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a b s t r a c t

Priming effect is the change of soil organic matter (SOM) decomposition due to the addition of labile
carbon (C) sources. Earthworms incorporate organic matter into their burrow-linings thereby creating
preferred habitats for microorganisms, but the roles of such burrows in priming effect initiation is un-
known. Here we study the mechanisms driving SOM decomposition in top- and subsoil biopores and
additionally in the rhizosphere. Given the topsoil was newly formed after ploughing 10 months prior to
sampling, we hypothesized that (1) SOM accessibility, enzyme activities and efficiency of enzymatic
reaction (Ka) are main drivers of different priming effect in biopores vs. bulk soil and rhizosphere, subsoil
vs. topsoil and (2) the production of microbial enzymes in biopores depends on microbial community
composition. To test these hypotheses, biopores formed by Lumbricus terrestris L. and bulk soil were
sampled from topsoil (0e30 cm) and two subsoil depths (45e75 and 75e105 cm). Additionally, rhizo-
sphere samples were taken from the topsoil. Total organic C (Corg), total N (TN), total P (TP) and enzyme
activities involved in C-, N-, and P-cycling (cellobiohydrolase, b-glucosidase, xylanase, chitinase, leucine
aminopeptidase and phosphatase) were measured. Priming effects were calculated as the difference in
SOM-derived CO2 from soil with or without 14C-labeled glucose addition.

Enzyme activities (Vmax) and the catalytic efficiency (Ka) were higher in biopores compared to bulk soil
and the rhizosphere, indicating that the most active microbial community occurred at this site. Negative
correlations between some enzymes and C:N ratio in bulk soil are explained by higher content of fresh
organic C in the topsoil, and the corresponding C and nutrient limitations in the subsoil. The positive
correlation between enzyme activities and Corg or TN in biopores, however, was associated with the
decrease of C and TN with pore age in the subsoil. In the subsoil, priming effect in biopores was 2.5 times
higher than bulk soil, resulting from the favorable conditions for microorganisms in biopores and the
stimulation of microbial activities by earthworm mucus. We conclude that earthworm burrows provide
not only the linkage between top- and subsoil for C and nutrients, but strongly increase microbial ac-
tivities and accelerate SOM turnover in subsoil, contributing to nutrient mobilization for roots.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The earthworm Lumbricus Terrestris L. is an anecic species
inhabiting one single vertical burrow (drilosphere) throughout its
ce of Temperate Ecosystems,
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entire life (Don et al., 2008), transporting fresh plant detritus from
the soil surface downwards while mixing it with mineral soil par-
ticles (Lee, 1985; Brown et al., 2000). Earthworms alter soil struc-
ture (Lavelle, 1997), distribute litter carbon (C) throughout the
entire soil profile (J�egou et al., 2000) and accelerate C turnover over
longer time scale (Yavitt et al., 2015). Along burrows, the improved
air circulation, enrichment of soil organic matter (SOM) and nu-
trients, as well as the water retention may reduce or even override
the biogeochemical differences between top- and subsoil.
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Earthworm burrowing activities affect soil C stocks in the topsoil
and subsoil altering microbial activities, for which enzyme activity
is a sensitive indicator.

Metabolic enzymes are proteins produced by microbiota, plant
roots and soil fauna to hydrolyze SOM. Thus, by stimulating mi-
crobial communities (Don et al., 2008), distributing extracellular
enzymes (exoenzymes; Hoang et al., 2016a) and enhancing enzyme
activities (Dempsey et al., 2013), earthworms indirectly and directly
affect enzyme activities. Moreover, earthworm mucus, which is a
water-soluble mixture of lowmolecular weight carbohydrates, acts
as a primer for plant residue mineralization (Bityutskii et al., 2012).
Similar to earthworms, also plant roots not only produce enzymes
(Asmar et al., 1994) but also alter enzyme activities through
modification of root morphology, exudation and interaction with
microorganisms (Asmar et al., 1994; Fontaine et al., 2007; Razavi
et al., 2016a). In order to understand the specificity of these bio-
logical processes (Bar-Even et al., 2011) and the sensitivity of en-
zymes to biotic effect (earthworms and roots) (German et al., 2012),
kinetic enzyme parameters are approximated by the Michaelis-
Menten equation. Other than the maximal catalytic reaction rate
(Vmax) and substrate affinity (Km), the catalytic efficiency (Ka e

determined as Vmax/Km) should be considered to reflect the asso-
ciation between historic catalytic properties of enzymes and mi-
crobial competition for available substrates (Kovarova-Kovar and
Egli, 1998; Moscatelli et al., 2012; Tischer et al., 2015). The cata-
lytic efficiency (Vmax/Km) represents the formation or dispersion of
an enzyme-substrate complex in soil. Higher value of Vmax/Km

suggests that dispersion of enzyme-substrate complex occurs faster
than its formation, i.e. more SOM is decomposed by microorgan-
isms (Gianfreda et al., 1995; Ekberli et al., 2006; Kizilkaya and
Ekberli, 2008; Razavi et al., 2017). Thus, the catalytic efficiency in-
dicates altered SOM decomposition in soil microhabitats as
compared to bulk soil.

Priming effect is defined as a short-term change in SOM turnover
caused by organic C addition (Kuzyakov et al., 2000). Priming effect
can be divided into two processes: apparent priming effect and real
priming effect. Apparent priming effect is connected to microbial
turnover, while the real priming effect links to SOM turnover. These
processes are differently regulated between topsoil and subsoil by
the availability of fresh C inputs (De Graaff et al., 2014), physical
accessibility of decomposer to substrates (Salom�e et al., 2010; De
Graaff et al., 2014) and different response of microbial community
to SOM inputs (Sanaullah et al., 2016). However, the processes
controlling priming in biopores have not been investigated at all
(Brown, 1995; Kuzyakov, 2010). Labile C incorporated into the sub-
soil biopores may accelerate old C decomposition, inducing C turn-
over in this layer (Don et al., 2008). Meanwhile, Salom�e et al. (2010)
suggested exoenzyme access to substrate as a foundation of C
turnover in the subsoil contrarily to topsoil.

While plant residues are the primary source of microorganism-
stimulating C inputs to biopores, living roots also impact soil mi-
croorganisms via rhizodeposition and exudation of organic com-
pounds (sugars, amino acids, organic acids) (Pausch et al., 2013a).
Winter barley (Hordeum vulgare L.), for example, is characterized by
a fibrous root system that transfers 17% of total assimilated C to
belowground pools (roots, microorganisms, soil organic matter)
(Kuzyakov and Domanski, 2000). 70% of the whole root system,
however, is found in the upper 30 cm of the soil profile, where
nutrient contents are highest (Lucas et al., 2000; Steingrobe et al.,
2001). Despite the short root exudate lifetimes of no more than a
few days (Pausch and Kuzyakov, 2011; Kuzyakov and
Blagodatskaya, 2015), the rhizosphere is critically important mi-
crobial hotspot in soil (Blagodatskaya and Kuzyakov, 2008;
Kuzyakov and Blagodatskaya, 2015). In contrast, earthworm bur-
rows can exist for even longer than the lifetime of Lumbricus
Terrestris L. itself (Tiunov and Scheu, 1999; Stromberger et al., 2012)
and can be re-occupied by succeeding generations. The longevity of
biopores and rhizosphere affects the stability of their correspond-
ing microbial activities through microhabitat persistence, C con-
tent, and nutrient availability and, therefore, regulates SOM
decomposition by microorganisms.

The goal of this studywas to investigate the effects of earthworm
activity in biopores (burrows) and of root activity on altered SOM
decomposition (priming effect), and whether this priming effect is
depth dependent. Based on this investigation, we compared SOM
mineralization induced by glucose supply in biopores and rhizo-
sphere. Accordingly, we hypothesized that (i) priming effects are
more pronounced in biopores than in bulk soil due to more acces-
sible SOM presented by earthworm activity; (ii) the production of
microbial enzymes in biopores depends on microbial community
composition; (iii) enzyme activities and efficiency of enzymatic re-
action (Ka) play the main roles driving different priming effect in
subsoil vs. topsoil, biopores vs. bulk soil. To this end, we measured
enzyme activities and SOM-derived CO2 associatedwith earthworm
burrows, rhizosphereandbulk soil at different soil depths (0e30 cm,
45e75 cm and 75e105 cm), and assessed the role of biopores in the
priming effect, especially in the subsoil.

