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Abstract
Purpose Temperature is a key determinant of soil microbial
processes, including the decomposition of soil organic matter
and nutrient cycling. There is an interest in obtaining infor-
mation on how microbial processes will respond to global
change and, in particular, warming. Biochar can modify soil
biological properties, but there is a dearth of information about
its influence on the temperature sensitivity of soil biological
processes. This research question has important implications
in relation to modeling land-atmosphere interactions in soils
amended with biochar.
Materials and methods Enzyme activity was determined at 4,
18, 27, 37, 54, and 70 °C in a control soil and in a soil
amended with biochar, in order to determine how biochar
affects the temperature sensitivity of soil enzymes (CM-cellu-
lase, β-glucosidase, β-glucosaminidase, phosphomonoester-
ase, and arylsulfatase). The activation energy (Ea) and the
temperature coefficient (Q10) were calculated.

Results and discussion In general, the values of Ea and Q10

were slightly but significantly lower for the soil with biochar.
The results obtained are significant for modeling the carbon
cycle and nutrient cycles in biochar-amended soils.
Conclusions The lower values for Q10 obtained for biochar-
amended soil might be indicative of soil enzymes being
underestimated by current enzyme assay conditions in
biochar-amended soils.
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1 Introduction

Soil enzymes catalyze the rate-limiting step in dissolved or-
ganic matter production and organic matter decomposition
and are involved in the biogeochemical cycling of nutrients.
Thus, soil enzymes are catalysts that play an important role in
modulating ecosystem responses to changes in abiotic (tem-
perature, humidity, changes in nutrient availability, or sub-
strate quality) and biotic conditions. In addition, potential
enzyme activities have been used for decades as indicators
of soil quality and nutrient cycling Burns et al. (2013).

Enzymatic activity is typically measured only at a single
temperature. However, enzymatic reactions are temperature
sensitive. The temperature sensitivity of soil enzymes can be
calculated from the activation energy (Ea). The Ea for enzyme-
catalyzed reactions is lower than those for reactions not cata-
lyzed by enzymes, as a consequence of enzymes diminishing
the energy barrier that must be exceeded before a chemical
reaction can occur. Values of Ea, and thus the temperature
sensitivity of soil enzymes, are specific not only for enzymes
but also depend on the edaphic medium and are prone to
seasonal variations (Wallenstein et al. 2009).
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Recently, increasingly realistic soil carbon dynamics and
nutrient cycling models taking into account microbial process-
es were the object of high-profile research (Allison 2012;
Lawrence et al. 2009; Schimel and Weintraub 2003).
However, there are many obstacles hindering an accurate
modeling of soil carbon and nutrient cycling. An important
challenge concerns the integration of data regarding soil en-
zymatic reactions. Furthermore, as remarked by other re-
searchers (Todd-Brown et al. 2012), these models usually
utilize constantQ10 values, although some of them are starting
to take into account the thermodynamic parameters character-
izing soil enzymes (Allison 2012).

Biochar is a soil conditioner that alters soil physical, chem-
ical, and biological properties, including nutrient cycling and
organic matter decomposition (Biederman and Harpole 2013)
but also soil microbial activity (Gomez et al. 2014). Biochar is
also receiving an increased amount of attention by the scien-
tific community due to its potential to increase agronomic
yields (Liu et al. 2013). In the last years, as enzymological
studies considering biochar addition to soil emerged, it has
been found that biochar usually results in an increase in soil
enzyme activity, although exceptions are present (Paz-Ferreiro
et al. 2014). It also seems plausible that the effects of biochar
in soil enzyme activity are more apparent in tropical compared
to temperate areas (Paz-Ferreiro et al. 2014).

