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A B S T R A C T

In arable fields, biopores are primarily formed by taproots, but may also be bored by earthworms. Irrespective of
the pore origin, repeated use by anecic earthworms yields a wall coating that is rich in carbon, nutrients and
microorganisms. However, this effect is halted by routine tillage, and it remains unclear how quickly earth-
worms are able to alter biopore properties in subsoil. We conducted an earthworm incubation field experiment in
arable soil to test the capacity of Lumbricus terrestris to i. increase total nutrient contents including plant available
P, ii. alter the microbial community and iii. increase enzyme activities in biopore walls over one vegetation
period. Firstly, biopores that contained chicory roots were identified on a plot scale (4.2 × 1.5 m). After two
years under fallow, roots were decomposed. We then inserted individual earthworms at 45 cm depth into a
subset of these pores, afterwards refilling with topsoil. After six months, earthworms were removed and soil was
opened at 45–75 cm and 75–105 cm soil depth layers. The inner pore wall (1 mm) of individual root biopores
(‘RBP’) or root biopores modified by earthworms (‘EBP’) as well as the bulk soil were sampled in 6 depth
intervals of 10 cm each and analyzed for total C, N, S content, plant available P, microbial biomass, phospholipid
fatty acids (PLFA) and enzyme activity. Biochemical properties of bulk soil, RBP and EBP clearly differed after
one vegetation period as indicated by principal component analysis. PLFA markers of fungi and protozoa were
detected only in biopores. Compared with the bulk soil, total C, N, S were enriched in RBP by a factor of 2.0–3.1,
plant available P by a factor of 8–10, and microbial biomass by a factor of 12–36. In EBP, all of these parameters
were as in RBP or elevated even further (C, N, S: factor 1.0–1.4, plant available P: factor 1.3–1.5, microbial
biomass: factor 1.5–2.0, PLFA markers of fungi: factor 2.6–4.4, PLFA markers of protozoa: factor 9.2–14.2). PLFA
markers indicative of the ratio of Gram-positive to Gram-negative bacteria

(G+: G−) were 5–10 fold lower in RBP than in bulk soil, the microbial metabolic quotient (qCO2) was
0.4–0.6 times as high. In EBP, these parameters were further reduced (ratio G+: G−: factor 0.7, qCO2: factor
0.7–0.8). RBP were particularly characterized by high contents of 10-methyl branched fatty acid indicators of
actinobacteria.

Activities of enzymes involved in the C-cycle (xylanase, cellobiohydrolase, ß-glucosidase) and N-cycle
(chitinase, chitotriosidase, leucine aminopeptidase) were also elevated in RBP as compared to the bulk soil
(factor 1.1–3.6) and further increased in EBP (factor 1.2–3.7). All these effects were more pronounced in the
45–75 cm soil layer. We conclude that, in only six months, L. terrestris in arable fields modified ordinarily
nutrient-rich biopores into ‘super-hotspots’ of microbial biomass, enzyme activity and nutrient availabilities.
Hence, even short-term promotion of earthworm populations by agricultural management practices can increase
microbial biomass and enzyme activity in biopores and its coupling to nutrient mobilization in the subsoil.

1. Introduction

Tubular shaped, continuous vertical biopores in arable fields are

typically created either by taprooted crops or, to a minor degree, by
anecic earthworms (Kautz et al., 2014). These biopores have diameters
of up to 12 mm (Edwards and Bohlen, 1996), can be several meters
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deep, and can persist for decades in the subsoil beneath the plow layer
(Hagedorn and Bundt, 2002; Shipitalo et al., 2004). Crop roots have
been reported to preferentially follow such pores especially in com-
pacted soils (Logsdon and Linden, 1992; Passioura, 1991), allowing
them to reach deeper soil horizons more rapidly, thereby facilitating
water uptake during dry spells (Gaiser et al., 2012). Likewise, anecic
earthworms repeatedly utilize biopores, covering the pore walls with
material rich in organic matter and nutrients, particularly N and P.
Thus, they have been characterized as hotspots of microbial activity
(Kuzyakov and Blagodatskaya, 2015) and a potential source of nutrients
in the subsoil (Kautz et al., 2013). Moreover, earthworm burrows
markedly contribute to water infiltration (Edwards et al., 1988; Ehlers,
1975), which can be advantageous for draining heavy rainfalls.

In general, biopore generating earthworms can be promoted by
reduced tillage intensity (Ehlers et al., 1983; Kuntz et al., 2013; Pelosi
et al., 2014), because tillage operations remove their surface food
supply and destroy the top portion of permanent burrows (Kladivko,
2001). Fodder crops such as grass clover also have beneficial effects on
earthworm populations, especially when cultivated as perennials
(Mäder et al., 2002; Riley et al., 2008). Recently, occasionally reduced
tillage (ORT) was shown to also result in increased earthworm abun-
dances (Moos et al., 2016). However, the positive effects of perennial
fodder cropping or ORT are temporary, as increases in earthworm po-
pulations following ca. two vegetation periods of soil dissipate with the
onset of tillage.

Anecic earthworms such as Lumbricus terrestris reach maturity after
approximately one year under field conditions (Satchell, 1967). In the
early growth stages, they are known to largely behave like endogeics
(Lowe and Butt, 2005), i.e. they predominantly stay beneath the soil
surface. As such, the time for L. terrestris to generate biopores and in-
fluence pore properties in the subsoil during cultivation of perennial
crops or ORT may be on the scale of only a few months. Kautz et al.
(2014) have shown that the number of anecic earthworms increased
during cultivation of perennial fodder crops, but the worms hardly
contributed to the formation of new biopores in the subsoil, primarily
as a consequence of re-colonization of established pores. However, in
another study X-ray computed tomography in combination with in situ
endoscopy revealed considerable effects of short-term earthworm in-
cubation in microcosms on physical pore properties such as pore dia-
meter distribution, pore connectivity, and accessible pore surface area
(Pagenkemper et al., 2015). The extent to which earthworms are able to
alter biochemical properties and thus pore quality in the short-term
remains uncertain. Graff (1967) distinguished ‘young’ burrows from
‘old’ burrows by the color of the pore wall and demonstrated that the
former exhibited higher nutrient contents. Similarly, Athmann et al.
(2014) found that only biopores showing visible signs of earthworm
passage were significantly elevated in C and N contents in comparison
to the bulk soil. For grassland subsoils, Don et al. (2008) reported that
pores inhabited by earthworms exhibited higher nutrient contents and
enzyme activities than abandoned earthworm burrows, but no such
data are available for short-term effects in arable fields. In this study,
we conducted an earthworm incubation field experiment in arable soil
to test the capacity of L. terrestris to i. increase total nutrient contents
including plant available P, ii. alter the microbial community and iii.
increase enzyme activities in biopore walls over one vegetation period.

2. Material and methods

2.1. Site conditions and experimental design

The field trial was performed at ‘Campus Klein Altendorf’ experi-
mental station in Rheinbach, Germany (50°37′N, 6°59′E) with a mean
annual temperature of 9.4 °C and total annual precipitation of 603 mm.
The soil is a Haplic Luvisol derived from loess with a clay content of
18% in the Ap and 29–32% in the Bt horizon. A detailed description of
soil properties at the experimental site is given by Vetterlein et al.

