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Abstract

Aims Over the past decades, vast croplands have
been converted into forestland on the Chinese Loess
Plateau (CLP). Although a few studies have investi-
gated the effects of afforestation on soil inorganic
carbon (SIC), there has been little information on the
changes in the two fractions of SIC, pedogenic inor-
ganic carbon (PIC) and lithogenic inorganic carbon
(LIC), along a deep profile following afforestation.
Methods We selected forestland (Robinia pseu-
doacacia; 31 years) and adjacent cropland (control),
and investigated the stocks of SIC, PIC and LIC, at
0-300 cm under the two lands on the CLP.

Results The SIC stock significantly decreased
by 602 Mg ha! at 0-80 cm but increased by
57.8 Mg ha™! at 80-220 cm, and no significant dif-
ference in total SIC stock at 0-300 cm was observed
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between the two lands. Afforestation significantly
reduced the LIC stock in each layer; afforestation
decreased the PIC stock at 0-80 cm but elevated it at
80-300 cm. In the 80-220 cm layer of forestland, the
LIC stock decreased by 41.1 Mg ha™! while the PIC
stock increased by 98.9 Mg ha™!.

Conclusions Afforestation on cropland induces the
loss of SIC in upper layers. However, it promotes the
accumulation of PIC in deep layers, which causes
an increase of SIC in these layers. Because the net
increased PIC in deep layers compensates for the loss
of SIC in the upper layers, afforestation on cropland
does not alter the total SIC storage but redistributes
the SIC along the profile on the CLP.

Keywords Soil inorganic carbon - Pedogenic
inorganic carbon - Lithogenic inorganic carbon -
Forestland - Cropland

Introduction

The soil carbon pool accounts for more than twice the
amount of carbon in the vegetation or the atmosphere
(Lal 2004; Schmidt et al. 2011). Even a subtle fluctu-
ation of such a tremendous carbon pool could poten-
tially disturb the global carbon budget, and soil car-
bon dynamics are essential for predicting the future
global climate (Belay-Tedla et al. 2009; Tamir et al.
2012). Mounting evidence shows that afforestation
has great potential to alter soil carbon pools, and the
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effects of afforestation on soil carbon have received
considerable attention (Jackson et al. 2002). The
soil carbon pool is composed of the soil organic car-
bon (SOC) pool and the soil inorganic carbon (SIC)
pool (Lal 2009). The SIC storage at 0-200 cm can
be approximately ten or even up to seventeen times
larger than the SOC storage in dry lands (Schlesinger
1982; Emmerich 2003; Mi et al. 2008; Zamanian
et al. 2016). Due to the amount of SIC far exceeding
SOC in semiarid areas, a minor variation in the SIC
pool following afforestation could play a more effi-
cient role than a major fluctuation in the SOC pool
in terms of altering the regional carbon budget (Wang
et al. 2016; Gao et al. 2017; An et al. 2019; Ferdush
and Paul 2021). Therefore, change in the SIC pool
following afforestation in semiarid regions needs to
be thoroughly understood.

Furthermore, the SIC pool can be subdivided into
lithogenic and pedogenic inorganic carbon subpools
with different 8'°C values (Monger et al. 2015).
Lithogenic inorganic carbon (LIC) is inherited from
the soil parent material and its 8'C value is close
to zero; pedogenic inorganic carbon (PIC) is formed
through the precipitation or reprecipitation of carbon-
ate material, and its 8'3C value is normally negative
(Stevenson et al. 2005). The percentages of LIC and
PIC in SIC can be differentiated by measuring the
813C values of SIC and SOC (8'3C-SIC and &'3C-
SOC) (Landi et al. 2003; Wang et al. 2014; Bughio
et al. 2016; Gao et al. 2018). The changes in LIC and
PIC along the profile following land use change can
clearly reflect the dissolution and precipitation of
SIC (Rao et al. 2006; Monger et al. 2015; Zamanian
et al. 2016; Xiao et al. 2020). However, most of the
present studies only inferred or estimated the rough
dynamics of PIC following afforestation in drylands
(Chang et al. 2012; Jin et al. 2014; Wang et al. 2016;
Gao et al. 2017), and few studies have focused on the
exact changes in LIC and PIC stocks, particularly on
the Chinese Loess Plateau (CLP).

The CLP is a unique geographical unit in semiarid
region and is characterized by a high carbonate con-
tent. The SIC content in the deep (> 40 cm) layers in
this region is at least three times higher than the SOC
content, and the mean SIC density (22.3 kg C m™>)
is approximately two times higher than the national
average (Mi et al. 2008; Wu et al. 2009). On the CLP,
numerous croplands suffered from soil degrada-
tion and low yields as a result of long-term intensive

@ Springer

tillage (He et al. 2016). To protect soil and improve
the local ecological environment, vast croplands have
been converted into forestland over the past decades,
which significantly alters the soil carbon pool on the
CLP (Deng et al. 2014). It is known that afforestation
on cropland induces SOC sequestration by introduc-
ing substantial organic matter into the soil (Deng
et al. 2014; Yang et al. 2021), and a few studies have
investigated the distributions of SIC stock along the
profile under cropland and forestland on the CLP
(Han et al. 2018; Zhang et al. 2015; Yu et al. 2020;
Song et al. 2020). However, there has been little
information on the changes in PIC and LIC stocks fol-
lowing afforestation, and this information could offer
a better understanding of the mechanism on the varia-
tion in SIC following afforestation.