However, to date, no studies have explored the effect of
biochar on the temperature sensitivity of soil processes, a topic
that has profound implications, considering the present aware-
ness surrounding the effects of climate change on soil organic
matter decomposition. It is known that changes in the soil
nutrient status (Stone et al. 2012) or in the quality of soil organic
matter (Trasar-Cepeda et al. 2007) can lead to a profound effect
on the thermodynamic parameters of soil enzymes. We hypoth-
esized that this alterations would also be present following the
addition of biochar to the soil, as both the nutrient and organic
matter characteristics of the soil would be altered. Thus, the aim
of our study was to study if biochar addition could alter the
temperature sensitivity of soil microbial processes in a tropical
soil. Awide range of temperatures was selected to perform our
study, as it is a common practice in most of the studies involving
thermodynamic parameters of soil enzyme activities (Trasar-
Cepeda et al. 2007). Moreover, in our study area, soils may
reach temperatures in excess of 60 °C as a consequence of direct
radiative warming on recently tilled soil.

2 Material and methods

Soil (a Haplic Acrisol) was collected at Heshan Hilly Land
Interdisciplinary Experimental Station, Chinese Academy of
Sciences in Guangdong Province, China, located at 22° 41′ N
and 112° 54′ E in September of 2013. The selected soil is very
representative of the dominant soils in Southern China. The

climate of the region is subtropical monsoon with a mean annual
precipitation of 1700 mm and a mean annual evapotranspiration
of 1600 mm. Precipitation mainly occurs in the rainy season
from April to September. The mean annual temperature is
21.7 °C with a mean maximum monthly temperature of
29.2 °C in July and a mean monthly minimum of 12.6 °C in
January. The soil has a sandy-clay-loam texture, with a sand
content of 52 % and a clay content of 31 %. Soil pH value (in
water) was 3.95, and C and N contents were 3.5 and 0.25 %,
respectively.

Samples were taken from the 0–10-cm depth using a trowel
and immediately passed through a 2-mm sieve in the field-
moist state. It was then mixed and split into subsamples for a
pot experiment.

The biochar was prepared from poultry litter at a final
temperature of 400 °C and heating at rate of 10 °C min−1 as
described in a previous article (Lu et al. 2014) where it has
been fully characterized. This biochar was selected as previ-
ous experiments using the same material have shown an
increase of agronomic yields in several plant species which
was up to 200 % (Lu et al. 2014).

In September of 2013, a mesocosm using a fully replicated
randomized experiment was set up in a greenhouse in South
China Botanical Garden using four replications and two treat-
ments (control and biochar addition at a rate of 3%w/w). Each
of the eight mesocosms involved in the experiment consisted
of a pot filled with 500 g of soil. The soils were adjusted to a
humidity content of 60 % of field capacity and watered daily
to account for moisture losses.

Soil was incubated at room temperature for 4 months. After
4 months, soil was collected and stored in a fridge (4 °C) prior
to soil analyses. Analysis of soil enzyme activity was done
after a maximum of 1 week.

Enzyme activities were assayed in triplicate using pub-
lished protocols which are described by Paz-Ferreiro et al.
(2014) for β-glucosidase, β-glucosaminidase, phosphomono-
esterase, and arylsulfatase but altering the temperature of the
assay. CM-cellulase activity was determined after incubating
the samples with carboxymethyl cellulose as substrate and
incubating for 24 h in a 2 M acetate buffer (pH 5.5) and
assessing the released reducing sugars following the method
of Schinner and von Mersi (1990). All enzyme concentrations
were determined by reference to standard curves as described
by Paz-Ferreiro et al. (2014). In all cases enzyme activity was
determined at 4, 18, 27, 37, 54, and 70 °C. In all the assays, we
ensured that the reaction was not substrate limited.

The response of enzyme activity to temperature alterations
was described by means of the Arrhenius equation:

k ¼ Ae −Ea=RTð Þ

where A is the pre-exponential factor, Ea is the activa-
tion energy, R is the gas constant, and T is the absolute
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temperature (K). Thus, Ea was calculated from the slope
of the graphic obtained representing the Naperian loga-
rithm of enzyme activity versus 1/T (see Fig. 1). The
activation energy and Q10 are parameters mechanistical-
ly linking temperature response with enzyme kinetics,
while providing a measurement of the sensitivity of the
enzyme to warming.

