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Abstract. Straw is an important organic resource that could be recycled, however, few studies investigated
the effects of straw decomposition on aggregate stability and organic carbon (OC) of different mineral soils.
In this study, we conducted a constant temperature incubation experiment for 120 days in three different
mineral soils consisting of two treatments: control soil and straw-amended soil. The results showed that
straw addition promoted a significant increase of >2 mm water-stable macroaggregates as well as a
significant decrease of microaggregates (<0.25 mm) compared with control soils (P<0.05). From day 15 to
day 120, the three straw-amended soils significantly increased in mean weight diameter (MWD) and
geometric mean diameter (GMD). The OC concentration of different particle-size aggregates in straw-
amended soils increased significantly during the early 15 days of incubation, then gradually decreased
during the later stages. After 120 days of incubation, the contribution of OC of macroaggregates to soil
organic carbon in fluvo-aquic soil reached the highest (66.14%). Among them, the fluvo-aquic soil with 2:1
clay mineral showed better improvement of aggregate stability and OC concentration than red soil during
straw decomposition. These results confirm the differences and benefits of straw application for soil
structure and quality of different clay mineral types.

Keywords: straw-amended soil, incubation, water-stable aggregates, aggregate stability, soil organic
carbon

Introduction

Soil aggregate is a special organic-inorganic-biological complex with multi-level
structure or fractal characteristics. Its formation and stability process are extremely
complex. As the basic unit of soil structure, it features complicated formation and
stability process which is not only affected by the material composition of the soil
itself, but also by human activities and other factors (Verchot et al., 2011; Zhang et al.,
2014; Rabot et al., 2018). Quality soil aggregate plays an important role in regulating
soil properties, as well as maintaining soil fertility and ecological environment
function. It is not only conducive to the efficient use of water and fertilizer and crop
growth, but also to improve soil erosion resistance and carbon sequestration. As its
stability is closely related to many soil properties and the ecological environment, it

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(5):6511-6528.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/acer/1805_ 65116528
© 2020, ALOKI Kft., Budapest, Hungary



Liu et al.: Effects of straw decomposition on aggregate composition and aggregate-associated organic carbon in different soil
mineral types
-6512 -

plays a vital role in maintaining the sound and sustainable development of soil and the
protection of ecological environment (Blanco-Canqui and Lal, 2004; Abiven et al.,
2007; Bandyopadhyay and Lal, 2014; Wang et al., 2017). On the contrary, the decrease
of soil structure stability will not only reduce the water and fertilizer utilization
efficiency of the soil, but it also affects crop yield by increasing the risk of soil
degradation and soil erosion, and destroying the sound and sustainable development of
soil (Lal, 2008; Li et al., 2017; Vaezi et al., 2017). Therefore, the research on the
structural stability and function of soil aggregates has always been one of the main
focuses in the field of soil science.

Soil organic carbon (SOC) is the main factor of carbon balance in terrestrial
ecosystems, and its small fluctuation may have a significant impact on greenhouse gas
emissions and even carbon balance in terrestrial ecosystems (Vanhala et al., 2008; Lu
et al., 2013). According to the research, there is a close relationship between SOC and
aggregates, and the interaction between the formation of aggregates and the carbon
sequestration is of great significance to promote soil carbon sequestration. As the main
source of SOC, exogenous new carbon contains a variety of nutrient elements, whose
direct addition can increase the number and activity of soil microorganisms, and
promote the accumulation of SOC (Fonte et al., 2009; Blaud et al., 2012; Haydu-
Houdeshell et al., 2018). The stability of soil aggregates mostly refers to the water
stability of soil aggregates. The content and stability of water-stable aggregates play an
important role in evaluating the stability of soil structure and soil anti-erosion ability.
SOC is one of the most important factors that affect the structure of soil aggregates. As
an important cementing substance in the formation of soil aggregates, it plays an
important role in the formation of aggregates with different number and particle size
distribution, promoting the aggregation of aggregates and the stability of water-stable
aggregates (Chivenge et al., 2011; Ji et al., 2014; Zhu et al., 2017). At the same time,
OC can be found mainly in aggregates, and soil aggregation can provide physical
protection for SOC. Therefore, relevant scholars regard the stability of soil aggregates
or the carbon sequestration capacity of soil as an important index to evaluate soil
physical properties and SOC pool. They think that the improvement of the stability of
soil aggregates, the quantity and quality of aggregates, as well as the content of SOC
pool plays an important role in promoting the sound and sustainable development of
agriculture and carbon cycle (Peth et al., 2008; Bimiiller et al., 2016).

