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Abstract
Purpose The impact of biochar on subsoil organic carbon
mineralisation has never been assessed despite its susceptibil-
ity to downward transport after soil amendment. In this study,
we analysed the potential mineralisation of biochar and plant
material as well as their effect on native soil organic matter
(SOM) decomposition in subsoil horizons.
Materials and methods We used 13C-labelled biochar and
plant material to allow disentangling substrate mineralisation
and priming effects. The substrates were added to two moun-
tain subsoils under different land use and incubated for 1 year
under optimum conditions. We analysed for physical param-
eters and C mineralisation in the two soils. Moreover, micro-
bial communities were assessed by phospholipid fatty acid
(PLFA) analyses.
Results and discussion Our results indicated contrasting po-
tential C mineralisation of subsoils under different land use
probably related to sampling depth, contribution of stabilised
organic matter compounds, carbon content as well as quality.
In general, very low proportions of biochar were mineralised
in the two soils as compared to plant material. The

mineralisation of each of the added substrates (biochar and
plant material) was slightly, but significantly different in the
two soils. Native Cmineralisation was much higher after plant
material addition than after biochar addition. Subsoil type
influenced the kind and magnitude of priming effects for both
added substrates.
Conclusions Biochar mineralisation and its priming effects in
subsoil are small as compared to uncharred plant litter. We
suggest that substrate mineralization and priming effects in-
duced on subsoil organic matter are dependent on the compo-
sition of the added substrate, as well as soil parameters rather
than microbial community characteristics.
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1 Introduction

Pyrogenic C produced by pyrolysis with the purpose of soil
amendment (biochar) is characterised by a highly recalcitrant
aromatic structure. After its addition to soil, very low degra-
dation rates of less than 1 % of added fresh biochar have been
reported (Kuzyakov et al. 2009; Jones et al. 2011). Most C
release from biochar in laboratory incubation experiments
occurs in the first few days after its addition to soil (Smith
et al. 2010; Farrell et al. 2013). The mineralisation rate and
amount of Cmineralised from biochar depend on its feedstock
as well as pyrolysis temperature (Singh et al. 2012). It has
been suggested that abiotic release of inorganic C (Jones et al.
2011) and residual uncharred material is accounting for the
mineralisable biochar fraction (Fabbri et al. 2012). Recently, it
was shown that labile biochar compounds were rapidly incor-
porated into Gram-positive bacteria (Farrell et al. 2013) and
may also influence native soil C mineralisation through pos-
itive or negative priming effects (Zimmerman et al. 2011; Cely
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et al. 2014). Priming effects induced by biochar may be
caused by its content of dissolved or volatile organic carbon
(Luo et al. 2011; Spokas et al. 2011). They were found to be a
short-term phenomenon (Zimmerman et al. 2011; Singh and
Cowie 2014; Naisse et al. 2014).

Up to now, most studies were concerned with pyrogenic C
degradation and its priming effects after addition to surface
soil horizons, where the amendment generally occurs (e.g.
Hamer et al. 2004; Nocentini et al. 2010). However, biochar
deposited on the soils’ surface may be subject to rapid vertical
transport to lower soil depths in solid (Rumpel et al. 2009)
and/or dissolved form (Jaffé et al. 2013). The fate and impact
of biochar transported into subsoil horizons are unresolved
issues. While several authors reported accumulation of pyro-
genic C in subsoil horizons (Brodowski et al. 2007; Knicker
2011 and references therein), others did not (Alexis et al.
2012). Its effect on microbial communities and their function-
ing in subsoil horizons has never been assessed. Below the A
horizon where fresh litter input is reduced, microbial commu-
nities are found to be different from those in topsoil (Eilers
et al. 2012). They may be much better adapted to degradation
of stable organic matter and hence probably also the degrada-
tion of pyrogenic C including biochar.

In this study, we assessed the impact of biochar on the
microbiological functioning of subsoil horizons and com-
pared it to addition of plant material. We evaluated the
short-term mineralisation potential of the added sub-
strates and their capacity to induce priming effects when
added to soil below the A horizon. We used 13C-labelled
biochar to increase sensitivity, in order to quantify more
accurately the mineralisation of the labile part of biochar
and to investigate in detail its effects on native soil
organic matter (SOM). As soil parameters were found
to have an influence on biochar mineralisation (Fang
et al. 2014), we incubated the 13C-labelled char produced
at bench scale and the original 13C-labelled plant mate-
rial in two subsoils under different land use. The objec-
t ives of this study were (1) to assess biochar
mineralisation in soil as compared to uncharred biomass
and (2) to evaluate the priming effects induced by both
materials on stabilised organic matter of subsoil horizons.