We calculated the temperature sensitivity of enzyme activ-
ity by calculating theQ10 of the enzymes between 4 and 70 °C
or between 4 and 54 °C, depending on the interval of

temperature in which they followed Arrhenius equation, as
in Wallenstein et al. (2009):

K ¼ lnR70−lnR4ð Þ=66 or K ¼ ln R54−lnR4ð Þ=50
and Q10 ¼ exp 10� Kð Þ

where R4, R54, and R70 represent the activities of the en-
zymes and 4, 54, and 70 °C.

CM-cellulase -glucosidase

-glucosaminidase Phosphomonoesterase

Arylsulphatase

Fig. 1 Arrhenius plots for
enzyme activities
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All statistical analyses were done using SPSS 15.0. A one-
way ANOVAwas carried out to test the effect of biochar use
on Q10 and Ea. The differences were considered to be signif-
icant at P<0.05 level.

3 Results and discussion

Data of enzyme activity are shown in Fig. 2. Biochar addition
increased soil enzyme activity for cellulase, β-glucosidase,
and arylsulfatase in the temperature range studied (see
Table 1). For all hydrolases, we observed the same pattern of
changes in activity with temperature. The rate of substrate
hydrolysis increased up to 70 °C, except for CM-cellulase,
where the rate decreased for temperatures higher than 54 °C.

In general, this behavior is consistent with that found in other
studies (Trasar-Cepeda et al. 2007).

While Q10 and Ea values are mathematically related, they
are discussed separately in this section as in most of the
articles in the bibliography, only one of these values are
provided. Our results for Ea were higher for cellulase (values
of 30.56 and 30.69 kJ K−1 mol−1 for soils without and with
biochar, respectively) and arylsulfatase (values of 35.51 and
28.29 kJ K−1 mol−1 for soils without and with biochar, respec-
tively) than for other enzymes (see Table 2). All our values
agree with the range of values found by other authors (Trasar-
Cepeda et al. 2007; Stone et al. 2012; Steinweg et al. 2013)
and are in the lower range of those reviewed by Sinsabaugh
and Shah (2012). However, our values for the Ea of β-
glucosaminidase were lower than those reported by Parham
and Deng (2000). We were able to estimate the temperature

Fig. 2 Enzyme activity in soils with and without biochar
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sensitivity of several hydrolases, which is an essential control
of in situ enzyme activity (Wallenstein et al. 2009). Our values
for Q10 were also in the lower range compared with other
studies (Sinsabaugh and Shah 2012) which was expectable as
cold-adapted enzymes are generally more responsible to in-
creases in temperature than warm-adapted enzymes (Koch
et al. 2007).

We found that with the exception of CM-cellulase (F<
0.01, P=9.54), the Q10 of soil enzymes diminished in soils
amended with biochar. In particular, this was true for β-
glucosidase (F=6.57, P<0.05), β-glucosaminidase (F=
12.29, P<0.05), phosphomonoesterase (F=9.12, P<0.05),
and arylsulfatase (F=11.90, P<0.05). There are several pos-
sible explanations for this result. First, this could be due to
changes in the microbial community which implies the release
of a different set of isoenzymes (enzymes differing in their
amino acid sequence but catalyzing the same chemical reac-
tion). This mechanism has been suggested to explain seasonal
differences in Q10 for a same set of soils (Wallenstein et al.
2009) and for soils under different land use (Khalili et al.
2011). However, different isoenzymes have also been related
to the same microbial community transcribing alternate genes
(Loveland et al. 1994). In fact, biochar has been shown to alter
soil microbial community composition (Gomez et al. 2014),
although depending on the particular biochar and soil the
dominance could be shifted toward more dominated bacterial
or more dominated fungal channels (Liang et al. 2014). These
changes alone could explain a release of a different set of

isoenzymes. Another mechanism that we suggest to account
for these differences would be the conformational changes
that alter the active site in the enzyme which could be due to
adsorption into biochar particle, a mechanism that has been
reported previously in clay particles (Quiquampoix 2000).
Finally, pH increased after biochar addition to a value of
6.39. There is a scarce literature on the effect of pH on Q10

values, but other studies found no relation for a set of four
enzymes (Steinweg et al. 2013). It is difficult to quantify how
much of the observed changes in temperature sensitivity were
due to an alteration of the edaphic chemical conditions and, in
particular, soil pH. However, we should bear in mind that
biochar addition in this kind of highly weathered tropical soils
will always lead to a sharp increase in soil pH. In this sense,
the dose of biochar used in this soil is highly relevant for
agronomic improvement (Lu et al. 2014).