In the present study, we selected forestland (Rob-
inia pseudoacacia; 31 years) and adjacent cropland
(control) with the same topographical and geological
backgrounds, measured the SIC contents, 813Cc-soC
and 8'3C-SIC, and calculated the stocks of SIC, PIC
and LIC at 0-300 cm under the two lands on the CLP.
The objectives were to (a) investigate the changes in
the stocks of SIC, PIC and LIC along the profile of
0-300 cm after afforestation on cropland and (b) dis-
cuss the potential reasons for the variation in SIC based
on the changes in PIC and LIC following afforestation.

Materials and methods
Study site

The study site is located in Huaiping Farm, Yongshou
County, Shannxi Province, China (34°80-34°82' N,
108°15-108°18'E). The region has a typical semiarid
continental climate. The mean annual temperature
and precipitation are 12.1 °C and 576 mm, respec-
tively. The elevation is 1123 m. The soil is a dark
loessial soil, and is classified as Calcaric Cambisols
(World Reference Base for Soil Resources 2014) with
a clay content of 19.6% and a silt content of 61.3%.
At the study site, a pair of neighbouring cropland
and forestland was selected (Fig. 1). Before 1987,
the topographical and geological backgrounds of the
forestland were completely consistent with those of
the cropland. The position of the current forestland
has been used as cropland until 1987, and the man-
agement and history strategy for this land was the
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Fig. 1 Location of the study site and the distribution of the sample plots in the study site

same as that for the current cropland before afforesta-
tion. In 1987, R. pseudoacacia was directly planted
in the cropland by seedling. After the implementation
of the tree plantation, there was little human activity

in the forestland. Since afforestation, no fertilization
has been conducted in the forestland. The groundwa-
ter level at the study site (at least >30 m) is far below
the investigative rhizosphere, and no river is found at
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the study site. When rainstorm occurred, the direction
of overland runoff was roughly from west to east. The
whole study site is a rain-fed land, and no irrigation
was conducted in the two lands during any period.
Triticum aestivum-Solanum tuberosum or T. aesti-
vum-Fagopyrum esculentum was rotationally culti-
vated in the cropland. When the crops were planted,
CO(NH,), was the only fertilizer used, with an annual
input of 140-210 kg N ha™".

Soil sampling

In April 2018, one forestland (treatment) and its adja-
cent cropland (control) were selected within a large
and flat area (scope of 1.5 kmx2.5 km) in the study
site. On each land, nine sample plots (30 mx30 m
for each plot) were selected along the boundary. To
ensure that the topographical and geological back-
grounds between the treatment and the control were
consistent, two adjacent sample plots on both sides
of the boundary were set up as a pair, and 9 pairs
of sample plots along the boundary were selected in
the study site. All the sampling plots were at least
50 m away from the boundary to reduce the effects
of forestland on cropland, and two neighbouring
pairs were at least 150 m apart. The distribution of
the sample plots is shown in Fig. 1. In each sam-
ple plot of forestland, nine live trees were randomly
selected to measure the height and diameter at breast
height (DBH). The mean height and DBH were
144 m and 16.7 cm, respectively. The tree density
and canopy coverage in the forestland were 1187
tree ha™! and 78%, respectively. In each sample plot,
five holes (300 cm deep) were drilled by a soil auger
(5 cm diameter) along an S-shaped curve to obtain
the soil sample (Fig. 1). When drilling, all the litter
was removed and the interval was set as 20 cm. The
5 soil samples collected from the same layer in each
sample plot were completely mixed into a composite
sample (approximately 500 g). After all 270 compos-
ite samples (18 sample plots X 15 composite samples
per sample plot) were air dried, all roots were picked
out. All samples were fully ground using an agate
mortar, passed through a 0.1 mm sieve and prepared
for the measurements of the total soil carbon (TSC)
content, SOC content and the values of §'*C-SIC and
8'3C-SOC. Within each sample plot, a soil profile at a
depth of 300 cm was excavated. For each profile, 15
metal cores (100 cm? for each core) were driven into
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the soil at an interval of 20 cm. All the soil cores were
dried at 105 °C for 48 h and were weighed to measure
the soil bulk densities.

From May to October 2018, the soil water con-
tent (SWC) and soil CO, concentration under the two
lands were measured when heavy rain (rainfall inten-
sity >25 mm day~!) occurred. Forty-eight hours after
each heavy rain event, 3 holes (300 cm deep) in each
sample plot were drilled by a soil auger at the inter-
val of 20 cm to obtain soil sample, and the soil sam-
ples were weighted and dried at 105 °C for 24 h to
measure the SWC. After the soil sampling, a soil gas
sampler (DIK-5520-13; Daiki Rika Kogyo, Saitama,
Japan) was inserted into the soil at 50 cm depth
within each sample plot and 150 mL gas sample was
extracted. The obtained gas was injected into an LI-
840A (LI-COR Environmental, Lincoln, NE, USA)
to measure the soil CO, concentration. During this
period, heavy rain occurred 5 times.