2. Material and methods

2.1. Soil sampling and sample preparation

The study site belongs to the research station at Campus Klein-
Altendorf (50� 370 N, 6� 59’ E) south-west of Bonn, Germany. The
topsoil was ploughed 10 months prior sampling to grow winter
barley (Hordeum vulgare L.). Winter barley was sown at a density of
320 grains m�2 on 2nd October, 2014. The soil is classified as a
Haplic Luvisol (WRB). The topsoil and subsoil characteristics are
given in Vetterlein et al. (2013). Sampling of drilosphere, rhizo-
sphere and bulk soil was carried out in April 2015 from three in-
dependent plots (each 2 m � 2 m). The season affects earthworm
abundance and according to Spurgeon and Hopkin (1999), highest
caches are found in spring and winter, and lowest in summer and
autumn in an unmanaged grassland in England. Moreover, tem-
perature variation alters soil egestion rates (Curry et al., 1995). We
sampled soil in April as this was their most abundant time and also
the right time to excavate the worm burrows (Curry et al., 1995).

Drilosphere was collected within the innermost part of burrows
(Tiunov and Scheu, 1999) at 3 depths (0e30 cm, 45e75 cm,
75e105 cm). In order to implement field sampling, a soil pit was
dug to 150 cm to expose a soil profile. We did not remove the plants
before excavating earthworm burrows so as to prevent top-burrow
destruction in the topsoil. Burrow pores were carefully opened on
one side with a sharp knife to reveal the burrow walls, according to
Hoang et al. (2016b). A micro-spoon (5 � 100 mm) was acquired to
scratch the dark surface of cast along burrow walls within each
10 cm increment of soil depth. This layer of drilosphere is supposed
to be within a few millimeters (Parkin and Berry, 1999) or up to
1 cm in thickness (J�egou et al., 2000). We therefore tried to sample
soil materials in more or less 2 mm thickness of burrow walls.
Rhizosphere soil adhering to roots was collected only from the
topsoil (0e30 cm) (Grayston et al., 1998). Bulk soil was considered
as soil at a distance greater than 2 cm from root or earthworm pores
and was collected from 0 to 30, 45e75, and 75e105 cm depths.
However, due to very high density of roots in the topsoil, bulk soil
was partly affected by rhizosphere. Samples were stored field-fresh
at 5 �C (<one month) until use. Before the main experiments
started, root litter and plant debris had been removed with twee-
zers. Soil samples were divided into 3 subsamples for analyzing (i)
water content, total C (TC), total N (TN) and total P (TP), (ii) enzyme
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kinetics and (iii) incubation experiment. The soil water content was
determined in 1 g of soil by drying at 105 �C, of which 35e50 mg
dry soil was ground to powder in a ball mill for TC and TN content
analysis by dry combustion (VarioMax, Elementar). For total P (TP),
samples were extracted by hot acid digestion of 0.5 g dry soil in
aqua regia. Phosphorus content of the extracts was determined by
inductively coupled plasma optical-emission spectroscopy (Ultima
2 ICP-OES, HORIBA Jobin Yvon, Longjumeau, France).

2.2. Enzyme kinetics

The subsamples for enzyme analysis were pre-conditioned for 2
days at room temperature (20 �C) prior to measurement. To
determine activities of six enzymes involved in organic matter
decomposition, we used fluorescent substrates (Sigma-Aldrich,
Germany) corresponding to the respective enzymes. Cellobiohy-
drolase (CBH) (EC 3.2.1.91), b-glucosidase (GLU) (EC 3.2.1.21) and
xylanase (XYL) (EC 3.2.1.8), responsible for cellulose and hemicel-
lulose hydrolysis, were analyzed using 4-methylumbelliferyl-b-D-
cellobioside, 4-methylumbelliferyl-b-D-glucopyranoside, and 4-
methylumbelliferyl-7-b-D-xylopyranoside, respectively. N-acetyl-
b-glucosaminidase (NAG) (chitinase, EC 3.2.1.52) and leucine
aminopeptidase (LAP) (EC 3.4.11.1), respectively catalyzing chitin
degradation and protein and peptide hydrolysis, were assayed by 4-
methylumbelliferyl-N-acetyl-b-D-glucosaminide and L-leucine-7-
amino-4-methylcoumarin. Activity of acid phosphatase (APT) (EC
3.1.3.2), which plays a role in organic phosphate decomposition,
was measured with 4-methylumbelliferyl-phosphate. Half a gram
of soil (dry weight equivalent) was suspended in 50 mL sterile
water by shaking for 20 min and dispersing with an ultrasonic dis-
aggregator for 2 min (Pausch et al., 2016). 51 mL of the soil sus-
pension was pipetted into 96-well microplates (Brand pureGrade,
black). Thereafter, 50 mL of buffer (MES or TRIZMA) and 100 mL of
the corresponding substrates at concentrations of 20, 40, 60, 80,
100, 200 and 400 mmol substrate g�1 soil were added (Razavi et al.,
2015). Immediately after substrate addition, the microplates were
measured fluorometrically (excitation wavelength 360 nm, emis-
sion 450 nm) and the measurement was repeated after 30 min, 1 h,
and 2 h (Wallac 1420, Perkin Elmer. Turku, Findland). The same
process was performed for all enzymes. The results were calculated
based on the Michaelis-Menten equation by comparison to stan-
dard curves prepared with separately purchased MUF (cellobio-
hydrolase, b-glucosidase, xylanase, N-acetyl-b-glucosaminidase,
acid phosphatase) or AMC (leucine aminopeptidase).

2.3. Incubation

For the incubation experiment, 6 g of soil (dry weight equiva-
lent) from each sample were equally subdivided into two vials
(each 24 mL volume). In total, 42 vials were prepared: burrows (3
replicates, 3 depths), bulk soil (3 replicates, 3 depths), and rhizo-
sphere (3 replicates, Ap horizon).

The samples were pre-incubated for 11 days at 21 ± 1 �C, until
the daily basal respiration was constant, in order to stabilize mi-
crobial activities prior to substrate addition (Falchini et al., 2003).
During the pre-incubation, the samples were allowed to dry to the
desired water content (50% WHC). The CO2 evolved from the soil
was trapped in 300 mL of 1.0 M NaOH solution placed in small caps
(1.5 mL) attached to the vial bottom. The incubation vials were kept
air-tight with rubber septa, which were covered again with
aluminum seal crimp caps. To substitute fresh NaOH for the NaOH
with trapped CO2, the vials were opened every 24 h and a syringe
was used to withdraw the solution. Opening the vials also pre-
vented the development of anaerobic conditions.

Uniformly labeled 14C glucosewas added to unlabeled glucose to
make a stock solution of 12� 104 DPM (disintegrations per minute)
per vial, before being added to the soil. The total incubation period
after glucose addition was 24 days. Glucose solution (100 mL) was
applied with a fine needle to one of each pair of vials, while distilled
water (100 mL) was added to the other (control). The amount of
added glucose C corresponded to 50% of microbial biomass C in the
drilosphere, rhizosphere and bulk soil (microbial biomass C of 0.82,
0.19 and 0.03 mg C g�1 soil, respectively) based on the results of a
previous study at the same site (Hoang et al., 2016b). The implicit
assumption here is that the priming effect is a direct function of
microbial biomass present in the target soil (Xiao et al., 2015) but
that may not always be true (Guenet et al., 2010; Shahzad et al.,
2015). Moreover, the use of vastly different amount of added
glucose in different soil compartments becomes more complicated.
Priming effect is not a linear function external OM input but priming
could be modeled effectively as a function of the response of mi-
crobial biomass to litter inputs (Xiao et al., 2015). We acknowledge
that this approach may not cover all the aspects of arguments on
mechanisms behind priming effect from biopores induced by
glucose addition. However, to our knowledge this approach is the
optimum to deal with soil material limitation as the addition of
glucose at 50%microbial biomass can avoid an exponential decrease
of primingeffect andmicroorganismsarenot limited in energy input
(Blagodatskaya andKuzyakov, 2008). After addition, theCO2 evolved
from the soil was trapped in 600 mL of 1.0 M NaOH. For the first two
days, the NaOH solutionwas exchanged at 6,10,16, 24 and 36 h after
glucose addition, daily for the rest of first week, and every 2 days for
the following weeks. Based on this experimental design, we moni-
tored: (1) total CO2 and 14CO2 evolution in glucose amended sam-
ples, and (2) unlabeled CO2 originating frommicrobial respiration of
soil organic matter pools. Four blanks were included (vials without
soil) to correct for CO2 trapped during sample handling. The 14C
activity of CO2 was measured in 300 mL NaOH aliquots added to
2.5 mL of the scintillation cocktail Rotiszint Eco Plus (Carl Roth,
Germany). Radioactivity was quantified counted using a liquid
scintillation counter (1450 LSC MicroBeta TriLux, Perkin Elmer Inc.,
USA). The remaining 20 mL NaOH solutionwas used tomeasure total
CO2-C with a Shimadzu TOC-5050A Total Organic Carbon Analyzer.