Straw is an important organic resource that can be recycled, at present, great
importance has been attached to the sustainable development of agriculture by adopting
the conservation tillage method with straw amendments or mulching as auxiliary
measures. The application of straw can increase the concentration of SOC and promote
the recycling of straw nutrients in the soil. The organic cement produced after straw
decomposition can also promote the formation of soil aggregates, strengthen the
cohesion between soil particles, and improve the structure of soil aggregates (Blanco-
Canqui and Lal, 2004; Abiven et al., 2009; Blanco-Moure et al., 2012). For example,
Gu et al. (2014) studied the effect of corn straw treatment on aggregate composition and
OC concentration of aggregates in brown soil, which showed that the addition of corn
straw significantly increased the content of >2000 um water-stable aggregates, reduced
the content of 250-2000 um and <250 um aggregates, and increased the stability of
aggregates and OC concentration of aggregates. Tang et al. (2011) studied the effect of
plant residue decomposition on the quantity and stability of red soil aggregates, which
showed that straw treatment significantly promoted the formation of >2000 um and
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250-2000 pum water-stable aggregates, and improved the stability of aggregates.
According to the above studies, straw addition has a great influence on the distribution,
stability and OC concentration of soil aggregates. Soil aggregation processes were very
complicated, different types of soil contain different clay minerals, which will affect the
agglomeration of aggregates and the retention of OC, it is necessary to explore the
agglomeration of aggregates and the retention of OC with the application of straw after
the application of straw in different types of soil. However, there are few reports about
the effect of straw decomposition on aggregates stability and aggregate-associated OC
of different types of soil. It is difficult to distinguish the difference about straw
decomposition on the distribution and stability of aggregates and aggregate associated
OC of different types of soil, which requires further study. To this end, this paper
studies the effect of straw application on the distribution and stability of water-stable
aggregates in three different types of soil, and explores the distribution law of OC in
different particle-size aggregates and the contribution rate of aggregate-associated OC
during the process of rice straw decomposition with disturbance-free indoor incubation
experiment. This study aims to provide theoretical support for the improvement of
aggregate structure and OC in different types of soil.

Materials and Methods
Site description and experimental samples

The three typical soil samples were red soil (R Soil), fluvo-aquic soil (FA Soil) and
lime concretion black soil (LCB Soil) in China, which were collected in their respective
test stations in September 2014 with a sampling depth of 0-30 cm (Fig. 1). Five
sampling points were evenly mixed and then quartered for sampling. Specifically, the
sampling area of R soil is located in Yingtan R Soil Ecological Experimental Station of
Chinese Academy of Sciences, Jiangxi Province, China (116°55'E, 28°15'N). The soil
type is R soil developed from Quaternary red clay and the parent rock mineral types are
mainly iron-aluminum oxides and 1:1 clay mineral, which is classified as Ultisol in the
USDA soil taxonomy; the sampling area of FA soil is located in Fengqiu Ecological
Experimental Station, Henan Province, China (114°24'E, 35°00'N). The soil type is FA
soil developed from Yellow River sedimentation and the mineral type is mainly 2:1 clay
mineral with high calcium carbonate content, which is classified as Inceptisol (USDA);
the sampling area of the LCB soil (Vertisol) is located in Yangliu Experimental Site,
Suixi, Anhui Province, China (116°46'E, 33°37'N), and the mineral type is mainly 2:1
clay mineral with montmorillonite as the main component (Lv and Li, 2006). After the
coarse plant residues, large gravel and other impurities were removed from the collected
soil, the soil was brought back to the laboratory for natural air drying in a cool and
ventilated place, and then it was gently forced apart along the natural fragile zone so
that it could pass through the 2 mm sieve. Special attention was paid to minimize the
disturbance to the soil during the collection and transportation process to avoid the
damage to the aggregates.