(2013).
The experiment had a completely randomized block design with

four replications that had the following treatments: i. bulk soil, ii. root
channels after two and a half years of decay (i.e., root biopores ‘RBP’)
and iii. root channels after two years of decay followed by earthworm
incubation for six months (i.e., earthworm modified biopores, ‘EBP’). It
is important to note that the age and origin of these pores was not
known. It is likely that most were older biopores that had been visited
by both roots and earthworms before chicory cultivation, while a
smaller portion of biopores were newly generated by chicory taproots.

In detail, the treatments were established as follows: Four 6 × 10 m
replicate field plots of a larger randomized field experiment with arable
crops were selected for this study. Chicory ‘Puna’ (Cichorium intybus L.)
was sown in spring 2009 with a sowing density of 385 seeds m−2

(5 kg ha−1) and cultivated continuously for 3 years. On January 30th
2012, the trial was plowed to 30 cm depth. On September 10th 2012,
the topsoil was removed down to 45 cm depth in subplots with surface
areas of 4.2 × 1.5 m in each of the replicate field plots and stored ad-
jacent to the study area. A depth of 45 cm was chosen to be sure to also
remove the plow pan. The horizontal area in 45 cm depth was carefully
planed and biopores were cleared from loose and smeared soil particles
using a vacuum cleaner. The prepared surface was covered with
transparent films and the locations of large biopores (diameter> 5
mm) containing roots were mapped. No visible signs of earthworm
activity were detected in these root containing biopores. Afterwards,
the topsoil was put back and the plots were left under fallow conditions
for 19 months to allow for root decomposition and to remove all food
sources, thereby discouraging earthworms native to the site from co-
lonizing these biopores.

In April 2014, half of the subplots (2.1 × 1.5 m) were re-opened,
and the topsoil was stored next to the experimental area as before.
Again, a horizontal area in 45 cm depth was prepared for identification
of biopores. In each field replicate, 25 biopores were identified that had
previously contained roots, but were now found to be empty. Each
selected pore was incubated with one dew worm (L. terrestris). The
worms were adults obtained from Canadian wild harvesting
(Superwurm e.K., Düren, Germany), and were kept for four weeks at
4–6 °C in buckets with nutrient rich soil and horse manure. Prior to
incubation all worms were kept on filter tissues for 3 days to ensure
complete defecation. Then they were labeled with visual implant elas-
tomers (Butt and Lowe, 2007). Wooden sticks (diameter 8 mm, length
45 cm) were inserted into all incubated pores before the subplots were
refilled with topsoil. Finally, removal of the wooden sticks created a
connection between incubated pores and the soil surface. For the next
six months all subplots were covered with mulching material from a
grass clover field. Weeds that occasionally emerged were manually
removed from the experimental area. After the incubation period the
topsoil was removed from all subplots and incubated earthworms were
removed via the octet method (Thielemann, 1986).

2.2. Sampling

In October 2014, an excavator was used to create a trench along the
long side of the subplots as a base for collecting samples from the bulk
soil and from pore walls of RBP and EBP. For RBP, no visible signs of
earthworm activity were detected before or during sampling. EBP were
only taken into account if an earthworm with a clearly recognizable
implant elastomer was found after the incubation period. The recovery
rate of labeled earthworms was 39% (39 of 100 pores), with 6–13 pores
sampled in each plot. Within a layer of 10 cm (45–55 cm depth) single
biopores were opened and approximately 1 mm of the inner wall ma-
terial was sampled with microspatulas. The procedure was repeated for
6 depth intervals down to a maximum depth of 105 cm. Bulk soil was
also collected from each treatment and depth layer with a spatula,
keeping a distance to biopores of at least 5 cm. Samples from 45 to
75 cm and 75 to 105 cm depth layers were merged to gain sufficient
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material for all analyses.
Due to the large volume of work, several persons were required to

collect all of the samples. We were aware that a change in the sampling
personnel might influence the results due to individual differences in
the amount of material taken from the pore wall. To minimize such
effects, the sampling personnel was trained prior to the field work and
each field replicate was sampled by one person only.

2.3. Plant nutrients

Total C, N and S contents of pore wall and bulk soil samples were
analyzed by dry combustion with an elemental analyzer. Soil pH was
around 6.5 so we considered total C as soil organic content (Corg).

Calcium-acetate-lactate soluble P (CAL-Pi) was extracted according
to Schüller (1969). Specific P pools were determined following the se-
quential extraction procedure of Hedley et al. (1982) as modified by
Tiessen and Moir (1993); however, residual P was extracted by diges-
tion in aqua regia. Concentrations of inorganic P (Pi) in each of the
extracts were determined with a spectrophotometer by the mo-
lybdenum blue method (Murphy and Riley, 1962). Total P concentra-
tion in the extracts was determined by inductively coupled plasma
optical-emission spectroscopy. Concentrations of organic P (Po) were
calculated as the difference of inorganic to total P. We classified P pools
according to Negassa and Leinweber (2009), distinguishing highly
available P (resin and NaHCO3 extracts), moderately available P (NaOH
extracts) and stable P (HCldil, HClconc and residual P in aqua regia) for
interpreting our findings, but restrict to mentioning the chemical ex-
tractions as nomenclature.

2.4. Basal respiration, microbial biomass carbon (Cmic) and microbial
metabolic quotient (qCO2)

A fresh subsample (1 g oven-dry soil equivalent) was adjusted to
50% of the water holding capacity (WHC) and gravimetrically con-
trolled. After two days preincubation at room temperature to avoid side
effects of sieving (Blagodatskaya et al., 2011), samples were incubated
at 20 °C (Creamer et al., 2014) in 12 mL septum-capped vials. Six other
vials without soil were prepared as controls to correct for atmospheric
carbon dioxide.

The basal respiration was measured at time 0 (t0, i.e., right after
adding the soil to the vials and flushing the vials with ambient air), then
at 24 h intervals for three additional time points (t1, t2, t3). Thereafter,
100 μL of a glucose solution (60 mg mL−1) were amended to all the
vials to determine the soil microbial biomass (μg Cmic g−1 soil dry mass)
by the substrate induced respiration (SIR) method (Anderson and
Domsch, 1978; Lin and Brookes, 1999; West and Sparling, 1986). The
WHC reached 70% after aliquot amendment. Immediately after glucose
addition, we used a manifold combined with a pump to standardize air
inside vials with ambient air. All vials were then incubated for 2 h at
20 °C (Lin and Brookes, 1999). The measurements of basal respiration
and substrate induced respiration were undertaken directly via gas
chromatography. The CO2 evolution (ppm) was calculated by sub-
tracting the CO2 concentrations of the blanks from those of the sample.

The basal respiration (μg C g−1 h−1) was calculated by subtracting
CO2 concentrations in soil vials measured at t1, t2 and t3 from CO2

concentrations in blank vials and the initial CO2 evolution of soil vials
at t0 (Creamer et al., 2014). Using the Ideal Gas Equation, CO2 re-
spiration was converted from ppm to μg C g−1 h−1 in accordance with
headspace volume of the sealed flask containing the soil sample, in-
cubation temperature and air pressure (Orchard and Cook, 1983).

The SIR was applied to calculate microbial biomass C (μg C g soil−1)
based on the equation by Anderson and Domsch (1978)

x = 40.4y + 0.37 (1)

where y is the maximum initial rate of respiration (CO2 evolution 2 h

after adding glucose). Similarly, 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, 1990).