2.4. Calculation and statistical analysis

Activities (Vmax, nmol g�1 MUF or AMC dry soil h�1) and kinetics
(Km, mmol substrate g�1 soil) of each enzyme were defined using
non-linear regression (Michaelis-Menten kinetics) and fitted by
OriginPro 8.5 (OriginLab, Massachusetts, USA). The Michaelis-
Menten equation was applied to calculate kinetic parameters
(Vmax and Km):

V ¼ Vmax½S�
Km þ ½S�

where Vmax is maximum reaction rate catalyzed by enzymes at a
saturated substrate concentration and Km represents the substrate
concentration at a reaction rate equal to half maximal velocity (Vmax

2
). The catalytic efficiency of enzymatic reactions was determined by
the Vmax-to-Km ratio.

The priming effect (mg C g�1 soil day�1) was calculated as the
difference in SOM-derived CO2 from soil amendedwith glucose and
control soil:

PE¼ SOM-derived CO2 (with glucose)e SOM-derived CO2 (without
glucose)

SOM-derived CO2 evolved from soil with glucose was calculated
as the difference between total CO2 and glucose-derived CO2 (mg C
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g�1 soil h�1) (Blagodatskaya et al., 2007):

SOM-derived CO2 (with glucose) ¼ Total CO2 (with glucose) e
Glucose-derived CO2

The glucose-derived CO2 was determined from the 14C activity
of NaOH traps.

Cumulative CO2 results were converted to mg C g�1 soil. The 14C
efflux rate is provided as mg C g�1 soil h�1.

Based on 14C-CO2 pattern which demonstrated glucose-
originated CO2 we can estimate priming effect mechanisms:
parent and real priming effects. If this value is apparently high and
emerge shortly within hours after glucose addition, then we can
assume the occurrence of apparent priming effect (Kuzyakov et al.,
2000). If this value decreases to some extent over time and the
cumulative priming effect shows positive value, then the period is
considered as real priming effect.

The standard error of the mean (SE) for CO2, enzyme activities
and enzyme kinetics is presented in the figures. The effects of soil
depth and soil type (biopore, rhizosphere or bulk soil) were
assessed by two-way ANOVA using STATISTICA 12 (StatSoft Inc.,
USA), considering each as independent factors. A t-test was applied
to test for significant deviation of the priming effect from zero. P-
values less than 0.05 were considered to indicate significance.

3. Results

3.1. Total organic C, total N, P and C/N ratio

The soil pH was 6.5 at 0e30 cm and 6.9e7.1 below 45 cm, while
the CaCO3 content was <1 mg g�1 soil for the whole soil profile
(Kautz et al., 2014). Therefore, we considered total C as total soil
organic C (Corg). Total organic C was higher in biopores
(7.64e13.4 mg C g�1 soil) than in bulk soil (3.2e9.5 mg C g�1 soil)
(Fig. 1a), which was similar to the pattern observed for total N
(Fig. 1b). C:N ratios were higher in biopores than bulk soil, being
unchanged in biopores with depth but significantly decreased in
bulk soil (Appendix 1). The rhizosphere soil had similar total
organic C and total N contents to bulk soil at 0e30 cm. For biopores
and bulk soil, total organic C and total N contents decreased with
depth, but did not differ between the two subsoil layers (45e75 cm
and 75e105 cm). In contrast to C and N, total P was highest in the
rhizosphere (Fig. 1c).

3.2. Enzyme activity and catalytic efficiency

Most enzyme activities were highly correlatedwith total organic
C and total N (P < 0.01**, P < 0.05*) with R2 > 0.6 (except for cel-
lobiohydrolase and b-glucosidase in bulk soil) (Fig. 2). At all soil
depths, enzyme activities were positively correlated with total
organic C and total N in biopores, but negatively correlated or un-
correlated (Fig. 2a and b) in bulk soil. Acid phosphatase activities
did not show any correlation with total phosphorus in both bio-
pores and bulk soil. In the topsoil, activities of all enzymes were
generally higher in biopores compared to rhizosphere and bulk soil.
In the subsoil, higher cellobiohydrolase, b-glucosidase and leucine
aminopeptidase activities (Fig. 2a, b, f) were associated with higher
contents of total organic C and total N (Fig. 1) in biopores than in
bulk soil, while activities of xylanase and chitinase (Fig. 2c, d, e)
decreased by up to six fold in biopores. Most enzyme activities in
biopores were 1.6e8 times higher in topsoil compared to subsoil.

Catalytic efficiency (Ka) was calculated by dividing Km by Vmax
for each enzyme. In the topsoil, catalytic efficiency for most en-
zymes was up to 8 times higher in biopores than in rhizosphere or
bulk soil, with the exception of leucine aminopeptidase (Fig. 3). The
catalytic efficiency was similar between rhizosphere and bulk soil
in the topsoil. In subsoil, the catalytic efficiency of enzymes
involved in cellulose, chitin and leucine hydrolysis were higher in
biopores than in bulk soil at 45e75 cm, but were similar between
biopores and bulk soil at 75e105 cm. Importantly, catalytic effi-
ciency increased with depth in bulk soil but decreased in biopores
at lower depths.

In general, much higher activities of most enzymes were
detected in biopores vs. bulk soil and in top biopores vs. sub bio-
pores but in sub-bulk soil vs. top-bulk soil. However, enzyme ac-
tivities followed opposite trends associatedwith total organic C and
total N, and C:N ratios along soil depths. In the topsoil, the catalytic
efficiency of all enzymes was higher in biopores than in bulk soil or
rhizosphere, but in subsoil no clear pattern was discerned.

3.3. CO2 efflux from soil and priming effect induced by labile C input

14CO2 efflux in the first 6 h of incubation reflected 2.7 to 4.14
times faster decomposition of glucose in biopores compared to bulk
soil and rhizosphere at 0e30 cm (Fig. 4). There was a time lag in
peak 14C efflux at greater soil depths, i.e. 14CO2 evolution rate in the
subsoil peaked later than in the topsoil for both biopores and bulk
soil.

Considering cumulative SOM-derived CO2, the difference be-
tween samples with and without glucose amendment indicated an
increase in SOM decomposition (positive priming effect), which
started at the 16th hour in biopores regardless of soil depths
(Fig. 5a). Compared to topsoil biopores, the priming effect in subsoil
biopores was more intense (Fig. 5b). T-test results demonstrated a
p-value >0.05 for absolute priming of SOM decomposition in
rhizosphere and bulk soil, which indicated no extra SOM degra-
dation due to glucose addition. Meanwhile, the priming effect was
positive in biopores at all depths, but much lower in topsoil than
subsoil (Figs. 5b and 6). The priming effect in biopores was gener-
ally higher than in bulk soil and rhizosphere, but was only signifi-
cant at 75e105 cm. Similarly, only at 75e105 cm was a positive
priming of SOM decomposition observed in bulk soil. Normalizing
the volume of priming effect with the amount of added glucose
demonstrated that glucose addition induced more than 100%
priming of SOM decomposition in the bulk subsoil, but only 15% in
the subsoil biopores (Supplementary 1).

4. Discussion

4.1. Total organic C, total N and P

Despite the small soil volume of biopores (0.2e2% of total soil
volume) (Ehlers et al., 1983), they largely contribute to plant litter
incorporation in soil profile. Total organic C and total N contents
were higher in biopores than in bulk soil (Hoang et al., 2016b).
Earthworms accumulate C in biopores through their burrowing
activities, delivering a mixture of plant debris and mineral particles
downwards through the soil profile. Along with C accumulation, N
was also incorporated into biopores. Indeed, low C:N litter fractions
are a favorable food for earthworms (Hendriksen, 1990; Amador
et al., 2003; Svensson and Friberg, 2007). The decrease of total
organic C and total N with depth in both biopores and bulk soil
suggests less C and nutrient inputs in the subsoil than topsoil
(Kautz et al., 2013).

