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Abstract Biopores are pores or voids in soil produced by
roots, by earthworms, or by the occupation of earthworms in
root pores, which are considered important microbial
hotspots, especially in subsoil. We hypothesized that earth-
worms (Lumbricus terrestris L.) exert stronger effects on
microbial activities than decaying plant roots (of Cichorium
intybus L.) in the subsoil because of the addition of
pre-digested organic material. We tested this hypothesis
by analyzing microbial biomass (Cmic), total organic
C (Corg), and activities of eight enzymes (cellobiohydrolase,
β-glucosidase, xylanase, acid phosphomonoesterase, leucine
aminopeptidase, tyrosine aminopeptidase, chitotriosidase, and
N-acetylglucosaminidase) down to 105-cm depth. The Cmic

increase was associated with a two- to threefold increase of
Corg content in biopores as compared to bulk soil. The highest
percentage of Cmic-to-Corg (3.7 to 7.3 %) in the drilosphere
demonstrated the enhancement of microbial efficiency for
organic matter decomposition by earthworms. The availability
of organic matter in biopores increased the activities of C- and
N-targeting enzymes by 1.2–11.3 times, but reduced acid

phosphomonoesterase activity by 10–40 % in biopores versus
bulk soil. Introducing earthworms in root biopores caused
1.5–1.8 times higher microbial biomass and 1.2–1.9 times
increased enzyme activities compared to the sole effect of
earthworms. Soil depth showed a strong effect on the
drilosphere, but only slight effects on the biochemical proper-
ties of root biopores and bulk soil. In conclusion, biopores are
important microbial hotspots of C, N, and P transformations in
subsoil. Earthworms exerted stronger effects on biochemical
properties of biopores than decaying roots.
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Introduction

Microbial activity is the most important indicator of soil health
(van Bruggen and Semenov 2000; Kibblewhite et al. 2007)
due to its high sensitivity to changes of environmental condi-
tions (Anderson and Domsch 1989) and land use (Matson
et al. 1997; Mganga et al. 2015). Microbial activity is affected
bymany factors, including labile C availability (C) and energy
supply (Blagodatskaya and Anderson 1999; Schimel and
Weintraub 2003), microbial community composition
(Goberna et al. 2005), and soil aggregate (Miller and Dick
1995). Microorganisms are heterogeneously distributed in
the soil. There are regions with faster/higher microbial process
rates and more intensive interactions compared to the sur-
rounding soil. These regions are termed microbial hotspots
(Kuzyakov and Blagodatskaya 2015). Hotspots occur when
substrate availability for microbes is high. Biopores, for
example, are important hotspots with high microbial process
rates (Kuzyakov 2010; Hoang et al. 2016). They are defined
as tubular soil macropores (Nakamoto 2000) or voids
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(Kautz 2014) formed (1) by roots (the pores remaining after
root decay) (detritusphere), (2) by earthworms (drilosphere),
or (3) by continuous colonization of old root channels by
earthworms (detritus-drilosphere). Root litter addition and
earthworm burrows strongly increase microbial biomass in
soils (Sanaullah et al. 2011). Subsoil biopores can become
crucial for nutrient acquisition by plants because nutrients
and organic C may be depleted in arable topsoil after long-
term cultivation and litter removal from the field (Kautz et al.
2013). Biopores affect soil physical conditions by increasing
air and water circulation in subsoil horizons (Uteau et al.
2013; Kautz 2014). Moreover, they also change soil biochem-
ical properties by altering microbial biomass and the activities
of enzymes involved in cycles of carbon (C), nitrogen (N),
phosphorus (P), and other nutrients (Stehouwer et al. 1993;
Tiunov and Scheu 2000; Jégou et al. 2001). Most biopore
investigations, however, have focused on topsoil layers
(Menichetti et al. 2014). The roles of subsoil biopores for plant
growth are still underestimated despite their importance.

Microbial activities are controlled by C and N availabilities
(Blagodatsky et al. 1998; Hodge et al. 2000), which depend on
soil organic matter decomposition. Organic C and total N
contents decrease with soil depth in the bulk soil (Salomé
et al. 2010). This makes biopores an important source of
nutrients and C in subsoil layers. Several studies (Don et al.
2008; Sanaullah et al. 2011; Bamminger et al. 2014) have
documented an increase in N and C stocks within burrow
walls compared to the bulk soil. Organic P compounds such
as phytate, phospholipids, and nucleic acids are hydrolysed to
inorganic P by phosphatases, which are released by
phosphate-solubilizing bacteria, for example, Pseudomonas,
Bacillus, and Rhizobium (Rodríguez and Fraga 1999;
Nannipieri et al. 2011). Earthworms increase the solubiliza-
tion of P in soil by decreasing pH, desorbing P from soil
particles, and by generally accelerating microbial activities
(Barois and Lavelle 1986; Lopez-Hernandez et al. 1993).

