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Abstract

Purpose Understanding the underlying mechanism of soil carbon (C) and nitrogen (N) accumulation is of great significance for soil
C sequestration and climate change mitigation, as well as soil fertility improvement. The objective of this study was to evaluate the
response of C and N accumulation in aggregates and fine soil particles to long-term mineral fertilizer and manure application.
Materials and methods Five treatments from a long-term experiment with double maize cropping were examined in this study,
i.e., (1) no fertilizer (control); (2) mineral nitrogen, phosphorus, and potassium application (NPK); (3) doubled application rate of
the NPK (2NPK); (4) pig manure alone (M); and (5) mineral NPK fertilizers and manure combination (NPKM). By using
physical particle-sized fractionation, we analyzed soil organic carbon (OC) and total nitrogen (N), and §'*C of OC in bulk soil
and aggregates (53—2000 um) and, coarse silt-sized fraction (5-53 pwm), fine silt-sized fraction (2-5 um), and clay-sized fraction
(<2 pm) under those five treatments.

Results and discussion Fertilizer application for 24 years, particularly M and NPKM treatments, significantly increased the concen-
tration and proportion of OC and total N associated with aggregates and clay-sized fraction as compared with control. Manure
application significantly increased the proportion of OC by 6.6-7.8 points in aggregates, whereas it was by 22.6-25.0 points in
clay-sized fraction. Clay-sized fraction-associated C and N showed a non-linear response to C and N accumulation in bulk soil,
contributing approximately 47% and 69% to soil OC and total N, respectively. Moreover, the mass proportion of aggregates and the
mass ratio of aggregates to fine soil particles increased significantly with C accumulation in fine silt-sized and clay-sized fraction.
Conclusions Organic carbon and total nitrogen accumulation in soil clay-sized particles play important role in soil C and N
sequestration in red soil. Our results also suggested that C accumulation in fine soil particles might benefit soil aggregation in
intensive cropping system of South China.
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1 Introduction

Soil organic carbon (SOC) and nitrogen (N) in agro-
ecosystem have attracted much attention over the past two
decades due to their crucial roles in soil fertility, crop produc-
tivity, and climate change mitigation (Paustian et al. 2016;
Ghimire et al. 2017). Higher SOC and N levels are usually
associated with higher crop productivity contributed by the
enhanced nutrient cycling, and physicochemical and biologi-
cal properties (Bell et al. 2014). On the other hand, greater
crop yield can also contribute to a greater amount of crop
residues incorporated into soils, thereby enhancing C and N
accumulation (Zhang et al. 2010). Therefore, appropriate ag-
ricultural management practices, such as crop rotation, opti-
mal fertilization, and organic amendments, are highly recom-
mended to enhance soil C sequestration by increasing crop
residues return and C and N input (Fan et al. 2019; Wen
etal. 2019).

SOC and N are mainly stabilized with soil minerals.
Numerous studies have confirmed that most organic carbon
(OC) and N are bound in silt-sized and clay-sized fraction,
highlighting the predominant role of fine mineral particles in
C and N stabilization (Antil et al. 2005; Poeplau et al. 2017).
Some studies show that C and N within particle-sized frac-
tions display contrasting decomposition characteristics (Chan
et al. 2002; Koiter et al. 2017). Generally, organic matter in
aggregates (>53 pm) is active and sensitive to management
practices changed. In contrast, fine soil particles (<53 pm)
have a larger specific surface area, and can adsorb and stabi-
lize C and N through ligand exchange, hydrogen bonding, and
hydrophobic effects (Schulten and Leinweber 1991;
Leinweber and Reuter 1992). Accordingly, OC and N in fine
soil particles usually have a long turnover time and contribute
greatly to C and N stock (Balesdent et al. 2000; Denef et al.
2007). It is believed that long-term manure application can
significantly enhance C and N accumulation in all particle-
sized fractions in arable soils (Liang et al. 2014; Zhang et al.
2015a). Some studies show that mineral fertilizer application
has little influence on, or even decreases C and N concentra-
tion in different particle-sized fractions (Aoyama et al. 1999;
Ling et al. 2014). Some other studies also suggest that long-
term fertilization can increase C distribution in aggregates and
silt-sized fraction, but not affected in clay-sized fraction of
topsoil (Dong et al. 2017). Therefore, more evidence is needed
to unravel the impact of mineral fertilizer and manure appli-
cation on C and N stabilization in soil particles.