Soil analyses

The SOC contents and TSC contents of all 270 sieved
samples were determined using the dichromate oxi-
dation procedure (Walkley and Black 1934) and the
Vario EL III elemental analyzer (Elementar, Ger-
many), respectively. The SIC contents were obtained
by subtracting the SOC contents from TSC contents,
which was specified in Wang et al. (2012). To deter-
mine 8'*C-SOC for each sieved sample, 5 g of soil
was steeped in excessive HCI (2 mol L™!) for 24 h
for eliminating the SIC. Twenty-four hours later, the
acidified soil was repetitiously washed with distilled
water until its pH exceeded 5, and then the washed
soil was dried at 40 °C. Approximately 30 mg of
dried soil was combusted at 1000 °C in an elemen-
tal analyzer (EA; Flash EA 1112) for converting the
SOC into CO,. The generated CO, was transported
into an isotope ratio mass spectrometer (IRMS;
Finnigan MAT Delta plus XP) for measuring 8'°C-
SOC value. Each sample was measured in triplicate,
and the standard deviation of the reported §'°C-SOC
among the three measurements was within 0.3 %eo.
To determine the §'°C-SIC for each sieved sample,
approximately 100 mg of soil was fully reacted with
5 mL of pure H;PO, at 75 °C for 4 hours in a 12 mL
sealed vessel of Gas Bench II (Thermo Fisher Sci-
entific, Inc.) for converting the SIC into CO,. The
generated CO, was transported into the IRMS for
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measuring 8'3C-SIC value. Each sample was meas-
ured in triplicate, and the standard deviation of the
reported 8'3C-SIC among the three measurements
was within 0.3 %eo.

Calculations of SIC, PIC and LIC stocks and
statistical analyses

On the basis of Landi et al. (2003), Ryskov et al.
(2008) and Wang et al. (2014), the PIC content was
calculated as follows:

8 C-SIC — 61C-LIC X SIC content
S13C-PIC — 613C-LIC

(H

Where §"°C-SIC, §'*C-LIC and §'*C-PIC are the

8'3C values of bulk SIC, LIC and PIC, respectively.

According to the results of Liu et al. (2011) and Wang

et al. (2014) on the CLP, the 8'3C-LIC in this study

was set as —1%o. The 8'>C-PIC was calculated as

described in Mermut et al. (2000), Landi et al. (2003)
and Ryskov et al. (2008):

PIC content =

§BC-PIC = §C-SOC + 14.9%o 2)

where the value of 14.9, including the isotopic frac-
tionation of 10.5 for carbonate precipitation and 4.4
for CO, diffusion (Cerling et al. 1989, 1991), repre-
sents the mean difference between 8'°C-SOC and
8'3C-PIC.

The LIC content was calculated as follows:

LIC content = SIC content — PIC content 3)
The SIC stock was calculated as follows:

M =0.1xXxDxBXxXZx((100 - G)/100) 4)

where M (Mg ha™!) is the soil carbon stock; D (cm)
is the soil depth; B (g cm_3) is the soil bulk density;
Z (g kg™!) is the soil carbon content; and G (%) is
the gravel content, which was 0 in this study. After
obtaining the contents of PIC and LIC, the stocks of
PIC and LIC were also calculated using Eq. (4).

A paired-samples #-test was performed to exam-
ine the significance of the differences in relevant
variables between cropland and forestland at the same
depth. Multiple-comparisons and a one-way analysis
of variance procedures were used to compare the dif-
ferences in relevant variables among the soil depths
for each land. All statistical analyses were conducted

in Matlab software (7.12.0.635, The Mathworks,
Natick, MA, USA).

Results

Changes in soil properties, 8'*C-SIC and §'*C-SOC
values following afforestation

The SIC contents at 0-80 cm were significantly
lower under the forestland than under the cropland,
while the SIC contents at 80-220 cm under the
forestland were significantly higher than the crop-
land (Fig. 2a). No significant difference in SIC con-
tent at 220-300 cm was found between the two lands.
The SOC content in each layer under the forestland
was significantly higher than that under the crop-
land (Fig. 2b). The soil pH at 0-160 cm under the
forestland were significantly lower than those under
the cropland, and no significant difference in soil pH
below 160 cm was observed between the two lands
(Table 1). Compared to the cropland, the bulk densi-
ties under the forestland were significantly lower in
the top 80 cm layers, while there was no significant
difference in bulk density at 80-300 cm between the
two lands (Table 1). When no rainfall was occur-
ring, there was no significant difference in SWC
at 0-80 cm between the forestland and cropland,
while the SWC below 80 cm under the forestland
were much lower than the cropland (Fig. 3a). After
rainfall, the SWC at 0-60 cm under the forestland
were significantly higher than the cropland, and the
SWC at 160-300 cm under the forestland were sig-
nificantly lower than the cropland (Fig. 3b-f). After
rainfall, the soil CO, concentration at 50 cm under
the forestland was remarkably higher than that under
the cropland (Fig. 4).