The soil was ploughed to 30 cm 10 months before sampling, so
topsoil biopores recently incorporated fresh organic matter
compared to subsoil biopores. Total organic C and total N decreased
with depth 1.4e1.7 times faster in bulk soil than in biopores, sug-
gesting that earthworms reduced the C-input gap between the top-
and subsoil. The similarity of total P content in biopores andbulk soil



Fig. 1. Total organic C, total N and total P in earthworm burrows compared to rhizosphere and bulk soil. Earthworms increased Corg and total N contents in biopores (P < 0.05) by
1.2e2.4 times compared to bulk soil. The differences in Corg and total N between biopores and bulk soil in the subsoil was up to 1.7 times greater than in topsoil, suggesting a very
important role of earthworms for organic matter accumulation in the subsoil. Rhizosphere (rhizosph) has a minor effect on Corg and total N in the topsoil. In contrast, total P was
higher in rhizosphere (P < 0.05) than biopores and bulk soil. This parameter was similar between biopores and bulk soil for the whole soil profile. Bars labeled with uppercase
letters indicate significant differences (P < 0.05).
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demonstrated the persistence of this parameter under worm effect.
4.2. Correlation of enzyme activities with total organic C, total N
and total P

The variation of enzyme activities in biopores was explained
well by total organic C and total N content (except for acid phos-
phatase) (P < 0.01). On the contrary, either the negative correlation
or nonlinear correlation between enzyme activities and these pa-
rameters in bulk soil along soil depths was unexpected. These
opposite trends are consistent with enzyme synthesis by microor-
ganisms to acquire energy (C) and nutrients (N or P) from suitable
soil organic matter pools. The production of enzymes depends on
the nutrient content of organic matter (Allison et al., 2007), mi-
crobial community composition (Sinsabaugh et al., 2005; Allison
et al., 2007), and nutrient limitation (Allison and Vitousek, 2005).
Earthworms seem to homogenize SOM quality through soil profile
indicated by stable variation of C:N ratio with depth (Appendix 1)
but the rate of microbial decomposition is SOM quality indepen-
dent as the enzyme activities exponentially decreased with depth.



Fig. 2. Positive correlations between enzyme activities and Corg and TN in biopores vs. negative correlations in bulk soil along soil profile. Activities of most enzymes are highly
correlated to Corg and total N (P < 0.05) (except CBH, GLU in bulk soil). The regression lines are based on all replicates, but only means are presented. Non-significant relation is
indicated with dashed line.
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This result, in turn, supports our assumption that microbial com-
munity composition is different between topsoil biopores and
subsoil biopores. Enzyme production could be influenced by the
presence of different microbial groups which produce exoenzymes
with different nutrient affinity or require different nutrient con-
centration (Allison et al., 2007). By contrast, in bulk soil the in-
creases of enzyme activities were associated with the decrease of
total C and N in lower depths (Fig. 1) proportional to the increasing
mineral composition. This result is reasonable as Allison et al.
(2007) found that the activity of enzymes regulating C and N
mineralization declined in organic but not mineral soil. Obviously,
the decrease of C:N ratio in bulk soil is due to the decrease of plant-
derived C in the agricultural subsoil, leading to the lack of C-input
for microbial demands. In addition, the occlusion of SOM within
soil aggregates (Rumpel and K€ogel-Knabner, 2011), the mineral
stabilization enhancement and the reduction of enzyme turnover
rate in deep soil (Stone et al., 2014) may explain the increasing
enzyme activity in the bulk soil.



Fig. 3. Catalytic efficiency (Ka) is enzyme-specific and generally decreased with soil depth (except for APT). In the topsoil, enzyme efficiency (Ka) was up to 8 times higher in
biopores compared to rhizosphere and bulk soil for most enzymes (except LAP). In the subsoil, enzyme activities involved in mining cellulose, chitin and leucine were significantly
lower (P < 0.05) in biopores in comparison to bulk soil at 45e75 cm. Acid phosphatase was higher in biopores than in bulk soil at 0e30 cm but lower in two below depths.
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We found a sharp increase of acid phosphatase activity in bulk
soil with depth but the ratios of C-acquiring enzymes/P-acquiring
enzymes and N-acquiring enzymes/P-acquiring enzymes
decreased minimum 4 times through soil profile. This result sug-
gested a strategy of microbial community to invest in the synthesis
of P-acquiring enzymes. Combiningwith the slight variation of total
P (Fig. 1) in bulk soil, the increase of acid phosphatase in bulk
subsoil implied a microbial-P limitation. Nevertheless, acid phos-
phatase in biopores which was one order of magnitude higher than
bulk soil in the topsoil (Appendix 2) may result from the enrich-
ment of SOM input into biopores (Fig. 1). This result was consistent
with findings by Le Bayon and Binet (2006). However, two to nine
times lower acid phosphatase in biopores than bulk soil in the
subsoil in this study was also detected by Hoang et al. (2016b).
These contrasting trends reveal differential mechanisms involved
in mediating acid phosphatase activity in topsoil and subsoil. In our
study, biopores in topsoil were newly formed after plowing so the
enhancement of acid phosphatase may result from microbial
stimulation by fresh wormcast and directly by the worm's own
enzymes (Satchell and Martin, 1984). Phosphatase production and
activity are linked to P microbial demand and inorganic P avail-
ability (Olander and Vitousek, 2000). Hence, in the subsoil, higher
acid phosphatase activity in bulk soil than biopores indicated a
severe limitation of P availability, which suggested elevated
enzyme production by microorganisms. Moreover, SOM in sub-
bulk soil has more aged residence time (Rumpel and K€ogel-
Knabner, 2011) which is supposed to be relevant to the fact that
activity of enzyme involved in P mineralization increases with site
age (Allison et al., 2007). Acid phosphatase activities were expected
to be higher in the rhizosphere than the bulk soil, as this enzyme is
also produced by plant roots (McLachlan, 1980; Bais et al., 2004).
However, similar acid phosphatase activities coupled with higher
total P content in the rhizosphere than in bulk topsoil suggested
more stable organic P compounds in the bulk soil.
4.3. Catalytic efficiency (Ka)

The kinetic parameters (Vmax and Km) express the “quantity”
(Vmax) and the substrate affinity of an enzyme, which are useful for
assessing the changes in microbial activities (Masciandaro et al.,
2000; Razavi et al., 2016b). The ratio of these two parameters
(Vmax/Km) is termed the catalytic efficiency (Ka). Ka reveals changes
in microbial community composition via alteration in soil enzymes
(Kujur and Patel, 2013). The higher Ka in biopores compared to both
bulk soil and rhizosphere for most enzymes in the topsoil (except
for leucine aminopeptidase), implies enhanced organic C avail-
ability under earthworm effect, which induces microbial respira-
tion (Kujur and Patel, 2013). Furthermore, catalytic efficiency is
linked to enzyme-substrate formation. Accordingly, higher Ka in
biopores than other soils demonstrated the accelerated dissociation
of enzyme-substrate complexes (Tabatabai, 1973; Kizilkaya and
Ekberli, 2008) in biopores than in bulk soil and the rhizosphere,
resulting in a high flux of substrate to product (Albery and Knowles,
1976) and implying that the most active microbial community
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Fig. 4. 14CO2 efflux rate after glucose addition. 14CO2 evolution rate was 2.7e4.14 times higher in biopores than in the bulk soil after the first 6 h of incubation, but in rhizosphere soil
it was lower than in bulk soil at 0e30 cm. There was a time lag in peak 14CO2 at greater soil depth, being later at the lower depths than for the uppermost layer.
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resides in biopores. Leucine aminopeptidase catalytic efficiency in
biopores was similar to bulk soil and rhizosphere. This was also the
case for xylanase and b-glucosidase in biopores at 45e75 cm and
75e105 cm. The catalytic efficiency of all enzymes in the rhizo-
sphere of topsoil was similar to bulk soil. The very well developed
root system of barley occupies the entire Ap horizon, and conse-
quently transforms the bulk soil into a rooted soil more comparable
to rhizosphere conditions. Acid phosphatase catalytic efficiency in
the topsoil was higher in biopores than in the bulk soil and rhizo-
sphere, but was up to 6-fold lower in the subsoil. As describing
previously, earthworms did not affect total P, but they may convert
immobilized organic P to microorganism-available forms in their
biopores by gut passage. The enhanced availability of P in biopores
reduced acid phosphatase syntheses by microorganisms (Chaoui
et al., 2003; Le Bayon and Binet, 2006; Spohn and Kuzyakov,
2013). An efficient enzyme will mediate a high flux of substrate
to product (Albery and Knowles, 1976), thus, the difference in Ka
between topsoil and subsoil supports our argument regarding the
occurrence of different microbial communities in the topsoil vs.
subsoil.
4.4. 14CO2 efflux rate and priming effect in biopores