Organic matter lability, C and N availability, and lifetime of
biopores of various origins may specifically regulate the mi-
crobial community composition and activity (Kuzyakov and
Blagodatskaya 2015). The aim of this study was to measure
microbial activities in different biopore types (old root chan-
nels colonized or not colonized by earthworms, mixed-origin
pores by both old root channels and earthworms) through
microbial biomass, basal respiration, and enzyme activities.
It was hypothesized that (i) the combined effect of
decomposed roots and short-term incubation with epi-anecic
earthworms (Lumbricus terrestris L.) boosts microbial activi-
ties more than mere earthworm presence or root decay and (ii)
earthworm presence causes higher microbial biomass, higher
basal respiration, and higher enzyme activities involved in C,
N, and P cycles compared to the bulk soil.

To test these hypotheses, soil was sampled from pore walls
made by chicory roots (Cichorium intybus L.), earthworms,

and the introduction of earthworms into chicory root pores.
We analyzed total organic C (Corg), microbial biomass (Cmic),
basal respiration (CO2), and the activities of enzymes involved
in the decomposition of soil organic compounds. Despite en-
zyme activity is a sensitive indicator of changes in soil organic
matter, it remains unclear whether the microbial mechanisms
differ in these hotspots and in bulk soil. This may be revealed
by enzyme kinetics parameters (Nannipieri and Gianfreda
1998; Pathan et al. 2015). They describe the catalytic activity
and enzyme substrate affinity (Nannipieri et al. 1988, 1996) and
the probable distribution of enzyme activity in the biopores
(Nannipieri et al. 2012; Uksa et al. 2015). Therefore, the kinet-
ics of eight enzymes were measured including the following:
cellobiohydrolase (CBH) and β-glucosidase (BGL), which are
commonly measured as enzymes responsible for consecutive
stages of cellulose degradation (German et al. 2011); xylanase
(XYL), which is responsible for breaking down hemicelluloses
(German et al. 2011); and acid phosphomonoesterase (PHO),
which hydrolyzes (mono) ester bonds of organic P to phosphate
under acidic conditions (Eivazi and Tabatabai 1977; Malcolm
1983). Activities of leucine aminopeptidase (LAP) and tyrosine
aminopeptidase (TYR) were analyzed to assess the hydrolysis
of leucine and tyrosine residues from the amino-termini of pro-
tein or peptide substrates (Rawlings et al. 2006). Activities of
chitotriosidase (CHI), which is involved in the first step
of chitin degradation, and N-acetylglucosaminidase
(NAG-chitinase), which accomplishes the decomposition of
chitin to lower molecular weight chitooligomers (Hamid et al.
2013), were determined. The subsoil was divided into two
depth intervals: 45–75 and 75–105 cm because (i) the decom-
position rate of fresh roots decreases linearly with soil depth
down to 100 cm (Gill and Burke 2002), and (ii) the total soil C
stock as well as the stability of root-derived C and of root-
derived N are different at different depths (Goberna et al.
2005). The choice of soil depths was also based on the study
by Perkons et al. (2014), who found the largest difference of
chicory root diameters between 45–65 cm and deeper horizons.

Materials and methods

Soil sampling and preparation

The research station is located at the Campus Klein-Altendorf
(50° 37′N, 6° 59′ E) south-west of Bonn, Germany. The soil is
a Haplic Luvisol (WRB). Detailed soil properties are given in
Vetterlein et al. (2013).

Twenty-five biopores of each type were investigated. (1)
Chicory (Cichorium intybus L.), characterized by a taproot
system, was grown for three consecutive years from 2010 to
2012. In September 2012, the topsoil (0–45 cm) was removed
from 3 plots (2.1 × 1.5 m), and the positions of 50 fresh chic-
ory roots weremapped on transparent foil (plastic map) placed
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against the subsoil. Afterwards, plastic tubes, as artificial epi-
earthworm burrows, were installed from the subsoil (starting
in 45-cm depth) to the soil surface at the half number of posi-
tions of chicory roots (25 pores) before filling up the topsoil.
The plots were kept under fallow until September 2014 so that
chicory roots decayed and created root pores (Root-B). (2) In
spring 2014, half of the root pores were introduced with earth-
worms (Lumbricus terrestris L.) to create mixed origin pores
(WRoot-B). Epi-earthworms were fed with ryegrass residue
(Lolium perenneL.) placed on the soil surface. At sampling, in
September 2014, epi-earthworms were removed with the octet
method (Thielemann 1986) from the mixed origin pores. (3)
Additionally, native earthworms were expelled from the soil
by the octet method. Biopores (diameter ≥ 2 mm) containing
large mature earthworms were selected as earthworm pores
(Worm-B). These biopores were compared with the bulk
soil sampled from the respective depths.