Red soil accounts for about 30% of the total area in China’s
arable land. This highly weathered soil is widely distributed in
tropical and subtropical regions of southern China with abun-
dant precipitation and thermal resource. However, over a long
period of intensive cultivation and farming, soil fertility and
productivity in these areas have seriously degraded due to the
high risk of soil erosion and acidification resulted from

intensive cropping and excess use of chemical nitrogen fertil-
izer (Guo et al. 2010). Moreover, developed from the
Quaternary red clay, the red soil usually is poorly structured
(Xu et al. 2015). Study from this area indicates that long-term
organic manure increases C accumulation in the macro-
aggregates and micro-aggregates (Huang et al. 2010). Due to
the intensive cropping in this area, we hypothesized that or-
ganic C derived from crops or applied manure would be bond
to fine soil particles (< 53 pm) first, resulted in C enrichment
in the fine particles, then acted as binding agents to benefit the
formation of soil aggregates. To test this hypothesis, we select
a 24-year field experiment in upland red soil to explore the
response of OC and total N in soil fractions to long-term
fertilizer application.

2 Materials and methods
2.1 Experiment site description

This long-term experiment site (28°37'N, 116°26'E) was lo-
cated in Jinxian County, Jiangxi province. The red soil was
classified as ferralic cambisol (FAO 1988) in this study. This
site had an annual average temperature of 17.7 °C and average
rainfall of 1727 mm. The experiment started in 1986. The
initial topsoil (020 cm) physiochemical properties were as
follows: SOC, 8.93 g kg '; total N, 0.98 g kg '; available N,
60.30 mg kg '; pH value, 6.00; bulk density, 1.19 g cm .

2.2 Cropping practice

Prior to the long-term experiment, the field was cultivated
with peanuts (C; plant, Arachis hypogaea) and/or soybean
(C5 plant, Glycine max L.) for several years. Since 1986, dou-
ble maize (C4 plant, Zea mays L.) plantation had been con-
ducted. Spring and summer maize were sown in mid-April
and late July and harvested at early July and early
November, respectively. Herbicides and pesticides were ap-
plied during the growth periods when necessary. Crops were
harvested by cutting manually. The above-ground biomass
was removed from the field after the harvest, leaving about
5-10-cm height of stalks in situ. Grains and straws yield for
each crop were recorded yearly after air-dried.

2.3 Experiment design

The experiment was conducted based on a completely ran-
domized design with three replicates. Five treatments were
included in this study, i.e., (1) no fertilizer (control); (2) min-
eral nitrogen, phosphorus, and potassium application (NPK);
(3) doubled application rate of the NPK (2NPK); (4) pig ma-
nure alone (M); and (5) mineral NPK fertilizers and pig ma-
nure combination (NPKM). Each plot was randomly designed

@ Springer



1826

J Soils Sediments (2020) 20:1824-1833

with an area of 22.2 m? and was isolated by 100 cm cement
baffle plates.

Mineral N, P, and K fertilizers were applied in urea,
calcium-magnesia phosphate, and potassium chloride, respec-
tively (Table 1). For NPK and NPKM treatments, mineral N,
P, and K fertilizers were applied at rates of 60 kg N ha™'
season ', 15 kg P ha ! season ! and 30 kg K ha ! season ',
respectively. Manure was applied at 15 t ha ' (fresh basis
weight) under M and NPKM treatments for each maize sea-
son. All mineral P, K fertilizers and organic manure were used
as a base fertilizer. A total of 70% of mineral N fertilizer was
applied as topdressing, and the rest N fertilizer was applied
2 weeks after seeding. The content of carbon, nitrogen, and
water in pig manure were 376 g kg ™', 33.14 g kg !, and
716 g kg™, respectively.

