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Abstract
Biochar (BC) addition to soil is a proposed strategy to enhance soil fertility and crop produc-

tivity. However, there is limited knowledge regarding responses of soil respiration and C-

cycle enzyme activities to BC and nitrogen (N) additions in a calcareous soil. A 56-day incu-

bation experiment was conducted to investigate the combined effects of BC addition rates

(0, 0.5, 1.0, 2.5 and 5.0% by mass) and urea (U) application on soil nutrients, soil respiration

and C-cycle enzyme activities in a calcareous soil in the North China Plain. Our results

showed soil pH values in both U-only and U plus BC treatments significantly decreased

within the first 14 days and then stabilized, and CO2emission rate in all U plus BC soils

decreased exponentially, while there was no significant difference in the contents of soil

total organic carbon (TOC), dissolved organic carbon (DOC), total nitrogen (TN), and C/N

ratio in each treatment over time. At each incubation time, soil pH, electrical conductivity

(EC), TOC, TN, C/N ratio, DOC and cumulative CO2 emission significantly increased with

increasing BC addition rate, while soil potential activities of the four hydrolytic enzymes

increased first and then decreased with increasing BC addition rate, with the largest values

in the U + 1.0%BC treatment. However, phenol oxidase activity in all U plus BC soils

showed a decreasing trend with the increase of BC addition rate. Our results suggest that U

plus BC application at a rate of 1% promotes increases in hydrolytic enzymes, does not

highly increase C/N and C mineralization, and can improve in soil fertility.

Introduction
Biochar (BC) is produced by the pyrolysis of biomass under high-temperature and oxygen-lim-
ited conditions [1]. It is a recalcitrant C-rich organic material, with a large surface area and
highly aromatic structure [2]. Some studies have reported that BC has considerable potential to
enhance soil quality and sequester carbon(C) due to its unique properties, such as increase in
soil pH, electrical conductivity (EC), soil organic carbon (SOC), and soil holding capacity of
nitrogen and other nutrient elements [3–4]. However, other studies have shown either no effect
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or a negative effect of BC on soil fertility parameters and C storage potential [5–6]. Mineral fer-
tilization as an intensive management practice in the agricultural ecosystem could also affect
soil C and N transformation processes [7]. Therefore, it is important to understand the variable
effects of combined application of BC and mineral fertilization on soil properties.

Soil respiration, namely release of C in the form of CO2 in the process of SOC mineraliza-
tion, is an important part of the soil source-sink relationship. BC can act as a sink or a source
of C depending on the interactions between the BC and soil [8]. Previous studies have reported
that a range of responses have been observed in regards to the priming effect of BC on SOC
mineralization; positive [9–10], neutral [11–12] and negative [13]. These contradictory results
are primarily attributed to the characteristics of BC and soil types and time durations used in
the different studies [8, 14]. In addition, recent studies have shown that there is great uncer-
tainty about the response of soil respiration to additions of BC and N fertilizer. Lu et al. [15]
has reported that additions of BC and N fertilizer significantly decreased decomposition of
native SOC and even inhibited the stimulation effect of N fertilization on the decomposition of
native SOC. Conversely, Sui et al. [16] has found that additions of BC and N fertilizer enhanced
CO2emission for relatively short periods. Accordingly, understanding the process of soil respi-
ration and its key controlling factors is important for evaluating the ecosystem C budget.

Soil extracellular enzymes are the catalysts of organic matter decomposition and are involved
in the biogeochemical cycling of nutrients [17]. Enzyme activities and their responses to added C
and N have received considerable attention [18–19]. Some studies have reported that long-term
N fertilization increases the activities of soil hydrolytic enzymes involved in labile C breakdown
in conventional agricultural management practices [20–21], while other studies have shown that
N fertilizer decreases the activities of some hydrolytic enzymes [22–23]. Similarly, available data
reveal a variable effect of BCs on extracellular enzyme activities. Some studies have reported that
BC addition to soil usually reduces the C-cycle enzyme activities [24–25], while other studies
have found inconsistent results [26–27].The influence of BC on soil enzyme activity mainly
depends on the interaction of substrate and enzyme with BC [26]. Sorption of substrates on BC
CEC/AEC sites contributes to enzymatic reactions and further improves soil enzyme activities;
however, binding of extracellular enzymes to the BC surface inhibits the enzymatic reaction [28].
However, to our knowledge, there is almost no information on the dynamic variation of the
potential activities of C-cycle enzymes under the combined application of BC and N fertilizer.