After removing the topsoil in September 2014, biopore
positions were re-identified based on previously mapped
positions. Biopore material (root pores, mixed origin pores,
and epi-earthworm pores) was sampled from four plots at two
soil depths 45–75 and 75–105 cm. The biopores were opened
from one side with a small sharp knife, and soil material from
the pore wall was carefully sampled with micro-spoons. Soil
samples were taken 2mm around the pore because this layer is
highly affected by epi-earthworms and root decomposition
(Tiunov and Scheu 2000; Don et al. 2008). In addition, bulk
soil (Bulk-S) was taken at random positions unaffected by
biopores (>2-cm distance) from 45–75- and 75–105-cm depth
at the four plots. The samples were stored at ∼5 °C until
analyses. Prior to the analyses, coarse organic matter (free
roots and plant debris) was carefully removed with tweezers.

Total organic C and total N content analysis, basal
respiration, and microbial biomass C

Air-dried soil samples (40–50mg) were ground to powder in a
ball mill and weighed into tin capsules (IVA, Meerbusch,
Germany). The capsules plus sample were loaded on a
FLASH 2000 CHNS/O Elemental Analyser (Thermo Fisher
Scientific, Cambridge, UK) coupled with ConFlo III interface
and Delta V Advantage isotope ratio mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) to measure to-
tal organic C (TOC) and total N (TN) contents.

Soil moisture was adjusted to ∼0.2 g water g−1 soil dry
weight and controlled daily by weighing. The soil was incu-
bated at room temperature (22 °C ± 1) for 2 days
(Blagodatskaya et al. 2011). To measure basal respiration
(BR) and microbial biomass C, an amount equivalent to 1 g
of oven-dry soil was incubated at 20 °C in 12-mL septum-
capped vials; six blanks (empty vials) were prepared as con-
trols. An incubation temperature of 20 °C was chosen because

Creamer et al. (2014) identified the greatest stability of the
initial respiration rate at 20 °C.

Immediately after adding the soil to the vials, they were
closed air-tight, flushed with ambient air, and CO2 concentra-
tions were measured for the first time (time 0) with a gas
chromatography electron capture detector (GC 6000 Vega
Series 2, Carlo Erba). Following each measurement, all the
samples were again flushed with air, incubated at 20 °C, and
measured with GC every 24 h for the first 3 days (time 1, 2,
and 3). Thereafter, all the vials were equally supplemented
with 100-μL glucose solution containing 6 mg glucose
(Anderson and Domsch 1978; West and Sparling 1986; Lin
and Brookes 1999) to determine soil microbial biomass (μg
Cmic g

−1 soil dry mass) by the substrate-induced respiration
(SIR) method. Microbial biomass C was calculated based on
the maximum respiratory response to glucose amendment.
The water content was adjusted to 70 % (WHC) with the
glucose solution to attain the highest CO2 evolution within
2–6 h of incubation (Ritz and Wheatley 1989). After adding
glucose, all the vessels including blanks were immediately
flushed with air, incubated at 20 °C for 2 h (Lin and
Brookes 1999), and directly measured by GC. We used the
same incubation times as reported by Lin and Brookes (1999)
due to similarities in pH, TOC, and TN values with our soil
(Kautz et al. 2013). The CO2 evolution (ppm) was calculated
by subtracting the CO2 concentrations of blanks from that of
the samples.

Enzyme activities and kinetics

The activity of the eight enzymes targeting C, N, and P con-
taining organic compounds was measured by fluorometric
microplate assays of 4-methylumbelliferone (MUF) and 7-
amino-4-methylcoumarin (AMC) (Marx et al. 2005).
According to Razavi et al. (2015), suspensions of 0.5 g soil
(dry weight equivalent) with 50 mL sterilized water were pre-
pared. Fifty microliters of soil suspension were added to
100 -μL subs t r a t e so lu t i on and 50 μL of MES
(C6H13NO4SNa0.5) buffer (pH 6.5) for MUF (C10H8O3) sub-
strate and TRIZMA (C4H11NO3•HCl, C4H11NO3) buffer (pH
7.2) for AMC (C10H9NO2) substrate in a 96-well microplate
(Koch et al. 2007). The time intervals of fluorescence mea-
surement (after 30 min, 1 h, and 2 h) were kept similar for all
the enzymes and treatments. We determined enzyme activities
in a range of substrate concentrations (0, 10, 20, 30, 40, 50,
100, and 200 μmol g−1 soil). The calibration solutions were
prepared using soil suspension (50 μL) and MUF or AMC to
obtain a series of concentrations of 0 1.2 mM (Razavi et al.
2015). Fluorescence was measured using a Victor 1420–050
multilabel counter (PerkinElmer, USA) at an excitation wave-
length of 355 nm and an emission wavelength of 460 nm.
Enzyme activities (Vmax) were calculated as released MUF
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or AMC in nmol per g dry soil per hour (Marx et al. 2005), and
substrate affinity (Km) was expressed in μmol g−1.