The forestland showed a significantly lower
8!3C-SIC value than the cropland at each soil
layer (Fig. 5a), however, no significant difference
in !3C-SOC at each layer was found between the
two lands (Fig. 5b). The 8'3C-SIC values showed
an increasing trend with depth under the cropland.
In the forestland, the 8'3C-SIC values were signifi-
cantly lower at 0-180 cm than at 180-300 cm, and
no significant difference in §'*C-SIC value was
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Fig. 2 Soil inorganic carbon and soil organic carbon contents
under the forestland and cropland. Within each land-use, dif-
ferent uppercase letters denote significant differences among
the depths, and within each depth, different lowercase let-
ters denote significant differences between the land-uses

observed among the 0-180 cm layers and among
the 220-300 cm layers, respectively (Fig. 5a).

Changes in SIC, PIC and LIC stocks following
afforestation

The SIC stocks at 0-300 cm under the cropland and
forestland were 643.1 Mg ha! and 636.2 Mg ha™!,
respectively, and no significant difference in total
SIC stock was observed between the two lands. After
afforestation on cropland, the SIC stock significantly
decreased by 60.2 Mg ha™! at 0-80 cm but signifi-
cantly increased by 57.8 Mg ha~! at 80-220 cm, and
no significant difference in SIC stock at 220-300 cm
was observed between the two lands (Fig. 6). The
vertical distributions of SIC stock along the profile of
300 cm between the two lands were remarkably dif-
ferent. Under the forestland, the SIC stock was the
lowest at 0-20 cm and the highest at 140-160 cm, and
it increased gradually from 0 to 160 cm, decreased
from 160 to 220 cm, and was evenly distributed
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(mean +standard deviations; n=9; significance of the differ-
ence was considered as P <0.05). In all figures in this study,
letters with red color were labeled for forestland, and letters
with black color were labeled for cropland

below 220 cm. Under the cropland, the SIC stock was
the lowest at 0-20 cm and the highest at 40-60 cm,
and it increased gradually from O to 60 cm, declined
from 60 to 100 cm, and was evenly distributed within
100-300 cm layers (Fig. 6).

The PIC stock within the 0-300 cm depth under
the forestland was 441.2 Mg ha~!, which was sig-
nificantly higher than that under the -cropland
(350.9 Mg ha™!). Compared to cropland, the PIC
stocks under the forestland were significantly lower at
0-80 cm but were dramatically higher at 80-300 cm
(Fig. 7). The vertical distribution of PIC stock under
the forestland showed an increasing trend from O to
160 cm and a decreasing trend from 160 to 220 cm;
no significant difference in PIC stock was found
among the 220-300 cm layers (Fig. 7). The vertical
distribution of PIC stock under the cropland showed
an increasing trend from O to 60 cm and a decreas-
ing trend from 60 to 180 cm; no significant difference
in PIC stock was found among the 180-300 cm layers
(Fig. 7). At each soil layer, the LIC stock under the
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Table 1 Soil bulk densities and soil pH under the cropland
and forestland. Within each depth, different lowercase let-
ters denote significant differences between the land-uses
(mean +standard deviation; n=9; significance of the differ-
ence was considered as P <0.05)

Depth Bulk density (g cm™) pH

(cm) Forestland ~ Cropland  Forestland Cropland
0-20 0.99 (0.08)b 1.08 (0.09)a 7.3 (0.2)b 7.8 (0.1)a
20-40 1.05 (0.08)b 1.22(0.11)a 7.4 (0.2)b 8.1 (0.1)a
40-60 1.12 (0.08)b 1.27(0.08)a 7.6 (0.1)b 8.2 (0.2)a
60-80 1.15(0.06)b 1.23(0.10)a 7.4 (0.3)b 8.3 (0.1)a
80-100 1.17 (0.07)a 1.19(0.08)a 7.8 (0.2)b 8.3 (0.2)a

100-120 1.18 (0.04)a 1.19(0.07)a 7.7 (0.1)b 8.4 (0.1)a
120-140 1.21 (0.06)a 1.19(0.08)a 7.9 (0.1)b 8.2 (0.1)a
140-160 1.20 (0.09)a 1.18 (0.09)a 8.0 (0.2)b 8.3 (0.1)a
160-180 1.21 (0.08)a 1.20(0.14)a 8.2 (0.2)a 8.1(0.2)a
180-200 1.20(0.09)a 1.17(0.11)a 8.1 (0.2)a 8.2(0.2)a
200-220 1.19(0.07)a 1.19(0.13)a 8.2(0.2)a 8.0(0.2)a
220-240 1.20 (0.05)a 1.17(0.10)a 8.3 (0.1)a 8.1 (0.3)a
240-260 1.16 (0.06)a 1.18 (0.10)a 8.1 (0.1)a 8.2 (0.1)a
260-280 1.17(0.09)a 1.19(0.10)a 8.2 (0.2)a 7.9 (0.2)a
280-300 1.17(0.08)a 1.17(0.11)a 8.0 (0.1)a 8.1 (0.1)a

forestland was remarkably lower than that under the
cropland (Fig. 8). The LIC stocks at 0-300 cm under
the forestland and cropland were 195.0 Mg ha™!