The basic properties of the three typical types of soil were shown in Table 1. The
straw samples used in this experiment were rice straw cultivated in greenhouse. After
115 days of sowing, the above ground part of rice plants was obtained. After being dried
at 60 °C, the collected rice plant residues were crushed and put into bags after 0.25 mm
sieving. The C and N concentration of rice straw was 396.5 g kg and 16.5 g kg%, C/N
ratio was 24.03.
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Figure 1. Location of the sampling site

Table 1. Properties of studied soil

Soil Type Organic C-larbon Total-}\l pH Sand Silt Clay Texture
(gkg’) (gkg) ) | (%) | (%) (USAD)
R Soil 9.86+0.23 1.12+0.01 | 4.62+0.01 36 20 44 clay
FA Soil 5.38+0.86 0.57+0.05 | 8.68+0.07 23 32 45 clay
LCB Soil 10.45+0.33 0.90+0.05 | 6.34+0.02 30 33 37 clay loam

R Soil, red soil; LCB Soil, lime concretion black soil; FA Soil, fluvo-aquic soil

Experimental design

Self-designed experiment was conducted under three types of soil during different
incubation periods. The experiment consisted of two treatments: no straw (control soil)
and 1% straw (straw-amended soil). Each treatment was set with three repetitions.
Specifically, three typical soil samples were sieved with a 2 mm sieve and 300 g were
weighed into a 2 L plastic culture flask, 3 g of rice straw were added into the flasks, rice
straw was evenly distributed in the test soil, then water was added to 70% of the
maximum soil water capacity, and samples were incubated in a constant temperature
incubator at 28°C. Meanwhile, the control treatment was also prepared. During the
whole incubation period, the daily ventilation was ensured and the weight was measured
every week to keep the constant soil moisture content. Then three repeated treatments of
soil were carried out after 15, 60 and 120 days of incubation to determine the aggregate-
associated OC, water-stable aggregates and other indicators.

Measurement indexes and methods

The aggregate-associated OC was measured by potassium dichromate oxidation-
outer heating method; soil pH value was measured by potential method (soil water ratio
2.5:1); soil clay and silt content were measured by pipette method (Tiessen and Moir,
1993; Bao, 2000). Total carbon content of straw was measured by C/N element analyzer;
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distribution and stability of soil aggregates were measured by wet sieving method, and
water-stable aggregates with particle sizes of >2, 0.25-2, 0.053-0.25 and <0.053 mm
were obtained (Nimmo et al., 2002; Six et al., 2004). The detailed calculation equations
of stability index Ro2s (>0.25 mm water-stable macroaggregates), geometric mean
diameter (GMD), soil unstable aggregate exponent (ELr), mean weight diameter
(MWD), fractal dimension (D) and contribution rate of soil water-stable aggregate OC
were extracted from relevant references and calculated as the following equations (Liu
etal., 2012; Anetal., 2016; Zhu et al., 2017; Xue et al., 2019).

MWD = % (Eq.1)
GMD = exp <Z“1£:f‘> (Eq.2)
Eyp = MTA_/I—fO'ZS x 100% (Eq.3)

e (Eq)

MT Xmax

where n denotes the number of aggregate size fractions, x, is the mean diameter of
aggregates retained in the ith sieve, Wi is the aggregate weight retained in the ith sieve,
M(r<xi) is the weight of aggregates with a fraction diameter less than or equal to xi, and
M is the gross weight of aggregates.

Statistical analyses

The data were organized via Microsoft Excel 2013, the mapping was made by
SigmaPlot10.0, the one-way analysis of variance of experimental data was conducted
through SPSS22.0 and the least significant range (LSD) method was used for multiple
comparison, with P<0.05 indicating significance level.

Results

Effects of rice straw addition on the distribution of soil water-stable aggregates in
different mineral types

The addition of rice straw in the three types of soil showed a significant effect on the
dynamic changes of water-stable aggregates during the whole incubation period in the
three different mineral soils (Fig. 2), the water-stable macroaggregates (>0.25 mm)
significantly increased, and the water-stable microaggregates (<0.25 mm) significantly
reduced (P<0.05). The three types of control soil mainly contained water-stable
microaggregates in the incubation process, and the proportion of >2 mm aggregates was
very little, which was significantly different (P<0.05) from the other three particle-size
aggregates; from day 15 to day 60, the number of macroaggregates showed no
significant difference of the control treatment, after 120 days of incubation, for the
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control soil, the proportion of water-stable macroaggregates increased slightly, but the
water-stable microaggregates were still dominant.
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Figure 2. Water-stable aggregate size distribution under different incubation periods (%).
Different lowercase letters indicate significant differences among different particle-size
aggregates under same treatments for the same incubation period (P<0.05). Different
uppercase letters indicate significant differences among the same particle-size aggregates in the
same soil type under different treatments for different incubation periods (P<0.05). Ry..s, >0.25
mm aggregates (water-stable macroaggregates). R Soil, red soil; LCB Soil, lime concretion
black soil; FA Soil, fluvo-aquic soil

