-, meso-, and macrofauna in forests
differing in management intensity, tree species composition and
soil type in two regions of Germany using root trenching. To
investigate potential shifts on basal resource use, we additionally
analyzed stable isotope and neutral lipid fatty acids of abundant
soil animal species.

We hypothesized that (1) the importance of root-derived
resources varies with soil animal body size, with more
pronounced effects on the abundance, biomass and community
structure of fungal feeding micro- and mesofauna (relying
heavily on root-derived resources) than macrofauna (relying
more heavily on litter resources), (2) deprivation of fresh root-
derived resources detrimentally affects abundance and biomass of
soil animal communities with the detrimental effects increasing
over time, (3) the response of microbivore soil micro- and
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mesofauna mirrors that of microbial biomass (and therefore
varies more between regions than forest types; Bluhm et al,
2019a), and (4) soil invertebrates switch diet in response
to shortage of root-derived resources, which is reflected in
changes in !3C and !°N stable isotope values and neutral lipid
fatty acid patterns.

MATERIALS AND METHODS
Study Sites and Experimental Set-Up

The experiment was established in two regions of Germany at
sites of the “Biodiversity Exploratories,” a large-scale and long-
term biodiversity project (Fischer et al, 2010)'. Schorfheide-
Chorin (hereafter Schorfheide) is located in the lowlands of
Northeastern Germany (3-140 m a.s.l.) and characterized by
postglacial geomorphological structures, and the Hainich-Diin
(hereafter Hainich), located in the uplands of Central Germany
(285-550 m a.s.l.). Mean annual temperatures at Schortheide
and Hainich are 8.0-8.5 and 6.5-8.0°C, and mean annual
precipitation 500-600 and 500-800 mm, respectively. The forests
stock on glacial till in the Schortheide with the main soil
type being Cambisol and in the Hainich on Triassic limestone
with the main soil type being Luvisols with soil pH averaging
3.00 = 0.19 and 4.59 £ 0.67, respectively. For more details
on the study sites see Fischer et al. (2010) and Klarner et al.
(2014). In each of the two regions four different forest types
were selected: (1) managed coniferous forests with Norway
spruce (Picea abies) in the Hainich (“spruce”) and Scots pine
(Pinus sylvestris) in the Schorfheide (“pine”), (2) 30 years
old managed beech (Fagus sylvatica) forests (“young beech”),
(3) 70 years old managed beech forests (“old beech”), and
(4) unmanaged natural beech forests left out of management
for at least 60 years with some trees being 120-150 years
old (“unmanaged beech”). Beech forests were dominated by
F. sylvatica, interspersed with ash (Fraxinus excelsior), and
sycamore (Acer pseudoplatanus). Each forest type was replicated
four times per region, resulting in 32 plots. The minimum
distance between plots was 500 m.

Establishment and Maintenance of
Root-Trenching Plots

In each of the 32 plots, one “trenched” and one “control”
subplot 1-2 m apart from each other of 120 x 120 cm
was established between September and October 2011. In the
trenched subplots trenches were cut into soil to a depth of 40-
50 cm using a chainsaw, thereby cutting all tree roots. To prevent
re-colonization of the plots by tree roots, polyethylene barriers
(120 x 60 x 0.5 cm) were inserted into the trenches on each of
the four sides of the plot. In addition, aluminium linings were
inserted at the edges to close the gap between adjacent barriers.
Polyethylene barriers extended ca. 10 cm above the ground to
restrict animal migrations between the trenched plots and the
surrounding. To control for potential side effects of aboveground
parts of the barriers, control plots, which were established in close

Lwww.biodiversity-exploratories.de

vicinity of the treatment plots, were also equipped with respective
barriers aboveground.

At regular intervals during the growth period above-ground
parts of herbaceous plants and grasses in trenched and
control plots were removed to minimize input of root-derived
resources from understory plants. Soil moisture was measured
gravimetrically from soil cores and water was added to control
plots equalizing the amount of water in the upper 10 cm of the soil
in control and trenched plots, for details see Bluhm et al. (2019a).