2.4 Sampling and analysis

Soil samples (0-20 cm) were collected after summer maize
harvest in 2010. Each plot was randomly sampled for 5-10
cores in 5-cm diameter. These soil cores from each plot were
thoroughly mixed and air-dried, and then passed through
2.00 mm and 0.25 mm sieve for chemical analyses.
Air-dried soil samples (<2000 um) were fractionated into
aggregates (53-2000 pum), coarse silt-sized fraction (5—
53 um), fine silt-sized fraction (2—-5 pum), and clay-sized (<
2 um) fraction with a modified method (Wu et al. 2005). In
this method, aggregates (53-2000 um) was selected by wet
sieving, and mineral-associated fractions (< 53 pm) by centri-
fugation of the suspension after wet sieving according to
Stokes’ law (Amelung et al. 1998; Wu et al. 2005). Before
wet sieving, the air-dried samples were pretreated as follows:
air-dried soil was capillary rewetted to field capacity plus 5%
(kg kg ") and equilibrated at 4 °C overnight before immersion

in water (rewetted treatment). Coarse silt-sized (5-53 pum),
fine silt-sized (2—5 pm), and clay-sized (< 2 um) fraction were
isolated by different centrifugation speed and time.
Suspension with clay-sized fraction was flocculated with
0.2 mol L' CaCl,, and then collected by centrifugation.
Aggregates (53—2000 um) were retained on the sieve, and
the centrifuged fractions were washed to aluminum boxes,
first being evaporated in water bath, and then being put in an
oven at 40 °C to a consistent weight (48—72 h) and finally
being grounded by hand to pass through a 0.15 mm sieve
for C, N, and §3C analysis.

2.5 Soil analysis

The concentration of OC and total N in bulk soil and soil
fractions were determined by CN Analysis using a Euro
EA3000 (Eurovector, Milan, Italy). The 8'3C value of OC in
bulk soil and soil fractions were analyzed by an Isoprime
MAT Delta Plus XL (Bremen, Germany). Since aggregates
(>53 um) differed in content from other aggregate-sized
class, SOC content was corrected on the sand-free basis (Six
et al. 1998). The recoveries of soil mass (97-101%), SOC
(88—106%), and total nitrogen (94—110%) after particle-sized
fractionation averaged 99%, 102%, and 93%, respectively.

Soil OC and total N stocks (t ha™') in bulk soil and soil
fractions were calculated as:

OC(total N)  « = (C x A; x BD x d)

In the above equation, C was the concentration of OC
(total N) in bulk soil and soil fractions (g kgfl), A; was
the mass proportion of the i fractions to the bulk soil (%).
BD was the bulk density (g m ), and d was the soil depth
(0.20 m).

Table 1 Annual amount of

nitrogen (N), phosphorus (P), Treatments Mineral fertilizer' Organic fertilizer®
potassium (K) fertilizer and - - - ] 5
manure applied for fertilization N (kg ha ™) P,0s (kg ha ) K50 (kg ha ) Fresh pig manure (kg ha )
treatments in double maize
system from year 1986 to 2010 Control 0 0 0 0

NPK 120 30 60 0

2NPK 240 60 120 0

M 0 0 0 30,000

NPKM 120 30 60 30,000

! Mineral nitrogen fertilizer was a urea, mineral phosphorus fertilizer was a calcium-magnesia phosphate, and
mineral potassium fertilizer was a potassium chloride

2 The water content of fresh pig manure was 72%. The organic carbon, nitrogen, phosphorus, and potassium
content of pig manure was 376 gkg ', 33.14 gkg ', 23.77 gkg ', and 15.09 g kg ', respectively

The application rate of mineral fertilizer and organic fertilizer was half and half for each maize season. Fresh pig
manure, potassium chloride, and calcium-magnesia phosphate were applied as basal fertilizes. A total of 70% of
nitrogen in urea was applied as top dressing 1 week after seeding. Then, the rest of nitrogen fertilizer was applied

2 weeks after seeding
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2.6 Statistical analysis

One-way ANOVA was conducted to determine the effect of
various fertilization treatments on the concentration and dis-
tribution of OC and total N in bulk soil and soil fractions using
SPSS 22.0. Significant differences among various fertilization
treatments were assessed by the LSD test at 5% levels for all
the parameters. The linear and non-linear regression was per-
formed to check the relationships between OC concentration
(and total N) in soil fractions and OC concentration (and total
N) in bulk soil, and between the mass proportion of soil par-
ticle fractions and OC concentration in soil particle fractions
under various fertilization.