Calculations

Basal respiration and microbial biomass C Basal respira-
tion (μg C g−1 h−1) was calculated based on the CO2 volume
per soil dry weight and incubation time in relation with head-
space volume of the sealed flask containing the soil sample,
incubation temperature, and air pressure (Orchard and Cook
1983). The CO2 concentrations of blank vials and the initial
CO2 concentration of soil vials (time 0) were subtracted from
the corresponding CO2 concentration of sample vials at time
intervals (time 1, 2, and 3) to calculate cumulative CO2 evo-
lution (Creamer et al. 2014).

Applying the ideal gas equation, CO2 respiration in the SIR
experiments was expressed in μg C g−1 h−1. Microbial bio-
mass C (μg C g soil−1) was calculated based on the equation
by Anderson and Domsch (1978):

x ¼ 40:4*y þ 0:37; ð1Þ
where y is the maximum initial rate of respiration (CO2

evolution 2 h after adding glucose). The Cmic-to-Corg was
calculated as a percentage of Corg expressed by total Cmic.

The microbial metabolic quotient (qCO2) was calculated by
dividing initial respiration (BR) by Cmic and expressed as μg
CO2-C mg−1 Cmic h

−1 (Anderson and Domsch 1989).

Enzyme kinetics The Michaelis-Menten equation was ap-
plied to calculate the Km and Vmax for each enzyme:

V ¼ Vmax S½ �
Km þ S

; ð2Þ

where V is the rate of substrate converted in nmol g−1 dry soil
h−1, Vmax is the maximum rate of enzyme activity, and Km is
the saturation constant of each enzyme defined by the
substrate amount at which reaction velocity is equal to the
half-maximum rate. Both Vmax and Km values were deter-
mined by the nonlinear regression routine of OriginPro 8.5
(OriginLab, MA, USA).

Statistics All results are given as means and standard errors
(SE). Normality and homogeneity of variance were checked
in groups using Shapiro-Wilk’s W test and Levene tests,
respectively. Following this step, the significance of differ-
ences among four soil groups (Root-B, Worm-B, WRoot-B,
and Bulk-S) and two soil depths was tested by two-way
ANOVA, with subsequent multiple comparisons by the
Turkey HSD test where p values <0.05 indicated the signifi-
cance. All statistical analyses were performed using
STATISTICA 12 (StatSoft Inc., USA).

A constrained ordination in reduced space using redundan-
cy analysis (RDA) was performed to explore the relationship
between enzyme kinetic parameters and soil properties, as
well as between biopore types and bulk soil, and between
the two depths. To achieve the assumption of normality, the
rank-based inverse normal transformation (INT) of all vari-
ables was performed:

Y i ¼ Φ−1 ri
N þ 1

� �
; ð3Þ

where Yi is the transformed variable, ri is the ordinary rank of
the i case among N observations, and Ф−1 is the standard
normal quantile function (van der Waerden 1952). The RDA
analysis was conducted using the web-based GUide to
STatistical Analysis in Microbial Ecology (GUSTA ME;
Buttigieg and Ramette 2014). For the RDA, the Vmax of the
eight investigated enzymes were considered response vari-
ables, and Corg, Cmic, and qCO2 were considered explanatory
variables. The overall significance of the RDA model was
determined based on a permutation test (999 permutations)
(p < 0.05). Object focused type I scaling was used to interpret
the relationship between sampling sites and variables.
Response-variable focused type II scaling was used to inter-
pret the relationship between response variables and explana-
tory variables.

Results

Total organic C and microbial biomass C

The Corg content in the mixed origin pores (WRoot-B) and
earthworm pores (Worm-B) ranged from 10.4 to 11.4 mg g−1

soil, whereas lower Corg values of ∼9 and 3–4 mg g−1 soil
were measured for the root pores (Root-B) and bulk soil
(Bulk-S), respectively (Fig. 1). The higher Corg content of
epi-earthworm versus root pores (p < 0.05) was only found
in the upper layer due to the higher variability of this param-
eter at lower depth. The absence of interactions between
biopore origins and soil depths (p = 0.24) shows that biopore
origin (p < 0.001) affected Corg irrespective of soil depth
(p = 0.2) (two-way ANOVA).

Soil depth did not affect the total N content (Fig. 1). The
Worm-B and WRoot-B showed similar total N content
(∼1 mg g−1 soil), which were double those of the Bulk-S at
both soil depths. The WRoot-B contained up to 24–27 times
more Cmic than the Bulk-S and 4 times more Cmic than the
Root-B (Fig. 1). Although Corg did not differ between the
Worm-B and WRoot-B, Cmic was twice as high in the
WRoot-B. Cmic in the Root-B was five- and eightfold higher
than in the bulk soil in upper and lower horizons, respectively.
The largest differences between pores of either origin and the
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bulk soil were in the upper horizon with the highest values
(0.82 mg Cmic g

−1 soil) in the WRoot-B and the lowest values
(0.03 mg Cmic g

−1 soil) in the Bulk-S. Cmic in the WRoot-B
sharply decreased with depth, while Cmic in the Worm-B,
Root-B, and Bulk-S were stable.