Sampling

Soil samples for meso- and macrofauna were taken from each
control and trenched plot after one (October 2012) and three
(October 2014) years. Soil mesofauna was extracted from soil
cores of a diameter of 5 cm (one core per subplot). For soil
macrofauna soil cores of a diameter of 20 cm were taken
(one core per subplot). The litter layer and upper 5 cm of
the soil from each soil core were extracted separately by a
heat gradient for macrofauna (Kempson et al, 1963) and
mesofauna (Macfadyen, 1961). Extracted animals were stored in
70% ethanol, sorted and identified to order level. Soil mesofauna
samples included springtails (Collembola), mites (Oribatida,
Mesostigmata), proturans (Protura), diplurans (Diplura), and
symphylans (Symphyla). Diplura and Symphyla were taken from
the 20 cm soil cores for macrofauna as their abundance in the
5 cm cores was too low for statistical analysis. The macrofauna
included millipedes (Diplopoda), woodlice (Isopoda), spiders
(Araneae), centipedes (Chilopoda), and beetles (Coleoptera;
adults and larvae).

Soil samples for nematode extraction (one core per subplot)
were taken after 3 years of the experiment (October 2014) using
a steel corer (2.5 cm diameter, 10 cm deep). Nematodes were
extracted by modified Baermann method, see Ruess (1995),
and transferred into 3%-formaldehyde solution. Nematodes in
vials were concentrated by removing part of the formaldehyde
solution. At least 100 well-preserved specimens (if available in
the sample) were randomly selected and identified to genus
(adults and most of the juveniles) or family level (juveniles) at
400 x magnification using a Leica DMI 4000B light microscope.
Nematode taxa were classified according to Bongers (1994) and
then ascribed to trophic groups (Yeates et al., 1993; Bongers
and Bongers, 1998; Okada et al., 2005), ordered according to the
colonization—persistence gradient (c-p values) (Bongers, 1990;
Bongers and Bongers, 1998) and assigned to trophic groups
(Bongers and Bongers, 1998; Ferris et al., 2001).

In addition to the soil core sampling, in October 2015
Lumbricidae were collected from an area of 0.25 m? from each
subplot by using mustard solution (Eisenhauer et al., 2008). The
solution consisted of 100 g mustard powder (Semen Sinapis
plv.; CAELO, Cesar & Loretz GmBH, 40721 Hilden, Germany)
dissolved in 10 1 water. Before applying the solution to the
plots, the litter layer was removed and checked for earthworm
specimens. Five liters of the solution were spilled evenly on the
area, which was repeated after 15 min. Emerging Lumbricidae
were hand-collected and placed into ethanol containing 5%
formalin for preservation. For the analysis of trophic changes
of soil animals, additional soil and litter samples were taken in

Frontiers in Forests and Global Change | www.frontiersin.org

March 2021 | Volume 4 | Article 622370


http://www.biodiversity-exploratories.de
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles

Bluhm et al.

Impact of Root-Derived Resources on Soil Invertebrates

autumn 2015 and the animals were extracted by heat (Kempson
et al,, 1963). To obtain enough animal tissue for NLFA analysis,
we sampled litter and soil from a large area of each of the plots at
the end of the experiment and extracted the animals by heat (see
above). These samples were stored in glycerin at —10°C for later
NLFA analysis (Zieger and Scheu, 2018).

For the sampling in 2014 abundant taxa were identified to
species level and species richness and biomass was calculated.
Collembola and Oribatida were identified to species level using
Weigmann (2006) and Hopkin (2007), respectively. Collembola
were ascribed to ecological groups using Gisin (1943), Isopoda
were determined using Schaefer et al. (2018), Diplopoda using
Blower (1985) and Chilopoda using Latzel (1880), Koren (1992),
and Barber (2008). Lumbricidae species were identified to species
level using Sims and Gerard (1985).

Biomass Calculation

The biomass of Oribatida (dry weight) was calculated using
regression model 4 from Caruso and Migliorini (2009) based on
species-specific mean lengths and widths as given in Weigmann
(2006). For Collembola, biomass (fresh weight) was calculated
using the mean length of species in millimeter as given in
Hopkin (2007) and the formula log(MfW) = 1.339 4+ 1.992
log(length), with Mg, being the fresh weight in microgram
(Mercer et al., 2001). Fresh weight was converted to dry
weight by using the formula log (My,) = —0.5499 + 0.9402
log(MfW) as given in Mercer et al. (2001). For Myriapoda and
Isopoda the length and maximum width of all individuals
were measured. For the calculation of the biomass of
Geophilomorpha and Scolopendromorpha the formula
given in Klarner et al. (2017) was used. For Polydesmida,
Isopoda, Lithobiomorpha model 1 given in Sohlstrom et al.
(2018) was used. For other Diplopoda the formula given in
Sprengel (1986) was used. Lumbricidae were weighed using
a scale (Sartorius Secura 125-1S, Gottingen, Germany).
To convert fresh weight to dry weight of Polydesmida,
Isopoda, Trichoniscus and Lithobiomorpha the following
factors were used: 0.42, 0.34, 0.42, and 0.29, respectively (S.
Bluhm, unpubl. data).