The calcareous loamy soil in the North China Plain (NCP) is generally deficient in nutrients
and SOM. At present, an intensive rate of N application is being used to meet the increasing
demand for agricultural products in the region, which has led to low fertilizer use efficiency
and serious environmental problems [29]. Thus, there is a need to find the appropriate soil
management strategies to reduce N fertilization and enhance soil fertility. The meta-analysis of
Steiner et al. [30] showed that the combination of BC and N fertilizer was effective for improv-
ing crop yield while reducing N fertilizer by 10%. However, there is little systematic research
on potential mechanisms of C mineralization priming effects and C-cycle enzyme activities
between BC and chemical N in a calcareous soil. Therefore, the specific objectives for this work
were: 1) to investigate the short-term effects of different levels of BC application (0, 0.5, 1.0, 2.5
and 5.0% by mass) combined with U on the dynamic changes of soil pH, EC, TOC, TN, DOC
and C/N ratio; and 2) to illustrate the changes of soilrespiration and potential activities of C-
cycle enzymes after BC and U additions to a calcareous soil.

Materials and Methods
Ethics statement: No specific permissions were required for a 56-day laboratory study, because
soil samples are collected from Soil Fertility and Fertilizer Efficiency Monitoring Network
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Station, Zhengzhou, Henan Province, China, which is long-term formal cooperator. Further-
more, our study did not involve endangered or protected species.

Soil selection and characterization
Soil was collected from the top layer (0–20 cm) of a calcareous soil with a light loamy texture at
the Soil Fertility and Fertilizer Efficiency Monitoring Network Station, Zhengzhou, Henan
Province, China (34°47002@N, 113°39025@ E). The soil samples were air-dried and ground to
pass through a 2-mm sieve. Some of the soil characteristics are shown in Table 1. Soil pH was
measured with a compound electrode (PE-10, Sartorius, Germany) using a soil to water ratio
of 1:2.5. Soil EC was determined in 1:5 (w/v; g cm−3) soil-water mixtures. The contents of TOC
and TN in soil were determined using a total organic C/total N analyzer (Multi N/C 3100/
HT1300, Analytik Jena AG, Germany). Inorganic N (NH4

+-N and NO3
−-N) was extracted

with 2M KCl and subjected to flow injection analysis (TRAACA-2000, Germany).

Biochar characterization
The BC pyrolysis condition was as described by Wang et al. [31]. The BC was produced at
450°C by slow pyrolysis of maize straw (5°C min−1 heating and 1hresidence time in a Micro-
wave Muffle Furnace (SX2, Shanghai Rongfeng Scientific Instrument Inc., Shanghai, China)).
All BC samples were mixed evenly, ground and sieved to< 0.154 mm. Some of the BC charac-
teristics are shown in Table 1. Yield was calculated according to the following equation: yield
(%) = (weight of BC) / (weight of feedstock) ×100.The pH was measured by adding BC to
deionized water at amass ratio of 1:20; the solution pH was measured with a pH meter (PP-20,
Sartorius, Germany). To determine ash content, 1 g of the ground BC was heated at 600°C for
8 h in a muffle furnace and the ash (in percentage) was calculated from: Ash (%) = (weight of
ash) / (weight of BC) × 100. Electrical conductivity (EC) was determined in 1:5 (w/v; g cm−3)
BC-water mixtures. The BET surface area of BC was estimated as described by Dai et al. [32].
Elemental C and N contents were determined with an Elemental analyzer (varioPYRO cube,
Elementar, Germany).

The functional group variability of BC was investigated by analysing Fourier transform
infrared spectroscopy (VERTEX 70 FTIR, Bruker Corporation, Germany) using KBr pellet
method in the scanned range of 4000–500 cm−1 with a resolution of 4 cm−1. The surface physi-
cal morphology of BC was examined using a scanning electron microscopy (SEM, FEI Quanta
200 FEG, America). BC Sample was analyzed in duplicate by energy spectrum analysis (EDS)
to determine the relative elemental content.

Incubation experiment
An incubation experiment was conducted over 56 days to estimate the effects of BC on soil
nutrients, soilrespiration and potential activities of C-cycle enzymes. The six treatments were
as follows: an untreated control (CK), urea (U) and U mixed with BC at rates of 0.5, 1.0, 2.5

Table 1. The physical and chemical properties of experimental soil and biochar.