The Cmic proportions in both subsoil depths ranged from
0.71 to 7.3 % of Corg, which were affected only by biopore
origin (p < 0.001). The metabolic quotient (qCO2) decreased
in the order Bulk-S > Root-B >Worm-B >WRoot-B, regard-
less of soil depth (Fig. 2). Although the qCO2 slightly in-
creased, the effect of depth on qCO2 was not significant (with
the exception of the bulk soil).

The increase of microbial biomass was associated with an
increase in organic matter content in biopores in comparison
with the Bulk-S. The effect of soil depth on microbial biomass
was clear in the WRoot-B.

Enzyme activities

Earthworms increased the activities of the seven enzymes
(β-glucosidase, cellobiohydrolase, xylanase, chitinase,
chitotriosidase, leucine aminopeptidase, and tyrosine ami-
nopeptidase), which target the decomposition of C- and
N-containing substrates compared to root pores and bulk
soil at both soil depths (Fig. 3). In contrast, acid phospho-
monoesterase activity was lower in biopores than in the
bulk soil, but increased with depth.

Generally, C and N enzyme activities increased under
earthworm presence, but this depended on enzyme type. For
example, earthworms raised cellobiohydrolase activities
(C-cycle) fivefold, but raised leucine-aminopeptidase
(N-cycle) up to 11-fold. The combination of decomposed
roots and earthworms increased activities of cellobiohydrolase,
xylanase, chitotriosidase, leucine aminopeptidase, and tyrosine
aminopeptidase by 1.2–1.9 times at 45–75-cm depth compared
with earthworm pores. These differences, however, were very
small or even absent at 75–105 cm. Along with earthworm
biopores, the Root-B also positively affected enzyme activities
of C and N cycles, but 1.2–3.9 times less than the Worm-B and
WRoot-B. Most of enzyme activities in the WRoot-B and
Worm-B decreased (p < 0.05) with soil depth, by a factor of
1.2–3.4. Nevertheless, enzyme activities in the Root-B and
Bulk-S remained the same or even increased with soil depth,
as did cellobiohydrolase.

For acid phosphomonoesterase activity, the bulk soil had
the highest Vmax values in both soil horizons, being 10–40 %
times higher than in all the biopores. The three biopore types,
in contrast, presented almost the same acid phosphomonoes-
terase activities, which significantly (p < 0.05) increased with
depth in biopores and bulk soil.

The constrained variance accounts for 67.3 % of the total
variance whereby the first and second eigenvalues accounted
for 66.4 and 0.82 % of the total variance, respectively (Fig. 4a).
All enzyme activities (except acid phosphomonoesterase) were
positively correlated with Corg and Cmic and negatively
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correlated with qCO2. The RDA result of the object focus type I
scaling plot showed that microbial activities were distinctive
between biopore types and bulk soil, and also differed between
soil depths (Fig. 4b).

L. terrestris presence positively affected all enzyme activ-
ities (except acid phosphomonoesterase). Enzyme activities of
earthworm biopores decreased with depth, but those of root
pores and bulk soil remained the same.
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Enzyme activities and catalytic efficiency in dependence
on substrate affinity

Substrate affinities (Km) varied differently among biopore or-
igins and Bulk-S in association with enzyme types and soil
depth (Appendix 1). Chitotriosidase, tyrosine aminopeptidase,
and acid phosphomonoesterase illustrated a similar Km among
bulk soil, Worm-B, and WRoot-B. However, the ratio be-
tween Vmax and Km, i.e., reflecting the catalytic efficiency of
enzymes (Ka), presented a clear variation both among

biopores types and between depths (Fig. 5). In all C- and N-
involved enzymes, the catalytic efficiency increased in
biopores versus Bulk-S. The Ka of acid phosphomonoesterase
declined sharply from the bulk soil to root pores, then gradu-
ally to earthworm biopores and mixed pore origins. The
decrease of acid phosphomonoesterase was stronger at the
lower than the upper depth, reflecting the simultaneous
increase of Km and Vmax with depth. We found a significantly
positive relationship (R2 > 0.8) between Ka and Cmic for
cellobiohydrolase, β-glucosidase, N-acetylglucosaminidase,
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chitotriosidase, and leucine aminopeptidase at the upper soil
depth and xylanase at the lower depth (Supplementary S1).

To conclude, microbial biomass C, enzyme activities, and
C accumulation increased from the bulk soil to biopores with a
maximum in worm-root pores. After the introduction of epi-
earthworms into root pores, the enzymes involved in chitin,
protein, and organic P decomposition shift from root effect to
epi-earthworm effect. Soil depth exerts a stronger effect in the
drilosphere and the detritus-drilosphere than in the
detritusphere and the bulk soil (Fig. 6).