Stable Isotope Analysis

To investigate diet shifts we selected abundant macrofauna
species (one Isopoda species and four Lumbricidae taxa). For
Isopoda Trichoniscus pusillus from the Hainich was selected
including specimens from each of the two beech forest types
(beech old and beech natural); the beech young and spruce forest
could not be included as T. pusillus was rare in these forest types.
For Lumbricidae Aporrectodea sp. and Octolasion lacteum in
the Hainich, and Dendrobaena octaedra and Lumbricus rubellus
in the Schorfheide were used including specimens from each
of the four forest types; only these species were present in
sufficient numbers to allow stable isotope analysis. For the
analysis appropriate amounts of animal tissue (600-1,000 g dry
weight) were transferred into tin capsules using a Sartorius Cubis
scale. For Isopoda whole animals were analyzed; for Lumbricidae
the first sixteen segments of each worm were detached, freeze-
dried and weighed into tin capsules.

Samples of T. pusillus were analyzed using a system
consisting of an elemental analyzer (Euro EA 3000, EuroVector
S.p-A, Milano, Italy) and a mass spectrometer (Delta V
Plus, Thermo Electron, Bremen, Germany) coupled by a
Conflo IV interface (Thermo Electron Corporation, Bremen,
Germany). Lumbricidae were measured by a coupled system
consisting of an elemental analyzer (NA1110, CE-Instruments,
Rodano, Milano, Italy) and a mass spectrometer (Delta Plus,
Thermo Electron, Bremen, Germany) coupled by a Conflo III
interface (Thermo Electron Corporation, Bremen, Germany).
The computer controlled systems allow on-line measurement
of stable isotopes (3¢, °N) (Reineking et al., 1993; Werner
et al,, 1999; Langel and Dyckmans, 2014). Their abundance was
expressed using the § notation with §!3C and 8'°N (%) = (Rsample
- Rstandard)/Rstandara > 1,000. Rsample and Ryandard represent
the 13C/'2C and 'SN/!*N ratios of samples and standard,
respectively. For 13C Vienna PD belemnite (V-PDB) served as
the primary standard. For 1N air served as the primary standard
and acetanilide (CgH9oNO; Merck, Darmstadt, Germany) for
internal calibration.

Neutral Lipid Fatty Acid Analysis

For the NFLA analysis we used species of different trophic
levels (decomposers and predators) and body size (meso- and
macrofauna) from samples after 4 years of root trenching
(2015). Only abundant species were included as ca. 600 pg dry
weight was needed for NLFA analysis. The species/taxa included
one mesofauna decomposer (Collembola: Onychiuridae), one
macrofauna decomposer (T. pusillus), one mesofauna predator
(Uropodina: Uropoda cassidea), and three macrofauna predators
(Chilopoda: Strigamia acuminate and Schendyla nemorensis,
and Pseudoscorpionida: Neobisium carcinoides). Animals were
crushed and fatty acids were extracted by shaking in 5 ml
single phase extraction solvent (chloroform - methanol -
0.05 M phosphate buffer, 1:2:0.8, pH 7.4) overnight, for
details see Haubert et al. (2004). Neutral lipid fatty acids
were dried in a rotation vacuum concentrator, saponified,
methylated, and washed following the procedures given for the
Sherlock Microbial Identification System (MIDI Inc., Newark,
NJ, United States; see Ruess et al., 2002). Then, the lipid
fraction was transferred into test tubes and stored at —20°C
until analysis via gas chromatography. The gas chromatograph
(CLARUS 500, Perkin Elmer, Waltham, United States) was
equipped with a flame ionization detector and an Elite-5 capillary
column (30 m x 0.25 mm id, 025 pm film thickness;
Perkin Elmer, Waltham, United States). Fatty acid methyl
esters (FAMEs) were identified by comparing retention times
of samples with standard mixtures composed of 37 different
FAMEs ranging from Cl11 to C24 and bacterial FAMEs, for
details see Ferlian and Scheu (2013). NLFAs are given in
percentages of total fatty acids extracted from the respective
sample. The following FAs served as biomarkers for bacteria:
i15:0, al5:0, i16:0, i17:0, cyl17:0 and cy19:0, and 16:1w7 and
18:1w7 (Ruess and Chamberlain, 2010). The 18:1w9-t0-18:2w6,9
FA ratio was used as indicator for the relative contribution
of plants as compared to fungi to the diet of the animals
(Ruess et al., 2007).
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Statistical Analyses