and 292.2 Mg ha™!, respectively, and the forestland
stored significantly less LIC than the cropland within
the 300 cm depth. The LIC stocks showed a roughly
increasing trend from O to 300 cm under both forest-
land and cropland. Notably, in the 80-220 cm layer
where the SIC stock under the forestland was signifi-
cantly higher than the cropland, the LIC stock under
the forestland was 41.1 Mg ha~! lower than the crop-
land, while the PIC stock under the forestland was
98.9 Mg ha~! higher than the cropland (Figs. 7, 8).

Discussion

The reduction of SIC within the upper layers
following afforestation

We found that the SIC stock significantly decreased
within the top 80 cm after afforestation on cropland
(Fig. 6). Similar results were observed in previous
studies on the CLP (Tan et al. 2014; Wang et al. 2016;
An et al. 2019; Jia et al. 2019; Song et al. 2020),
which reported that afforestation on cropland reduced
SIC in the upper layers. It is widely accepted that
afforestation on cropland strongly enhances soil and
water conservation (Guo and Shao 2013), implying
that the reduced SIC following afforestation should
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5'°C-SIC value (%o)

not be carried in runoff from the forestry ecosystem
by soil erosion. The reduction of SIC in the upper lay-
ers following afforestation may be related to the dis-
solution of carbonate induced by soil acidification
(Chang et al. 2012; Han et al. 2018).

The dissolution of CO, from soil respiration would
promote soil acidification in upper layers of forestland
(Zamanian et al. 2018). The SWC in upper layers fol-
lowing rainfall under the forestland were significantly
higher than the cropland in this study (Fig. 3), which
was attributed to the stronger water infiltration in the
forestland (Wang et al. 2015; Jia et al. 2017). The
higher soil moisture motivates the activity of micro-
organisms (Tamir et al. 2012; Jia et al. 2013, 2018).
As the main substrate of microbial decomposition,
the SOC contents in topsoil of forestland were signifi-
cantly higher than those under cropland (Fig. 2b). The
stronger activity of microorganisms and richer SOC
in the upper layers under the forestland enhanced the
soil respiration, increased the soil CO, concentra-
tion (Fig. 4) and elevated the soil biogenic CO, par-
tial pressures. The higher soil biogenic CO, partial

8'*C-SOC value (%o)
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Fig. 5 5'C-SIC values and 8'°C-SOC values under forestland
and cropland. Within each land-use, different uppercase letters
denote significant differences among the depths, and within
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each depth, different lowercase letters denote significant dif-
ferences between the land-uses (mean = standard deviations;
n=09; significance of the difference was considered as P <0.05)
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Fig. 6 Soil inorganic carbon stocks under forestland and crop-
land. Within each land-use, different uppercase letters denote
significant differences among the depths, and within each
depth, different lowercase letters denote significant differences
between the land-uses (mean + standard deviations; n=9; sig-
nificance of the difference was considered as P <0.05)

pressures and higher SWC (which can supply more
water) would promote the dissolution of carbonate in
the topsoil under the forestland (Eq. 5 is shifted to the
right) (Zamanian et al. 2018):

CaCOj; + CO, + H,0 < CaCO; + H + HCO; < Ca’* + 2HCO;
Q)]

Due to the 8!°C value of the carbonate far exceed-
ing that of biogenic CO, (Wang et al. 2014), the bio-
genic CO, participating in carbonate dissolution was
supported by the decrease in 8'*C-SIC at 0-80 cm fol-
lowing afforestation in this study (Fig. 5a). The per-
centage of dissolved CO, for the total respired CO,
was considerable. In the calcareous soils of the north-
east USA, up to 43% of respired CO, was potentially
dissolved rather than directly diffusing out to the
atmosphere (Hodges et al. 2021).