3 Results
3.1 Soil OC and total N in bulk soil

Long-term fertilization significantly changed SOC and total N
concentration in double maize cropping system (Fig. 1). In
bulk soil, SOC concentration was the highest in NPKM treat-
ment (9.89 g kg™ "), followed by M treatment (Fig. la).
Compared with the starting year, SOC concentration signifi-
cantly increased by 11% and 7% in NPKM and M treatments,
respectively, while decreased by 18% in control treatment.
Total N concentration was the highest (1.14 g kg™ ') in
NPKM treatment (Fig. 1b), followed by M treatment
(1.09 g kg "). As compared with the starting year, total N
concentration significantly increased by 11% and 16% in
NPKM and M treatments, respectively, while decreased by
18% in control treatment. Moreover, long-term fertilizer ap-
plication did not significantly change soil C/N ratios, except in
NPK treatment (Fig. 1c).

3.2 Soil particle-sized fraction and their association
with OC and total N

Fractionation analysis showed that the mass proportion of
coarse silt-sized fraction was the highest (with the average of
42%), but the mass proportion of aggregates was the lowest
(with the average of 6%) (Table 2). Compared with control,
fertilizer application increased the mass proportion of aggre-
gates and clay-sized fraction, particularly in manure applica-
tion (M and NPKM), the mass proportion increased by an
average of 2.3 points and 15.8 points, respectively.

Results showed that OC concentration was the highest in
aggregates (with the average of 21.07 g kg ' fraction), but the
lowest in coarse silt-sized fraction (with the average of
3.43 g kg~' fraction) among all treatments (Fig. la).
Compared with control, manure application (M and NPKM)
increased OC concentration in aggregates, fine silt-sized frac-
tion, and clay-sized fraction by an average of 76%, 42%, and

31%, respectively. However, manure application (M and
NPKM) significantly decreased OC concentration by an aver-
age of 17% in coarse silt-sized fraction. As for total N con-
centration, it was the highest in clay-sized fraction
(1.77 g kg ™" fraction), and the lowest in coarse silt-sized frac-
tion (0.27 g kg™' fraction), and it increased by an average of
52% and 26% in aggregates and clay-sized fraction under M
and NPKM treatments, respectively, as compared with that
under control treatment. Accordingly, soil C/N ratio was the
highest in aggregates (19.87), and the lowest in clay-sized
fraction (6.16), showing a decreasing trend with the decrease
of soil particle size (Fig. 1¢). Compared with control, mineral
fertilizer application (NPK and 2NPK) significantly increased
C/N ratio (p < 0.05) by 4.75 units in coarse silt-sized fraction,
whereas manure application (M and NPKM) increased C/N
ratio by 5.13 units and 2.78 units (p < 0.05) in coarse silt-sized
and fine silt-sized fractions, respectively.

The distribution proportions of OC and total N were the
highest in clay-sized fraction (47% and 69%, respectively),
while the lowest in aggregates (14% and 6%, respectively)
for all treatments (Table 2). Compared with control, manure
application (M and NPKM) increased the distribution propor-
tions of OC by an average of 7.2 points and 23.8 points, and
total N by an average of 2.4 points and 17.3 points in aggre-
gates and clay-sized fraction, respectively. Meanwhile, as for
coarse silt-sized and fine silt-sized fraction, manure applica-
tion decreased the distribution proportions of OC by an aver-
age of 17.1 points and 3.7 points, and total N by an average of
9.6 points and 10.0 points as compared with control treatment,
respectively.