The 14CO2 efflux rate 6 h after glucose amendment was higher in
biopores than in bulk soil at all depths (Fig. 4) and was 14 times
lower in rhizosphere than in biopores. This means that glucose
increased CO2 efflux from biopores more strongly than from
rhizosphere or bulk soil. Microbial activities in the rhizosphere are
stimulated by glucose-containing root exudates (Kuzyakov, 2002;
Shi et al., 2011; Derrien et al., 2004). Other than sugars, addi-
tional compounds such as amino acids and organic acids may be
the main stimulators of microbial activity and the rhizosphere
priming effect (Scott-Denton et al., 2005; Kuzyakov et al., 2007;
Bird et al., 2011). Moreover, glucose is the simplest of the compo-
nents of root exudates (Kuzyakov, 2002) and may not induce PE
(Hamer and Marschner, 2002; Blagodatskaya et al., 2009) in top-
soils, as the topsoils are already receiving abundant levels of labile C
(Salom�e et al., 2010), resulting in partial nutrient saturation for the
microorganisms residing there. Hence, additional glucose caused
only minor effects on already boosted microbial activities in the
rhizosphere. High microbial populations in biopores (Don et al.,
2008; Hoang et al., 2016b) or the limitations in nutrient and
energy-rich C compounds in bulk soil (indicated by less total
organic C and total N) accelerated glucose decomposition as an
available energy source for microorganisms.

The time lag between the maximum 14CO2 efflux rate in subsoil
biopores vs. topsoil biopores illustrates a shift in the microbial
community in response to glucose amendment and native SOM
decomposition (Fig. 4). The higher proportion of fast-growing mi-
croorganisms (r-strategist) residing in the topsoil (Fontaine et al.,



Fig. 5. Absolute priming of SOM decomposition in biopores (a) Priming effect dynamics: The difference in cumulative CO2 from SOM with glucose amendment and without glucose
was significantly larger in biopores than rhizosphere and bulk soil; (b) Cumulative priming effects at day 24 of the experiment: The stronger effect of earthworms on priming effect
in subsoil than topsoil was attributable to the limitation of labile C in the subsoil and newly formed substances in the topsoil. Rhizosphere and bulk soil in the two upper horizons
were not subject to priming (t-test, p > 0.05).
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Fig. 6. Priming of soil organic matter decomposition was seen in biopores over the whole soil profile, but only observed in bulk soil in the subsoil. The far higher microbial biomass
in biopores than in bulk soil boosts soil organic matter decomposition after glucose addition, while N starvation of microorganisms in subsoil is the main driver for higher priming
effects over topsoil. Across different depths, negative correlations between enzyme activity and total C (TC) and total N (TN) in bulk soil contrast with positive correlations in
biopores. Shading indicates the range of enzyme activities as a function of TC and TN. A, B and BC indicated soil horizons from topsoil to subsoil, respectively.
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2007) quickly assimilated C-glucose to meet their energetic de-
mands. The dominance of sugar-feeding populations has been
proposed to occur during the first stage of litter decomposition
(Alexander, 1964). Therefore, elevated-CO2 efflux throughout the
first day of incubation originated from microbial glucose degrada-
tion rather than SOM decomposition (Fontanine et al., 2003).
Similarly, microorganisms in biopores quickly decomposed glucose
to CO2, as demonstrated by the pronounced peaks, particularly in
the subsoil. Hence, microorganisms in biopore walls showed a
quick response to resource amendments (Tiunov and Scheu, 1999).

Top-bulk soil was enriched in labile C sources derived from plant
litter whereas the sub-bulk soil was devoid of such sources.
Consequently, the topsoil microbes were far less C limited than
their subsoil counterparts, and thus, they respond less intensively
to labile C availability than subsoil microbes. Such activated mi-
croorganisms may induce the decomposition of native SOM,
causing a positive priming effect in the sub-bulk soil. Despite a high
14CO2 efflux rate due to the quick C assimilation in the topsoil, 14CO2
evolution was exhausted sharply by time (Fig. 4). However, 14CO2
evolution decreased more gradually in the subsoil of biopores and
bulk soil during the incubation. These 14CO2 evolutions were
originated from glucose and emerged shortly (within 1 day) after
this substrate addition. Therefore, according to Kuzyakov et al.
(2000) CO2 priming during this period (Fig. 5a) was governed by
apparent priming effect. In contrast, 14CO2 effluxes from day 4 to
the end of incubation in biopores, bulk soil and rhizosphere were
very low, even approximately 0 at some point of time (Fig. 4). This
means that the longer the incubation is the lower variable the
microbial C-glucose consumption. Moreover, priming effects in
biopores at 3 soil depths and bulk soil at 75e105 cm (Fig. 5a) were
associated with SOM decomposition (real priming effect)
(Blagodatskaya and Kuzyakov, 2008).

The triggered absolute turnover of pre-existing SOMwas higher
in biopores than in root-affected soil or bulk soil (Fig. 5). As pre-
viously suggested (Blagodatskaya and Kuzyakov, 2008;
Blagodatskaya et al., 2009; Pausch et al., 2013b), exudate input in
the rhizosphere creates important but highly dynamic hotspots,
resulting in priming effects. The lifetime of such hotspots, however,
is short (Pausch and Kuzyakov, 2011) due to the rapid decomposi-
tion of exudates. Consequently, microbial activities quickly return
to baseline, as seen in the similarity of enzyme activities between
rhizosphere and bulk soil at 0e30 cm (Fig. 2). In contrast, biopores
are stable and long-lived microhabitats for microorganisms, even
exceeding the lifetime of Lumbricus terrestris itself (Tiunov and
Scheu, 1999; Stromberger et al., 2012). The persistence of biopore
walls creates stable microhabitats that favor the maintenance of
vast and active microbial communities (Tiunov and Scheu, 1999),
and positively contributed to the priming effect observed in our soil
profile. Moreover, such pore walls are casted with excreted mucus
(Brown et al., 2000), which is made up of low molecular weight
carbohydrates, amino acids, glycosides and glycoproteins (Scheu,
1991; Lavelle et al., 1995; Pan et al., 2010). Such mucus com-
pounds are released from earthworm's body surfaces acting as a
“paradox” (Brown et al., 2000) which stimulates dormant microbial
communities for SOMmineralization over a period of years (Brown
et al., 2000). Similarly, Bityutskii et al. (2012) proposed earthworm
mucus as an important primer in the soil profile, but suggested that
this effect can be delayed up to 30e90 days. Additionally, higher
priming effect in biopores than bulk soil was partly explained by a
higher catalytic efficiency in the former than the latter. As
mentioned in previous section, higher catalytic efficiency is asso-
ciated with a faster dispersion of enzyme-substrate complex than
its formation, i.e. more SOM is decomposed. Combiningwith higher
microbial biomass in biopores, glucose amendment induced
priming of pre-existed SOM. However, priming effect is more
attributed to glucose addition in bulk soil than biopores as
normalizing this value with added glucose volume. In brief, the
elevated priming effect in biopores compared to rhizosphere and
bulk soil results from the stability of biopore walls and favorable
properties of excreta by earthworms.
5. Conclusions

The positive effects of earthworms on nutrient mobilization (N
and P) have been broadly known for decades, but there has been no
consensus concerning the role of earthworms in soil organic matter
decomposition (priming effects) due to easily-degradable C inputs.
Total organic C and total N decreased more with depth in bulk soil
than in biopores, suggesting that earthworms reduced the C input
gap between top- and subsoil. The negative correlation between
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enzyme activities and C:N ratios in bulk soil was unexpected, but
can be explained by the abundance of ancient, slow-cycling C in the
subsoil, compared to young-fast cycling C in the topsoil. Together
with nutrient limitation in the bulk subsoil, this suggests that
enzyme activities were increased in the subsoil to help microor-
ganisms access limited nutrients. Higher priming effect in biopores
than bulk soil and rhizosphere was determined by the stability of
biopore walls, C and N enrichment and higher catalytic efficiency of
hydrolytic enzymes. Overall, earthworms boost SOM turnover by
stimulating microbial activities, especially in the subsoil.
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Appendix 2

Fig. S2. Phosphatase activity in biopores is higher than in bulk soil and rhizosphere in
the topsoil, but lower in the subsoil.
References

Albery, W.J., Knowles, J.R., 1976. Evolution of enzyme function and the development
of catalytic efficiency. Biochemistry 15, 5631e5640.