Discussion

Organic matter accumulation and microbial activities
in biopores

The presence of earthworms in general and epi-anecic earth-
worms (L. terrestris) in particular significantly modifies the
amount and composition of organic matter through their
burrowing, ingesting, and casting activities (Marinissen and
de Ruiter 1993; Tiunov and Scheu 2000; Aira et al. 2003;
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Capowiez et al. 2015). The role of biopores becomes more
important in the subsoil because these deeper soil horizons are
strongly limited in fresh C input. We explain the higher con-
tent of Corg and TN in both pore types under epi-earthworm
presence (Fig. 1) by the enrichment of fresh C and N in their
cast crashed along the burrow walls. Moreover, the formation
of macro-aggregates by epi-earthworms protected SOM from
microbial decomposition (Martin 1991; Lavelle and Martin
1992; Gilot 1997). We consider the combination of decaying
roots, ryegrass incorporated into earthworm bodies, and earth-
worm activities to be the main reasons for the increase of Corg

and TN in earthworm burrows. After about 2 years of root
decomposition, there were no visible main root residues in
the pores. Hence, chicory roots were decomposed because soil
moisture, O2 concentration, and pH (Silver and Miya 2001) in
biopores are optimal for high microbial activities. Root detri-
tus increases the amount of organic matter in the Root-B ver-
sus Bulk-S. A slight decrease of Corg with depth in all biopores
and Bulk-S showed that organic matter was uniformly distrib-
uted along subsoil horizons (from 45 down to 105 cm). The
L. terrestris burrow wall is highly variable because casts are
crashed along the burrow wall but not at the same vertical
density and not at the same date. These results are in line with
the findings of Don et al. (2008), who showed the absence of
Corg differences from 60 down to 140-cm soil depth in the
drilosphere.

Microorganisms play a key role in soil nutrient cycles.
They proliferate in habitats rich in organic matter and featur-
ing harmonized moisture and temperature conditions. Our re-
sults of Cmic were consistent with the Corg content, where Cmic

in the WRoot-B and Worm-B were the highest, and the Bulk-
S showed the lowest values. Cmic in the drilosphere exceeded
that in the bulk soil by 14–18 times. In comparison, Tiunov
and Scheu (2000) only documented 2.3–4.7 times higher Cmic

in the drilosphere compared to the bulk soil. We explain the

difference in these findings by the difference in organic prop-
erties of forest soils in Tiunov and Scheu’s study: forest soils
were more stable for decomposition by microorganisms than
crop residues in an agricultural soil. The 25 to 27 times higher
Cmic in detritus-drilosphere than bulk soil is explained by two
processes: (i) complex SOM structures are weakened and bro-
ken down after passing through earthworm guts, becoming
more available to microbes (Svensson and Friberg 2007);
and (ii) the mucus secreted with casts is like a Bkiss^ to wake
up the Bsleeping beauty^ (microorganisms) because of the
labile C richness (Brown et al. 2000). Decaying roots in-
creased microbial biomass with respect to the bulk soil by
providing Corg and N (Poll et al. 2008; Bastian et al. 2009).
Nonetheless, the lifetime of the detritusphere may be very
short, and the root mass sharply decreased after a few weeks
(Spohn and Kuzyakov 2014), so that Cmic in the Root-B was
lower than those in the Worm-B and WRoot-B. Whereas Cmic

of the WRoot-B dropped off at the lower depth, those of the
Worm-B slightly decreased but those of the Root-B and
Bulk-S remained unchanged. Combining Cmic and Corg re-
sults, we conclude that the organic matter quality (labile C
amount) controlled microbial activity more than organic mat-
ter quantity (Anderson and Domsch 1989).

The percentage of Cmic-to-Corg can be used to indicate the
state of soil C: equilibrium, accumulating, or decreasing (Beck
1984). A wide range of Cmic-to-Corg from 0.71 to 7.3 %
(Appendix 2) revealed distinct effects of epi-earthworms and
roots on soil C content compared to the bulk soil. At both soil
depths, Cmic in the bulk soil contributed 0.7–0.8 % to total
organic C, but this contribution was eightfold and threefold
higher in the WRoot-B (5.6–7.3 %) and Root-B (2.2 %), re-
spectively. Thus, a unit of Corg in the burrow wall contained a
larger share of microbial biomass than its counterpart in root
pores or bulk soil (Tiunov and Scheu 1999). According to
Jenkinson and Ladd (1981) and McGill et al. (1986), C
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accumulates or decreases if the percentage of Cmic-to-Corg is
larger or smaller than the C equilibrium of 1.8–3.3 %.
Consequently, C declined in bulk soil, whereas an accumula-
tion in biopores (Appendix 2). Elsewhere, the increase of
Cmic-to-Corg was caused by an increase of organic matter input
to a soil (Bauhus et al. 1997). As epi-earthworms were intro-
duced into root pores, feeding activities of this species in the
organic-mineral soil mixture provided a frequent C source in
the drilosphere. The equilibrium of C in root biopores was
only a transient state that then fell back to a base level after
dead roots were degraded. The decline of Cmic-to-Corg in the
bulk soil was accompanied by a decrease in available organic
matter content.