2.5. Phospholipid fatty acids (PLFA)

Phospholipids were extracted based on the protocol of Frostegård
et al. (1991) with the modifications described by Apostel et al. (2013)
using phosphatidylcholine-dinonadecanoic acid and tridecanoic acid
methyl ester as internal standards (IS 1 and IS 2, respectively). Samples
were measured on a coupled gas chromatography mass spectrometry
(GC–MS) system employing a 45 m DB5-MS column (0.25 mm I.D.,
0.25 μm film thickness). Stock solutions containing external standards
of 27 fatty acids and IS 1, with total fatty acid contents of 1, 4.5, 9, 18
and 24 mg, were derivatised together with the samples. The detailed
measurement procedure is described in supplement 1. Individual
groups of microorganisms were determined based on previously pub-
lished PLFA biomarker data (Zhang et al., 2015). Specifically, 18:2ω6,9
was used as a marker for fungal biomass (Frostegård and Bååth, 1996);
10Me16:0 and 10Me18:0 were used as markers for actinobacteria;
a15:0, i15:0, i17:0, a17:0 were used as markers for Gram-positive
bacteria, and 16:1ω5c, 16:1ω7c, 18:1ω7c, Cy17:0 were used as markers
for Gram-negative bacteria. In addition, 20:4ω6 was used as a marker
for protozoa (Fierer et al., 2003).

2.6. Enzyme activities

Enzymes were assayed according to the modified methodology of
Razavi et al. (2015) for three out of four field replicates. Half a gram of
fresh soil (dry weight equivalent) was dispersed in 50 mL sterilized
water of which 50 μL soil suspension was pipetted to a 96-well micro-
plate. Subsequently, 50 μL of buffer [MES C6H13NO4SNa0.5. (pH:6.5)
buffer for 4-methylumbelliferone (MUF) substrate and TRIZMA
C4H11NO3·HCl, C4H11NO (pH:7) buffer for 7-amino-4-methylcoumarin
(AMC) was added. We measured activities of 3 enzymes regarding the
C-cycle: 1) β-glucosidase (EC 3.2.1.21) measured with MUF-β-D-gluco-
pyranoside (MUF-G), 2) cellobiohydrolase (EC 3.2.1.91) measured with
MUF-β-D-cellobioside (MUF-C), and 3) xylanase (EC 3.2. 1.8) measured
with MUF-β-D-xylopyranoside (MUF-X); and 3 enzymes regarding the
N-cycle: 1) chitotriosidase (EC 3.2.1.14) measured with 4-methy-
lumbelliferyl-β–DN, N′,N″-triacetylchitotrioside (MUF-Tr), 2) chitinase
(EC 3.2.1.14) measured with MUF-N-acetyl-β-D-glucosaminide (MUF-
N); 3) leucine-aminopeptidase (EC 3.4.11.1) measured with L-Leucine-
7-amido-4-methylcoumarin hydrochloride (AMC-L).

The reaction solution was buffered at pH 6.5 whereas the optimal
pH is 5.5 for xylanase (Schinner and von Mersi, 1990), 6.0 for cello-
biohydrolase (Hong et al., 2003), 5.2 for chitotriosidase (Hollak et al.,
1994), 5.5 for chitinase (Parham and Deng, 2000), 6.0 for β-Glucosi-
dase (Eivazi and Tabatabai, 1988), and 7.5 for leucine aminopeptidase
(Niemi and Vepsäläinen, 2005). For these assays that were not run at
optimal pH, the results cannot be compared to other studies where the
optimal buffered pH was used. Also, in these cases, the activities would
be expected to be reduced compared to if it had been done at optimal
pH. Thus, differences between treatments may have been under-
estimated.

The microplate was incubated with 100 μL/well of fluorescent
substrate solution at the desired concentration range: 0, 10, 20, 30, 40,
50, 100, 200 nmol g−1 dry weight in a 96-well microplate. The con-
centration that resulted in saturation of fluorogenic substrate was de-
termined based on preliminary experiments for which one field re-
plicate was used. The assay of each enzyme at each substrate
concentration was replicated three times in each plate, and each plate
included a standard curve of the product (4-methylumbelliferone, MUF)
or (7-amino-4-methylcoumarin, AMC), substrate controls (for each
substrate concentration), and homogenate controls. Enzymatic activity
(nmol product released h−1 g−1 dry soil) was calculated from the MUF
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or AMC standard curve following Razavi et al. (2015). However, we did
not run a control for autohydrolysis. We assumed autohydrolysis of the
two substrates MUF and AMC to be ignorable because according to
Rakels et al. (1993) substrate hydrolysis occurs for 0.5% of the total
amount of substrate in 1 h and is thus negligible. The calibration so-
lutions were prepared using soil suspension (50 μL) and MUF to obtain
a series of concentrations 0–1.2 mM (Razavi et al., 2015). The time
from substrate addition to the fluorescence measurement (30, 60 and
120 min) was the same for all enzymes and samples. Linear increase of
fluorescence over time during the assay was checked and data obtained
after 2 h used for further calculation (Razavi et al., 2015). The fluor-
escence was measured using a Multilabel Counter at an excitation wa-
velength of 355 nm and an emission wavelength of 460 nm. In order to
calculate Vmax, a calibration curve was prepared by adding MUF or
AMC instead of substrates to the same amount of soil solution and
buffers (MES or TRIZMA, respectively) following Freeman et al. (1995)
and Razavi et al. (2015). Enzyme activities were calculated as released
MUF or AMC in nmol g-1 h-1 (Marx et al., 2005). Vmax values were
determined by nonlinear curve fitting using the software OriginPro 8.5
(OriginLab, Massachusetts, USA).

2.7. Statistical analyses

Shapiro-Wilk tests were used to confirm normal distribution of the
datasets. Means were compared by one-way ANOVA followed by
Tukey-tests. For enzyme activities, only three field repetitions were
considered, for all other parameters all four field repetitions were in-
cluded in the analysis. For the 45–75 cm soil depth interval principal
component analysis (PCA) was used for further data evaluation. All
parameters analyzed were subjected to PCA, including individual
PLFAs. Only components with Eigenvalues> 1 were considered.
Principal components were not rotated. All calculations were per-
formed using IBM SPSS version 22.

3. Results

3.1. Nutrient contents

In walls of pores with or without earthworm incubation total con-
tents of C, N, P, S were generally higher than in the bulk soil (Table 1).
This effect was particularly pronounced for C, N and S with at least two-
fold increased contents in pore walls relative to the bulk soil in both
depths (45–75 cm and 75–105 cm). Moreover, short-term earthworm
incubation in EBP resulted in higher C contents than in RBP in the
45–75 cm soil depth layer.

Hedley fractionation of phosphorus revealed markedly higher con-
tents of resin Pi, NaHCO3 Pi, NaHCO3 Po, NaOH Pi, NaOH Po, and HCLdil
Pi in pore walls than in the bulk soil, and the same was also observed for
CAL-Pi. Furthermore, in EBP CAL-Pi and resin Pi were significantly
enriched as compared to RBP in the 45–75 cm soil depth layer, and
NaHCO3 Po in both soil depths.

In the bulk soil, increased soil depth resulted in lower contents of
total N and S as well as NaOH Po, while total P and HClconc Pi increased
with depth. In RBP generally no effect of depth on nutrient contents was
observed, but in EBP contents of total N and NaOH Po and HClconc Po
were higher at 45–75 cm than at 75–105 cm.

3.2. Microbiological properties

Microbial biomass (Cmic) related to soil organic carbon was low in
bulk soil regardless of soil depth (Fig. 1). In both biopore types, but
especially in EBP, Cmic was considerably elevated, with the highest
value in EBP at 45–75 cm soil depth. The microbial metabolic quotient
(qCO2) related to the microbial biomass was very high in bulk soil,
especially in the 75–105 cm soil depth layer (Fig. 1), and decreased in
both biopore types.