Yield (%) pH Ash content (%) EC (mS cm−1) Surface area (m2 g−1) TOC (%) TN (%) NH4
+-N (mg kg−1) NO3

—N (g kg−1)

biochar 32.60 10.50 22.28 5.37 4.00 53.81 1.22 / /

soil 8.28 / 0.47 / 0.54 0.07 15.82 0.43

Abbreviations: TN, Total nitrogen, TOC Total organic carbon, EC Electrical conductivity. “/” not measured.

doi:10.1371/journal.pone.0161694.t001
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and 5.0% by mass (hereafter termed U+0.5%BC, U+1.0%BC, U+2.5%BC and U+5.0%BC,
respectively). Specifically, mixing 150g of 2-mm sieved soil with the appropriate quantity of BC
amendment was placed in 500-mL plastic containers. A urea solution was added to each con-
tainer (except CK) at the rate of 200 mg N (kg soil)−1. Deionized water was added to each soil
mixture to maintain 40–45% of the water-holding capacity. Each container was sealed with a
polyethylene film containing 3 pin-sized holes to permit aeration. All of the soil treatments
were incubated at 25°C. Each of the treatments was replicated 18 times. The Soil from three
replicates was destructively sampled to determine the pH, EC, TOC, DOC, and TN at 1, 3, 7,
14, 28 and 56 days of incubation, and C-cycle enzyme activities at days 7, 14, 28 and 56.The
DOC and total dissolved nitrogen (TDN) were extracted with 0.01M CaCl2and determined by
a total organic C/N analyzer (Multi N/C 3100/HT1300, Analytik Jena AG, Germany).

The CO2emission rate was measured by trapping CO2from the container headspace in
small vials containing 1 M NaOH solution. The containers were hermetically sealed with a
polyethylene film, and incubated in the dark for 56 days at 25°C. The NaOH solution in the
vials was replaced after 1, 3, 7, 14, 21, 28, 35, and 42 days. The CO2 evolved during the incuba-
tion was trapped in 1 M NaOH, the excess of which was then titrated with 0.1 M HCl after
addition of BaCl2. Mineralized C was calculated as the CO2emission rate (μg g−1soil h−1) and
cumulative CO2emissions (g kg−1 soil) according to El-Naggar et al. [4].

In order to calculate the direct effect of BC addition on CO2-C evolved from soil, the aver-
age value of CO2-C measured at each incubation time from the U-only treatment was sub-
tracted from each BC plus U treatment to obtain the cumulative values, which were fitted to
different kinetics functions. The best fits were obtained by first-order kinetic equation:
Cmin = C0 (1-e

−Kt), being Cmin the C mineralized, C0 the potentially mineralizable pools of
organic C, K the mineralization rate constant, and t the time. The index C0

�K/added C is an
indicator of degradability for organic materials. The coefficient of Akaike Information Crite-
rion (AIC) was used as an important criterion of regression models to decide the best fit, which
calculated according to the following equation: AIC = n�ln(RSS)+2(P+1)-n�ln(n), being RSS
residual sum of squares, n sample size, and P the number of independent variables in regres-
sion equations. The fits and kinetic parameters were carried out using the SigmaPlot 12.5
software.

Enzyme activity
In this study, we analyzed the following C-cycle enzymes: four different hydrolytic enzymes
(β-D-cellobiosidase, β-glucosidase, β-xylosidase and α-glucosidase) and phenol oxidase. The
potential activities of hydrolytic enzymes were quantified according to fluorescence-based pro-
tocols as described in Ai et al. [33]. Briefly, 1 g fresh soil was homogenized in 100-mL sterilized
water using a polytron homogenizer, and then a magnetic stirrer was used to maintain a uni-
form suspension. The sterilized water, sample suspension, 10 μM references, and 200 μM
4-methylumbelliferyl (MUB)-linked substrates were dispensed into the wells of a black 96-well
microplate. The microplates were covered and incubated in the dark at 25°C for 4 h. After incu-
bation, 10 μL of a 1-M NaOH solution was rapidly added to each well of the microplate to stop
the enzyme reaction. Fluorescence was quantified using a microplate fluorometer (Scientific
Fluoroskan Ascent FL, Thermo, USA) with 365 nm excitation and 450 nm emission filters.
The activities of hydrolytic enzymes were expressed in units of nmol h−1 g−1. The non-fluoro-
metric enzyme (phenol oxidase) was measured spectrophotometrically in the clear 96-well
microplate using the substrate of L-3,4-dihydroxyphenylalanine (L-DOPA).The sterilized
water, sample suspension, and 25mM L-DOPA were the same as for the fluorometric enzymes
[33]. Phenol oxidase activity required a 20-h incubation time to cause significant color change,
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which was quantified using a microplate spectrophotometer with 450 nm absorbance and
expressed in units of μmol h−1 g−1. The activities of enzymes were calculated according to
DeForest et al. [34].

