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• The SOC contents significantly increased
after long-term nitrogen application,
while SIC decreased.

• The measured loss of carbonate was far
higher than the theoretical values of
dissolution from nitrification.

• HCO3
− / (Ca2+ +Mg2+) ratio in soil so-

lution was higher after N application for
the 0–80 cm depth.
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Soil inorganic carbon (SIC) exerts a strong influence on the carbon (C) sequestered in response to nitrogen
(N) additions in arid and semi-arid ecosystems, but limited information is available on in situ SIC storage and
dissolution at the field level. This study determined the soil organic/inorganic carbon storage in the soil profile
at 0–100 cm depths and the concentration of dissolved inorganic carbon (DIC) in soil leachate in 4 N application
treatments (0, 200, 400, and 600 kg N ha−1 yr−1) for 15 years in the North China Plain. The objectives were to
evaluate the effect of nitrogen fertilizer on total amount of carbon sequestration and the uptake of atmospheric
CO2 in an agricultural system. Results showed that after 15 years of N fertilizer application the SOC contents at
depths of 0–100 cm significantly increased, whereas the SIC contents significantly decreased at depths of
0–60 cm. However, the actual measured loss of carbonate was far higher than the theoretical maximum
values of dissolution via protons from nitrification. Furthermore, the amount of HCO3

− and the HCO3
− /

(Ca2+ + Mg2+) ratio in soil leachate were higher in the N application treatments than no fertilizer input (CK)
for the 0–80 cm depth. The result suggested that the dissolution of carbonate was mainly enhanced by soil
carbonic acid, a process which can absorb soil or atmosphere CO2 and less influenced by protons through the
nitrification which would release CO2. To accurately evaluate soil C sequestration under N input scenarios in
semi-arid regions, future studies should include both changes in SIC storage aswell as the fractions of dissolution
with different sources of acids in soil profiles.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The global carbon (C) pool in the top 1 m of soil represents
2500 gigatons (Gt) and includes approximately 1550 Gt of soil organic
6086193@QQ.com (Y. Duan),
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carbon (SOC) and 950 Gt of soil inorganic carbon (SIC). The soil C pool
is 3.3 times the size of the atmospheric pool (760 Gt) and 4.5 times
the size of the biotic pool (560 G) (Trumbore et al., 1996; Davidson
and Janssens, 2006; Luo et al., 2010). Thus, a small variation in soil C
stores could lead to marked changes in the CO2 concentration of the
atmosphere. This has given rise to numerous investigations of SOC
because of its sensitivity to changes in land use and management prac-
tices. In contrast, the SIC is often assumed to be relatively stable and its
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exchange with the atmosphere represents a minor contribution to the
terrestrial C balance with an estimated rate of 1.0–5.0 g C m−2 yr−1.
However, recent study has shown that non-biological processes of
carbon absorption could be as high as 62–622 g C m−2 yr−1(Xie et al.,
2009). Correspondingly, Yang et al. (2012) demonstrated that SIC stocks
in the top 10 cmhave decreased significantly in Chinese grasslandswith
a mean rate of 26.8 g C m−2 yr−1. Therefore, understanding the role of
SIC as a source is crucial for assessing regional, continental, and global
soil C stores and predicting the consequences of global change.

Anthropogenic nitrogen (N) enrichment of ecosystems, mainly from
fertilizer application and fuel combustion, changes biogeochemical
cycling in a way that leads to an altered terrestrial C balance. Numerous
studies have examined the effects of nitrogen fertilization on carbon
sequestration. N fertilizer is widely perceived to increase SOC by
increasing crop residue (organic matter) input to the soil or to decrease
SOC by increasing C mineralization (Hyvönen et al., 2008; Pregitzer
et al., 2008; Lu et al., 2009; Russell et al., 2009). However, in a few
studies, no increase in SOC was observed with N fertilizers, despite the
increase in crop residue returned to the soil, due to near the saturation
level of organic matter inputs (Brown et al., 2014). Meanwhile, net
losses of native SOC that were accelerated by high N fertilization have
been found under different cropping systems (Russell et al., 2005;
Khan et al., 2007). As for SIC, it has been widely reported to dissolve at
increased rates via proton release during nitrification of N fertilizers at
the catchment level (Semhi et al., 2000; Barth et al., 2003; Raymond
et al., 2008; Barnes and Raymond, 2009; Pierson-Wickmann et al.,
2009; Jiang, 2013), potentially leading to direct and indirect CO2 re-
leases to the atmosphere (Perrin et al., 2008). Gandois et al. (2011)
found that cation and HCO3

− leaching increased in carbonate-rich soil
after nitrogen fertilizer application in a soil column without crops.
However, few studies have reported the direct impact of nitrogen
fertilizer on the process of SIC dissolution and release of CO2 in arable
land (He et al., 2013).