Statistical analyses were performed using R v 4.0.2 (R Core
Team, 2020). To inspect for the effect of trenching (control,
trenching), forest type (beech old, beech young and beech natural,
conifer), region (Schorfheide, Hainich) and sampling date (2012,
2014) on the abundance of the investigated order-level animal
taxa, linear mixed effects models (LME) in the “nlme” package
(Pinheiro et al., 2013) were conducted with the random term
sampling date nested in plot identity (Plot ID/Sampling date)
to account for control and trenched subplots being nested in
Sampling subplots and Plot ID. To inspect for the effect of
trenching, forest type and region on biomass and abundance
of the investigated taxa and abundant species after 3 years of
trenching (2014 data only) linear mixed effects models (LME) in
the “nlme” package were conducted with the random term plot
identity (Plot ID) to account for control and trenched subplots
being nested in Plot ID. If necessary data were log(x + 1)
transformed to improve homogeneity of variances. The effect of
trenching, forest type and region on the community composition
of each Collembola, Oribatida, macrofauna decomposers, and
macrofauna predators from the 2014 sampling were analyzed
using pManova (permutation multivariate analysis of variance)
of species scores from non-metric multidimensional scaling
(NMDS). NMDS was carried out using the metaMDS function
in the “vegan” package (Oksanen et al, 2018). pManova was
performed with Euclidean distance matrices and type II sum of
square tests using the adonis.II function in the “RVAideMemoire”
package (Hervé, 2020) with restricted permutation within
Plot ID using strata with 9,999 permutations. To correct for
multiple testing of the abundance, biomass species richness, and
functional groups of Nematoda we used the Benjamini-Hochberg
(BH) correction (Benjamini and Hochberg, 1995) with a false
discovery rate of 5% for each of the four response variables.
Corrected p-values were calculated using method “BH” in the
“p.adjust” function in R.

To analyze if root trenching affected the trophic niche of
soil animal species, the proportion of fungal marker, plant
marker and sum of bacterial marker fatty acids in Onychiuridae,
T. pusillus, U. cassidea, S. acuminata and N. carcinoides as well
as 13C and !°N signatures of Lumbricidae and T. pusillus were
analyzed using linear mixed effects models (LME) in the “nlme”
package with the random term plot identity (Plot ID).

To analyze if root trenching and forest type affected the
NLFA composition of each Onychiuridae, T. pusillus, U. cassidea,
S. acuminata, and N. carcinoides of the 2015 sampling DFA after
NMDS was carried out in Statistica version 12 (Dell Inc., Tulsa,
OK, United States). Data provided in the text represent means
and standard deviations.

RESULTS

Abundance and Biomass

Macrofauna. Root trenching did not affect the sum of soil
macrofauna abundance (Supplementary Table S1). Only the
abundance of Chilopoda and Coleoptera larvae was significantly
lower in trenched plots, each by —23% (Figure 1C).

After 3 years, the biomass of the three macrofauna taxa
(Isopoda, Chilopoda, Diplopoda) and that of Lumbricidae was
not significantly affected by root trenching (Figure 2 and
Supplementary Table S2). However, the abundance of the
decomposer species Allajulus nitidus (Diplopoda) [F(1,25) = 5.67,
p = 0.025] and the predator species Monotarsobius crassipes
(Chilopoda) [F(1,25) = 4.68, p = 0.040] was significantly lower
in trenched plots by more than —50% (8.7 & 4.8 and 7.7 & 3.6
ind. m~2, respectively) compared to the control (18.6 & 6.5 and
17.7 & 6.2 ind. m~2, respectively). By contrast, the abundance
of the decomposer species T. pusillus (Isopoda) was higher in
trenched plots by +30% (259 + 98.5 ind. m~2) compared to
the control (196 & 93.4 ind. m~2), but this was only marginally
significant [F(; 29) = 3.36, p = 0.0643].

Mesofauna. Irrespective of sampling date, total mesofauna
abundance was significantly lower in trenched plots by —31%,
with the abundance of Oribatida and Collembola being
lowered to a similar extent (—29 and —22%, respectively)
(Figure 1A and Supplementary Table S1). The abundance
of Diplura was lower in trenched plots (—40%), but also
their overall density was much lower than that of Oribatida
and Collembola (Figure 1B). The abundance of Protura also
was lower in trenched plots (Figure 1B). For Pauropoda
the effect of root trenching depended on region, in the
Hainich the abundance was lower in trenched plots by
—85% while in the Schorfheide the abundance was similar
in trenched and control plots, but this was only marginally
significant after BH correction (Supplementary Table S1).
Generally, the effect of root trenching did not vary significantly
with forest type.