Furthermore, the nitrification of NH,* coming
from N, fixation by legumes and microbes would
lead to topsoil acidification in forestland (Raza et al.
2020). As a typical legume, R. pseudoacacia with
microbes has the ability to fix nitrogen by converting
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Fig. 7 Pedogenic inorganic carbon stocks under forestland
and cropland. Within each land-use, different uppercase letters
denote significant differences among the depths, and within
each depth, different lowercase letters denote significant dif-
ferences between the land-uses (mean = standard deviations;
n=9; significance of the difference was considered as P <0.05)

N, to NH,*. In topsoil of dryland, part of NH,* was
oxidized to NO;™ in the alkaline environment of suf-
ficient oxygen, and much H* was released in this pro-
cess (Eq. 6). In calcareous soils, the H* induced via
nitrification of NH,* would cause soil acidification
and carbonate dissolution (Eq. 7; Huang et al. 2015):

NH} + OH™ + 20, — NOj + H* + 2H,0 (6)

CaCO; + HY + NO; — Ca’* + HCO; +NO;  (7)

After carbonate dissolution, part of the car-
bon in SIC was conserved in the aqueous phase as
HCO;™ and formed dissolved inorganic carbon (DIC);
part of the carbon in SIC was emitted into the atmos-
phere in the form of CO,, and available NO;~ and
base cations (Ca’*, Mg>") were released (Zamanian
et al. 2018; Raza et al. 2020). When rainfall was
occurring, the formed DIC, available NO;™ and base
cations in the upper layers would be leached into the
deep layers with the infiltrated water (Mi et al. 2008;
Ferdush and Paul 2021). Therefore, the reduction
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Fig. 8 Lithogenic inorganic carbon stocks under forestland
and cropland. Within each land-use, different uppercase letters
denote significant differences among the depths, and within
each depth, different lowercase letters denote significant dif-
ferences between the land-uses (mean =+ standard deviations;
n=29; significance of the difference was considered as P <0.05)

of SIC in the upper layers under the forestland was
resulted from carbonate dissolution and the subse-
quent leaching of DIC and the emission of CO, from
topsoil (Fig. 9).

The accumulation of PIC in the deep layers following
afforestation

In this study, the SIC stock significantly increased
at 80-220 cm following afforestation (Fig. 6). Han
et al. (2018) and Jia et al. (2019) also found that
the SIC stock increased in the deep layers (> 1 m)
after afforestation on cropland on the CLP. In the
80-220 cm layer, the PIC stock under the forestland
was 98.9 Mg ha™! higher than that under the cropland
(Fig. 7), indicating that afforestation on cropland con-
siderably promotes PIC accumulation in deep layers.
However, the LIC stock at 80-220 cm decreased by
41.1 Mg ha™! (Fig. 8). The changes in PIC and LIC
stocks at 80-220 cm following afforestation suggested
that the increase in SIC within this layer was caused
by the accumulation of PIC rather than the variation

@ Springer

of LIC. Notably, the 83C-LIC value for loess soil
ranges from the minimum value at —2%o to the maxi-
mum value at 0 on the CLP (Rao et al. 2006). When
setting the 8'°C-LIC values as —2%o, —1%0 and 0
in this study, the PIC stocks at 0-300 cm under the
forestland increased by 101.1 Mg ha™', 90.3 Mg ha™!
and 81.4 Mg ha™!, respectively (Table 2). The
maximum difference among the three values was
19.7 Mg ha~!, which was very close to the stand-
ard deviations of the PIC stocks at 0-300 cm at the
study site (Table 2). Therefore, based on Liu et al.
(2011) and Wang et al. (2014), setting the §'*C-LIC
value as —1%o is appropriate in the calculations of
PIC stock in this study. Because conventional tillage
only slightly declined the 8'3C-SOC value at 0-10 cm
under the cropland and did not alter the §'*C-SOC
value below this depth (Ramnarine et al. 2012), the
slight variation of 8'3C-SOC at 0-10 ¢cm would not
affect the calculations of PIC stock along the profile
of 0-300 cm in this study.

There are a total of three mechanisms, which can
induce the formation and accumulation of PIC in
semiarid areas: (1) without the newly added Ca** or
Mg?*, the dissolution and precipitation of carbonate
alternately occurs in situ with fluctuating dry-wet
conditions (Eq. 5 is firstly shifted to the right due
to the increasing of H,O, and then is shifted to the
left due to the declining of H,0) (Chang et al. 2012;
Wang et al. 2016; Sun et al. 2018); (2) after the dis-
solution of carbonate, the dissolved carbonate is
transported in a dry environment and precipitates as
PIC (Eq. 5 is shifted to the left due to the declin-
ing of H,O) (Monger et al. 2015; Zamanian et al.
2016); (3) the added new Ca’** or Mg>*, which may
be derived from deep groundwater, rainwater, irri-
gated water or fertilizer, combines with HCO;™ and
generates PIC in the alkaline environment (Eq. 5
is shifted to the left due to the increasing of Ca")
(Chang et al. 2012; Bughio et al. 2016; Gao et al.
2018). Obviously, the above three mechanisms
are closely related to the soil water in deep layers.
When no rainfall occurred, the SWC in the deep
layers (>1 m) under forestland were much lower
than cropland due to the strong transpiration of trees
(Jia et al. 2017; Huang et al. 2020). After rainfall,
the rainwater gradually infiltrated into the deep soil
layers. The results of SWC following heavy rain in
this study showed that when the rainwater reached
the dry deep (1-2 m) layers in the forestland, it was
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Fig. 9 Graphical representations of the dissolution, translo-
cation and precipitation of soil inorganic carbon after affor-
estation on cropland (soil inorganic carbon, SIC; dissolved

absorbed and intercepted in these layers and was
difficult to further move into the deeper (>2 m) lay-
ers (Fig. 3). The percolated water reached by deep
(1-2 m) layers was lost by strong transpiration of
trees, and the soil at these layers gradually became
dry again. In this study, the formation and accumu-
lation of PIC were significantly affected by the per-
colated solution from the upper soil layers.