Generally, the dissolution of carbonate is driven by carbonic acid
from the soil or atmospheric CO2 as well as by sulfuric and nitric acids
from anthropogenic input. Dissolution of carbonate by carbonic acid
from soil/atmospheric CO2 progresses as follows:

Ca 1−xð ÞMgxCO3 þ H2Oþ CO2 → xMg2þ þ 1−xð ÞCa2þ þ 2HCO3
−: ð1Þ

Eq. (1) shows that dissolution of onemole of carbonate requires the
uptake of one mole of CO2. This reaction can act as a sink if the HCO3

− is
reacted with external Ca and Mg or is transported into the ocean and
utilized by aquatic organisms (Lerman and Mackenzie, 2005; Liu et al.,
2010). After spreading ammonium fertilizer, protons are produced
during the nitrification process (Eq. (2)). If the carbonic acid in Eq. (1)
is replaced with nitric acid produced by those processes, the dissolution
of carbonate becomes (Eq. (3)):

NH4
þ þ 2O2 →NO3

− þ H2Oþ 2Hþ; ð2Þ

Ca 1−xð ÞMgxCO3þ NH4
þ þ 2O2 → xMg2þ þ 1−xð ÞCa2þ þ NO3

−

þ CO2 þ 2H2O: ð3Þ

In this reaction, one mole of CO2 will be released as a source. If the
soils exhibit higher pH, the CO2 can react continually with carbonate
and form HCO3

−. Then, the reaction equation will be as follows:

2Ca 1−xð ÞMgxCO3 þ NH4
þ þ 2O2 → 2xMg2þ þ 1−xð ÞCa2þ þ NO3

−

þ 2HCO3
− þH2O: ð4Þ

This process is C neutral or a potential C source, until dissolved
carbonate reprecipitates and CO2 is released in deeper profiles
(Gandois et al., 2011). As the descriptions and equations above, when
the equivalent ratio of HCO3

− / (Ca2+ + Mg2+) in soil leachate is
above 0.5, the dissolution is driven both by carbon acid and by strong
acid, and the CO2 could be taken up from the air. Otherwise, the dissolu-
tion is driven only by strong acid and CO2 is released at a ratio below0.5.
In this way, the ratio of HCO3

− / (Ca2+ + Mg2+) in soil leachate can be
used to evaluate the driving factors of weathering and the role of carbon
sink.

The North China Plain (NCP) is one of China's major agricultural
areas (3.3 × 105 km2), providing N15% of China's total annual grain pro-
duction and over 19% of its total winter wheat production. Therefore,
high levels of nitrogen are commonly applied with an annual average
of 500 kg N ha−1 for sustaining high yield. Calcareous Fluvo-Aquic is
the main soil type in the region, and there is high carbonate content in
the topsoil that contains C ranging from 6 to 15 kg C m−2 (Wu et al.,
2009). It is critical to evaluate the impacts of nitrogen fertilizer on the
C behavior and balance, including both organic and inorganic patterns
in this specific agricultural area.

In this paper, we studied a wheat-maize double cropping system
that received one of four N fertilizer rates (i.e 0–600 kg N ha−1 yr−1)
for 15 years while all other nutrients were managed for optimum
production. The main objectives were: (1) to quantify the effect of N
on C sequestration in the topsoil, and (2) to investigate the effect of N
on the soil leachate composition as well as the ratio between elements
to evaluate the consequences for the CO2 budget.

2. Materials and methods

2.1. Experiment description

The study was conducted at Luancheng Agroecosystem Experimental
Station (37°53′ N, 114°41′ E; elevation 50 m) of the Chinese Academy of
Sciences. This area is located in the piedmont region of the Taihang
Mountains, which are a part of the NCP. Mean annual precipitation is
approximately 480 mm, 70% of which falls in July–September. Annual
average air temperature is 12.5 °C. The soil type of the area is predom-
inantly calcareous Fluvo-Aquic soil (Argic, Rusty Ustic Cambisols;
Zitong, 1999). And the water table is well below the 30 m depth in
this area. The basic soil physical and chemical properties are given in
Table 1. The predominant cropping system in the region is a winter
wheat–corn double-cropping system (Wang et al., 2014). The system
is flood irrigated with pumped groundwater three times per year at
about 40–60 mm each time, and the details of the water's chemical
composition are given in Table S1.

2.2. Field experiment

Field experiments were established in 1998 with randomized
complete block N-response plots (10 m × 7 m) with three replicates.
The plots were fertilized 4 times per year at four different urea N appli-
cation rates, viz., no fertilizer input (CK), 200 kg N ha−1 yr−1 (N200),
400 kg N ha−1 yr−1 (N400), and 600 kg N ha−1 yr−1 (N600). In addition,
the plots received 65 kg P ha−1 yr−1 as superphosphate (P2O5: 12%;
CaO: 24%). Control of weeds, pests, and disease were conducted accord-
ing to local practices. After harvest, the wheat and maize residue were
mechanically chopped (b5 cm) and incorporated into the soil. Thefields
were ploughed by rotary cultivator after maize harvest. Wang et al.
(2014) provides further details on fertilizer regime.

2.3. Soil sampling and measurement

After corn harvest in 2012, soil cores (0–100 cm deep) from each
plot were collected using a soil auger (4 cm in diameter). These cores
were divided into sections of 0–20, 20–40, 40–60, 60–80, and
80–100 cm depth. After bulk density was measured, each soil sample
was thoroughly sieved to 2 mm. The sieved samples were air-dried for
subsequent analysis of chemical properties. Concurrently, soil samples
without replicates (1 core per plot and the 3 plots mix together) were
collected at the 0–12 m depth in each nitrogen treatment. These



Table. 1
The initial soil physical and chemical characteristics at the long-term experiments site.