In addition to the significantly lower abundance of Collembola
in trenched plots (—34%; Figure 1A and Supplementary
Table S1) after 3 years Collembola biomass also was lower in
trenched compared to control plots by —20% (Figure 2 and
Supplementary Table S2). The lower biomass of Collembola in
trenched plots was mainly due to hemiedaphic Collembola with
their biomass in trenched plots (70.8 £ 66.1 mg m~2) being
lower by —42% compared to control plots [40.7 + 61.1 mg
m~% F1,27) = 11.95, p = 0.002]. Similarly, the lower
abundance of Oribatida in trenched plots (—36%; Figure 1A and
Supplementary Table S1) was associated by —30% lower biomass
of Oribatida in trenched compared to control plots, but this was
only marginally significant (Figure 2).

In addition to abundance and biomass, in Oribatida also
species richness was lower in trenched (13.4 + 4.6 species
per soil core) compared to control plots (15.6 + 4.5 species
per soil core; Supplementary Table S2), but this was only
marginally significant after BH correction. By contrast, although
the abundance of Collembola and Oribatida was reduced in
trenched plots to a similar extent, in Collembola species richness
did not change significantly with root trenching.

Microfauna. After 3 years, the abundance of plant feeding
nematodes in trenched plots (44,029 £+ 21,519 ind. m~2) was
lower by —58% than in control plots (103,769 + 34,519 ind.
m~2; Supplementary Table S2), but this was only marginally
significant after BH correction. Nematodes feeding on fungi
generally did not significantly respond to root trenching.
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Community Structure

Macrofauna community composition did not change
significantly with root trenching [pManova; F(1,59y = 0.99,
p = 0.12; Figure 3A], and this was true for both macrofauna
decomposers as well as macrofauna predators. Similarly, neither
the community structure of Oribatida [pManova; F(1,63) = 0.50,
p = 0.49; Figure 3B] nor that of Collembola [pManova;
F(1,63y = 1.17, p = 0.25; Figure 3C|] nor that of Nematoda
[pManova; F(1,31) = 0.36, p = 0.91; Figure 3D] was significantly
affected by root trenching.

Trophic Shifts

The A'3C signature of Lumbricidae was not significantly affected
by root trenching (Figure 4A). By contrast, the A'°N signature
of two endogeic Lumbricidae taxa (O. lacteum and Aporrectodea
sp.) were higher in trenched plots [F(1,4) = 4.63, p = 0.098 and
F(1,4) = 4.63, p = 0.098, respectively; Figure 4B]. Further, A'*C
values of T. pusillus in natural beech forests were higher in
trenched compared to control plots, while the A'*C values in old

beech forests were lower in trenched compared to control plots
[significant Trenching x Forest type interaction; F(1 ) = 10.3,
p=0.018; Figure 4C]. By contrast, A'>N values of T. pusillus were
not significantly affected by root trenching (Figure 4D).

In addition to stable isotopes, root trenching also affected the
fatty acid patterns of consumers. In T. pusillus the proportion
of the fungal biomarker fatty acid 18:2w6,9 was significantly
lower in trenched (18.59 £ 4.71%) compared to control plots
(23.87 £ 7.25%) [F(1,8) = 7.25, p = 0.027]. Fatty acid patterns
in the other analyzed macro- and mesofauna taxa were not
significantly affected by root trenching.

DISCUSSION

Body Size-Compartments

Macrofauna. Supporting our hypothesis (1), root trenching
detrimentally affected abundance and biomass of soil
invertebrates with the effects varying with body size. The
response of macrofauna groups varied, but with an average
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reduction in abundance of —4% in trenched plots the response
was less pronounced than in mesofauna. This indicates that
macrofauna more intensively integrates different energy
channels than mesofauna (Wolkovich, 2016), and supports the
suggestion that soil food webs are size-compartmentalized with
the use of basal resources, such as bacteria, fungi and plant
litter, varying with body size (Potapov et al., 2019a). Notably,
the abundance and biomass of macrofauna decomposer groups
(Diplopoda, Isopoda) were not significantly reduced by root
trenching, indicating that they predominantly feed on litter
resources as proposed earlier (Scheu and Falca, 2000; Semenyuk
and Tiunov, 2011). Presumably, this is due to the ability of large
detritivores to chew up leaf litter material and to use structural
organic matter compounds.