Similarly to Cmic, the total PLFA content (Fig. 2a) was much higher
in both biopore types than in the bulk soil, increasing by a factor of
12–54 depending on biopore type and soil depth. Total PLFA was fur-
ther increased by short-term earthworm incubation (factor 1.5–2.0 as
compared to RBP; this difference was significant in the 45–75 cm soil
depth layer). The ratio of Gram positive: Gram negative bacteria as
determined with PLFA biomarkers (Fig. 2b) was much higher in bulk
soil than in both biopore types (factor 3.4–16.3). In the bulk soil there
was a significant effect of soil depth, with a much higher ratio in

Table 1
Total nutrient contents and P fractions in bulk soil and the walls of different pore types.
Different uppercase and lowercase letters indicate significant differences between depth
levels and soil compartments respectively (one way ANOVA with Tukey-HSD, p < 0.05).

Soil depth 45–75 cm 75–105 cm

Treatment EBPa RBPb Bulk soil EBPa RBPb Bulk soil

C (mg g−1) 11.6 a 8.10 b 4.10 c 10.7 a 9.30 a 3.50 b
N (mg g−1) 1.60 a A 1.40 a 0.70 b A 1.30 a B 1.30 a 0.60 b B
S (mg g−1) 0.15 a 0.14 a 0.07 b A 0.10 a 0.11 a 0.03 b B
P (mg kg−1) 917 a 800 a 454 b B 825 a 797 a 580 b A
CAL-Pi (mg kg−1) 242 a 163 b 15.8 c 194 a 153 a 19.8 b
Resin Pi

(mg kg−1)
74.3 a 40.4 b 16.0 c 55.3 a 34.5 ab 14.8 b

NaHCO3 Pi
(mg kg−1)

35.1 a 33.1 a 15.9 b 27.9 31.8 18.9

NaHCO3 Po
(mg kg−1)

23.9 a 7.19 b n.d. 19.6 a 9.21 b n.d.

NaHCO3 Pt
(mg kg−1)

59.0 a 40.3 b 15.9 c 47.5 a 41.0 a 18.9 b

NaOH Pi
(mg kg−1)

72.5 a 68.1 a 48.8 b 69.0 66.9 49.9

NaOH Po
(mg kg−1)

31.7 a A 24.7 ab 16.8 b A 20.4 a B 20.5 a 10.1 b B

NaOH Pt
(mg kg−1)

104 a 92.7 a 65.6 v 65.6 b 87.4 59.9

HCldil Pi
(mg kg−1)

194.4 a 207 a 135 b 214 231 240

HClconc Pi
(mg kg−1)

171 186 144 B 187 159 166 A

HClconc Po
(mg kg−1)

40.6 A 30.2 35.9 10.7 b B 53.2 a 33.3 ab

HClconc Pt
(mg kg−1)

211 ab 216 a 180 b 198 213 199

Residual Pt
(mg kg−1)

31.5 ab 40.7 a 25.6 b 28.1 38.1 27.8

Pi: inorganic phosphorus, Po: organic phosphorus, Pt: total phosphorus.
a EBP: Earthworm-modified biopores.
b RBP: Root biopores.

Fig. 1. Microbial biomass (Cmic) related to organic carbon content and microbial meta-
bolic quotient (qCO2). Error bars indicate standard deviation. RPB: root biopores, EBP:
earthworm-modified biopores. Cmic is significantly higher in EBP than in RBP and bulk
soil in both soil depth horizons and, only in EBP, significantly higher at 45–75 cm
(ANOVA with Tukey-HSD, p < 0.05). qCO2 is significantly lower in EBP and RBP as
compared to the bulk soil and, only in bulk soil, significantly lower at 45–75 cm.
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75–105 cm soil depth. Biomarkers for fungi and protozoa (Fig. 2c) were
not found in bulk soil, and both parameters were significantly increased
by short-term earthworm incubation as compared to RBP (factor
2.6–4.4 for fungi and 9.2–14.2 for protozoa). Biomarkers for actino-
bacteria (Fig. 2d) in bulk soil were present only at trace levels and only
in the upper soil layer (45–75 cm). In the 45–75 cm soil depth layer
there were almost equal amounts of actinobacteria in both biopore
types, while at 75–105 cm, biomarkers for actinobacteria were about
1.8 times higher in RBP as compared to EBP. This increase was not
significant.

Activities of enzymes related to the C-cycle (cellobiohydrolase, ß-
glucosidase and xylanase) and of enzymes related to the N-cycle
(chitinase, chitotriosidase, leucine aminopeptidase) were increased in

EBP and partially also in RBP as compared to the bulk soil (Table 2).
These effects were more pronounced in the 45–75 cm soil depth layer.
While there was only one effect of soil depth in the bulk soil and depth
effects in RBP were inconsistent, all enzyme activities except for chit-
inase were higher in the upper depth layer (45–75 cm) of EBP (Table 2).

3.3. Principal component analysis

Bulk soil, RBP and EBP were clearly distinguished by PC 1, ex-
plaining 68.3% of total variance (Fig. 3a). Additionally, RBP were se-
parated from bulk soil and EBP by PC 2, which explained 14.6% of total
variance. PC 1 loads high on C, N, CAL-Pi, microbial biomass, bio-
markers for fungi and protozoa and enzyme activities such as xylanase

Fig. 2. a) Microbial biomass (total PLFA), b) ratio of biomarkers for gram-positive and gram-negative bacteria (a15:0, i15:0, i17:0, a17:0 and 16:1 ω 5c, 16:1ω7c, 18:1ω7c, Cy17:0), c)
biomarkers for fungi (18:2ω6,9) and protozoa (20:4ω6) and d) biomarkers for actinobacteria (10Me16, 10Me18). Different uppercase and lowercase letters indicate significant dif-
ferences between depth levels and soil compartments (ANOVA with Tukey-HSD, p < 0.05). Error bars indicate standard deviation.
RPB: root biopores, EBP: earthworm-modified biopores.

Table 2
Enzyme activities (Vmax) in bulk soil and the walls of different pore types. Different uppercase and lowercase letters indicate significant differences between depth levels and soil
compartments respectively (one way ANOVA with Tukey-HSD, p < 0.05).

Soil depth 45–75 cm 75–105 cm

Treatment EBPa RBPb Bulk soil EBPa RBPb Bulk soil

Vmax Cellobiohydrolase (nmol g−1 MUF h−1) 89.0 a A 31.7 b B 16.1 c 70.7 a B 43.3 b A 12.1 c
Vmax ß-Glucosidase (nmol g−1 MUF h−1) 1169 a A 511.1 b A 234.5 c 347.8 a B 295.3 ab B 256.8 b
Vmax Xylanase (nmol g−1 MUF h−1) 66.6 a A 32.0 b 23.7 b 38.0 a B 27.1 b 23.1 b
Vmax Chitotriosidase (nmol g−1 MUF h−1) 22.5 a A 7.58 b 6.11 b 15.4 a B 6.48 b 5.99 b
Vmax Chitinase (nmol g−1 MUF h−1) 68.6 a 24.4 b 10.4 b 45.5 a 30.4 ab 13.3 b
Vmax Leucine amino-peptidase (nmol g−1 AMC h−1) 540 a A 147 b 48.9 c B 354 a B 142 b 89.1 b A

a EBP: Earthworm-modified biopores.
b RBP: Root biopores.
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and chitinase (Fig. 3b). Negative loadings were recorded for iso-bran-
ched fatty acids. PC 2 loadings were particularly high for 10-methyl
branched fatty acids.