Depth (cm) Sand (%) Silt (%) Clay (%) Dry bulk density
(g cm−3)

CEC
(mmol/kg)

Total nitrogen
(g N g−1)

Total phosphorus
(g kg−1)

Total potassium (g N kg−1)

0–20 12.5 34.2 12.2 1.41 125 1.13 0.76 16.6
20–40 13.3 33.6 13.3 1.60 131 0.82 0.62 16.7
40–60 13.8 31.2 13.7 1.58 158 0.53 0.41 17.0
60–80 15.4 33.2 15.4 1.44 122 0.45 0.35 16.9
80–100 16.0 34.0 16.0 1.44 68 0.60 0.37 16.7

CEC indicates cation exchange capacity

Fig. 1. The distribution of soil pH values in profiles with different rates of N application
after 15 years (different letters within the same depth indicate significant difference at
P b 0.05).
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samples were used for analysis of leachate. The sample was collected as
sequential soil columns (1.2 m long and 43 mm inner diameter) by
using Geoprobe (Geoprobe 54DT, USA). The soil columns were brought
to the laboratory and divided into approximately 30 layers (0.4 m per
layer, except for several special texture transition layers) according to
visually identified soil texture. Soil within the same layer was mixed
and immediately extracted via distilled water (the ratio of water and
soil is 5:1, shaking for a half hour at 20 °C) for soil leachate analysis.
Soil organic carbon (SOC) was measured by the K2Cr2O7–H2SO4 oxida-
tion method of Walkey and Black (Nelson et al., 1982). The concentra-
tion of SIC was measured by manometric collection of CO2 evolved
during an HCl treatment process. Leachate samples were analyzed for
anions (Cl−, SO4

2−, and NO3
−) and cations (Ca2+, Mg2+, Na+, and K+)

via ion chromatography (IC) and atomic absorption spectrometry
(AAS). Based on the distribution balance of carbonic acid system,
HCO3

− is in dominant abundance and almost no H2CO3 remained
above pH 8.0, so the dissolved inorganic carbon (DIC) was determined
as HCO3

− using an Elementar liquiTOC analyzer. Soil pH was measured
via a pH meter using soil mixed with distilled water (ratio 1:2.5).

2.4. Statistical analyses

One-way analysis of variance (ANOVA) was used to determine the
effects of N addition on the C storage in soil. Differences between
treatment means were compared using Fisher's LSD method at the
0.05 probability level. All analyses were conducted using SPSS statistical
software (ver. 11.0, SPSS, Chicago, IL, USA).

3. Results

3.1. Soil pH

Soil pH in 0–20 cm depth significantly decreased from 8.45 to 8.02
with the increase of N application rates (Fig. 1). At 20–40 cm, soil pH
in N600 was significantly lower than that in the no fertilizer (CK) and
N200 treatments. At the 40–60 cm depth, soil pH for the CK treatment
was significantly higher than in the three N application treatments.
Below the 60 cm depth, the difference was not statistically significant.

3.2. SIC and SOC

In the top soil (0–20 cm), SIC contents of all treatments were the
lowest (Fig. 2). The values ranged from5.3 to 4.4 g kg−1 and then slight-
ly increased with soil depth. Statistically, SIC content in CK was signifi-
cantly higher than in N200 and N600 at 0–60 cm, and SIC content in CK
was higher than N400 at 40–60 cm. There was no significant difference
in the SIC content among nitrogen applications throughout the whole
soil profile, except N200 which was significantly lower than N400 at
0–20 cm. The total stock of SIC at 0–60 cm depth in CKwas significantly
higher than in the N applications, but the differences at 0–100 cmwere
not statistically significant.

In contrast to SIC, SOC contents decreased with soil depth; SOC con-
tents at the surface soil were significantly higher than those in deeper
soils (Fig. 2). Statistically, SOC content in CK was significantly lower
than in the N applications in each layer, except for N200 in 20–40 cm.
The total stock of SOC at both 0–60 cm and 0–100 cm depths were
significantly increased with N application rates, except that there was
no significant difference between N400 and N600 (Table 2). However,
the total soil carbon (SIC + SOC) stock did not differ among the four
treatments in the 0–60 cm or 0–100 cm layer, because the increase of
SOC is offset by the decrease of SIC. The C gain/loss efficiency was calcu-
lated as the units of C gained or lost in soil pool per units of N added
(Table. 2). The C gain efficiency as SOC decreased with increasing
nitrogen rates, also the C loss efficiency as SIC decreasedwith increasing
nitrogen rates.

3.3. Soil leachate

Soil leachate chemistry at 0–1200 cm depth was measured via
distilled water extraction to investigate the readily leachable cations
and anions. The content of HCO3

− in the 0–80 cm layers increased with
N application rates (Fig. 3), while below 400 cm, the content in CK treat-
ments was higher than in the other three treatments. In the 40–440 and
0–160 cm layers, the contents of both Cl− and SO4

2− in CKweremargin-
ally lower than in the other treatments. In addition, the content of SO4

2−

in N200 was higher than in both the CK and N600 at 120–640 cm. The
NO3

− contents in CK and N200 was not detected in most layers below
80 cm. However, there was obvious accumulation of NO3

− in the N400

and N600 treatments, especially the peaks at depths of 80–440 cm.
As for cations (Fig. 4), the contents of Ca2+ and Mg2+ in CK was

lower than in the other treatments at 120–800 cm depths. The content
of K+ in N600 was higher than in the other treatments at 40–80 cm and
below 560 cm depth. In contrast, the content of Na+ in CK was higher
than in the N applications for 320–720 cm and below 840 cm depth.