Interestingly, in Isopoda the abundance of T. pusillus
increased by 30% by root trenching, suggesting that they
benefited from the deprivation of root-derived resources. This
either reflects that they benefited from decomposing roots cut
by trenching the plots or from the decrease in the abundance
of Collembola and Oribatida, implying that certain macrofauna
detritivore species are competing for food resources with
mesofauna detritivores. However, as the biomass of T. pusillus
was not affected by root trenching, the overall resources exploited
presumably changed little, but trenched plots contained more
small T. pusillus (mean dry weight of 0.26 mg in trenched plots
compared to 0.28 mg in the control), suggesting that recruitment
of juveniles was increased. In Diplopoda, only the density of
A. nitidus was reduced after 3 years of root trenching. A. nitidus
has been classified as secondary decomposer (Scheu and Falca,
2000) feeding on microorganisms and their remains after death,
being an exception compared to other Diplopoda species, which

have a narrow trophic niche and predominantly feed on litter and
function as primary decomposers (Semenyuk and Tiunov, 2011).

Root trenching also negatively affected the abundance of
two macrofauna predators, Chilopoda and Coleoptera larvae
(comprising mainly of Staphylinidae), indicating that shortage
of belowground resources propagates to higher trophic levels
(Ruf et al., 2006; Pollierer et al., 2007). Overall, this argues
for the predominance of bottom-up forces and suggests that
macrofauna predators rely on mesofauna prey suffering most
from deprivation of root-derived resources (see below). Although
Chilopoda suffered little from root trenching, the abundance
of M. crassipes strongly declined in root trenched plots after 3
years. Again, this supports size-compartmentalization of soil food
webs. M. crassipes is a small Chilopoda species exploiting prey
from deeper litter layers than other Chilopoda species (Giinther
et al., 2014; Potapov et al., 2019a), and these prey species are
likely to heavily rely on root-derived resources channeled into
the soil food web via bacteria as proposed earlier (Ferlian and
Scheu, 2013). The abundance and biomass of Lumbricidae was
also not significantly affected by root trenching even though soil
microbial biomass in trenched plots was reduced by 25% (Bluhm
et al,, 2019a). This supports earlier findings suggesting that soil
microbial biomass is a poor predictor for resource availability
for (predominantly endogeic) Lumbricidae (Tiunov and Scheu,
2004), and that endogeic Lumbricidae feed little on root-derived
resources (Albers et al., 2006).

Mesofauna. The abundance of soil mesofauna strongly
and uniformly declined by root trenching (on average by
—31%). This is in line with results of the study of Siira-
Pietikdinen et al. (2001) and underlines the importance of
root-derived resources for this size-compartment of the soil
animal food web. All mesofauna detritivore taxa except
Thysanoptera declined due to root trenching. Two pathways
might have contributed to this reduction: reduced feeding on
living roots and root hairs in particular by Diplura and some
Collembola species (Gunn and Cherrett, 1993; Endlweber et al.,
2009), or reduced feeding on fungi and bacteria associated
with living roots in particular by Collembola, Oribatida and
Protura (Fujii et al, 2016; Bluhm et al, 2019b). Indeed,
root trenching in our study reduced vital fine roots by 50%,
and also bacterial and fungal PLFA markers declined due
to root trenching (Bluhm et al, 2019a). For Collembola,
Oribatida and Protura it has been shown before that they
rely on root-derived resources (Siira-Pietikdinen et al., 2001;
Remén et al., 2008; Bluhm et al., 2019b). The fact that the
abundance of both Oribatida and Collembola were reduced
to a similar level indicates that both taxa are using root-
derived resources to a similar extent. Notably, only hemiedaphic
Collembola species were significantly affected by root trenching
indicating that the importance of root-derived resources varies
among ecological groups of Collembola. Supporting this
conclusion, recent labeling studies also found ecological groups
of Collembola to vary in their use of root-derived resources
(Li et al., 2020).