Statistical analysis
All statistical analyses were performed using the software package SAS version 8.0 (SAS Insti-
tute, Inc., Cary, NC, USA). The data were statistically assessed through two-way ANOVA
between means within the factors (treatments and days of incubation). The means and stan-
dard deviations (±SD) of three replications were reported. Comparisons of means were con-
ducted using the LSD test, at P = 0.05. Redundancy analysis (RDA) with the Monte Carlo
permutation test (499 permutations) was performed to determine if soil enzyme activities were
correlated with variation of soil physic-chemical parameters, using the software Canoco ver-
sion 5.0 (Microcomputer Power Inc., Ithaca, NY, USA).

Results

Biochar characteristics
The FTIR spectra of BC sample was in the range of 4000−500 cm−1 (Fig 1). It could be seen that
the relatively weak peaks at 3429 and 3643 cm−1weredue to O-H stretching vibration absorption
of amino and hydroxyl groups. A smaller band from 2800 to 3000 cm−1 (peak at 2911 cm−1) was
likely due to alkyl C-H stretches. A sharp spectral peak at1594 cm−1 was associated with aromatic
C = O stretching. The peak at1438 cm−1 could be associated with aromatic rings and could be
associated to phenolic groups. The intense band observed at 1111 cm−1wasascribed to the C–O
stretching vibration of the alcoholic groups. A sharp spectral peak at 813 cm−1 was assigned to
aromatic C-H stretching. The weak peak at about618 cm−1 could be assigned to C–H out-of-
plane bending in aromatic derivatives. This result showed that material was mostly carbonaceous
with a matrix of highly cross-linked network.

The SEM images were used to visually display the variation in pore surface structure of BC
produced at 450°C. This result showed that the cross section of BC sample had an obvious
tubular pore structure, with most of the pores adhering to some particular substances in their
walls (Fig 2A). The outer surface profile of BC sample showed a typical aligned and clear rect-
angular structure, with thin cell walls adhered to some particles (Fig 2B). The elemental com-
position of BC was dominated by C (68.26%Weight), followed by O (20.68%Weight) and
then minor mineral elements (e.g. Ca, Mg, Si, P, K, etc.) (Fig 3). Based on this observation, it
can be concluded that BC had a porous morphology, and relatively rich in nutritional and min-
eral elements.

Dynamics of pH and EC in soil
Soil pH changed little for the CK treatment over time, and significantly decreased for both U-
only and U plus BC treatments within the first 14 days (P< 0.05), and then stabilized (Fig 4A).
Soil pH values in both U-only and U plus BC treatments were significantly higher than those
of CK on Days 1 and 3, with an average increase of 0.23 and 0.09 units, respectively. However,
pH values on Day 56 for both U-only and U plus BC soils were significantly lower than that of
CK by 0.08–0.25 units (P< 0.05). We also found that pH values in all U plus BC soils increased
with the increase of BC addition rate at each incubation time, with the U+5%BC treatment
showing an average of about 0.21 units higher than the U-only treatment.

In this study, Soil EC in the CK treatment did not vary over time, while the EC in both U-
only and U plus BC soils increased significantly from Day 1 to 3 (P< 0.05), and did not vary
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from Day 7 to 56 (Fig 4B). At each incubation time, the EC in both U-only and U plus BC soils
increased significantly compared with CK, with the increases of 50.00–85.03% (P< 0.05). In all
U plus BC soils, higher EC values were observed as BC application rates increased (Fig 4B).