Fig. 2. The distribution of SIC and SOC in profiles with different rates for the 15-years of
continuous N application (different letters within the same depth indicate significant
difference at P b 0.05).
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The relationship of Ca2+ and Mg2+ to carbonate alkalinity in soil
leachates can provide some information about the dissolution of SIC
by different protons from strong acid or carbonic acid. For all the treat-
ments, the distribution of the charge equivalent ratios of Ca2+ and
Mg2+ to HCO3

− varied from 3.3 to 0.30. This higher ratio in upper layers
under nitrogen application indicates that carbonic acid is probably an
important weathering agent besides protons from nitrification in the
area. The ratio in 0–80 cm layers increased with N application rates,
while the ratio in CK treatments was higher than in the other three
treatments below 120 cm depth.
4. Discussion

4.1. SOC and SIC

The soil organic carbon stock increased in the topsoil (0–20 cm) after
the 15 years of continuous N applications, which is consistent with
other findings in the North China Plain (Cai and Qin, 2006; Zhang
et al., 2010) and other areas around the world (Hyvönen et al., 2008;
Pregitzer et al., 2008; Lu et al., 2009; Russell et al., 2009). The increase
of SOC under N application may be associated with higher organic car-
bon input and/or lower rates of SOC decomposition. It has been reported
that increasing the amount of N from400 to 600 has no significant effect
on crop biomass, similar to the SOC storage trends in this experimental
field (Qin et al., 2012). This suggests that the input of crop residues and
roots were the main contributors to the change of stored SOC.
Moreover, in this study the soil C/N ratio increased with N application
rates below 20 cm (Fig. S1), indicating that the decomposition of SOC
decreased in deeper soil. This result is consistent with a meta-analysis
which concluded that N fertilization decreased soil C turnover rate or
increased residence time in agricultural systems, as microbial activities
Table 2
The change of carbon storage and C loss/gain efficiency with 15 years of continuous N applicat

SIC storage
(Mg ha−1)

SOC storage
(Mg ha−1)

TC
(M

0–60 cm 0–100 cm 0-60 cm 0–100 cm 0-

CK 66.0a 138.8 53.8c 61.6c 11
N200 47.4b 125.8 65.5b 76.9b 11
N400 52.3b 124.5 69.1a 81.8a 12
N600 50.8b 127.2 70.7a 82.4a 12

Different letters in the same column indicate a significant difference at P b 0.05. SIC indicates soi
gain efficiency can be calculated as the units of C gained or lost in soil pool per units of N adde
may be repressed by N addition in low C:N ratio soil (b15, in most
agricultural soils) (Lu et al., 2011).

The soil also accumulatedmore SOC in the subsoil (60–100 cm) dur-
ing the 15 years of continuous N treatments than the CK (Fig.2). N64% of
the total SOC accumulation occurred in the subsoil (20–100 cm) for all
treatments, and deeper SOCmay bemore stable because the subsoil en-
vironment does not unfavorable to themineralization of soil C (Liu et al.,
2003; Harrison et al., 2011). Thus, both the subsoil and the topsoil under
nitrogen application need to be considered when reevaluating carbon
sequestration.

The SIC stocks at 0–60 cm depth decreased by 13.6–18.6 Mg ha−1

after 15 years of nitrogen application, with an average rate of
91–124 g C m−2 yr−1. This result is consistent with reports that SIC
decreased by 230.8 to 623.9 g C m−2 in the 0–100 cm soil layer after
6 years of N addition in Inner Mongolian grasslands (He et al., 2013).
The decrease in SICmay be the result of protons released from nitrifica-
tion of nitrogen fertilizer, followed by decreases in the soil pH. Studies
have also shown that column experiment N additions (e.g., fertilizers
and manure) aid in the dissolution of carbonate and increase the total
export of dissolved inorganic C (DIC) at the catchment level (Barnes
and Raymond, 2009).

4.2. Driving force of dissolution of carbonate and the effect on CO2 uptake

Theoretically, 1 kg N of ammonium fertilizer can produce 0.19 kmol
acid (+) and dissolve a maximum of 1.7 kg of C soil carbonate, as in
Eq. (4). However, the loss efficiency of SIC in this study is higher or
equal to this value for the N200 (6.2), N400 (2.3), and N600 (1.6) treat-
ments. This result was obtained even though all the protons could not
have fully reacted with carbonate and the nitrification was incomplete
(uptake in ammonium form by crop and ammonia emission). The
input of Ca and Mg from the irrigation or fertilizer may impact the soil
carbonate. The soluble Ca2+ in superphosphate can produce a maxi-
mum of 1.04Mg ha−1 carbon as carbonate after 15 years of superphos-
phate use, which is much less than the change in carbonate in soil after
nitrogen treatments. Similarly, irrigation can cause the formation of a
maximumof about 1.5–2.0Mgha−1carbon.Due to similarmanagement
at field, the effect of irrigation and application superphosphate on the
difference of carbonate among treatments is negligible in this study.
These analyses indicate that other processes beside nitrification must
also be driving the decrease in carbonate content in the 0–60 cm soil
layers.