4. Discussion

4.1. General properties of biopore walls

The increased C and N contents in pore walls vs bulk soil observed
in our study are consistent with previous laboratory and field studies
(e.g. Stromberger et al., 2012; Amador et al., 2003; Pankhurst et al.,
2002; Tiunov and Scheu, 1999). These characteristics of biopores are
obviously a result of organic material inputs by earthworms and plant
roots. Accordingly, pore walls were previously found to be enriched in
P, in particular in resin-Pi, NaHCO3-Pi, NaOH-Pi and NaOH-Po com-
pared with the bulk soil (Barej et al., 2014). Also, increased microbial
biomass (Stromberger et al., 2012; Tiunov et al., 2001; Tiunov and
Scheu, 1999), bacterial counts (Parkin and Berry, 1999), PLFA contents
(Pankhurst et al., 2002) and enzyme activities (Hoang et al., 2016;
Jégou et al., 2001; Stehouwer et al., 1993; Uksa et al., 2015) in pore
walls have repeatedly been reported.

4.2. Properties of root biopores

We differentiated between pores filled with roots prior to the ex-
periment (RBP) and pores incubated with L. terrestris for one vegetation
period (EBP). Despite RBP not being visited by earthworms for at least
two years, their properties clearly differed from the bulk soil, with
higher nutrient contents, microbial biomass and enzyme activity. In
particular, this pore type was characterized by increased contents of the
10-methyl branched fatty acid biomarkers of actinobacteria (Figs. 2 and
3).

Actinobacteria are involved in late stages of plant residue de-
gradation (Bernard et al., 2007; Goodfellow and Williams, 1983) and
are adapted to survive at slower growth rates when resources are lim-
ited or consist of more complex organic matter (Bastian et al., 2009).
Relative enrichment of these biomarkers in RBP supports the assump-
tion that the resident microbes primarily respire old and recalcitrant
plant residues.

4.3. Properties of earthworm-modified biopores

Short-term earthworm incubation resulted in import of carbon, in-
creased enzyme activity and changes in the microbial community. L.
terrestris removes plant residues from the soil surface and deposits

organic matter on the burrow wall (Lavelle, 1988; Stromberger et al.,
2012). Intake of primary organic matter into soil generally results in
higher activity of enzymes related to the decomposition of poly-
saccharides from plant tissues (Bandick and Dick, 1999; Debosz et al.,
1999; Kautz et al., 2004). Xylanase is mainly bound to particulate or-
ganic matter (Kandeler et al., 1999a,b) which is likely to be enriched in
the drilosphere. Hence, it is plausible that presence of L. terrestris in-
creases the activity of such enzymes in the burrow wall, as also reported
by Don et al. (2008). Additionally, the composition of the microbial
community in pore walls was evidently altered by the presence of L.
terrestris: actinobacteria were reduced, as indicated by the relatively
lower abundance of 10-methyl branched fatty acids, while fungal and
protozoan fatty acids (i.e., 18:2ω6,9 and 20:4ω6, respectively) were
relatively enriched in comparison with RBP. Both fungi and protozoa
are assumed to form a substantial part of the earthworm diet (Curry and
Schmidt, 2007; Edwards and Fletcher, 1988) and were previously de-
termined to be enriched in burrow walls of L. terrestris (Tiunov et al.,
2001). Moreover, 20:4ω6 was also found to be increased in drilosphere
vs bulk soil samples (Stromberger et al., 2012). Thus, L. terrestris acts as
an ecosystem engineer (Jones et al., 1994) by defecating and importing
plant residues into the pore wall, thus creating a distinct habitat for
microorganisms which in turn provide a suitable food source. The in-
creased content of a PLFA-biomarker for fungi as a result of earthworm
incubation is in line with higher activity of chitotriosidase and chit-
inase, possibly indicating a decomposition of chitin from fungal cell
walls. These results indicate that fungal hyphae and spores may be
transported downwards through biopores by earthworm activity.
However, Tiunov and Scheu (1999) found a lower ratio of fungal:bac-
terial biomass in drilosphere samples than in the bulk soil, while
Stromberger et al. (2012) reported no difference in this ratio in bulk soil
and drilosphere as revealed by PLFA analysis. As explained by
Stromberger et al. (2012), the reason for these contradictory results
may be the complex equilibrium of fungi, bacteria, and fungivorous and
bacterivorous fauna in drilosphere and bulk soil. This equilibrium is
affected by earthworms via dispersal and activation, predation, habitat
destruction, competition for organic matter, and production of fungi-
cides and bactericides (Brown et al., 2004). Further research is required
to determine the conditions under which earthworm activity promotes
fungal or bacterial growth.

Apart from the diet, changes in PLFA contents in the burrow wall
can also be related to processes in the digestive tract of L. terrestris.
Sampedro and Whalen (2007) reported that the fatty acid pattern
markedly changed in the gut of L. terrestris with enrichments of 16:1ω5
and 20:4ω6 in the gut content. These PLFA were also enriched in the
walls of EBP.

Fig. 3. a) Principal-component scores for bulk soil (open circles), root biopores (gray circles) and earthworm-modified biopores (black circles) in 45–75 cm soil depth and b) selected
factor loadings of the first two principal components extracted from the dataset.
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Increased enzyme activity can also promote the mobilization of
nutrients. The enrichment of total P and particularly of labile P forms in
RBP vs. the bulk soil was similar to the results of Barej et al. (2014),
who sampled biopores with a smaller lower diameter limit (> 2 mm) at
the same site. This is plausible as smaller biopores are visited by
earthworms less often than larger pores. Further significant enrich-
ments of labile P as a result of earthworm activity suggest that walls of
recently inhabited burrows can be hotspots of P acquisition by plants.
This notion is supported by the finding of Kuczak et al. (2006) that
earthworm casts are enriched in total P with higher proportions of P
mainly in forms that are more readily extracted (resin, NaHCO3, NaOH
and HCldil). Moreover, Vos et al. (2014) noted that in a pot experiment
the presence of L. terrestris increased plant growth and P uptake, but it
remained questionable if this result could be applied to native, struc-
tured soils. Our results support the link between L. terrestris activity and
P uptake by plants, as the shared burrows of L. terrestris and plant roots
in natural conditions were significantly loaded with plant available P
after earthworm incubation for a period of just six months.

4.4. Effects of soil depth

Microbial activity and availability of plant nutrients such as N and P
have generally been reported to decline with soil depth (e.g., Fierer
et al., 2003; Lynch and Brown, 2001). In the bulk soil from our field
trial, significant decreases in the 75–105 cm depth layer were merely
found for total N, total S and NaOH Po, and significant increases were
observed in the microbial metabolic quotient and the ratio of Gram
positive: Gram negative bacteria. Interestingly, these depth effects were
not observed in RBP, showing that these pores feature rather stable
conditions throughout the soil profile and provide an attractive en-
vironment for plant roots even in greater soil depths. The effect of short-
term incubation of L. terrestris on nutrient contents and microbial bio-
mass was more pronounced at 45–75 than at 75–105 cm soil depth,
resulting in many significant differences between both depth levels.
Little is known about the in situ patterns of vertical movement of L.
terrestris. One older study (Joyner and Harmon, 1961) indicates that
earthworms tend to oscillate in rather stable day-and-night cycles be-
tween the soil surface around midnight and about 60 cm soil depth
around noon. These observations coincide with our field experiment,
where earthworm activity was obviously greater in the upper subsoil,
although a clear impact on burrow properties was also detected in the
deeper soil layers.