3.3 Relationship between soil particle fractions
and OC and total N accumulation

The OC stock of aggregates was significantly positive corre-
lated with that in bulk soil (p <0.05, Fig. 2a). There was a
significant exponential relationship between SOC stock in
clay-sized fraction and in bulk soil (Fig. 2d), but a significant-
ly negative relationship between SOC stock in coarse silt-
sized fraction and in bulk soil (Fig. 2b). A significant expo-
nential relationship between total N stocks in clay-sized frac-
tion and in bulk soil was observed (Fig. 3d), whereas there
was a significantly linear correlation appeared in aggregates
(p <0.05) (Fig. 3a).

The mass proportion of aggregates to bulk soil showed a
significantly (p <0.05) exponential growth with the increase
in the concentration of fine silt-sized and clay-sized fraction-
associated OC (Fig. 4a, b). However, a significant (p < 0.05)
logarithmic decay trend was observed between the mass pro-
portion of coarse silt-sized fraction and the concentration of
fine silt-sized fraction-associated OC (Fig. 4c) and clay-sized
fraction-associated OC (Fig. 4d). Furthermore, the mass ratio
of aggregates to coarse silt-sized fraction and fine silt-sized
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Fig. 1 Organic carbon (a), total nitrogen (b), and C/N ratio (c) in bulk soil
and soil fractions after 24-year fertilization (1986-2010) in double maize
system. Aggregates (53—2000 um), coarse silt-sized fraction (5-53 um),
fine silt-sized fraction (2-5 pum), and clay-sized fraction (<2 pum). Bars
indicate SE (n = 3). Different letters above the bars indicate a significant
difference in organic carbon (a), total nitrogen (b), and C/N ratio (c) of
bulk soil and soil fractions among different treatments at the 5% level

fraction also suggested a significantly positive and linear cor-
relation with the concentration of fine silt-sized fraction-asso-

ciated OC (Fig. 4e, g) and clay-sized fraction-associated OC
(Fig. 4f, h).

4 Discussion

With the 24-year fertilization experiment, our study confirmed
that manure application facilitated OC and total N

@ Springer

accumulation in bulk soil. Fertilization, especially organic fer-
tilizer application, mainly enhanced crop yields, consequently
increasing the return amounts of stubble and root exudates in
the previous study of this area (Zhang et al. 2015b), introduc-
ing a large amount of exogenous C and N into soil.
Furthermore, the enhanced C and N accumulation might ben-
efit physical and chemical protection of OC and N by soil
aggregate formations (Campbell et al. 2001). Our findings
showed the highest OC concentration in aggregates and
highest total N in clay-sized fraction, which was in accordance
with those reported by He et al. (2009) in northern China and
Gelaw et al. (2015) in Northern Ethiopia. The possible reason
was that the refractory and incompletely decomposed plant
residues and stubble (with high C/N ratios) were mainly ac-
cumulated in aggregates. Organic matter in clay-sized fraction
is highly decayed by microbes with N enrichment and lower
C/Nratio. OC and N in clay-sized fraction was likely adsorbed
and stabilized as organo-mineral complexes (Marx et al.
2005). Furthermore, our results indicated that annual additions
of organic manure significantly decreased OC and total N
concentration in coarse silt-sized fraction. The main reason
might be that, other than the physical protection from aggre-
gates and the chemical bonding from clay, coarse silt-sized
fraction-associated OM was relatively easy to be decomposed
by soil microbes (Vogel et al. 2015). This likely indicated that
coarse silt-sized fraction-associated C and N were in an inter-
mediate state of decay, and might have a relative fast turnover
rate which could facilitate the stabilization of microbial prod-
ucts in clay-sized fraction.

According to the theory of aggregates turnover proposed
by Six et al. (2002), plant residues which are not completely
degraded are physically protected in coarse particle-sized frac-
tion (Kirchmann et al. 2004). In this study, C/N ratio showed a
decreasing trend with the decrease of particle sizes from 19.87
in aggregates to 6.16 in clay-sized fraction. Soil C/N ratio
usually decrease with the increase of residues decomposition.
As the soil particle size decreased, the decomposition degree
of soil particle fraction-associated OM increased gradually
(Yan et al. 2012; Liang et al. 2014). Thus, clay-sized fraction
shows a high degree of microbial decomposed organic matter
(Gerzabek et al. 2006), and it is also particularly enriched by
microbial debris and degradation products (Vogel et al. 2015).
The C/N ratio of 6.6 in clay-sized fraction in this study also
suggests a possible source from fungi (C/N ratios of 15:1-5:1)
and bacteria (C/N ratio of 5:1-3:1) (Amelung et al. 1998).