Compared with the control soil, the three types of straw-amended soil showed a
significant increase in >2 mm water-stable macroaggregates and remarkable decrease in
0.053-0.25 mm and <0.053 mm water-stable microaggregates during the early 15 days
of incubation (Fig. 2). The proportion of macroaggregates (Ro.2s) was increased by
270.3, 108.3 and 113.5% for the R soil (Fig. 2A), 598.2, 449.6 and 321.3% for the FA
soil (Fig. 2B), and 157.2, 79.5 and 265.5% for the LCB soil after 15, 60, and 120 days
of incubation (Fig. 2C), respectively, from day 15 to day 120 the amounts of newly
formed >2 mm macroaggregates were significantly larger in the FA soil than in the R
soil and in the LCB soil. With the increase of incubation time, the water-stable

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(5):6511-6528.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/acer/1805_ 65116528
© 2020, ALOKI Kft., Budapest, Hungary



Liu et al.: Effects of straw decomposition on aggregate composition and aggregate-associated organic carbon in different soil
mineral types
- 6517 -

macroaggregates (Ro.2s) of R soil and LCB soil increased more rapidly during the early
incubation stage (within 15 days) than during the later stage (from day 15 to day 60).
Among them, the water-stable macroaggregates of FA soil showed a continuous
increase, and that of R soil and LCB soil showed a trend of increase first, then a slight
decrease and then an increase during the whole incubation period. After 120 days of
incubation, >2 mm water-stable aggregates in straw-amended R soil, LCB soil and FA
soil were 113.5%, 298.0% and 595.8% higher than those in the control soil with the
largest increase in FA soil. The 0.25-2 mm water-stable aggregates in straw-amended R
soil, LCB soil and FA soil were 15.6%, 16.0% and 1.5% higher than that in the control
soil with the largest increase in LCB soil. After 120 days of incubation, the order of
water-stable macroaggregate in three types of soil was: FA soil > LCB soil > R soll,
with a proportion of 70.4%, 63.3% and 54.8%, respectively, and the water-stable
macroaggregates accounted for the majority in all straw-amended soil. The water-stable
macroaggregate in R soil, LCB soil and FA soil increased by 35.6%, 22.0% and 41.1%,
respectively after 120 days of incubation compared with the control soil, with the most
obvious increase proportion in the FA soil.

Effects of rice straw addition on MWD, GMD, D and E_t of three different mineral soils

Water-stable aggregate stability is an important indicator of soil structure, the
addition of rice straw had a different positive effect on the stability of three types of soil
aggregates during the incubation (Table 2). During the 120-days incubation period,
MWD and GMD values of three types of straw-amended soils were significantly higher
than those of the control soil, and ELt and D values were significantly lower than those
of the control soil (P<0.05). However, from day 0 to day 120, the differences of MWD,
GMD, E.r and D values of all control soils in different incubation periods were not very
obvious. With the extension of incubation period, the MWD, GMD, E.t and D values of
the straw-amended soil at day 120 showed better changing trend than at day 15 and day
60, and the soil structural stability enjoyed continuous improvement. After 120 days of
incubation, compared with the corresponding figures in the control treatment, the straw-
amended FA soil's MWD and GMD increased by 59.4% and 90.3%, respectively, and
its D and ELt decreased by 8.1% and 40.7% respectively; the straw-amended R soil’s
MWD and GMD increased by 40.0% and 53.8% respectively, and its D and E.r
decreased by 3.8% and 24.2%; and the straw-amended LCB soil’s MWD and GMD
increased by 21.9% and 36.4%, respectively, and its D and E.t decreased by 1.7% and
23.2%. Apparently, the FA soil showed the most prominent change of aggregate
stability compared with R soil and LCB soil.

Effect of straw addition on the concentration of soil aggregate-associated organic
carbon in different mineral types

Compared with the control treatment, the OC concentration of different particle-size
aggregates in different types of straw-amended soil increased significantly (P<0.05),
and the distribution of OC in different particle-size aggregates was significantly
different (Fig. 3). During the whole incubation period, the OC concentration of the
straw-amended soil aggregate was the highest after 15 days of incubation. During the
later incubation stage (from day 15 to day 120), the OC concentration of the straw-
amended soil aggregates decreased gradually. In general, the increase of OC
concentration in microaggregates of three types of straw-amended soil was larger than
that in macroaggregates, and the concentration of OC in water-stable microaggregates
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was higher than that in macroaggregates. In addition, with the extension of incubation
period, these were few changes in the aggregate-associated OC concentration of the
control treatment. The analysis results from aggregate-associated OC indicated that
straw application had main effect on the improvement of aggregate-associated OC in
different mineral soils, while incubation time and soil type had little effect on aggregate-

associated OC in general (Fig. 3).