5. Conclusions

Subsoil biopores inhabited by roots for at least two years were en-
riched in microbial biomass and enzyme activity as well as N and plant
available P compared to surrounding bulk soil. These hotspots turned
into ‘super-hotspots’ with further inputs of C and nutrients, higher
microbial and enzyme activities and altered microbial community
composition as a consequence of colonization by Lumbricus terrestris −
even during only one vegetation period. Both biopore properties and
microbial performance in biopores are thus highly dynamic − and
prone to effects of even short-term management practices that influence
earthworm activity.

Acknowledgements

This study was supported by the German Research Foundation
(Deutsche Forschungsgemeinschaft) within the framework of the re-
search consortium DFG PAK 888. We thank the staff of the Institute of
Organic Agriculture in Bonn for assistance with the field work.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the

online version, at http://dx.doi.org/10.1016/j.apsoil.2017.08.015.

References

Amador, J.A., Görres, J.H., Savin, M.C., 2003. Carbon and nitrogen dynamics in Lumbricus
terrestris (L.) burrow soil: relationship to plant residues and macropores. Soil Sci. Soc.
Am. J. 67, 1755–1762.

Anderson, J.P.E., Domsch, K.H., 1978. A physiological method for the quantitative
measurement of microbial biomass in soils. Soil Biol. Biochem. 3, 215–221.

Anderson, T.H., Domsch, K.H., 1990. Application of eco-physiological quotients (qCO2

and qD) on microbial biomasses from soils of different cropping histories. Soil Biol.
Biochem. 22, 251–255.

Apostel, C., Dippold, M., Glaser, B., Kuzyakov, Y., 2013. Biochemical pathways of amino
acids in soil: assessment by position-specific labeling and 13C-PLFA analysis. Soil Biol.
Biochem. 67, 31–40.

Athmann, M., Huang, N., Kautz, T., Köpke, U., 2014. Biopore characterization with in situ
endoscopy: influence of earthworms on carbon and nitrogen contents. In: Proceedings
of the 4th ISOFAR Scientific Conference. 13–15 Oct. 2014, Istanbul, Turkey. pp.
415–418.

Bandick, A.K., Dick, R.P., 1999. Field management effects on soil enzyme activities. Soil
Biol. Biochem. 31, 1471–1479.

Barej, J., Pätzold, S., Perkons, U., Amelung, W., 2014. Phosphorus fractions in bulk
subsoil and its biopore systems. Eur. J. Soil Sci. 65, 553–561.

Bastian, F., Bouziri, L., Nicolardot, B., Ranjard, L., 2009. Impact of wheat straw decom-
position on successional patterns of soil microbial community structure. Soil Biol.
Biochem. 41, 262–275.

Bernard, L., Mougel, C., Maron, P.-A., Nowak, V., Lévêque, J., Henault, C., el Zahar
Haichar, F., Berge, O., Marol, C., Balesdent, J., Gibiat, F., Lemanceau, P., Ranjard, L.,
2007. Dynamics and identification of soil microbial populations actively assimilating
carbon from 13C-labelled wheat residue as estimated by DNA- and RNA-SIP techni-
ques. Environ. Microbiol. 9, 752–764.

Blagodatskaya, E., Yuyukina, T., Blagodatsky, S., Kuzyakov, Y., 2011. Three-source par-
titioning of microbial biomass and of CO2 efflux from soil to evaluate mechanisms of
priming effects. Soil Biol. Biochem. 43, 778–786.

Brown, G.G., Edwards, C.A., Brussaard, L., 2004. How earthworms affect plant growth:
burrowing into the mechanisms. In: Edwards, C.A. (Ed.), Earthworm Ecology, second
ed. CRC Press, Boca Raton, pp. 13–49.

Butt, K.R., Lowe, C.N., 2007. A viable technique for tagging earthworms using visible
implant elastomer. Appl. Soil Ecol. 35, 454–457.

Creamer, R.E., Schulte, R.P.O., Stone, D., Gal, A., Krogh, P.H., Papa, G.L., Murray, P.J.,
Pérès, G., Foerster, B., Rutgers, M., Sousa, J.P., Winding, A., 2014. Measuring basal
soil respiration across Europe: do incubation temperature and incubation period
matter. Ecol. Indic. 36, 409–418.

Curry, J.P., Schmidt, O., 2007. The feeding ecology of earthworms − a review.
Pedobiologia 50, 463–477.

Debosz, K., Rasmussen, P.H., Pedersen, A.R., 1999. Temporal variations in microbial
biomass C and cellulolytic enzyme activity in arable soils: effects of organic matter
input. Appl. Soil Ecol. 13, 209–218.

Don, A., Steinberg, B., Schöning, I., Pritsch, K., Joschko, M., Gleixner, G., Schulze, E.-D.,
2008. Organic carbon sequestration in earthworm burrows. Soil Biol. Biochem. 40,
1803–1812.

Edwards, C.A., Bohlen, P.J., 1996. Biology and Ecology of Earthworms, third ed.
Chapman and Hall, London.

Edwards, C.A., Fletcher, K.E., 1988. Interactions between earthworms and microorgan-
isms in organic-matter breakdown. Agric. Ecosyst. Environ. 24, 235–247.

Edwards, W.M., Shipitalo, M.I., Norton, L.D., 1988. Contribution of macroporosity to
infiltration into a continuous corn no-tilled watershed: implications for contaminant
movement. J. Contam. Hydrol. 3, 193–205.

Ehlers, W., Köpke, U., Hesse, F., Böhm, W., 1983. Penetration resistance and root growth
of oats in tilled and untilled loess soil. Soil Tillage Res. 3, 261–275.

Ehlers, W., 1975. Observations on earthworm channels and infiltration on tilled and
untilled loess soil. Soil Sci. 119, 242–249.

Eivazi, F., Tabatabai, M.A., 1988. Glucosidases and galactosidases in soils. Soil Biol.
Biochem. 20, 601–606.

Fierer, N., Schimel, J.P., Holden, P.A., 2003. Variations in microbial community com-
position through two soil depth profiles. Soil Biol. Biochem. 35, 167–176.

Freeman, C., Liska, G., Ostle, N.J., Jones, S.E., Lock, M.A., 1995. The use of fluorogenic
substrates for measuring enzyme activity in peatlands. Plant Soil 175, 147–152.

Frostegård, Å., Bååth, E., 1996. The use of phospholipid fatty acid analysis to estimate
bacterial and fungal biomass in soil. Biol. Fertil. Soils 22, 59–65.

Frostegård, Å., Tunlid, A., Bååth, E., 1991. Microbial biomass measured as total lipid
phosphate in soils of different organic content. J. Microbiol. Methods 14, 151–163.

Gaiser, T., Perkons, U., Küpper, P.M., Puschmann, D.U., Peth, S., Kautz, T., Pfeifer, J.,
Ewert, F., Horn, R., Köpke, U., 2012. Evidence of improved water uptake from subsoil
by spring wheat following lucerne in a temperate humid climate. Field Crops Res.
126, 56–62.

Goodfellow, M., Williams, S.T., 1983. Ecology of actinomycetes. Annu. Rev. Microbiol.
37, 189–216.