Our study found that about 47% of OC and 69% of total N
were stored in the clay-sized fraction, indicating that clay-
sized fraction played an important role in C and N sequestra-
tion in red soil. It might be due to the high concentrations of
clay-sized fraction-associated C and N, and the large mass
proportion of clay-sized fraction (35%) in this soil. These
results were in agreement with Christensen (2001) and Long
et al. (2015) that more C and N were stored in clay-sized
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Table 2

Mass proportion of soil fractions to bulk soil (M,, %), the proportion of soil fraction-associated OC (Cq,, %) and total N (Ng,, %) to soil OC
and total N under various fertilizations in double maize system, respectively

Treatments Aggregates (53-2000 um)  Coarse silt-sized fraction (5-53 um)  Fine silt-sized fraction (2-5 um)  Clay-sized fraction (<2 pm)
My Cot Ng' o Mg Co Ny My, Co, Ny, My, Cq No
Control 4.29a 10.01a 458a 4481b 30.94 ¢ 14.61 c 13.38ab 1929b  24.18¢ 23.58a 29.51a 56.63a
NPK 6.11b 13.72b 625b 4083 a 19.53 b 6.25b 15.50b 1790b  20.54c 36.10b 48.85b 6697b
2NPK 577b 1338b 6.16b 41.28a 19.12b 631b 13.57ab 1543 a 16.18 b 3792b 52.06c 71.35c¢
M 6.02b 1659c 6.89b 4044a 1448 a 4.56 a 12.80 a 14.68 a 12.84 a 3997b 54.56cd 75.71d
NPKM  7.17b 17.79¢ 7.07b 40.67a 13.13 a 538 ab 1282 a 16.62ab 1545ab 38.76b 52.10c  72.09 cd

Data are means (n = 3). Different letters in the column indicate significant differences among different treatments at the 5% levels

#*Mo, represent the mass proportion of each soil fractions to bulk soil. Cq, (N¢,) represent the proportion of soil fraction-associated OC (total N) to soil OC

(total N) in bulk soil

fraction than in other particle-sized fractions of soil. In addi-
tion, this result also highlighted the capacity of OM accumu-
lation through organo-mineral interactions and adsorption,
and its nonsusceptibility to microbial decomposition due to
the strong physical-chemical protection (Diekow et al. 2005;
Vogel et al. 2015). It is likely that clay-associated C and N is
mainly semi-decomposed, and is relatively stable and hard to
be decomposed due to the encapsulation of inorganic-organic
compounds (Fernandez-Ugalde et al. 2016).

As the stubble and root exudates incorporated into soil, the
§'3C value of SOC gradually approached the 5'*C value of the
above-ground growth plant (Bai et al. 2012). For the treat-
ments without manure (control and NPK of which C was
mainly derived from maize), the '°C of soil particle-

associated OC showed an increasing trend as decrease in par-
ticle size (see Electronic supplementary material, ESM,
Table S1). The increment of the §'*C of OC in NPK treatment
was relatively high than that in control treatment, especially in
clay-sized fraction (Table S1, ESM). Its possible reason was
that mineral fertilizer application enhanced maize yield and
biomass, and correspondingly increased carbon input from
maize in the previous study of this area (Zhang et al.
2015b). In addition, the averaged value of 8'3C in fine silt-
sized and clay-sized fraction showed a relative high abun-
dance (5'°C increased by 2.40 and 1.09 points, respectively)
after 18 years for control and NPK treatments compared with
the initial value (Table S1, ESM), whereas the increment was
0.78 points in the coarse silt-sized fractions. These results

5 6 7 3.5 4.0 55
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indicated that maize-derived C from residues and roots was
mainly enriched in fine silt-sized fraction and clay-sized frac-
tion. Besides fractionation and stabilization of '*C with SOM
decomposition (Roscoe et al. 2001; Bird et al. 2003), more
microbial decomposition products and maize-derived C might
also be associated by these soil fine minerals, leading to the
increase in abundance of '*C of fine soil particles. It might
reveal the gradual increase in the proportion of C derived from
maize residues and roots in SOC. Furthermore, the relative
high increase in 5'>C of fine soil particle-associated OC sug-
gested that fine soil particles might be the main sequestration
site of maize-derived C.