Neither sulfides nor sulfur as fertilizerwas applied during this exper-
iment or before it began, so little sulfuric acid was produced from the
oxidation of those reduced sulfurs. The sulfuric input from deposition
or other processwere the same as in the control (no fertilizer), they can-
not account for the dissolution of carbonate in N application treatments.
On the other hand, higher CO2 partial pressures associatedwith respira-
tion are derived from soil organic matter or higher carbon input from
aboveground and belowground litter, which favor dissolution of car-
bonate (Kuzyakov et al., 2006).Thus, we suspect that the increased
loss of carbonate at lower nitrogen applications derives fromdissolution
by carbonic acid. Our other findings support this interpretation, as there
are negative relationships between SIC and SOC across all the
ion at different rates.

storage
g ha−1)

C loss/gain efficiency in 0–60 cm
(g C g−1 N added)

60 cm 0–100 cm SIC SOC TC

9.8 200.4 – – –
2.9 202.7 6.2 3.4 −2.3*
1.4 208.9 2.3 2.6 0.3
1.5 209.6 1.6 1.9 0.2

l inorganic carbon, SOC indicates soil organic carbon, and TC represents total carbon. C loss/
d. The negative value labeled by “*” represents the lost carbon.



Fig. 3. Profile distribution of soil leachate cation concentration with different rates for the
15 years of continuous N application.
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treatments (Table S2).Moreover, it was found that the amount of HCO3
−

and the HCO3
− / (Ca2+ +Mg2+) ratio (above 0.5) in soil leachate at the

0–80 cm depth were higher in N application treatments than in the CK
(Fig.4 and Fig.5). This also suggests that dissolution of carbonate in-
creased and was mainly driven by soil carbonic acid as well as by
protons directly through the nitrification (Hamilton et al., 2007).

The reprecipitation of dissolved carbonate in the lower soil profile
and in river systems also impacts the strength of carbonate as a C sink
or source. In our study, both the amount of HCO3

− and the HCO3
− /

(Ca2+ + Mg2+) ratio in soil leachate for N application treatments
were lower than those in the CK below the 320 cm depth(Fig.4 and
Fig.5). It appears that the dissolved carbonate reprecipitated above
this layer and the CO2 absorbed by carbon dissolution was released
into the atmosphere again. However, it was found that the SO4

2− con-
centration increased in N application treatments in most layers
(Fig. 5), although the increase could not be explained by the input of
sulfuric or oxidation of reduced sulfur as described above. Limited
downward leaching can result in significant accumulation of sulfate in
subsurface horizons, which is a common phenomenon in soil under
semiarid conditions, especially with restricted drainage. Because
sulfate's most common form is a cocrystallized impurity in calcium car-
bonate, it is only be released by carbonate mineral dissolution(Bettany
et al., 1982; Schoenau and Malhi, 2008). The increase in SO4

2− concen-
tration might have been caused by dissolution of the sulfate-CaCO3

that co-precipitate in upper layers of soil via carbonic acid or protons
from nitrification (Hu et al., 2005). This is also similar to findings from
one column experiments where liming increased SO4

2− concentration
in wheat fields (Ahmad et al., 2013). This weathering process of the
Fig. 4. Profile distribution of soil leachate anion concentration with different rates for the
15 years of continuous N application.
compound was found to release Ca2+ and/or Mg2+ without producing
equivalent carbonate ions. This is another reason for the decrease in the
HCO3

− / (Ca2++Mg2+) ratio besides the reprecipitated carbonate. Fur-
thermore, the dissolved calcium sulfate can precipitate HCO3

− at deeper
layers with higher pH as a C sink, but this process does not release CO2

(Renforth et al., 2012). In addition, we found that the Na+ and pH in the
CK below 320 cm depth were much higher than those in the N
application treatments, showing that the soil exhibits high chemical
dispersion associated with Na+ alkalinity and the infiltration may also
be hindered in deeper layers (Qadir et al., 2001). Thus, it is possible
that HCO3

− and other anions in the nitrogen treatments more easily
infiltrated into deeper layers compared to the CK. This can be viewed
as a CO2 sink considering the combined action of carbonate dissolution,
the global water cycle, and photosynthetic uptake of DIC by aquatic
organisms.

4.3. Reevaluation of CO2 budget with nitrogen application

Although the quantification of reprecipitation and direct CO2 release
from dissolution of carbonate cannot be determined based on our ex-
periments, we can assess the range of the CO2 sink strength in soil
with certain rates of nitrogen application based on the above three
equations (Eqs. (1) (3) and (4)). If we assume that dissolved carbonate
is retained fully in soil and not reprecipitated, themaximum CO2 sink is
induced as in Table 3. If we assume the opposite, CO2 is released and
the minimum CO2 sink is induced.