Similar to mesofauna detritivores also mesofauna
predators declined due to root trenching. The abundance
of Diplura shown to live as predators by stable isotope studies
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FIGURE 3 | NMDS (non-metric multidimensional scaling) of macrofauna (Diplopoda, Isopoda, Chilopoda) (A), Oribatida (B), Collembola (C), and Nematoda
communities (D) in control (Control) and root trenched plots (Trenching), only species significantly correlating with one of the first two NMDS axes shown. (A):
Macrofauna (Alla.nit, Allajulus nitidus; Chor, Chordeumatidae; Lith.sp., Lithobius sp.; Lith.cra, Lithobius crassipes; Lith.mut, Lithobius mutabilis; Nopo.min, Nopoiulus
minutus; Poly.spe, Polydesmus sp.; Porc.spi, Porcellio spinicornis; Sche.nem, Schendyla nemorensis; Stri.acu, Strigamia acuminata; Tric.pus, Trichoniscus pusillus);
(B): Oribatida (Ador.ova, Adoristes ovatus; Bern.bic, Berniniella bicarinata; Brac., Brachychthoniidae; Cham.cus, Chamobates cuspidatus; Cham.sub, Chamobates
subglobulus; Diss.orn, Dissorhina ornata; Enio.min, Eniochthonius minutissimus; Eupe.tor, Eupelops torulosus; Hypo.lut, Hypochthonius luteus; Micr.mini, Microtritia
minima; Noth.sil, Nothrus silvestris; Oppi.falc, Oppiella falcata; Oppi.nov, Oppiella nova; Oppi.obs, Oppiella obsoleta; Oppi.sub, Oppiella subpectinata; Orib.cal,
Oribatella calcarata; Pant.pao, Pantelozetes paolii; Perg.ner, Pergalumna nervosa; Poro.spi, Porobelba spinosa; Quad.mon, Quadroppia monstruosa; Quad.qua,
Quadroppia quadricarinata; Rhys.dup, Rhysotritia duplicata; Sche.ini, Scheloribates initialis; Steg.str, Steganacarus striculus; Suct.alt, Suctobelba altvateri; Suct.,
Suctobelbella spp.; Tect.vel, Tectocepheus velatus sp.; Tect.v.v, Tectocepheus velatus velatus); (C): Collembola (Cera.den, Ceratophysella denticulata; Fols.qua,
Folsomia quadroculata; Isot.vir, Isotoma viridis; Isot.juv, Isotomidae juvenil; Isot.min, [sotomiella minor; Lepi.cya, Lepidocyrtus cyaneus; Lepi.juv, Lepidocyrtus juvenil;
Lepi.lig, Lepidocyrtus lignorum; Mega.min, Megalothorax minimus; Nean.mus, Neanura muscorum; Pogo.fla, Pogonognathellus flavescens); (D): Nematoda (Acrobe,
Acrobeloides; Anaton, Anatonchus; Aphele, Aphelenchoides; Bastia, Bastiania; Bunone, Bunonema; Cephal., Cephalobidae; Cervid, Cervidellus; Dityle, Ditylenchus;
Filenc, Filenchus; Lelenc, Lelenchus; Mesodo, Mesodorylaimus; Plecti, Plectidae; Prionc, Prionchulus; Thonus, Thonus; Tripyl, Tripyla; Tyl.lai, Tylencholaimus; Tylola,
Tylolaimophorus).

(Scheu and Falca, 2000; Albers et al., 2006) declined by —40% Microfauna. In contrast to our hypothesis (1), root
and the density of Mesostigmata showed a decreasing trend trenching did not significantly reduce the abundance of
(—33%; Figure 1A) indicating that they suffered from the decline  fungal feeding Nematoda. This suggests that either fungal
in mesofauna prey. feeding Nematoda do not feed on ECM fungi or they were
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able to compensate for the reduction in ECM fungi by
switching to feeding on saprotrophic fungi. The findings
are in contrast to results of the study of Li et al. (2009),
who found the abundance of fungivorous Nematoda to be
reduced after tree girdling. However, plant feeding Nematoda
showed a trend of being reduced by root trenching, on average
by —58%, presumably due to reduced vital root biomass
and the inability of root feeding nematodes to switch to
other food resources.

Community Structure

In contrast to our hypothesis (1), the community composition
(only analyzed after 3 years of root trenching, see “Materials
and Methods”) was not affected in macrofauna (Isopoda,
Diplopoda, Chilopoda), mesofauna (Oribatida and Collembola),
and microfauna (Nematoda). Similarly, Siira-Pietikdinen
et al. (2001) documented that, despite the abundance of
Oribatida decreased, the community structure remained

unaffected due to exclusion of roots in a coniferous
forest in Finland. The lack of changes in community
structure due to root trenching indicates that virtually
all analyzed species suffered to a similar extent from the
deprivation of root-derived resources or were independent
of it.