Alexander, M., 1964. Biochemical ecology of soil micro-organisms. Annual Review of
Microbiology 18, 217e252.

Allison, S.D., Vitousek, P.M., 2005. Responses of extracellular enzymes to simple and
complex nutrient inputs. Soil Biology & Biochemistry 37, 937e944.

Allison, V.J., Condron, L.M., Peltzerc, D.A., Richardson, S.J., Turner, B.L., 2007. Changes
in enzyme activities and soil microbial community composition along carbon
and nutrient gradients at the Franz Josef chronosequence, New Zealand. Soil
Biology & Biochemistry 39, 1770e1781.

Amador, J.A., G€orres, J.H., Savin, M.C., 2003. Carbon and nitrogen dynamics in
Lumbricus terrestris (L.) burrow soil: relationship to plant residues and macro-
pores. Soil Science Society of America Journal J 67, 1755e1762.

Asmar, F., Eiland, F., Nielsen, N.E., 1994. Effect of extracellular enzyme activities on
solubilization rate of soil organic nitrogen. Biology and Fertility of Soils 17,
32e38.

Bais, H.P., Park, S.W., Weir, T.L., Callaway, R.M., Vivanco, J.M., 2004. How plants
communicate using the underground information superhighway. Trends in
Plant Science 9, 26e32.

Bar-Even, A., Noor, E., Savir, Y., Liebermeister, W., Davidi, D., Tawfik, D.S., Milo, R.,
2011. The moderately efficient enzyme: evolutionary and physicochemical
trends shaping enzyme parameters. Biochemistry 50, 4402e4410.

Bird, J.A., Herman, D.J., Firestone, M.K., 2011. Rhizosphere priming of soil organic
matter by bacterial groups in a grassland soil. Soil Biology & Biochemistry 43,
718e725.

Bityutskii, N.P., Maiorov, E.I., Orlova, N.E., 2012. The priming effects induced by
earthworm mucus on mineralization and humification of plant residues. Eu-
ropean Journal of Soil Biology 50, 1e6.

Blagodatskaya, E.V., Blagodatsky, S.A., Anderson, T.-H., Kuzyakov, Y., 2007. Priming
effects in Chernozem induced by glucose and N in relation to microbial growth
strategies. Applied Soil Ecology 37, 95e105.

Blagodatskaya, E., Kuzyakov, Y., 2008. Mechanisms of real and apparent priming
effects and their dependence on soil microbial biomass and community
structure: critical review. Biology and Fertility of Soils 45, 115e131.

Blagodatskaya, E.V., Blagodatsky, S.A., Anderson, T.-H., Kuzyakov, Y., 2009. Con-
trasting effects of glucose, living roots and maize straw on microbial growth
kinetics and substrate availability in soil. European Journal of Soil Science 60,
186e197.

Brown, G.G., 1995. How do earthworms affect microflorial and faunal community
diversity. Plant and Soil 170, 246e249.

Brown, G.G., Barois, I., Lavelle, P., 2000. Regulation of soil organic matter dynamics
and microbial activity in the drilosphere and the role of interactions with other
edaphic functional domains. Eur. J. Soil Biol. 36, 177e198.

Chaoui, H.I., Zibilske, L.M., Ohno, T., 2003. Effects of earthworm casts and compost
on soil microbial activity and plant nutrient availability. Soil Biology and
Biochemistry 35, 295e302.

Curry, J.P., Byrne, D., Boyle, K.E., 1995. The earthworm population of a winter cereal
field and its effects on soil and nitrogen turnover. Biology and Fertility of Soils
19, 166e172.

De Graaff, M.-A., Jastrow, J.D., Gillette, S., Johns, A., Wullschleger, S.D., 2014. Dif-
ferential priming of soil carbon driven by soil depth and root impacts on carbon
availability. Soil Biology & Biochemistry 69, 147e156.

Dempsey, M.A., Fisk, M.C., Yavitt, J.B., Fahey, T.J., Balser, T.C., 2013. Exotic earth-
worms alter soil microbial community composition and function. Soil Biology
and Biochemistry 67, 263e270.

Derrien, D., Marol, C., Balesdent, J., 2004. The dynamics of neutral sugars in the
rhizosphere of wheat. An approach by 13C pulse-labelling and GC/C/IRMS. Plant
and Soil 267, 243e253.

Don, A., Steinberg, B., Sch€oning, I., Pritsch, K., Joschko, M., Gleixner, G., Schulze, E.-
D., 2008. Organic carbon sequestration in earthworms burrows. Soil Biology
and Biochemistry 40, 1803e1812.
Ehlers, W., K€opke, U., Hesse, F., B€ohm, W., 1983. Penetration resistance and root

growth of oats in tilled and untilled loess soil. Soil Tillage Res 3, 261e275.
Ekberli, I., Kizilkaya, R., Kars, N., 2006. Urease enzyme and its kinetic and ther-

modynamic parameters in clay loam soil. Asian Journal of Chemistry 18,
3097e3105.

Falchini, L., Naumova, N., Kuikman, P.J., Bloem, J., Nannipieri, P., 2003. CO2 evolution
and denaturing gradient gel electrophoresis profiles of bacterial communities in
soil following addition of low molecular weight substrates to simulate root
exudation. Soil Biology and Biochemistry 35, 775e782.

Fontanine, S., Mariotti, A., Abbadie, L., 2003. The priming effect of organic matter: a
question of microbial competition? Soil Biology and Biochemistry 35, 837e843.

Fontaine, S., Barot, S., Barr�e, P., Bdioui, N., Mary, B., Rumpel, C., 2007. Stability of
organic carbon in deep soil layers controlled by fresh carbon supply. Letters
450, 277e280.

German, D.P., Marcelo, K.R.B., Stone, M.M., Allison, S.D., 2012. The Michaelise-
Menten kinetics of soil extracellular enzymes in response to temperature: a
cross-latitudinal study. Global Change Biology 18, 1468e1479.

Gianfreda, L., De Cristofaro, A., Rao, M.A., Violante, A., 1995. Kinetic behavior of
synthetic organo-and-organo-mineral-urease complexes. Soil Science Society of
America Journal 59, 811e815.

Grayston, S.J., Wang, S., Campbell, C.D., Edwards, A., 1998. Selective influence of
plant species on microbial diversity in the rhizosphere. Soil Biology and
Biochemistry 30, 369e378.

Guenet, B., Danger, M., Abbadie, L., Lacroix, G., 2010. Priming effect: bridging the gap
between terrestrial and aquatic ecology. Ecology. http://dx.doi.org/10.1890/09-
1968.

Hamer, U., Marschner, B., 2002. Priming effects of sugars, amino acids, organic acids
and catechol on the mineralization of lignin and peat. Journal of Plant Nutrition
and Soil Science 165, 261e268.

Hendriksen, N.B., 1990. Leaf litter selection by detritivore and geophagous earth-
worms. Biology and Fertility of Soils 10, 17e21.

Hoang, T.T.D., Razavi, B.S., Kuzyakov, Y., Blagodatskaya, E., 2016a. Earthworm bur-
rows: kinetics and spatial distribution of enzymes of C-, N- and P- cycles. Soil
Biology and Biochemistry 99, 94e103.

Hoang, T.T.D., Pausch, J., Razavi, B.S., Kuzyakova, I., Banfield, C., Kuzyakov, Y., 2016b.
Hotspot of microbial activity induced by earthworm burrows, old root channels,
and their combination in subsoil. Biology and Fertility of Soil 52, 1105e1119.

J�egou, D., Cluzeau, D., Hallaire, V., Balesdent, J., Tr�ehen, P., 2000. Burrowing activity
of the earthworm Lumbricus terrestris and Aporrectodea giardi and consequence
on C transfers in soil. Eur. J. Soil Biol. 36, 27e34.