In our study, SOC and TN in bulk soil increased exponen-
tially with the increase of clay-sized particle-associated OC
and total N. This indicated that clay-sized fraction was an
important part for C and N sequestration in soil. According
to Hassink (1997) and Castellano et al. (2015), however, a
maximum holding capacity (defined as the maximum amount
of clay-sized fraction-associated C and N under the current
management practices) of clay-associated OM did exist. In
our study, clay-sized fraction-associated OC and total N
would probably reach the estimated maximum value
(1421 g C kg™" and 2.28 g N kg ', respectively) with the
increase of soil OC and TN in this red soil. This also further
confirmed that the maximum capacity of clay-sized fraction-
associated OC and total N was limited by a saturation phe-
nomenon (Hassink 1997; Six et al. 2002), since all adsorption
and interaction sites on the surfaces of clay-sized fraction were
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occupied (Gulde et al. 2008; Du et al. 2014). Our maximum
estimation of clay-sized fraction-associated OC was lower
than that of 32.50 g C kg ' in a dark red latosol soil reported
by Roscoe et al. (2001). It might be due to the high clay
content (>80%) for a dark red latosol soil (Roscoe et al.
2001), which was more than twice of the clay content (35%)
for red soil in our study. In addition, the intensive disturbing of
double maize cropping in our study, might also contributed to
the low capacity of the maximum estimation in the clay-sized
fraction-associated OC, which was different from the cultivat-
ed pasture under natural conditions from Roscoe et al. (2001).
The linear response of aggregate-associated OC and total N to
soil OC and total N might also indicate that soil OC and total
N stock would be further increased through aggregate-
associated OC and total N after clay-sized fraction-associated
OC and total N became saturated gradually (Carter 2002).
The significantly positive correlations revealed that the ab-
solute content of aggregates (the mass proportion of aggre-
gates) and relative content of aggregates (the mass ratio of
the aggregates to coarse silt-sized fraction and fine silt-sized
fraction) increased with the enrichment of OC in the fine soil
minerals. However, the significantly negative correlations in-
dicated that the amount of coarse silt-sized fraction gradually
decreased with the increased of OC accumulation in fine soil
particles. According to the theory of aggregate formation pro-
posed by Tisdall and Oades (1982), soil aggregates form as
OC in particle fractions associate with fine soil particles or
microbial mucus, and then fine soil particles agglomerate
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and form aggregates through organic binding agents. As or-
ganic matter can act as binding agents for soil aggregates
formation (Six et al. 2002), we speculated that soil aggrega-
tion was facilitated by the binding of the enriched OC in fine
soil particles (the silt-sized and clay-sized fractions) with the
fine particles into aggregates, resulting in a decrease in the
relative proportion of coarse silt-sized fraction. Those results
also confirmed the theory that the soil aggregates hierarchical-
ly and continuously formed from small to large through or-
ganic binding agents (Tisdall and Oades.1982; Six et al. 2000;
Six et al. 2002).

Concentration of clay-sized fraction
associated OC (g C kg"] fractions)

5 Conclusions

Manure application substantially enhanced C and N seques-
tration in bulk soil and fine soil particles, as well as aggregates
in upland red soil. Fine soil particles, especially clay-sized
fraction, were of great importance for C sequestration and N
accumulation with a limited capacity. Soil OC and total N
levels might further increase through its association with ag-
gregates after clay-sized—associated C and N gradually
reaches the upper limitation. Moreover, C accumulation in soil
clay-sized particle benefited the formation of aggregates. In

@ Springer
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conclusion, organic amendments with fertilization can effec-
tively enhance soil C and N sequestration through C and N
accumulated in fine soil particles, as well as aggregates under
intensive cropping in South China.
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