2 Material and methods

2.1 Soil sampling

Soils were sampled in the Vicdessos valley in the French
Pyrenees (42° 42′ 34 N; 1° 25′ 543 E) at 1200-m altitude
under forest and grassland. Rainfall in the region amounts to
1200 mm, and mean annual temperature is 9.5 °C. Soils are
Cambisols. Samples were taken on landscape plateaus
avoiding steep slopes. We sampled subsoils below the A

horizon. Sampling depth was 7–35 cm for the grassland soil
and 35–45 cm for the forest soil. Soil samples were sieved to
pass a 2-mm sieve, and an aliquot was ground for chemical
analyses.

Clay content, pH and CEC were determined at the
French National Analytical Laboratory at Arras. Carbon
and nitrogen content of bulk soil was measured with an
elemental analyser (CHN NA 1500, Carlo Elba). The
14C activity of bulk soil was determined after
decarbonisation by accelerator mass spectrometry
(AMS) in the 14C Poznan Radiocarbon Laboratory, Po-
land. For these measurements, CO2 was produced from
soil samples by combustion at 900 °C and reduced to
graphite. The measured 14C activity was corrected for
isotope fractionation (Stuiver and Polach 1977), and it
was expressed in percent modern carbon (pMC). Radio-
carbon age was expressed in years before present (years
BP). General soil parameters are presented in Table 1.

2.2 Microbial biomass and phospholipid fatty acid (PLFA)
extraction

Microbial biomass C was determined by the chloroform
fumigation–extraction method (Vance et al. 1987).
PLFAs were extracted from 5 g of the initial soil to
study the relative abundances of specific microbial
groups and differences in their community structure
between the two subsoils. Briefly, PLFA fractions were
obtained by one-phase chloroform–methanol–citrate
buffer extraction and subsequent separation on silicic
ac id columns (Fros tegård et a l . 1993) . Af ter
transesterification, PLFAs were taken up in dichloro-
methane and fatty acid methyl esters were separated
by gas chromatography on a nonpolar BPX-5 column.
Identification of PLFAs was based on comparison with
methyl esters of the bacterial acid methyl esters
(BAME) mix (Supelco, Sigma-Aldrich, USA). The con-
centration of individual PLFAs was determined relative-
ly based on their contribution to the total BAME
content.

2.3 Production of 13C-labelled plant material and biochar

13C-labelled plant material was rye grass (Dactylus
glomerata) produced under an atmosphere containing 13C-
labelled CO2 (2 %). Isotopic labelling of plants was carried
out continuously during 3 months at the labelling facility of
Lans. The resulting isotopic label gave a δ13C ratio of 3700‰,
which did not change upon biochar production. 13C-labelled
biochar was produced from the labelled plant material by
pyrolysis at bench scale during 1.5 h at 550 °C. Chemical
parameters of the 13C-enriched plant material and biochar
used for the experiment are presented in Table 2.
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2.4 Laboratory incubation

We used 31 g of each soil and added 0.3 and 0.4 g
respectively of 13C-labelled plant material and biochar
for an input of 5.6 mg C g soil−1 corresponding to an
agronomic amendment of 30 t ha−1. Such a high amount
of labelled material was used in order to be in the detect-
able range of any biochar effects on soil carbon. Tripli-
cates of each sample were incubated in closed vials. In
addition, three replicates of soils without plant or biochar
addition were incubated as control. The vials were put
into an incubation chamber under controlled temperature
and moisture conditions for up to 1 year. Temperature was
set at 20 °C, and water content was adjusted to pF 2.5 and
maintained during the incubation period through water
addition after gravimetric assessment (see below). Carbon
mineralisation was monitored gas chromatographically.
CO2 concentration and its isotopic composition were mea-
sured in the headspace of the incubation vials at days 1, 3,
8, 16, 28, 37, 63, 108, 162, 223, and 336 after the start of
the incubation. To do so, we used a syringe and removed
air from the headspace twice. The first aliquot was
injected into a micro GC (Agilent 490) equipped with a
heat conductivity detector to determine its CO2 concen-
tration. The second gas sample was injected into a gas
chromatograph (Hewlett Packard 5890) coupled to an
isotope ratio mass spectrometer (Micromass-GVI
Optima) to determine its δ13C signature. After these mea-
surements, samples were flushed with synthetic air (19 %
O2, 81 % N2) to avoid an internal CO2 concentration of
more than 2 %, which could have affected microbial
activity. At the same time, water content of the samples
was controlled and adjusted with de-ionised water if
necessary.