Basal respiration in biopores and the metabolic quotient
(qCO2) strongly supported the above explanations about the
status of soil C. Biopore characterized by a high Cmic-to-Corg

also had a low qCO2, but the bulk soil was characterized by a
low Cmic-to-Corg and a high qCO2. The higher metabolic effi-
ciency of the microbial community in the Bulk-S compared to
that in biopores means that relatively less C from organic
substrates was channeled into anabolic processes (Miller and
Dick 1995). In contrast, the reverse trend in the bulk soil
implied a slower C metabolism or unavailability of C sources
(Dippold and Kuzyakov 2013). However, the differences of
qCO2 among biopores and bulk soil might be affected by
microbial compositions (the ratio between bacterial and fungal
biomass) as suggested by Nannipieri et al. (2003). Soil depth,
nevertheless, had a minor effect on biopore qCO2 but strongly
affected the bulk soil.

Thus, roots and epi-earthworms induced C accumulation in
the subsoil and increased microbial biomass, with stronger
effects in the drilosphere and detritus-drilosphere compared
to the detritusphere.

Enzyme activities

The earthworm-induced increase of the activities (Vmax) of all
the tested enzymes, with the exception of acid phosphomono-
esterase, supported previous studies (e.g., Don et al. 2008;
Hoang et al. 2016). Enzyme activities are related to microbial
biomass (Cmic) (Aira et al. 2007), so higher Cmic in earthworm
pores led to higher enzyme activities compared to root pores
and bulk soil. The increases in the activities of C and N cycle
enzymes in the WRoot-B and Worm-B (Fig. 3) are explained
by microbial abundance inducing an increase of enzyme ac-
tivity (German et al. 2011). Nevertheless, this increase was
only temporary as long as C was available in the pores.
Cellulose and hemicellulose are two substances provided by
fine root detritus via their decomposition (Kögel-Knabner
2002). These polymer structures are ruptured during earth-
worm gut transit. The higher availability of these organic com-
pounds stimulates microbial enzyme production (Allison and
Vitousek 2005). Although main roots in our experiment were

completely decomposed at the time of sampling, these two
polymers were still absorbed on soil particles along pore
walls. The existence of enzyme variety is an index for the
presence of complex substrates (German et al. 2011).

The activities of enzymes (cellobiohydrolase and
chitotriosidase) cleaving the polymers into sub-units were low-
er than those (β-glucosidase and N-acetylglucosaminidase) in-
volved in the second step of decomposition by factors of 5–18
times and 2–3 times, respectively. This pattern supports the
microbial economic theory (Koch 1985) and Allison’s state-
ment (Allison 2005), that microorganisms are stimulated to
produce enzymes only because this production leads to greater
resource acquisition. In comparison, enzyme activities in root
pores were 1.2–4 times higher than in the bulk soil, but 1.2–2.8
times lower than those in the WRoot-B and Worm-B.
Activities of C-functioning enzymes were 1.5–2 times lower
in the Root-B than those in the biopores made by epi-
earthworms. Labile substrates were probably exhausted
in the detritusphere after a short time (within 20 days as
suggested by Spohn and Kuzyakov 2014). In contrast,
substrate input in the drilosphere and the detritus-
drilosphere was more continuous as epi-earthworms in-
corporated fresh litter. Thus, there was more accumulated
organic matter in burrow linings than that in the Root-B,
which increased soil enzyme activities.

The activities of most enzymes decreased with depth. Both
Corg content and Cmic, however, remained stable with depth.
This indicates a Bstressed^ condition of microorganisms in
enzyme production. The reduction of enzyme activity was
stronger under the WRoot-B and Worm-B than that under
the Root-B and Bulk-S. Based on soil data (Kautz et al.
2014), bulk density increased with depth because the clay
content increased (from 27 % at 45–75 cm to 30 % at
75–87 cm). Soil organic matter was adsorbed to clay min-
erals, making it more difficult for microorganisms to access
(Chenu and Stotzky 2002). Briefly, these changes imply that
enzyme production by microorganisms was affected not only
by substrate concentration but also bymicrobe population size
and microbial demand.