inorganic carbon, DIC; pedogenic inorganic carbon, PIC; litho-
genic inorganic carbon, LIC)

After rainfall, the percolated water from the upper
soil layers arrived at the dry layers and significantly
increased the SWC in the deep layers. Similar with
the carbonate dissolution in the upper layers, the ris-
ing SWC (which motivates the activity of microorgan-
isms) and the higher SOC contents (Fig. 2b) (which
can supply more substrate for microbial decomposi-
tion) promote the dissolution of carbonate in deep lay-
ers under the forestland. Furthermore, the nitrification
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Table 2 Pedogenic Depth  —2.00%o —1.00%¢ 0.00%o

morganicl carbon stogks (cm)

(Mg ha™") when setting Forestland Cropland Forestland Cropland Forestland Cropland

8'3C-LIC values as —2%o,

—1%0 and 0 0-20 19.6 (4.2) 24.5 (4.7) 17.2 (3.7) 21.4 (4.0) 153 (3.3) 19.0 (3.5)
20-40 22.1 (4.0) 31.5(6.0) 193 (3.4) 27.4(5.1) 17.1 (3.0) 24.3 (4.5)
40-60 31.6 (3.2) 49.5(1.7) 27.5(2.9) 42.7 (6.6) 24.4(2.6) 37.6 (5.8)
60-80 353 (44) 40.2 (9.7) 30.6 (3.8) 34.5(7.9) 27.0 (3.3) 30.2 (6.7)
80-100 43.9(6.2) 31.7(5.2) 38.3(5.3) 27.2 (4.3) 339 4.7) 238 (3.7)
100-120 42.6 (5.9) 34.2 (7.0) 37.0 (4.8) 29.4 (5.7) 32.7 (4.0) 25.7 (4.8)
120-140 51.5(7.6) 31.8(6.2) 44.6 (6.3) 27.1 (5.0) 39.3(54) 23.7 (4.2)
140-160 53.8 (7.0) 26.6 (5.3) 46.7 (6.0) 22.8 (4.4) 41.3(5.3) 19.9 (3.8)
160-180 48.7 (6.0) 28.0 (8.4) 42.3 (4.7) 24.0 (7.0) 37.4 (3.9) 21.1(5.9)
180-200 36.8 (4.2) 24.7 (5.5) 31.8(3.4) 21.1 (4.4) 28.0 (2.9) 18.4 (3.6)
200-220 33.0(5.2) 21.5(5.0) 28.4 (4.2) 18.4 (4.2) 24.8 (3.6) 16.0 (3.6)
220-240 23.5(4.9) 17.5 (2.6) 20.3 (4.1) 14.9 (2.2) 17.8 (3.6) 13.0 (1.9)
240-260 22.5(4.5) 15.5 (4.0) 19.3 (3.8) 13.1 (3.3) 16.9 (3.2) 11.4 (2.8)
260-280 21.9 (4.0 15.3 (4.3) 18.5(3.3) 13.0 (3.5) 16.1 (2.8) 11.3 (2.9)
280-300 23.4(5.5) 16.5 (2.9) 19.6 (4.2) 13.9(2.2) 16.9 (3.4) 12.0 (1.8)

0-300  510.1(24.3) 409.0 (46.1) 441.3(20.6) 351.0 (37.6) 388.9(17.9) 307.5 (31.7)

of NH,* in deep layers could add acidity to the sub-
soil and increase the carbonate dissolution regardless
of weak nitrification due to low oxygen concentration
in deep layers (Eq. 6). In the above two processes,
both LIC and PIC were dissolved. After LIC dissolu-
tion, the dissolved LIC precipitated in situ as PIC with
the decrease in SWC in the deep layers (mechanism
(1)). Similarly, mechanism (1) should also occur in the
topsoil of the forestland, which was supported by the
declining of 8'3C-SIC (Fig. 4a) and the reduction of
LIC in these layers (Fig. 8). In this study, the LIC stock
within 80-220 cm decreased by 41.1 Mg ha™' after
afforestation (Fig. 8), and the amount of increased PIC
through mechanism (1) accounted for only 41.6% of
the total increased PIC at 80-220 cm, suggesting that
the other two mechanisms may play an important role
in the increase of PIC in this layer.