2.5 Isotopic composition of bulk material

Carbon and nitrogen content as well as 13C content of
bulk soil, biochar and plant material were measured with
an elemental analyser (CHN NA 1500, Carlo Elba)
coupled to an isotopic ratio mass spectrometer (VG Sira
10).

2.6 Calculations

For calculation of C stable isotope ratios, we used a laboratory
reference calibrated against the Vienna Pee Dee Belemnite
(VPDB) international standard. Results were expressed as
δ13C defined as the molar isotopic ratio (13C/12C) relative to
the VPDB standard.

δ13C ¼
13C

.
12C

� �
sample

13C
.

12C
� �

VPDB

−1Þ � 1000

0
B@ ð1Þ

Mineralisation of 13C-labelled biochar and biomass as well
as priming effects (PE) induced by both materials on native
SOMwere monitored by recording δ13C of CO2 evolved from
the incubated soils. The proportion of CO2 evolved from

13C-
labelled biochar and biomass was calculated by isotopic mass
balance using Eq. (2):

Δ %ð Þ ¼ δ13Ctreatment– δ13Ccontrol

� �.
δ13Cadded material– δ13Ccontrol

� �

ð2Þ

where δ13Ctreatment is the δ
13C (‰) of evolved CO2 from soil–

biochar or soil–biomass mixture, δ13Ccontrol is the δ
13C (‰) of

CO2 evolved from soil without addition and δ13Cadded material is
the δ13C (‰) of labelled biomass or biochar. Thanks to the
isotopic labelling, it was possible to determine the amount of
native SOM subjected to priming after addition of labelled
material. The priming effect (PE) was calculated as the differ-
ence between the total amount of soil organic C mineralized at
different time intervals during incubation in treatments with

Table 1 Characteristics of the two subsoils

Sampling depth Clay pH CEC C (%) N (%) C/N δ13C Radiocarbon activity Microbial biomass
cm % cmol kg−1 % % ‰ pmC mg kg−1

Forest 35–45 10.9 4.9 15.8 7.5 0.4 19 −25.0 96.92±0.27 12.4±4.6

Grassland7–35 21.6 4.1 28.8 11.4 1.0 11 −26.0 107.11±0.29** 43.2±4.9**

**Significant difference between the two soils, n=3; p<0.5

Table 2 Elemental content of 13C-labelled biochar and plant residues

C N C/N H/C O/C δ13C
% % ‰

Plant residue 43.2 3.3 13.1 0.70 1.65 3600

Biochar 59.6 2.3 27.1 0.17 0.55 3700
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labelled biomass or biochar addition (Ctreatment) and the con-
trol soil without addition (Ccontrol):

PE mg C
˙
g−1

˙
day−1

� �
¼ Ctreatment–Ccontrol ð3Þ

2.7 Statistical analyses

Data obtained after the incubation experiments were
expressed as the means of three replicate incubations±stan-
dard error. Differences between soil treatments were deter-
mined using one-way analysis of variance (ANOVA) and
Tukey’s multiple comparison tests.

Mineralisation of SOM and labelled biomass or biochar
was modelled by a two-component first-order exponential
model using the following equation:

y ¼ a� bð−ktÞ þ c� dð�ktÞ ð4Þ

Curve fitting was carried out using a Bayesian curve
fitting method and the R software for statistical comput-
ing version 2.15.1.

3 Results and discussion

3.1 General soil parameters

Both soils were characterised by an acidic pH, a sandy
texture and high organic carbon content (Table 1). These
features are common to subsoil horizons of mountain
regions (Budge et al. 2011). However, the subsoil under
grassland was distinguished from the subsoil under forest
by higher contents of C and N and cation exchange
capacity (CEC). This soil also showed higher contents
of microbial biomass and a higher 14C activity (Table 1).
The 14C activity was 107 pmC in grassland soil versus
96 pmC in forest soil, corresponding to a radiocarbon
age of 250 years BP in the latter. The 14C age of the
grassland soil is modern, indicating high contribution of
carbon aged less than 50 years. This may be related to
the lower sampling depth and/or higher input of recent
organic matter through higher root biomass contribution
and activity, which may have led to higher C turnover
under grassland as compared to forest (Rumpel 2011).