Graff, O., 1967. Über die Verlagerung von Nährelementen in den Unterboden durch
Regenwurmtätigkeit. Landwirtschaftliche Forschung 20, 117–127.

Hagedorn, F., Bundt, M., 2002. The age of preferential flow paths. Geoderma 108,
119–132.

Hedley, M.J., Stewart, J., Chauhan, B., 1982. Changes in inorganic and organic soil
phosphorus fractions induced by cultivation practices and by laboratory incubations.
Soil Sci. Soc. Am. J. 46, 970–976.

M. Athmann et al. Applied Soil Ecology 120 (2017) 135–142

141

http://dx.doi.org/10.1016/j.apsoil.2017.08.015
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0005
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0005
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0005
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0010
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0010
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0015
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0015
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0015
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0020
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0020
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0020
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0025
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0025
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0025
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0025
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0030
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0030
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0035
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0035
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0040
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0040
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0040
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0045
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0045
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0045
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0045
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0045
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0050
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0050
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0050
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0055
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0055
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0055
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0060
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0060
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0065
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0065
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0065
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0065
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0070
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0070
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0075
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0075
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0075
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0080
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0080
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0080
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0085
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0085
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0090
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0090
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0095
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0095
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0095
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0100
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0100
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0105
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0105
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0110
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0110
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0115
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0115
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0120
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0120
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0125
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0125
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0130
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0130
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0135
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0135
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0135
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0135
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0140
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0140
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0145
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0145
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0150
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0150
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0155
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0155
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0155


Hoang, D.T.T., Razavi, B.S., Kuzyakov, Y., Blagodatskaya, E., 2016. Earthworm burrows:
kinetics and spatial distribution of enzymes of C-, N- and P-cycles. Soil Biol. Biochem.
99, 94–103.

Hollak, C.E., van Weely, S., van Oers, M.H., Aerts, J.M., 1994. Marked elevation of plasma
chitotriosidase activity. A novel hallmark of Gaucher disease. J. Clin. Invest. 93,
1288–1292.

Hong, J., Tamaki, H., Yamamoto, K., Kumagai, H., 2003. Cloning of a gene encoding
thermostable cellobiohydrolase from Thermoascus aurantiacus and its expression in
yeast. Appl. Microbiol. Biotechnol. 63, 42–50.

Jégou, D., Schrader, S., Diestel, H., Cluzeau, D., 2001. Morphological, physical and bio-
chemical characteristics of burrow walls formed by earthworms. Appl. Soil Ecol. 17,
165–174.

Jones, C.G., Lawton, J.H., Shachak, M., 1994. Organisms as ecosystem engineers. Oikos
69, 373–386.

Joyner, J.W., Harmon, N.P., 1961. Burrows and oscillative behavior therein of Lumbricus
terrestris. Proc. Indiana Acad. Sci. 71, 378–384.

Kandeler, E., Stemmer, M., Klimanek, E.-M., 1999a. Response of soil microbial biomass,
urease and xylanase within particle size fractions to long-term soil management. Soil
Biol. Biochem. 31, 261–273.

Kandeler, E., Tscherko, D., Spiegel, H., 1999b. Long-term monitoring of microbial bio-
mass, N mineralisation and enzyme activities of a Chernozem under different tillage
management. Biol. Fertil. Soils 28, 343–351.

Kautz, T., Wirth, S., Ellmer, F., 2004. Microbial activity in a sandy arable soil is governed
by the fertilization regime. Eur. J. Soil Biol. 40, 87–94.

Kautz, T., Amelung, W., Ewert, F., Gaiser, T., Horn, R., Jahn, R., Javaux, M., Kemna, A.,
Kuzyakov, Y., Munch, J.-C., Pätzold, S., Peth, S., Scherer, H.W., Schloter, M.,
Schneider, H., Vanderborght, J., Vetterlein, D., Walter, A., Wiesenberg, G.L.B.,
Köpke, U., 2013. Nutrient acquisition from arable subsoils in temperate climates: a
review. Soil Biol. Biochem. 57, 1003–1022.

Kautz, T., Lüsebrink, M., Pätzold, S., Vetterlein, D., Pude, R., Athmann, M., Küpper, P.M.,
Perkons, U., Köpke, U., 2014. Contribution of anecic earthworms to biopore forma-
tion during cultivation of perennial ley crops. Pedobiologia 57, 47–52.

Kladivko, E.J., 2001. Tillage systems and soil ecology. Soil Tillage Res. 61, 61–76.
Kuczak, C.N., Fernandes, E.C.M., Lehmann, J., Rondon, M.A., Luizao, F.J., 2006.

Inorganic and organic phosphorus pools in earthworm casts (Glossoscolecidae) and a
Brazilian rainforest Oxisol. Soil Biol. Biochem. 38, 553–560.

Kuntz, M., Berner, A., Gattinger, A., Scholberg, J.M., Mäder, P., Pfiffner, L., 2013.
Influence of reduced tillage on earthworm and microbial communities under organic
arable farming. Pedobiologia 56, 251–260.

Kuzyakov, Y., Blagodatskaya, E., 2015. Microbial hotspots and hot moments in soil:
concept & review. Soil Biol. Biochem. 83, 184–199.

Lavelle, P., 1988. Earthworm activities and the soil system. Biol. Fertil. Soils 6, 237–251.
Lin, Q., Brookes, P.C., 1999. An evaluation of the substrate-induced respiration method.

Soil Biol. Biochem. 31 (14), 1969–1983.
Logsdon, S.D., Linden, D.R., 1992. Interactions of earthworms with soil physical condi-

tions influencing plant growth. Soil Sci. 154, 330–337.
Lowe, C.N., Butt, K.R., 2005. Culture techniques for soil dwelling earthworms: a review.

Pedobiologia 49, 401–413.
Lynch, J.P., Brown, K.M., 2001. Topsoil foraging − an architectural adaptation of plants

to low phosphorus availability. Plant Soil 237, 225–237.
Mäder, P., Fliessbach, A., Dubois, D., Gunst, L., Fried, P., Niggli, U., 2002. Soil fertility

and biodiversity in organic farming. Science 296, 1694–1697.
Marx, M.-C., Kandeler, E., Wood, M., Wermbter, N., Jarvis, S.C., 2005. Exploring the

enzymatic landscape: distribution and kinetics of hydrolytic enzymes in soil particle-
size fractions. Soil Biol. Biochem. 37, 35–48.

Moos, J.H., Schrader, S., Paulsen, H.M., Rahmann, G., 2016. Occasional reduced tillage in
organic farming can promote earthworm performance and resource efficiency. Appl.
Soil Ecol. 103, 22–30.

Murphy, J., Riley, J.P., 1962. A modified single solution method for the determination of
phosphate in natural waters. Anal. Chim. Acta 27, 31–36.

Negassa, W., Leinweber, P., 2009. How does the Hedley sequential phosphorus fractio-
nation reflect impacts of land use and management on soil phosphorus: a review. J.
Plant Nutr. Soil Sci. 172, 305–325.

Niemi, R.M., Vepsäläinen, M., 2005. Stability of the fluorogenic enzyme substrates and
pH optima of enzyme activities in different Finnish soils. J. Microbiol. Methods 60,
195–205.

Orchard, V.A., Cook, F.J., 1983. Relationship between soil respiration and soil moisture.

Soil Biol. Biochem. 15, 447–453.
Pagenkemper, S.K., Athmann, M., Uteau, D., Kautz, T., Peth, S., Horn, R., 2015. The effect

of earthworm activity on soil bioporosity − investigated with X-ray computed to-
mography and endoscopy. Soil Tillage Res. 146, 79–88.