After the percolated solution from the upper soil
layers reached the deep layers, the DIC carried in the
percolated water would rapidly precipitate in the form
of PIC in the dry environment (Zamanian et al. 2016;
Ferdush and Paul 2021), resulting in the accumula-
tion of PIC (mechanism (2)). Meanwhile, the avail-
able NO;™ and base cations carried in the percolated
water also affected the formation of PIC in the deep
layers. As the available NO;~ being assimilated by
the deep roots of R. pseudoacacia (a typical nitrate-
philic plant), the base cations from the upper layers
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remained in the deep layers, which added new base
cations in these layers. In the alkaline environment
(Table 1), the newly added base cations combined
with HCO;™ and generated PIC, causing the accu-
mulation of PIC (mechanism (3)). Additionally, the
results showed that no significant difference in SIC
stock between forestland and cropland was found
at 220-300 cm in this study (Fig. 6), which may be
attributed to little solutes in percolated solution arriv-
ing >220 cm depth in the forestland (Fig. 3) and the
weaker root activity below these depths.

Opverall, the accumulation of PIC in the deep lay-
ers following afforestation was codetermined by the
above three mechanisms. Because mechanism (1)
only converted LIC into PIC in situ and did not alter
the SIC stock, the net increases in PIC and SIC in
the deep layers following afforestation were attrib-
uted to mechanism (2) and mechanism (3) (Fig. 9).
However, the relative contributions of mechanism (2)
and mechanism (3) to PIC accumulation should be
explored in future studies. It should be noted that, the
ions in the rainwater and in the atmospheric deposi-
tion of wind-blown calcareous dust could add Ca®*
and induce PIC accumulation (Mikhailova et al.
2020). Because the neighbouring forestland and crop-
land always receive the same amount of ions from
the rainfall and the same amount of calcareous dust,
the two processes would not cause the difference in
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PIC stock between the two lands. Nevertheless, the
detailed amounts of accumulated PIC via Ca®" addi-
tions from rainfall and atmospheric deposition should
be identified in future studies. Additionally, nitrogen
fertilization could induce topsoil acidification and
carbonate dissolution in the croplands of this study
due to the nitrification of NH,*. After carbonate dis-
solution, available NO,™ and Ca®* were released, and
part of the SIC was converted into DIC. The DIC
and available NO;~ and Ca*" in the topsoil could be
leached into the subsoil and form PIC (Fig. 9), result-
ing in a higher PIC stock at 40-80 cm than at 0-40 cm
in the cropland in this study.

Changes in SIC along the profile following
afforestation and its effects on soil fertility and soil
carbon budget

We found that afforestation on cropland induced the
dissolution of carbonate and the reduction of SIC in the
upper layers. The presence of carbonate in the soil is
essential to soil fertility and ecosystem functions (Raza
et al. 2020). The dissolution of SIC has the following
negative consequences: decreasing soil buffering capac-
ity and resulting in the leaching of base cations (Lucas
et al. 2011); decreasing the stability of soil aggregates
and causing poor structure of the soil (Fernandez-
Ugalde et al. 2014); decreasing soil pH and affect-
ing the availability of nutrients, microbial activity and
community structure (Rousk et al. 2010). Importantly,
carbonate dissolution in the upper layers increased the
soil CO, efflux and represented a significant potential
source of CO, to the atmosphere. Based on a global
nitrogen fertilization map and the distribution of SIC
within the 0-100 cm depth, the annual amount of soil
CO, emissions induced by nitrogen fertilization was
7.48x10'? g C (Zamanian et al. 2018). The proportion
of CO, originating from carbonate dissolution within
the 0-50 cm layers occupied more than half of the total
emitted CO, in Canada (Ramnarine et al. 2012). Over
the past 40 years, the annual CO, efflux from the top
40 cm soil was tremendous in Chinese croplands due to
CaCO; dissolution by nitrogen fertilization (Raza et al.
2020). The dramatic loss of SIC in the topsoil follow-
ing nitrogen fertilization sparked heightened concerns,

while not enough attention was given to the variations
in SIC and PIC in deep layers.

In this study, afforestation on cropland consider-
ably promoted PIC accumulation in the deep lay-
ers, and no significant difference in total SIC stock
at 0-300 cm was observed between the two lands.
The net increased PIC at 80-220 cm (57.8 Mg ha™!;
Fig. 7) in the deep layers compensated for the loss
of SIC in the upper layers (60.2 Mg ha~!; Fig. 6),
suggesting that there is no need to worry about the
carbon in the SIC pool in the upper layers follow-
ing afforestation being emitted into the atmosphere.
Afforestation on cropland does not alter the total
SIC storage but redistributes the SIC along the pro-
file on the CLP. Our results also implied that when
exploring the effects of land-use change or culti-
vation on the SIC in drylands, particular attention
should be given to the changes in PIC along the
profile, especially in deep layers. Neglecting this
information could misestimate the carbon budget in
these lands.

Conclusions

The results demonstrated that, afforestation on
cropland reduces the SIC in the upper layers,
which is resulted from the dissolution of carbonate.
Afforestation on cropland promotes PIC accumula-
tion in the deep layers, and the increase in SIC in
these layers is caused by the accumulation of PIC.
Because the net increased PIC in the deep layers
compensates for the loss of SIC in the upper lay-
ers, afforestation on cropland does not alter the
total SIC storage but redistributes the SIC along
the profile on the CLP. Our findings highlight the
importance of the variations in PIC in deep layers
following land-use change in drylands.
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