Acid phosphomonoesterase activity reacted differently
from C-involved enzymes. They were highest in the bulk soil
and as similarly low in epi-earthworms and root biopores.
This contradicts the enhancing effect of epi-earthworms on
acid phosphomonoesterase in burrow linings proposed by Le
Bayon and Binet (2006). Althoughmost studies confirmed the
promotion of acid phosphomonoesterase activity in worm
casts (Satchell and Martin 1984; Buck et al. 1999; Flegel
and Schrader 2000), but less attention was given to acid phos-
phomonoesterase activities on burrow surfaces. Clearly, epi-
earthworms do increase water-soluble and exchangeable P
content after soil ingestion (Mackay et al. 1982; Wan and
Wong 2004). On the one hand, the higher acid phosphomono-
esterase activities in the Bulk-S compared to those in the
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biopores in our experiments were indicated by Bmicrobial
economics^ (Allison and Vitousek 2005; Nannipieri et al.
2011), in which the enzyme production drops in the event of
more readily available assimilable resources. On the other
hand, the increase of acid phosphomonoesterase at lower
depth indicated a lack of available P along the soil profile.
Nannipieri et al. (2012)) also announced the enhancement of
acid phosphomonoesterase activities as a consequence of
P deficiency. Furthermore, soil pH increase with depth
(Vetterlein et al. 2013) could be put forward as a reason
for the decrease of acid phosphomonoesterase activi-
ties, indicating a higher contribution of alkaline phos-
phomonoesterase activities, which was not measured in
this study.

Biopores with favorable organic matter supply in-
creased enzyme activities. Lower acid phosphomonoester-
ase activities in biopores than in the bulk soil indicated a
higher availability of inorganic P by root degradation and
epi-earthworm burrowing.

Substrate affinities in dependence on epi-earthworm
and root effects

Substrate affinities are an important indicator for the en-
zymatic degradation of SOM (German et al. 2011).
Accordingly, the response of Km to biopore presence
reflects the corresponding SOM decomposition by
microbes. While Vmax increased for most enzymes in
earthworm biopores and root pores (except acid phospho-
monoesterase activities), Km varied among enzymes and
soil groups (Appendix 1). This variation of Km can be
explained by a variation in the composition of microbial
communit ies depending on the presence of epi-
earthworms and root detritus. At 45–75-cm depth, Km

was similar in the Bulk-S, WRoot-B, and Worm-B in
chitotriosidase, tyrosine aminopeptidase, and acid phos-
phomonoesterase. A similar set of enzymes or isoenzymes
(i.e., enzymes with the same functions, but different struc-
ture) (Farrell et al. 1994; Tabatabai et al. 2002) with sim-
ilar substrate affinity were therefore responsible for the
decomposition of organic matter in these two biopores
and the bulk soil. These enzyme systems in earthworm
pores (Worm-B) were the same as those in the bulk soil
but different from root pores (Root-B) (Appendix 1).
However, as epi-earthworms were introduced into root
pores to make the WRoot-B, the Km values of old root
channels became closer to those of the Worm-B and bulk
soil. This implies a Bcall-back^ effect of epi-earthworms,
i.e., the enzyme systems involved in chitin, protein, and
organic phosphorus were expressed by microorganisms in
old root channels to adapt to the presence of epi-earth-
worms. These findings confirmed that the role of dead

roots in shaping microbial communities was minor com-
pared with epi-earthworms.

The general trend of catalytic efficiency demonstrated
an increase from the bulk soil to the Worm-B and WRoot-
B, but this increase was enzyme-dependent. The catalytic
efficiency of enzymes was highly correlated with the soil
organic matter content (R2 > 0.8) (except chitotriosidase at
75–105 cm, Supplementary S1). This close connection,
however, was negative for acid phosphomonoesterase.
Thus, given an increase of Ka and Cmic from the bulk soil
to the Worm-B and WRoot-B, we conclude that organic
matter decomposition within biopores is more efficient
because of higher microbial activity.

Conclusions

The combination between L. terrestris and old root chan-
nels fosters the microbial activities than mere earthworm
effect in the subsoil. Nonetheless, biochemical properties
of biopores (Corg, Cmic, and enzyme activities) depend on
their origins: epi-earthworms or roots. Earthworms, with
their burrowing activities and input of pre-digested or-
ganics, have stronger effects on C content, microbial bio-
mass, and enzyme activities in biopores than decomposed
roots after 2 years. Epi-earthworms increased enzyme ac-
tivities involved in the C and N cycles by up to 500 %,
but decreased acid phosphomonoesterase activities by
28 %. We attribute the decrease of acid phosphomonoes-
terase activities in biopores compared to bulk soil to more
available inorganic P in biopores due to epi-earthworms and
root decomposition. The change of microbial biomass and ac-
tivities of five enzymes (xylanase, N-acetylglucosaminidase,
chitotriosidase, leucine aminopeptidase, and tyrosine ami-
nopeptidase) with soil depth was negligible in root
biopores and the bulk soil, but significantly decrease in
earthworm-induced biopores. Our study raises the questions
on the difference of soil organic matter decomposition in
top—compared to subsoil under effects of distinctive biopore
types as the C input in topsoil is supposed to be Byounger^ in
top—than sub-layers.
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Appendix 1

(Fig. 7).
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