Kautz, T., Amelung, W., Ewert, F., Gaiser, T., Horn, R., Jahn, R., Javaux, M., Kemna, A.,
Kuzyakov, Y., Munch, J.-C., P€atzold, S., Peth, S., Scherer, H.W., Schloter, M.,
Schneider, H., Vanderborght, J., Vetterlein, D., Walter, A., Wiesenberg, G.L.B.,
K€opke, U., 2013. Nutrient acquisition from arable subsoils in temperate cli-
mates: a review. Soil Biology and Biochemistry 57, 1003e1022.

Kautz, T., Lüsebrink, M., P€atzold, S., Vetterlein, D., Pude, R., Athmann, M.,
Küpper, P.M., Perkoms, U., K€opke, U., 2014. Contribution of anecic earthworms
to biopore formation during cultivation of perennial ley crops. Pedobiologia 57,
47e52.

Kizilkaya, R., Ekberli, I., 2008. Determination of the effects of hazelnut husk and tea
waste treatments on urease enzyme activity and its kinetics in soil. Turkey
Journal Agriculture Forestry 32, 299e310.

Kovarova-Kovar, K., Egli, T., 1998. Growth kinetics of suspended microbial cells:
from single-substrate-controlled growth to mixed-substrate kinetics. Microbi-
ology and Molecular Biology Reviews 62, 646e666.

Kujur, M., Patel, A.K., 2013. Kinetics of soil enzyme activities under different eco-
systems: an index of soil quality. Chilean Journal of Agricultural Research 74.
http://dx.doi.org/10.4067/S0718-58392014000100015.

Kuzyakov, Y., Domanski, G., 2000. Carbon input by plants into the soil. Review.
Journal of Plant Nutrition and Soil Science 163, 421e431.

Kuzyakov, Y., Friedel, J.K., Stahr, K., 2000. Review of mechanisms and quantification
of priming effects. Soil Biology & Biochemistry 32, 1485e1498.

Kuzyakov, Y., 2002. Review: factors affecting rhizosphere priming effects. Journal of
Plant Nutrition and Soil Science 165, 382e396.

Kuzyakov, Y., Hill, P.W., Jones, D.L., 2007. Root exudate components change litter
decomposition in a simulated rhizosphere depending on temperature. Plant
and Soil 290, 293e305.

Kuzyakov, Y., 2010. Priming effects: interactions between living and dead organic
matter. Soil Biology & Biochemistry 42, 1363e1371.

Kuzyakov, Y., Blagodatskaya, E., 2015. Review paper: microbial hotspots and hot
moments in soil: concept and review. Soil Biology and Biochemistry 83,
184e199.

Lavelle, P., Lattaud, C., Trigo, D., Barois, I., 1995. Mutualism and biodiversity in soils.
Plant Soil 170, 23e33.

Lavelle, P., 1997. Faunal activities and soil processes: adaptive strategies that
determine ecosystem function. Advances in Ecological Research 27, 93e132.

Le Bayon, R.C., Binet, F., 2006. Earthworms change the distribution and availability
of phosphorous in organic substrates. Soil Biology and Biochemistry 38,
235e246.

Lee, K.E., 1985. Earthworms e Their Ecology and Relationship with Soils and Land
Use. Academic Press, Sydney.

Lucas, M.E., Hoad, S.P., Russell, G., Bingham, I.J., 2000. Management of Cereal Root
Systems. HGCA Research Review 43. Home Grown Cereals Authority, London.

Masciandaro, G., Ceccanti, B., Ronchi, V., Bauer, C., 2000. Kinetic parameters of

http://refhub.elsevier.com/S0038-0717(16)30535-1/sref1
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref1
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref1
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref2
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref2
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref2
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref3
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref3
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref3
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref3
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref4
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref4
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref4
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref4
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref4
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref4
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref5
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref5
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref5
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref5
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref5
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref6
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref6
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref6
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref6
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref7
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref7
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref7
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref7
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref9
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref9
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref9
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref9
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref10
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref10
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref10
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref10
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref10
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref11
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref11
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref11
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref11
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref12
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref12
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref12
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref12
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref13
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref13
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref13
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref13
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref14
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref14
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref14
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref14
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref14
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref15
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref15
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref15
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref16
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref16
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref16
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref16
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref17
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref17
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref17
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref17
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref18
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref18
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref18
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref18
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref19
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref19
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref19
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref19
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref19
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref20
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref20
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref20
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref20
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref21
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref21
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref21
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref21
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref21
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref22
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref22
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref22
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref22
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref22
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref23
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref23
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref23
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref23
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref23
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref24
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref24
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref24
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref24
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref25
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref25
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref25
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref25
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref25
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref25
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref26
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref26
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref26
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref27
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref27
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref27
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref27
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref27
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref28
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref28
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref28
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref28
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref29
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref29
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref29
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref29
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref30
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref30
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref30
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref30
http://dx.doi.org/10.1890/09-1968
http://dx.doi.org/10.1890/09-1968
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref32
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref32
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref32
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref32
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref33
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref33
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref33
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref34
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref34
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref34
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref34
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref35
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref35
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref35
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref35
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref36
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref36
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref36
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref36
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref36
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref36
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref37
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref37
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref37
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref37
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref37
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref37
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref37
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref37
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref38
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref38
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref38
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref38
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref38
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref38
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref38
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref39
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref39
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref39
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref39
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref40
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref40
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref40
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref40
http://dx.doi.org/10.4067/S0718-58392014000100015
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref42
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref42
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref42
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref43
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref43
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref43
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref43
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref44
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref44
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref44
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref45
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref45
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref45
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref45
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref46
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref46
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref46
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref46
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref48
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref48
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref48
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref48
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref49
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref49
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref49
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref50
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref50
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref50
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref51
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref51
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref51
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref51
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref52
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref52
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref52
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref53
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref53
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref54


D.T.T. Hoang et al. / Soil Biology & Biochemistry 114 (2017) 59e71 71
dehydrogenase in the assessment of the response of soil to vermicompost and
inorganic fertilisers. Biology and Fertility of Soils 32, 479e483.

McLachlan, K.D., 1980. Acid phosphatase activity of intact roots and phosphorus
nutrition in plants. 1. Assay conditions and phosphatase activity. Australian
Journal of Agricultural Research 31, 429e440.

Moscatelli, M.C., Lagomarsino, A., Garzillo, A.M.V., Pignataro, A., Grego, S., 2012. b-
Glucosidase kinetic parameters as indicators of soil quality under conventional
and organic cropping systems applying two analytical approaches. Ecological
Indicators 13, 322e327.

Olander, L.P., Vitousek, P.M., 2000. Regulation of soil phosphatase and chitinase
activity by N and P availability. Biogeochemistry 49, 175e191.

Pan, X., Song, W., Zhang, D., 2010. Earthworms (Eisenia foetida, Savigny) mucus as
complexing ligand for imidacliprid. Biology and Fertility of Soils 46, 845e850.

Parkin, T.B., Berry, E.C., 1999. Microbial nitrogen transformation in earthworm
burrows. Soil Biology & Biochemistry 31, 1765e1771.

Pausch, J., Kuzyakov, Y., 2011. Photoassimilate allocation and dynamics of hotspots
in roots visualized by 14C phosphor imaging. Journal of Plant Nutrition and Soil
Science 174, 12e19.

Pausch, J., Tian, J., Riederer, M., Kuzyakov, Y., 2013a. Estimation of rhizodeposition at
field scale: upscaling of a 14C labeling study. Plant and Soil 364, 273e285.

Pausch, J., Zhu, B., Kuzyakov, Y., Cheng, W., 2013b. Plant inter-species effects on
rhizosphere priming of soil organic matter decomposition. Soil Biology &
Biochemistry 2013, 91e99.

Pausch, J., Loeppmann, S., Kühnel, A., Forbush, K., Kuzyakov, Y., Cheng, W., 2016.
Rhizosphere priming of barley with and without root hairs. Soil Biology &
Biochemistry 100, 74e82.

Razavi, B.S., Blagodatskaya, E., Kuzyaov, Y., 2015. Nonlinear temperature sensitivity
of enzyme kinetics explains canceling effectda case study on loamy haplic
luvisol. Frontiers in Microbiology 6. http://dx.doi.org/10.3389/
fmicb.2015.01126.