Pankhurst, C.E., Pierret, A., Hawke, B.G., Kirby, J.M., 2002. Microbiological and chemical
properties of soil associated with macropores at different depths in a red-duplex soil
in NSW Australia. Plant Soil 238, 11–20.

Parham, J.A., Deng, S.P., 2000. Detection, quantification and characterization of β-glu-
cosaminidase activity in soil. Soil Biol. Biochem. 32, 1183–1190.

Parkin, T.B., Berry, E.C., 1999. Microbial nitrogen transformations in earthworm bur-
rows. Soil Biol. Biochem. 31, 1765–1771.

Passioura, J., 1991. Soil structure and plant growth. Aust. J. Soil Res. 29, 717–728.
Pelosi, C., Pey, B., Hedde, M., Caro, G., Capowiez, Y., Guernion, M., Peigné, J., Piron, D.,

Bertrand, M., Cluzeau, D., 2014. Reducing tillage in cultivated fields increases
earthworm functional diversity. Appl. Soil Ecol. 83, 79–87.

Rakels, J.L.L., Romein, B., Straathof, A.J.J., Heijnen, J.J., 1993. Kinetic analysis of en-
zymatic chiral resolution by progress curve evaluation. Biotechnol. Bioeng. 43,
411–422.

Razavi, B.S., Blagodatskaya, E., Kuzyakov, Y., 2015. Nonlinear temperature sensitivity of
enzyme kinetics explains canceling effect − a case study on loamy haplic Luvisol.
Front. Microbiol. 6, 1126.

Riley, H., Pommeresche, R., Eltun, R., Hansen, S., Korsaeth, A., 2008. Soil structure, or-
ganic matter and earthworm activity in a comparison of cropping systems with
contrasting tillage, rotations, fertilizer levels and manure use. Agric. Ecosyst.
Environ. 124, 275–284.

Sampedro, L., Whalen, J.K., 2007. Changes in the fatty acid profiles through the digestive
tract of the earthworm Lumbricus terrestris L. Appl. Soil Ecol. 35, 226–236.

Satchell, J.E., 1967. Lumbricidae. In: Burges, A., Raw, F. (Eds.), Soil Biology. Academic
Press, New York, pp. 259–322.

Schüller, H., 1969. Die CAL-Methode, eine neue Methode zur Bestimmung des
pflanzenverfügbaren Phosphates in Böden. Zeitschrift für Pflanzenernährung und
Bodenkunde 123, 48–63.

Schinner, F., von Mersi, W., 1990. Xylanase-, CM-cellulase-and invertase activity in soil:
an improved method. Soil Biol. Biochem. 22, 511–515.

Shipitalo, M.J., Nuutinen, V., Butt, K.R., 2004. Interaction of earthworm burrows and
cracks in a clayey, subsurface-drained soil. Appl. Soil Ecol. 26, 209–217.

Stehouwer, R.C., Dick, W.A., Traina, S.J., 1993. Characteristics of earthworm burrow
lining affecting atrazine sorption. J. Environ. Qual. 22, 181–185.

Stromberger, M.E., Keith, A.M., Schmidt, O., 2012. Distinct microbial and faunal com-
munities and translocated carbon in Lumbricus terrestris drilospheres. Soil Biol.
Biochem. 46, 155–162.

Thielemann, U., 1986. The octet-method for sampling earthworm populations.
Pedobiologia 29, 296–302.

Tiessen, H., Moir, J., 1993. Characterization of available P by sequential extraction. In:
Carter, M.R. (Ed.), Soil Sampling and Methods of Analysis. Lewis Publishers, Boca
Raton, pp. 75–86.

Tiunov, A.V., Scheu, S., 1999. Microbial respiration, biomass, biovolume and nutrient
status in burrow walls of Lumbricus terrestris L. (Lumbricidae). Soil Biol. Biochem. 31,
2039–2048.

Tiunov, A.V., Bonkowski, M., Alphei, J., Scheu, S., 2001. Microflora, protozoa and ne-
matoda in Lumbricus terrestris burrow walls: a laboratory experiment. Pedobiologia
45, 46–60.

Uksa, M., Schloter, M., Kautz, T., Athmann, M., Köpke, U., Fischer, D., 2015. Spatial
variability of hydrolytic and oxidative potential enzyme activities in different subsoil
compartments. Biol. Fertil. Soils 51, 517–521.

Vetterlein, D., Kühn, T., Kaiser, K., Jahn, R., 2013. Illite transformation and potassium
release upon changes in composition of the rhizophere soil solution. Plant Soil 371,
267–279.

Vos, H.M., Ros, M.B., Koopmans, G.F., van Groenigen, J.W., 2014. Do earthworms affect
phosphorus availability to grass? A pot experiment. Soil Biol. Biochem. 79, 34–42.

West, A.W., Sparling, G.P., 1986. Modification to the substrate-induced respiration
method to permit measurement of microbial biomass in soils of differing water
contents. J. Microbiol. Methods 5, 177–189.

Zhang, Q., Zhou, W., Liang, G., Sun, J., Wang, X., He, P., 2015. Distribution of soil nu-
trients, extracellular enzyme activities and microbial communities across particle-size
fractions in a long-term fertilizer experiment. Appl. Soil Ecol. 94, 59–71.

M. Athmann et al. Applied Soil Ecology 120 (2017) 135–142

142

http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0160
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0160
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0160
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0165
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0165
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0165
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0170
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0170
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0170
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0175
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0175
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0175
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0180
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0180
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0185
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0185
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0190
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0190
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0190
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0195
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0195
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0195
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0200
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0200
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0205
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0205
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0205
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0205
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0205
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0210
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0210
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0210
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0215
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0220
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0220
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0220
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0225
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0225
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0225
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0230
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0230
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0235
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0240
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0240
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0245
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0245
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0250
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0250
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0255
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0255
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0260
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0260
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0265
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0265
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0265
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0270
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0270
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0270
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0275
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0275
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0280
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0280
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0280
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0285
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0285
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0285
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0290
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0290
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0295
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0295
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0295
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0300
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0300
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0300
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0305
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0305
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0310
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0310
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0315
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0320
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0320
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0320
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0325
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0325
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0325
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0330
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0330
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0330
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0335
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0335
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0335
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0335
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0340
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0340
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0345
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0345
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0350
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0350
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0350
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0355
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0355
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0360
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0360
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0365
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0365
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0370
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0370
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0370
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0375
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0375
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0380
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0380
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0380
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0385
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0385
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0385
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0390
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0390
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0390
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0395
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0395
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0395
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0400
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0400
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0400
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0405
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0405
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0410
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0410
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0410
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0415
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0415
http://refhub.elsevier.com/S0929-1393(17)30901-0/sbref0415

	Six months of L. terrestris L. activity in root-formed biopores increases nutrient availability, microbial biomass and enzyme activity
	Introduction
	Material and methods
	Site conditions and experimental design
	Sampling
	Plant nutrients
	Basal respiration, microbial biomass carbon (Cmic) and microbial metabolic quotient (qCO2)
	Phospholipid fatty acids (PLFA)
	Enzyme activities
	Statistical analyses

	Results
	Nutrient contents
	Microbiological properties
	Principal component analysis

	Discussion
	General properties of biopore walls
	Properties of root biopores
	Properties of earthworm-modified biopores
	Effects of soil depth

	Conclusions
	Acknowledgements
	Supplementary data
	References