For the scenario of minimum CO2 sequestration, the carbonate re-
leased as CO2 represent 36% to 57% of the total carbonate lost in the
three nitrogen application rates. However, this was partly offset by the
increase of SOC. The scenario ofminimumCO2 sequestration usually oc-
curs at low pH (below 6.3), but this may be unlikely in this study due to
the higher pH in deeper profiles (above 8.43). For the scenario of max-
imum CO2 sequestration, the dissolution of carbonate at low nitrogen
Fig. 5. Profile distribution of charge equivalent ratio of HCO3
− / (Ca2+ + Mg2+) in soil

leachate with different N application after 15 years. The theoretical line at 0.5
(corresponding to expected HCO3

− / (Ca2++Mg2+) ratio according to Eq. (4)) is indicated.



Table 3
A budget for CO2 sinks after applying nitrogen at different rates in calcareous soil.

CK N200

(Mg ha−1)
N400

(Mg ha−1)
N600

(Mg ha−1)

ΔSOC in 0–100 cm (1) – 15.3 20.2 20.8
ΔSIC in 0–60 cm (2) – −18.6 −13.6 −15.2
Theory dissolution
by nitrification (3)

– −2.6 −5.1 −7.7

Min CO2 sinks (1) + (3) – 12.7 15.1 13.1
Max CO2 sinks
(1) – [(2) – (3) ∗ 2)]

– 28.7 23.7 20.6

ΔSOC indicates the difference of soil organic carbon between the treatmentswith nitrogen
application and the control treatment (CK); ΔSIC indicates the difference of soil inorganic
carbon between the treatments with nitrogen application and the control treatment (CK).
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levels (the N200 and N400 treatments) acted as a CO2 sink and increased
the SOC. However, CO2was released for higher nitrogen levels. Thismay
be due to the lower pH and the dissolved carbonate not being fully
retained in soil solution.

Our results show that the CO2 sink strength is intermediate to the
two extreme assumptions of Table 3, but at lower level of nitrogen
treatment, the dissolution of carbonate is was more likely to sequester
CO2 than to act as a net source. Thus, at lower nitrogen application
levels, the CO2 sequestration based on the exchange of total carbon in
the upper layers may be underestimated (Table 2). To accurately evalu-
ate soil C sequestration under N input scenarios in semi-arid regions,
onemust consider changes of SIC storages aswell as the fractions of dis-
solution with different sources of acids and precipitation in soil profiles.
Our study just is the stoichiometric analysis of carbonate weathering
process and driving factors. There may be other strong acids entered
into the system or formed in the soil impacting the process. This must
to be verified by the advanced measurement of CO2 flux method in
future studies.

5. Conclusion

We examined the changes in the SOC and SIC stocks of the topsoil
and subsoil following the long-term nitrogen application in North
China Plain. After 15 years, nitrogen application in calcareous soil can
significantly increase the SOC pool not only in the top 0–30 cm but
also in the subsoil (30–100 cm). In contrast, nitrogen application de-
creased the SIC accumulation in the 0–60 profiles. The measured loss
of carbonate was much higher than the theoretical values of dissolution
at maximum by protons from nitrification after applied nitrogen.
Furthermore, the amount of HCO3

− and the HCO3
− / (Ca2+ + Mg2+)

ratio in soil leachate were higher in N application plots than those in
the CK in 0-80 cm depth in soil profile. Therefore, we speculate that
the dissolution of carbonate is driven by carbonic acid from soil or atmo-
sphere CO2, as well as by protons from nitrification after N applied. Due
to easier infiltration and more external Ca2+ and Mg2+ from dissolved
calcium sulfate, dissolution of carbonate is more likely to sequester
CO2 than to act as a net source at lower nitrogen applied. Therefore, it
might be underestimated the CO2 sink based on the exchange of total
carbon in the upper layers. To accurately evaluate soil C sequestration
under N input scenarios in semi-arid regions, future studies should
not only include changed of SIC storages, but also the fractions of disso-
lution with different source of acids and precipitation in soil profiles.

Acknowledgements

This research was supported by the National Natural Science Founda-
tion of China (Grant No. 31570442 and Grant No. 41530859) and Special
Fund for Agro-scientific Research in the Public Interest (201503117-09).
It is also supported by theNational Science and Technology Pillar Program
of China (2012BAD14B07-03). We would like to thank the Luancheng
Agroecosystem Experimental Station, Chinese Academy of Sciences for
tireless efforts with maintaining the long-term experiments.
Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.04.115.

References

Ahmad,W., Singh, B., Dijkstra, F.A., Dalal, R.C., 2013. Inorganic and organic carbon dynam-
ics in a limed acid soil are mediated by plants. Soil Biol. Biochem. 57, 549–555.

Barnes, R.T., Raymond, P.A., 2009. The contribution of agricultural and urban activities to
inorganic carbon fluxes within temperate watersheds. Chem. Geol. 266, 318–327.

Barth, J., Cronin, A., Dunlop, J., Kalin, R., 2003. Influence of carbonates on the riverine car-
bon cycle in an anthropogenically dominated catchment basin: evidence from major
elements and stable carbon isotopes in the Lagan River (N. Ireland). Chem. Geol. 200,
203–216.

Bettany, J., Janzen, H., Stewart, J., 1982. Sulphur deficiency in the prairie provinces of
Canada. Proc. Int. Sulphur '82 Conf. (pp Page)

Brown, K.H., Bach, E.M., Drijber, R.A., Hofmockel, K.S., Jeske, E.S., Sawyer, J.E., Castellano,
M.J., 2014. A long-term nitrogen fertilizer gradient has little effect on soil organic
matter in a high-intensity maize production system. Glob. Chang. Biol. 20,
1339–1350.