Dynamics of TOC, DOC, TN and C/N
The soil TOC content in each treatment gradually decreased over time (Fig 5A), but there was
no significant difference (P> 0.05). At each incubation time, soil TOC contents in all U plus
BC treatments were significantly higher than those of the CK and U-only treatments (P<
0.05), but there was no significant difference between the CK and U-only treatments (Fig 5A).
The TOC content in soil significantly increased with increasing BC addition rate (P< 0.05),
with the U+5%BC treatment showing an average of about6.42 and 6.62 times higher than the
CK and U-only treatments, respectively(Fig 5A). The soil TN content for each treatment had
no significant difference over time (Fig 5B). At each incubation time, the soil TN content in the
U-only treatment significantly increased compared with CK (P< 0.05), with an average
increase of 17.36%. The TN content at each incubation time significantly increased with the
increase of BC addition rate (Fig 5B). The TN contents in all U plus BC soils were significantly
higher than the U-only treatment, with an average increase of 9.10–62.46%.

Fig 1. FTIR spectra of maize straw biochar at 450°C.

doi:10.1371/journal.pone.0161694.g001
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The DOC contents in each treatment showed a decreasing trend with over time (Fig 5C). At
each incubation time, the DOC content in soil increased with increasing BC addition rate, with
the U+5%BC treatment showing an average of about 15.93 and 12.63%higher than the CK and
U-only treatments, respectively (Fig 5C).

There was no significant difference in soil C/N ratio for each treatment over time (P> 0.05).
The lowest C/N ratio was found in the U-only treatment at each incubation time (Fig 5D). In
addition, The C/N ratio in all U plus BC soils significantly increased with increasing BC addi-
tion rate (P<0.05), which was an average of 2.83 and 3.64 times higher in the U+5%BC treat-
ment than in the CK and U-only treatments, respectively (Fig 5D).

Soil respiration and carbon mineralization kinetics
Throughout the monitoring period, the CO2 emission rate in all U plus BC soils decreased
exponentially over time; the largest values were found on Day 1,and decreased<0.60CO2μg h

−1

g−1 after 7 days, similar to the level of the CK treatment(Fig 6A).In the first 7 days of incuba-
tion, the soil CO2emission rate in the U-only treatment increased slightly compared with CK.
TheCO2 emission rate increased with the increase of BC addition rate, and the U+5.0%BC
treatment was 2.75 and 2.29times higher than the CK treatment at Days 1 and 3, respectively
(Fig 6A). However, CO2emission rate had no significant difference between all treatments at
the later stages of incubation (P> 0.05). In this study, the cumulativeCO2 emission in the U-
only treatment was significantly higher than in the CK treatment (Fig 6B). The cumulative
CO2 emissions in all U plus BC soils were significantly higher than those of the CK and U-only
treatments (P<0.05), with increases of 22.2–99.7% and 30.2–63.4%, respectively (Fig 6B). Soil
cumulative CO2 emissions increased with increasing BC addition rate, with the maximum
value found in the U+5.0%BC treatment (0.64gCO2 kg

−1).

Fig 2. Scanning electron microscope (SEM) images of maize biochar produced at 450°C (a, b). (a) denotes the cross section of biochar, (b)
denotes longitudinal section of biochar.

doi:10.1371/journal.pone.0161694.g002
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The direct effect of BC addition on CO2-C evolved from soil was fitted to a first-order
kinetic model Cmin = C0 [1 − e−Kt], with the smaller AIC values (Table 2). The potentially

Fig 3. Energy spectrum analysis for biochar surface produced at 450°C.

doi:10.1371/journal.pone.0161694.g003

Fig 4. Dynamic variation of soil pH (a) and electrical conductivity (b) in different treatments over a 56-day incubation. Vertical bars in the figures
represent standard error of the means (n = 3).

doi:10.1371/journal.pone.0161694.g004
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mineralizable pool of organic C (C0) in all U plus BC soils increased with increasing BC addi-
tion rate, but K and index C0

�K/added C showed the same decreasing trend.

Dynamics of soil C-cycle enzyme activities
In the U+1.0%BC, U+2.5%BC, and U+5.0%BC treatments, the potential activities of the four
hydrolytic enzymes (β-glucosidase, β-cellobiosidase, β-xylosidase and α-glucosidase) signifi-
cantly increased, decreased, and then stabilized over time (P< 0.05); the peak enzyme activities
occurred on Day 14 (Fig 7A–7D). For the CK, U-only and U+0.5%BC treatments, the potential
activities of the four hydrolytic enzymes were stable in the first 28 days, then slightly increased
after 28 days of incubation.