Temporal Changes

Contrasting our hypothesis (2), detrimental effects did not
increase with time after root trenching. This is consistent with the
response of microorganisms to root trenching where the effect
even decreased with time suggesting that they compensated for
the deprivation of root-derived resources (Bluhm et al., 2019a).
Presumably, decomposing roots (and associated mycorrhizal
fungi) cut by trenching increased the availability of resources to
microorganisms and this may also have alleviated the detrimental
effect of root trenching for soil animals later in the experiment
(Hagerman et al., 1999).
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Variations With Forest Type and Region
Supporting our hypothesis (3), the effect of root trenching
generally did not vary with forest type and only little with
region. The stronger reduction in microbial biomass due to
root trenching in the Hainich compared to the Schorfheide
(Bluhm et al., 2019a) was only paralleled in one of the studied
taxa of soil animals, i.e., Pauropda. Soils in the Hainich are
rich in nutrients and characterized by shallow organic layers,
while those in the Schortheide are poor in nutrients and
characterized by thick organic layers. Unfortunately, however,
information on food resources of Pauropoda is lacking almost
entirely (Starling, 1944; Voigtlinder et al., 2016) and the parallel
response to microorganisms may not necessarily have been due
to trophic interactions.

Trophic Shifts

In contrast to our hypothesis (4), root trenching little affected
the composition of food resources of soil animals as indicated
by stable isotope and NLFA analysis. The decomposer species
T. pusillus (Isopoda) was among the most responsive macrofauna
species to root trenching, with its abundance being increased
by trenching, but this was only marginally significant after BH
correction (see above). Stable isotope analysis showed that the
increase in abundance was associated by a shift in the carbon
resources used, but the changes varied with forest types and were
restricted to the Hainich. Also, in Lumbricidae root trenching
resulted in changes in stable isotope values. However, in contrast
to T. pusillus, the changes were due to changes in 8!°N values of
the two endogeic Lumbricidae species analyzed (Hainich only).
Presumably, root trenching resulted in a dietary shift towards
older, more decomposed carbon resources more enriched in >N
(Kramer et al., 2003; Potapov et al., 2019b).

Unexpectedly, root trenching did not affect the NLFA
composition of any of the analyzed detritivore or predator species
except in trend for T. pusillus. This likely reflects that, although
microbial biomass was reduced strongly by root trenching, it
did not alter microbial community composition as measured by
PLFA analysis (Bluhm et al.,, 2019a). In T. pusillus the fungal
marker fatty acid showed a trend of being reduced by root
trenching indicating that this species switched its diet towards
bacteria based diets. This shift paralleled the decreased fungal and
increased bacterial PLFAs in trenched plots in the Hainich after
3 years of root trenching (Bluhm et al., 2019a). As the trophic
shift in T. pusillus was associated by an increase in abundance but
not biomass in trenched plots, the shift only beneficially affected
recruitment of juveniles of this species (see above).

Experimental Limitations

Investigating the role of root-derived resources for the
belowground system by using root trenching also has limitations.
Due to cutting of roots soil moisture might be increased during
the growing period due to the lack of water uptake by plants.
To control for the reduced water uptake by trees in trenched
plots we irrigated the control plots, but this may not have fully
equalized soil moisture conditions in control and trenched plots.
Further, dead roots in the trenched plots may serve as additional

resource for decomposers. However, the general reduction in soil
microorganisms as well as soil arthropod taxa in trenched plots
argues that additional dead roots were of minor importance as
resource for the decomposer food web, at least in the studied
upper litter and soil horizons.

CONCLUSION

Root trenching affected the abundance and biomass of soil
animal taxa but the effect depended on the size of the taxa.
Macrofauna and microfauna were only slightly decreased due to
trenching of roots, while mesofauna declined much stronger. The
consistent detrimental effect across mesofauna taxa suggests that
energy in soil food webs is channeled via size-based pathways
with mesofauna detritivores as well as mesofauna predators
relying heavily on root-derived resources. The effect of root
trenching generally did not vary with forest type and only
little with region. Only one taxon responded parallel to that of
microorganisms, suggesting that microbial biomass inadequately
reflects basal resources of the soil animal food web. Notably,
despite the in part marked reduction in abundance and biomass
of soil animal taxa by root trenching, community composition
of each micro-, meso-, and macrofauna remained unaffected.
This suggests that the species of the detrimentally affected taxa
suffered in a similar way from deprivation of root-derived
resources, pointing to the dominance of generalist/omnivore
species in soil food webs. The lack of or only slight change
in the diet of soil animals to root trenching either points to
the inability of soil animals to switch diet or reflects that root-
derived resources only little affect the composition of microbial
communities. Overall, the findings indicate that root-derived
resources are predominantly incorporated into soil animal food
webs via mesofauna taxa affecting both their abundance and
biomass, whereas community composition and trophic niches
of soil animals generally are not or only little affected by root-
derived resources. The fact that mesofauna detritivores and
predators suffered to a similar extent from root trenching points
to the dominance of bottom-up forces in regulating this size-
compartment of soil animal food webs.
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