Cai, Z., Qin, S., 2006. Dynamics of crop yields and soil organic carbon in a long-term fertil-
ization experiment in the Huang-Huai-Hai Plain of China. Geoderma 136, 708–715.

Davidson, E.A., Janssens, I.A., 2006. Temperature sensitivity of soil carbon decomposition
and feedbacks to climate change. Nature 440, 165–173.

Gandois, L., Perrin, A.-S., Probst, A., 2011. Impact of nitrogenous fertiliser-induced proton
release on cultivated soils with contrasting carbonate contents: a column experi-
ment. Geochim. Cosmochim. Acta 75, 1185–1198.

Hamilton, S.K., Kurzman, A.L., Arango, C., Jin, L., Robertson, G.P., 2007. Evidence for carbon
sequestration by agricultural liming. Glob. Biogeochem. Cycles 21 (n/a-n/a).

Harrison, R.B., Footen, P.W., Strahm, B.D., 2011. Deep soil horizons: contribution and im-
portance to soil carbon pools and in assessing whole-ecosystem response to manage-
ment and global change. For. Sci. 57, 67–76.

He, N., Yu, Q., Wang, R., Zhang, Y., Gao, Y., Yu, G., 2013. Enhancement of carbon sequestra-
tion in soil in the temperature grasslands of northern China by addition of nitrogen
and phosphorus. PLoS One 8, e77241.

Hu, Z.Y., Zhao, F.J., Mcgrath, S.P., 2005. Sulphur fractionation in calcareous soils and
bioavailability to plants. Plant Soil 268, 103–109.

Hyvönen, R., Persson, T., Andersson, S., Olsson, B., gren, G., Linder, S., 2008. Impact of
long-term nitrogen addition on carbon stocks in trees and soils in northern Europe.
Biogeochemistry 89, 121–137.

Jiang, Y., 2013. The contribution of human activities to dissolved inorganic carbon fluxes
in a karst underground river system: evidence from major elements and
delta(1)(3)C(DIC) in Nandong, Southwest China. J. Contam. Hydrol. 152, 1–11.

Khan, S.A., Mulvaney, R.L., Ellsworth, T.R., Boast, C.W., 2007. The myth of nitrogen fertili-
zation for soil carbon sequestration. J. Environ. Qual. 36, 1821–1832.

Kuzyakov, Y., Shevtzova, E., Pustovoytov, K., 2006. Carbonate re-crystallization in soil re-
vealed by 14C labeling: experiment, model and significance for paleo-environmental
reconstructions. Geoderma 131, 45–58.

Lerman, A., Mackenzie, F.T., 2005. CO2 air–sea exchange due to calcium carbonate and
organic matter storage, and its implications for the global carbon cycle. Aquat.
Geochem. 11, 345–390.

Liu, S., Bliss, N., Sundquist, E., Huntington, T.G., 2003. Modeling carbon dynamics in
vegetation and soil under the impact of soil erosion and deposition. Glob.
Biogeochem. Cycles 17.

Liu, Z., Dreybrodt, W., Wang, H., 2010. A new direction in effective accounting for the at-
mospheric CO2 budget: considering the combined action of carbonate dissolution, the
global water cycle and photosynthetic uptake of DIC by aquatic organisms. Earth Sci.
Rev. 99, 162–172.

Lu, F.E.I., Wang, X., Han, B., Ouyang, Z., Duan, X., Zheng, H.U.A., Miao, H., 2009. Soil carbon
sequestrations by nitrogen fertilizer application, straw return and no-tillage in
China's cropland. Glob. Chang. Biol. 15, 281–305.

Lu, M., Zhou, X., Luo, Y., Yang, Y., Fang, C., Chen, J., Li, B., 2011. Minor stimulation of soil
carbon storage by nitrogen addition: a meta-analysis. Agric. Ecosyst. Environ. 140,
234–244.

Luo, Z., Wang, E., Sun, O.J., 2010. Soil carbon change and its responses to agricultural prac-
tices in Australian agro-ecosystems: a review and synthesis. Geoderma 155, 211–223.

Nelson, D.W., Sommers, L.E., Page, A.L., 1982. Methods of soil analysis [J]. Part 2, 539–579.
Perrin, A.-S., Probst, A., Probst, J.-L., 2008. Impact of nitrogenous fertilizers on carbonate

dissolution in small agricultural catchments: implications for weathering CO2 uptake
at regional and global scales. Geochim. Cosmochim. Acta 72, 3105–3123.

Pierson-Wickmann, A.-C., Aquilina, L., Weyer, C., Molénat, J., Lischeid, G., 2009. Acidifica-
tion processes and soil leaching influenced by agricultural practices revealed by
strontium isotopic ratios. Geochim. Cosmochim. Acta 73, 4688–4704.

Pregitzer, K.S., Burton, A.J., Zak, D.R., Talhelm, A.F., 2008. Simulated chronic nitrogen
deposition increases carbon storage in northern temperate forests. Glob. Chang.
Biol. 14, 142–153.

Qadir, M., Schubert, S., Ghafoor, A., Murtaza, G., 2001. Amelioration strategies for sodic
soils: a review. Land Degrad. Dev. 12, 357–386.