At each incubation time, the potential activities of the four hydrolytic enzymes in the U-
only treatment were lower than the CK treatment, with decreases of 3.80–22.08, 7.35–29.08,
11.31–29.68 and 8.78–32.45%, respectively (Fig 7A–7D).The activities of the four enzymes

Fig 5. Dynamic variation of the contents of soil organic carbon (a), soil total nitrogen (b), dissolved organic carbon (c), and (d) C/N ratio in different
treatments over a 56-day incubation. Vertical bars in the figures represent standard error of the means (n = 3).

doi:10.1371/journal.pone.0161694.g005
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changed differently in each U plus BC treatment. The activities of the four hydrolytic enzymes
increased and then decreased with increasing BC addition rate on Days 7, 14 and 28, with the
largest activities in the U+1.0%BC treatment. However, the activities of the four hydrolytic
enzymes in all U plus BC soils significantly decreased with increasing BC addition rate on Day
56 of incubation (P<0.05).

The activity of phenol oxidase had no significant difference for each treatment over time
(Fig 7E) (P< 0.05). At each incubation time, the largest value of phenol oxidase activity was
observed in the CK treatment. The phenol oxidase activity in soil (except on day 28) had no
significant difference between the CK and U-only treatment (P>0.05). The phenol oxidase
activity in all U plus BC soils showed a decreasing trend with increasing BC addition rate at
each incubation time, with the U+5%BC treatment showing significantly lower than the CK
and U-only treatments by an average of about 14.08 and 10.50% (P< 0.05).

In addition, the redundancy analysis (RDA) showed that EC (F = 12.2, P = 0.002), TN
(F = 9.1, P = 0.004), TDN (F = 6.4, P = 0.002) and DOC (F = 4.8, P = 0.008) were significantly
correlated with soil enzyme activities and explained 16.0, 10.6, 6.9 and 4.8% of the total enzyme
activity variability, respectively (Fig 8).

Fig 6. Response of soil respiration to additions of biochar and urea during a 56-day incubation: soil CO2 emission rate (a), cumulative CO2 emissions
(b).Vertical bars in the figures represent standard error of the means (n = 3).

doi:10.1371/journal.pone.0161694.g006

Table 2. Parameter of first-order kinetic model (Cmin = C0 [1-e
-Kt]) fitted to the cumulative values of CO2-Cmineralized from different amounts of

BC application.

Parameter U+0.5%BC U+1.0%BC U+2.5%BC U+5.0%BC

Add C(g kg-1) 2.691 5.381 13.453 26.905

C0 (g kg-1) 0.121 0.179 0.207 0.241

K (d-1) 0.730 0.402 0.379 0.322

% C remaining a 95.54 96.67 98.47 99.10

C0*K/add C 0.033 0.013 0.006 0.003

AIC 28.26 33.31 34.81 36.08

F-value 186.969** 170.117** 257.61** 290.138**

a Proportion of amendment C remaining in soil at the end of incubation.

** = significant with P<0.001

doi:10.1371/journal.pone.0161694.t002
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Fig 7. Response of C-cycle enzyme activities to additions of biochar and urea during a 56-day incubation. (a) β-glucosidase activity, (b) β-
cellobiosidase activity, (c) β-xylosidase activity, (d) α-glucosidase activity and (e) phenol oxidase activity. Vertical bars represent the standard error of
the means (n = 3) and lower case letters indicate significant differences between treatments at the P< 0.05 level.

doi:10.1371/journal.pone.0161694.g007
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Discussion

Effects of BC and U additions on soil pH and EC
Soil pH, an important factor for reflecting soil properties, greatly influences soil fertility and
thus plant growth. Some studies have reported that manure has less effect on soil pH when soil
pH values are approaching neutrality, but mineral fertilizer containing a large proportion of
urea can lead to decreases in soil pH [35–36]. Song et al. [37] also found that both ammonium
nitrate and urea additions significantly decreased soil pH at different incubation periods com-
pared with CK. Our results indicated that the pH values in both U-only and U plus BC soils ini-
tially increased and then decreased compared with CK over time. The transient increase in soil
pH may be due to the NH4

+ produced through U hydrolysis, after which NH4
+ is turned into

NO3-N, along with the release of H+ by nitrification, which is an important reaction after addi-
tion of N fertilizer into soil [38]. Once added to soil, abiotic and biotic surface oxidation of BC
results in increased surface carboxyl groups, a greater negative charge, and subsequently an
increasing ability to sorb cations [39]. Our results indicated that pH values in all U plus BC
soils increased with the increase of BC addition rate because of many mineral elements (Ca,
Mg, Si, K, etc.) contained in BC produced at 450°C (Fig 3). This is similar to the results of Laird
et al. [40], who found significant increases in pH values with the amount of BC added in a