Razavi, B.S., Zarebanadkouki, M., Blagodatskaya, E., Kuzyakov, Y., 2016a. Rhizosphere
shape of lentil and maize: spatial distribution of enzyme activities. Soil Biology
& Biochemistry 96, 229e237.

Razavi, B.S., Blagodatskaya, E., Kuzyaov, Y., 2016b. Temperature selects for static soil
enzyme systems to maintain high catalytic efficiency. Soil Biology &
Biochemistry 97, 15e22.

Razavi, B.S., Liu, S.B., Kuzyakov, Y., 2017. Hot experience for cold-adapted microor-
ganisms: temperature sensitivity of soil enzymes. Soil Biology and Biochemistry
105, 236e243.

Rumpel, C., K€ogel-Knabner, I., 2011. Deep soil organic matter-a key but poorly un-
derstood component of terrestrial C cycle. Plant and Soil 338, 143e158.

Salom�e, C., Nunan, N., Pouteau, V., Lerch, T.Z., Chenu, C., 2010. Carbon dynamics in
topsoil and subsoil may be controlled by different regulatory mechanisms.
Global Change Biology 16, 416e426.

Sanaullah, M., Chabbi, A., Maron, P.-A., Baumann, K., Tardy, V., Blagodatskaya, E.,
Kuzyakov, Y., Rumpel, C., 2016. How do microbial communities in top- and
subsoil respond to root litter addition under field conditions? Soil Biology and
Biochemistry 103, 28e38.

Satchell, J.E., Martin, K., 1984. Phosphatase activity in earthworm faeces. Soil
Biology and Biochemistry 16, 191e194.

Scheu, S., 1991. Mucus excretion and carbon turnover of endogenic earthworms.
Biology and Fertility of Soils 12, 217e220.
Scott-Denton, L.E., Rosenstiel, T.N., Monson, R.K., 2005. Differential controls by

climate and substrate over the heterotrophic and rhizospheric components of
soil respiration. Global Change Biology 12, 205e216.

Shahzad, T., Chenu, C., Genet, P., Barot, S., Perveen, N., Mougin, C., Fontaine, S., 2015.
Contribution of exudates, arbuscular mycorrhizal fungi and litter depositions to
the rhizosphere priming effect induced by grassland species. Soil Biology and
Biochemistry 80, 146e155.

Shi, S., Richardson, A.E., O'Callaghan, M., De Angelis, K.M., Jones, E.E., Stewart, A.,
Firestone, M.K., Condron, l.M., 2011. Effects of selected root exudate compo-
nents on soil bacterial communities. FEMS Microbiology Ecology 77, 600e610.

Sinsabaugh, R.L., Gallo, M.E., Lauber, C., Waldrop, M., Zak, D.R., 2005. Extracellular
enzyme activities and soil organic matter dynamics for northern hardwood
forests receiving simulated nitrogen deposition. Biogeochemistry 75, 201e215.

Spohn, M., Kuzyakov, Y., 2013. Distribution of microbial- and root-derived phos-
phatase activities in the rhizosphere depending on P availability and C alloca-
tion - coupling soil zymography with 14C imaging. Soil Biology and
Biochemistry 67, 106e113.

Spurgeon, D.J., Hopkin, S.P., 1999. Seasonal variation in the abundance, biomass and
biodiversity of earthworms in soils contaminated with metal emissions from a
primary smelting works. Journal of Applied Ecology 36, 173e183.

Steingrobe, B., Schmid, H., Claassen, N., 2001. Root production and root mortality of
winter barley and its implication with regard to phosphate acquisition. Plant
and Soil 237, 239e248.

Stone, M.M., DeForest, J.L., Plante, A.F., 2014. Changes in extracellular enzymes ac-
tivity and microbial community structure with soil depth at the luquillo critical
zone observatory. Soil Biology and Biochemistry 75, 237e247.

Stromberger, M.E., Keith, A.M., Schmidt, O., 2012. Distinct microbial and faunal
communities and translocated carbon in Lumbricus terrestris drilospheres. Soil
Biology & Biochemistry 46, 155e162.

Svensson, K., Friberg, H., 2007. Changes in active microbial biomass by earthworms
and grass amendments in agricultural soil. Biology and Fertility of Soils 44,
223e228.

Tabatabai, M.A., 1973. Michaelis constant of urease in soils and soil fractions. Soil
Science Society of America Proceedings 37, 707e710.

Tischer, A., Blagodatskaya, E., Hamer, U., 2015. Microbial community structure and
resource availability drive the catalytic efficiency of soil enzymes under land-
use change conditions. Soil Biology & Biochemistry 89, 226e237.

Tiunov, A.V., Scheu, S., 1999. Microbial respiration, biomass, biovolume and nutrient
status in burrow walls of Lumbricus terrestris L. (Lumbricidae). Soil Biology &
Biochemistry 31, 2039e2048.

Vetterlein, D., Kühn, T., Kaiser, K., Jahn, R., 2013. Illite transformation and potassium
release upon changes in composition of the rhizosphere soil solution. Plant Soil
371, 267e279.

Xiao, C., Guenet, B., Zhou, Y., Su, J., Janssens, I.A., 2015. Priming of soil organic matter
decomposition scales linearly with microbial biomass response to litter input in
steppe vegetation. Oikos 124, 649e657.

Yavitt, J.B., Fahey, T.J., Sherman, R.E., Groffman, P.M., 2015. Lumbricid earthworm
effects on incorporation of root and litter into aggregates in a forest soil, New
York state. Biogeochemistry 125, 261e273.

http://refhub.elsevier.com/S0038-0717(16)30535-1/sref54
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref54
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref54
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref55
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref55
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref55
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref55
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref56
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref56
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref56
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref56
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref56
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref57
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref57
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref57
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref58
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref58
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref58
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref59
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref59
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref59
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref59
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref60
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref60
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref60
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref60
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref61
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref61
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref61
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref61
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref62
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref62
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref62
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref62
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref63
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref63
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref63
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref63
http://dx.doi.org/10.3389/fmicb.2015.01126
http://dx.doi.org/10.3389/fmicb.2015.01126
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref65
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref65
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref65
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref65
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref66
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref66
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref66
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref66
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref67
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref67
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref67
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref67
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref68
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref68
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref68
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref68
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref69
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref69
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref69
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref69
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref69
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref70
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref70
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref70
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref70
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref70
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref71
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref71
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref71
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref72
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref72
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref72
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref73
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref73
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref73
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref73
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref74
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref74
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref74
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref74
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref74
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref75
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref75
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref75
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref75
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref77
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref77
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref77
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref77
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref78
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref78
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref78
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref78
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref78
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref79
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref79
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref79
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref79
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref80
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref80
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref80
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref80
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref81
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref81
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref81
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref81
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref82
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref82
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref82
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref82
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref82
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref83
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref83
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref83
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref83
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref84
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref84
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref84
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref85
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref85
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref85
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref85
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref85
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref86
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref86
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref86
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref86
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref87
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref87
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref87
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref87
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref88
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref88
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref88
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref88
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref89
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref89
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref89
http://refhub.elsevier.com/S0038-0717(16)30535-1/sref89

	Rolling in the deep: Priming effects in earthworm biopores in topsoil and subsoil
	1. Introduction
	2. Material and methods
	2.1. Soil sampling and sample preparation
	2.2. Enzyme kinetics
	2.3. Incubation
	2.4. Calculation and statistical analysis

	3. Results
	3.1. Total organic C, total N, P and C/N ratio
	3.2. Enzyme activity and catalytic efficiency
	3.3. CO2 efflux from soil and priming effect induced by labile C input

	4. Discussion
	4.1. Total organic C, total N and P
	4.2. Correlation of enzyme activities with total organic C, total N and total P
	4.3. Catalytic efficiency (Ka)
	4.4. 14CO2 efflux rate and priming effect in biopores

	5. Conclusions
	Acknowledgements
	Appendix ASupplementary data
	Appendix 1
	Appendix 2
	References