3.2 Microbial biomass content and composition

Microbial biomass ranged between 12 and 43 mg kg−1

soil (Table 1). It was higher in grassland subsoil com-
pared to subsoil under forest even when normalised to
the contrasting C contents of both soils. Despite the
differences in microbial biomass contents, PLFA analy-
ses did not allow for the observation of significant
differences in microbial community composition be-
tween the two subsoils (Table 3). The higher microbial
biomass contents in subsoil under grassland as com-
pared to forest may be explained by the lower sampling
depth. At lower depths, generally organic matter pre-
sents a lower degree of stabilisation and may thus
favour microbial biomass development as compared to
deeper subsoil horizons (Blume et al. 2002). However,
it is interesting to note that the composition of the
microbial biomass was not significantly different be-
tween the two soils (Table 3). Our results are in contrast
to the general observation of microbial community shift
with depth (Eilers et al. 2012) but in line with obser-
vations of Stone and Plante (2014), showing that two
soils with contrasting C content were characterised by
similar microbial community structures. Our results may
be explained by the small difference in sampling depth
between the two soils as compared to other studies. We
suggest that in our case, the depth difference between
the two samples was insufficient to induce shifts in
microbial biomass composition.

3.3 Carbon mineralisation

Mineralisation rates of the two soils with andwithout substrate
addition are depicted in Fig. 1. Without substrate addition,
carbon was mineralised at a higher rate in subsoil under
grassland as compared to subsoil under forest (p<0.01). Ad-
dition of 13C-labelled plant material as well as biochar in-
creased microbial respiration in both soils (p<0.01, Fig. 1).
Cumulative C mineralisation at the end of incubation ranged
between 2 and 3 mg C g−1 when plant biomass was added and
was around 0.5 mg C g−1 for soil with added biochar (Fig. 1).
When plant material was added, a much higher increase in
respiration was noted for grassland compared to forest soil,
whereas after biochar addition, cumulative mineralisation
rates were in similar range for both soils (Fig. 1). The
mineralisation of both types of material was determined,
thanks to stable isotope labelling. Cumulative mineralisation
showed that after 336 days of incubation, between 0.4 and
0.6 % of initial biochar was mineralised, whereas the
mineralisation of plant material was around 25 % of initial C
added (Fig. 2). With both materials, slightly but significantly
higher mineralisation was achieved in the grassland compared
to the forest subsoil (Fig. 2). However, despite the strong
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difference in respiration rates (Fig. 1), both substrates degrad-
ed similarly in the two soils (Fig. 2). This suggests that the
ability of microorganisms to degrade labile as well as stable
substrates did not differ in the two subsoils. Quantitative
information on the amount of C mineralised in the different
treatments for both substrates as well as their priming effects
on native SOM are presented in Table 4.

Total C mineralised ranged between 120 and
506 mg C kg−1 (Table 4). In accordance with the high
respiration rates, around four times more C was released
from subsoil under grassland compared to subsoil under
forest. This may be partly explained not only by its higher

C content (Don et al. 2013) but also by the potentially
better degradability of SOM in grassland soil as indicated
by its lower C/N ratio and higher 14C activity (Table 1).
Indeed, it is likely that organic matter from needle litter
under conifer forest has a slower mineralization rate at
20 °C than organic material from grass litter under grass-
land (Wetterstedt et al. 2010). It is interesting to note that
C mineralised from the two substrates was significantly
different but in a similar range. Only 10 to 20 % more
plant residue and biochar was mineralised in grassland
soil compared to subsoil under forest, despite a much
lower activity in the latter without substrate addition

Fig. 1 Total C mineralisation
rates of both soils amended either
with biochar or initial biomass
compared to the unamended
control
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(Fig. 1). Differences in microbial activity were once again
evident when comparing native SOM mineralisation after
substrate addition, which was determined thanks to the
13C label. Native SOM mineralisation induced by addition
of plant litter to grassland soil led to about four times
higher C mineralisation compared to the forest soil. This
is a very interesting result because the difference in the
release of native C induced by priming between the two
sites was in a similar range as the difference in C
mineralisation without substrate addition.