Fig 8. Redundancy analyses (RDA) of the correlations between soil parameters and enzyme activity. The red arrows indicate the soil
parameters that had a significant impact on enzyme activities (P < 0.05), and the corresponding explained proportion of variability is shown in the
lower right corner. Abbreviations: TN, total nitrogen; TOC, total organic carbon; DOC, dissolved organic carbon; TDN, total dissolved nitrogen and
EC, electrical conductivity.

doi:10.1371/journal.pone.0161694.g008
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typical Midwestern agricultural soil. The key reason for these increases of soil pH after BC
addition can reduce the level of exchangeable H+ and Al3+by BC sorption [41].

Soil EC, a measure of soil water-soluble salt, can be used for identifying whether the content
of soil water-soluble salt limits crop growth. Our results showed that the soil EC in both U-
only and U plus BC treatments significantly increased from Day 1 to 3, and then tended to be
stable (Fig 4B). Significant increase in EC could be due to the sudden presence of high concen-
tration of soluble salts [3]. Soil EC has been reported to change after BC addition to soil [3, 42].
Our results showed that EC values in all U plus BC soils significantly increased with increasing
BC addition rate(Fig 4B). This is similar to the findings of Smider et al. [42], who reported that
higher EC values were observed as BC addition rates increased. The results suggested that soil
EC significantly increased with BC application because of the higher content of water soluble
cations (K, Ca, Na, Mg, etc.) released from BC [31, 43].

Effects of BC and U additions on TOC, DOC, TN and C/N
BC is widely proposed as a means to enhance soil quality and sequestering carbon(C), which is
attributed to changes in soil physicochemical properties and biological functions [4, 44]. Our
results indicated that the contents of TOC and TN in all U plus BC soils significantly increased
with increasing BC addition rate, in agreement with the results of Sui et al. [16] and Smider
et al. [42], suggesting that the BC may be useful for building C and N contents in soil, possibly
because BC produced by slow pyrolysis process at low temperature (450°C) contains higher
contents of C and N that can be measured in the mixture [45]. Soil C/N ratio is a critical factor
influencing C and N transformation process [46]. Our results showed that the soil C/N ratio
increased with increasing BC addition rate (Fig 5D), in agreement with the results of Sui et al
[16], who found that soil C/N ratio in BC addition alone or BC plus N treatment was signifi-
cantly higher than the CK, being ascribed to BC produced at 450°Cwith high initial C/N ratio
(Table 1). There was no significant difference in soil C/N ratio for each treatment over time,
indicating a slow transformation and recycling of organic matter [47], which is largely attrib-
uted to BC’s chemical recalcitrance [48].

Although DOC represents only a small proportion of soil organic carbon, it remains impor-
tant in the soil ecosystem because of its mobility and reactivity [49]. Some studies have
reported that BC addition increased soil DOC in the short-term [50–51]. However, Jones et al.
[52] observed that BC addition to soil had less or no effect on DOC in a three-year study. Our
results showed that DOC content at each incubation time increased with the increase of BC
addition rate (Fig 5C), which was also reported by El-Mahrouky et al. [51], who found that BC
addition to soil resulted in the short-term significant increases in soil DOC. This increase may
be due to the fact that BC contains labile C and could release organic C into the soil [45].

Soil respiration response to additions of BC and U
Our results indicated that U-only addition stimulated the decomposition of native organic C
compared with CK, with 5.4 g organic C kg−1 in the calcareous soil of NCP. This finding is in
agreement with results reported by Garland et al. [53], but different from those of Ni et al. [54]
who observed a significant suppression effect by N amendment in the black soil of Northeast
China, with 16.2 g organic C kg−1. The divergent results suggested that the effects of N fertiliza-
tion on soil respiration mainly depended on the concentration of easily decomposed soil
organic C [55]. Our results also found that all U plus BC treatments significantly increased
cumulative CO2 emissions compared with the U-only treatment, showing an increased trend
with increasing BC addition rate. This is similar to the results of Sui et al. [16], who found that
additions of BC and N fertilizer enhanced CO2 emission in a relatively short-term. Priming
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effects induced by BCmay be caused by its content of dissolved or volatile organic C [56]. Previ-
ous studies have confirmed that BC produced at low temperatures can stimulate C mineralization
due to decomposition of labile components of BC over a short-term [57]. In addition, our results
showed the direct effect of BC addition on CO2-C evolved from soil was fitted to a first-order
kinetic model Cmin = C0 [1 − e−Kt], which is possibly due to dissociation of carbonates and other
labile C fraction during the early stages of incubation [58–59]. This was further correlated with
carbonate dissociation by biotic and abiotic factors in early phase of BC applied soil [58]. Con-
versely, Prayogo et al. [14] reported that increasing BC application to soil from 1 to 30% w/w
caused progressively greater reduction of CO2.Potential mechanisms of negative priming effects
may be ascribed to the sorption of labile C onto the surface or into the pore network of BC [25].