Qin, S., Wang, Y., Hu, C., Oenema, O., Li, X., Zhang, Y., Dong, W., 2012. Yield-scaled N2O
emissions in a winter wheat–summer corn double-cropping system. Atmos. Environ.
55, 240–244.

Raymond, P.A., Oh, N.-H., Turner, R.E., Broussard, W., 2008. Anthropogenically enhanced
fluxes of water and carbon from the Mississippi River. Nature 451, 449–452.

http://dx.doi.org/10.1016/j.scitotenv.2016.04.115
http://dx.doi.org/10.1016/j.scitotenv.2016.04.115
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0005
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0005
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0010
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0010
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0015
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0015
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0015
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0015
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0020
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0020
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0025
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0025
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0025
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0030
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0030
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0035
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0035
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0040
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0040
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0040
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0045
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0045
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0050
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0050
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0050
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0055
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0055
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0055
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0060
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0060
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0065
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0065
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0065
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0070
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0070
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0070
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0075
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0075
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0080
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0080
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0080
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0085
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0085
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0085
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0085
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0090
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0090
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0090
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0095
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0095
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0095
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0095
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0095
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0100
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0100
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0100
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0105
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0105
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0105
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0110
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0110
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf9000
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0115
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0115
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0115
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0115
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0120
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0120
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0120
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0125
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0125
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0125
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0130
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0130
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0135
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0135
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0135
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0135
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0140
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0140


144 W. Dong et al. / Science of the Total Environment 563–564 (2016) 138–144
Renforth, P., Mayes, W.M., Jarvis, A.P., Burke, I.T., Manning, D.A., Gruiz, K., 2012. Contam-
inant mobility and carbon sequestration downstream of the Ajka (Hungary) red mud
spill: the effects of gypsum dosing. Sci. Total Environ. 421-422, 253–259.

Russell, A.E., Laird, D., Parkin, T.B., Mallarino, A.P., 2005. Impact of nitrogen fertilization
and cropping system on carbon sequestration in Midwestern Mollisols. Soil Sci. Soc.
Am. J. 69, 413–422.

Russell, A.E., Cambardella, C.A., Laird, D.A., Jaynes, D.B., Meek, D.W., 2009. Nitrogen
fertilizer effects on soil carbon balances in Midwestern US agricultural systems.
Ecol. Appl. 19, 1102–1113.

Schoenau, J.J., Malhi, S.S., 2008. Sulfur forms and cycling processes in soil and their rela-
tionship to sulfur fertility. Sulfur: A Missing Link Between Soils, Crops, and Nutrition,
pp. 1–10.

Semhi, K., Suchet, P.A., Clauer, N., Probst, J.-L., 2000. Impact of nitrogen fertilizers on the
natural weathering-erosion processes and fluvial transport in the Garonne basin.
Appl. Geochem. 15, 865–878.

Trumbore, S.E., Chadwick, O.A., Amundson, R., 1996. Rapid exchange between soil carbon
and atmospheric carbon dioxide driven by temperature change. Science-New York
Then Washington-, pp. 393–395.
Wang, Y., Hu, C., Ming, H., et al., 2014. Methane, Carbon Dioxide and Nitrous Oxide Fluxes
in Soil Profile under a Winter Wheat-Summer Maize Rotation in the North China
Plain.

Wu, H., Guo, Z., Gao, Q., Peng, C., 2009. Distribution of soil inorganic carbon storage and its
changes due to agricultural land use activity in China. Agric. Ecosyst. Environ. 129,
413–421.

Xie, J., Li, Y., Zhai, C., Li, C., Lan, Z., 2009. CO2 absorption by alkaline soils and its implication
to the global carbon cycle. Environ. Geol. 56, 953–961.

Yang, Y., Fang, J., Ji, C., et al., 2012. Widespread decreases in topsoil inorganic carbon
stocks across China's grasslands during 1980s-2000s. Glob. Chang. Biol. 18,
3672–3680.

Zhang, W., Wang, X., Xu, M., Huang, S., Liu, H., Peng, C., 2010. Soil organic carbon dynam-
ics under long-term fertilizations in arable land of northern China. Biogeosciences 7,
409–425.

http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0145
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0145
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0145
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0150
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0150
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0150
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0155
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0155
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0155
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0160
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0160
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0160
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0165
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0165
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0165
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0170
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0170
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0170
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0175
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0175
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0175
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0180
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0180
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0180
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0185
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0185
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0185
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0190
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0190
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0190
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0195
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0195
http://refhub.elsevier.com/S0048-9697(16)30810-5/rf0195

	Reassessing carbon sequestration in the North China Plain via addition of nitrogen
	1. Introduction
	2. Materials and methods
	2.1. Experiment description
	2.2. Field experiment
	2.3. Soil sampling and measurement
	2.4. Statistical analyses

	3. Results
	3.1. Soil pH
	3.2. SIC and SOC
	3.3. Soil leachate

	4. Discussion
	4.1. SOC and SIC
	4.2. Driving force of dissolution of carbonate and the effect on CO2 uptake
	4.3. Reevaluation of CO2 budget with nitrogen application

	5. Conclusion
	Acknowledgements
	Appendix A. Supplementary data
	References