It is interesting to note that the difference in C mineralisation
between the two subsoils was evident even after normalisation
for the soils’ contrasting C contents (Table 1). This result might
be explained by the lower depth from which the forest soil was
taken. Usually, general soil parameters, such as carbon and
nitrogen content, radiocarbon age decrease gradually with in-
creasing soil depths (Rumpel andKögel-Knabner 2011; Table 1).
Therefore, a higher concentration of stabilised SOM compounds
may be present in deeper subsoil horizons. Moreover, the micro-
bial communities may be more and more limited by energy due
to the declining input of fresh plant material with increasing
depth (Fontaine et al. 2007). However, our data only partly

sustain this hypothesis, as priming of native SOM (Table 4)
was higher under grassland as compared to forest despite the
potentially greater effect on microbial communities under forest,
where samples were taken at a lower depth.

For biochar, a very small positive priming effect was noted
for the forest soil, whereas the grassland soil showed no
priming effect to counterbalance biochar mineralisation
(Table 4). This is in contrast with many other studies and the
results of laboratory as well as field experiments with surface
soil, showing that pyrogenic C generally has some effect on
SOM decomposition. Fire-derived pyrogenic C was found to
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Fig. 2 Mineralisation of 13C-
labelled plant residues and 13C-
labelled biochar in forest and
grassland soils

Table 3 Relative proportions of PLFAs assigned to different microbial
groups, i.e. fungi, Gram-negative bacteria, Gram-positive bacteria and
bacteria isolated from soil before the incubation. Data are presented as
mean and standard deviation (n=3)

Fungi Gram(−) bacteria Gram(+) bacteria Bacteria
% of total PLFA detected

Forest 32.4±11.2 12.3±1.9 21.2±10.7 34.0±1.4

Grassland 26.5±1.0 11.6±0.4 30.3±1.7 31.2±1.0

830 J Soils Sediments (2015) 15:825–832



increase SOM decomposition (Wardle et al. 2008; Hamer
et al. 2004; Nocentini et al. 2010) whereas biochar induced a
negative priming effect (Naisse et al. 2014; Ventura et al.
2014). Biochar priming effects induced on SOM were found
to be dependent on pyrolysis temperature (Luo et al. 2011),
which could explain these contrasting results. Indeed, the 13C-
labelled char produced at 550 °C may be richer in soluble
compounds compared to gasification char produced at
1200 °C used in the other experiments. Moreover, in the
present experiment, we used soil below the surface horizon
with lower contribution of fresh particulate organic matter.
The microbial community structure present in these horizons
may be very different from those found in topsoil horizons
(Eilers et al. 2012) and better adapted to the degradation of
rather stable organic matter compounds. Therefore, the ob-
served response to biochar addition could also be explained by
specific characteristics of subsoil communities. However,
PLFA analyses did not sustain this hypothesis as the contri-
bution of fungi and Gram+ as well as Gram− bacteria was
similar for the two soils (Table 2), and also principal compo-
nent analyses with single PLFA (data not shown) did not show
significant differences between the two soils. Our results are in
agreement with a study by Bruun and EL-Zehery (2012), who
found no effect of biochar produced at 450 °C on SOM
mineralisation in the top 10 cm of a Luvisol. Therefore, the
response of SOM mineralisation on biochar addition may
depend not only on biochar characteristics but also on soil
parameters.

4 Conclusions

We assessed the effect of biochar versus plant material addi-
tion below the A horizon (subsoil) on C mineralisation poten-
tial of two mountain soils under different land use. Our results
indicated differences in native C mineralisation between the
two subsoils with and without substrate addition. Much higher

mineralisation of plant material as compared to biochar indi-
cated that subsoil microbial biomass is not particularly
adapted to the degradation of stable aromatic material.
Mineralisation of added substrates was slightly but signifi-
cantly different in the two subsoils. The priming effect on
native SOM was dependent on the type of material added and
also subsoil type specific. Biochar addition induced a small
positive priming effects or a negative priming effect that was
outbalanced by biochar degradation. Priming effects could
depend on subsoils’ C content, sampling depth and/or contri-
bution of stabilised SOM compounds more than microbial
biomass characteristics. Therefore, our results suggest that soil
parameters need to be taken into account when evaluating the
impact of biochar addition on subsoil carbon.
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