Previous studies (Steinweg et al. 2013) have shown that
enzymes depolymerizing high molecular weight compounds,
such as CM-cellulase, require more enzymatic steps and have
higher Ea and Q10 values than enzymes that break down
simpler compounds (such asβ-glucosidase). This suggest that
reactions taking place at the later stage of soil organic decom-
position are more favored than those occurring at earlier stages
and is confirmed by the higher Ea and Q10 values of β-
glucosidase, compared to cellulose, found in our study. It is
interesting to observe that biochar addition has altered the
relative value of the parameters Ea and Q10 for cellulase and
β-glucosidase. Higher values of Ea are indicative of a lower

Table 1 Effect of temperature and treatment (biochar vs control) and their interaction on soil enzyme activity

Enzyme Temperature Treatment Temperature × treatment

Cellulase 2508.7 (<0.001) 725.4 (<0.001) 64.4 (<0.001)

β-Glucosidase 810.3 (<0.001) 122.6 (<0.001) 88.4 (<0.001)

β-Glucosaminidase 669.2 (<0.001) 3.6 (0.064) 3.1 (0.020)

Phosphomonoesterase 272.1 (<0.001) 2.6 (0.115) 16.3 (<0.001)

Arylsulfatase 614.2 (<0.001) 532.5 (<0.001) 77.3 (<0.001)

F values are shown with P values in brackets

Table 2 Activation energy (Ea)
and Q10 of the hydrolases
investigated, calculated from the
temperature range in which
Arrhenius equation was followed

Enzyme Treatment Temperature range (°C) Ea (kJ K
−1 mol−1) Q10 r

Cellulase Control 4–54 30.56±3.12 1.50±0.14 0.98

Biochar 4–54 30.69±1.22 1.50±0.06 0.98

β-Glucosidase Control 4–54 24.91±1.08 1.39±0.06 0.99

Biochar 4–54 19.70±0.61 1.30±0.04 0.99

β-Glucosaminidase Control 4–54 24.35±0.71 1.38±0.04 0.99

Biochar 4–54 18.60±0.45 1.29±0.03 0.99

Phosphomonoesterase Control 4–70 25.70±0.97 1.32±0.05 0.99

Biochar 4–70 13.51±0.79 1.19±0.07 0.99

Arylsulfatase Control 4–70 35.51±0.45 1.58±0.02 0.99

Biochar 4–70 28.29±1.15 1.47±0.06 0.98
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substrate affinity, and our results are suggesting that, in ther-
modynamic terms, the enzyme hydrolyzing low molecular
weight substrates (β-glucosidase) is more favored than the
enzyme hydrolyzing a higher molecular weight substrate (cel-
lulase). This effect was more pronounced in biochar-amended
soils than in the control soils.

Our results show that biochar-amended soils have a lower
temperature sensitivity, which could result in an underestima-
tion, at field temperatures, of soil enzymatic activity in
biochar-amended soils. This can be shown in the values of
enzyme activity in Fig. 2.

With regard to the effect of climate change, our data (higher
Ea and Q10 in the control soils) show that biochar-amended
soils are less likely to be affected by the increase in tempera-
ture. Models of enzymatic decomposition need to account for
the different interaction with temperature between the biochar
soil and the soil systems. This can only be achieved through a
better understanding of the interaction between soil and bio-
char and of enzyme kinetics.

4 Conclusions

We found lower values for Q10 in biochar-amended soil.
Owing to differences between field temperatures and temper-
atures for soil enzymatic assays, this might be indicative of soil
enzymes being underestimated by current enzyme assay con-
ditions in biochar-amended soils. From our findings, it emerges
clearly that are necessary further studies regarding the temper-
ature dependence of hydrolytic enzymes in soils from different
latitudes. This can improve our understanding and capability to
predict the effects of warming on soil organic matter decom-
position and nutrient cycling in biochar-amended soils.
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