Responses of the soil C-cycle enzyme activities to additions of BC and U
Extracellular enzymes are an important factor for driving the C/N transformation in soil, and
the potential enzyme activities have been used for decades as indicators of soil quality and
nutrient cycling [22]. Helfrich et al. [60] has reported that soil C/N ratio can change the micro-
bial population and activity. Our results showed that the potential activities of the four hydro-
lytic enzymes were lower in the U-only treatment than the CK treatment (Fig 7A−7D), which
is similar to the results of Zhou et al. [22], who reported that N fertilizer decreased the C-
related hydrolytic enzyme activities. The possible explanation for the decreased enzyme activi-
ties was a lower soil C/N ratio (an average of 6.43) after U-only addition. After BC addition to
soil, responses of the hydrolytic enzyme activities to BC become more complex. The increased
enzyme activities could be related to the microbial availability of a higher quantity of substrates
within lower BC-amended soils during the early stages of incubation [61].Conversely, the
decreased enzyme activities were most likely due to the sorption of enzymes by BC and subse-
quent masking of active sites, rather than sorption of substrates or products, presumably
caused by excessive BC porosity and a reactive surface area [28]. Previous studies have stated
that there is great uncertainty about impacts of BC addition on the activities of hydrolytic
enzymes involved in C cycling [24–27]. Our results showed that the activities of the four
enzymes in all U plus BC soils increased, then decreased with increasing BC addition rate at
days7, 14 and 28 of incubation, but significantly decreased at day 56 of incubation (Fig 7A
−7D). In addition, our results also founded that the contents of soil EC, TN, TDN and DOC
were significantly correlated with soil enzyme activities. The divergent results indicated that
responses of the hydrolytic enzyme activities to BC may primarily depend on the amount of
BC addition, soil nutrient content and time since BC application [14, 57].

Soil phenol oxidase is an enzyme excreted mainly by microorganisms, which catalyzes the
oxidation of recalcitrant aromatic compounds, such as lignin, into more readily available sub-
strates using oxygen as the final electron acceptor [62]. Low phenol oxidase activity contributes
to the accumulation of soluble phenolics and inhibits the activities of hydrolytic enzymes, and
thus benefits soil C sequestration [63–64]. We found that BC and U additions had no signifi-
cant effect on phenol oxidase activity over time (P> 0.05).However, the phenol oxidase activity
in all U plus BC soils showed a decreasing trend with the increase of BC addition rate at each
incubation time (Fig 7E). This may be because BC addition slows the rate of substrate oxidation
when there is high content of recalcitrant C in soil, and the response has been linked to reduc-
tion in phenol oxidase activity [18].

Conclusions
This study clearly demonstrated the responses of soil nutrients, soilrespiration and C-cycle
enzyme activities to BC and U additions within 56 days of incubation. Our results indicate that
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the change of soil pH was mainly attributed to the amounts of U and BC, while changes in soil
EC, TOC, DOC TN and C/N ratio depended mainly on the BC addition rate and increased
with the increase of BC addition rate. The BC addition induced a rapid increase in C minerali-
zation at the early stages of incubation (i.e. within 7 days), and parameters of C mineralization
kinetics suggested that there was the direct effect of BC addition rate on CO2-C evolved from
soil in a short-term. The contents of soil EC, TN, DOC and TDN were dominant factors affect-
ing soil enzyme activities. Our result indicated that the divergent variations in soil C-cycle
enzyme activities may primarily depend on the amounts of U and BC additions, soil nutrient
content and incubation time. Therefore, future studies, especially for long-term incubation and
field plot, are needed to further estimate the effects of U and BC additions on the soil microbial
activities involved in C cycling.
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