Table 2. Effects of rice straw on aggregate stability index

Soil Time Wet sieving
Treatments

type | (days) MWD (mm) | GMD (mm) D ELt/%
15 control soil 0.53+0.02b 0.25+0.01c | 2.94+0.0la | 63.4+£3.73a
straw-amended soil 0.79+0.06a 0.36+0.04b | 2.76+0.04b | 50.9+£5.23b

R Soil 60 control soil 0.56+0.02b 0.24+0.01c | 2.90+0.01a | 63.0+£2.45a
straw-amended soil 0.78+0.04a 0.36+0.02b | 2.774£0.02b | 51.3£2.06b

120 control soil 0.59+0.01b 0.26+0.01c | 2.91+0.02a | 59.6+£3.72a
straw-amended soil 0.824+0.01a 0.40+0.01a | 2.80+0.02b | 45.2+4.49b

5 control soil 0.53+0.01d 0.24+0.01d | 2.97+0.01a | 59.1+0.61a
straw-amended soil 0.72+0.01b 0.38+0.01b | 2.914+0.02bc | 43.6+1.77bc

LCB 60 control soil 0.55+0.05d 0.25+0.03d | 2.95+0.02ab | 59.0+3.24a
Soil straw-amended soil | 0.67+0.04bc | 0.33£0.03c | 2.90+0.02c | 48.8+2.99b
120 control soil 0.64+0.02¢ 0.33+£0.02¢c | 2.98+0.01a | 47.8+1.84b
straw-amended soil 0.78+0.03a 0.45+0.03a | 2.93+£0.02bc | 36.7£2.57c

5 control soil 0.62+0.06¢ 0.30+0.05¢ | 2.93+0.0la | 52.6£591a
straw-amended soil 0.87+0.05b 0.454+0.04b | 2.67+0.02b | 39.9+£3.70b

FA Soil 60 control soil 0.60+0.02¢ 0.29+0.01¢ 2.9240.01a 54.742.26a
straw-amended soil | 0.96+£0.07ab 0.51£0.06b | 2.51%0.01c¢ 37.7+4.86b

120 control soil 0.63£0.04c¢ 0.32+0.03¢ 2.954+0.03a 50.24+2.07a
straw-amended soil 1.03+£0.03a 0.59+0.02a | 2.55+0.04c 29.7£1.87¢

Different lowercase letters indicate significant differences among the same soil type under different
treatments for different incubation periods (P<0.05). R Soil, red soil; LCB Soil, lime concretion black
soil; FA Soil, fluvo-aquic soil

For the transport and distribution of OC in aggregates, compared with the control soil,
when the straw-amended soil was incubated for 15 days, the concentration of OC in
the >2, 0.25-2, 0.053-0.25 and <0.053 mm aggregates of FA soil increased by 42.7%,
11.2%, 123.6% and 60.3%, respectively (Fig. 3A); the concentration of organic carbon
in the >2, 0.25-2, 0.053-0.25 and <0.053 mm aggregates of R soil increased by 41.5%,
8.1%, 21.5%, and 11.5%, respectively (Fig. 3B); the concentration of OC in the >2,
0.25-2, 0.053-0.25 and <0.053 mm aggregates of LCB soil increased by 21.4%, 25.4%,
34.7% and 50.0%, respectively, the aggregate-associated OC in FA soil increased the
most (Fig. 3C). From day 15 to day 120, the aggregate-associated OC of all types of
straw-amended soil decreased gradually, the OC decomposition rate in macroaggregates
was faster than that of microaggregates. In the incubation period of day15 to day 120, it
was found that for the three types of soil, the increase of OC in water-stable
microaggregates was larger than that in macroaggregates, and the differences of OC
concentration between macroaggregates and microaggregate showed a decreasing trend.
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After 120 days of the incubation, except the <0.053 mm aggregate in LCB soil, the OC
of other aggregates fraction in three types of soil was still significantly (P<0.05) higher
than that in the control soil. The results showed that rice straw addition could improve
the OC concentration of all aggregates in the three types of soil, and the increase of OC
In microaggregates was significantly greater than that in the macroaggregates, but the
increase degree of OC in aggregates of different types of soil was different during the
120 days of incubation period.
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Figure 3. Concentration of aggregate-associated organic carbon in different types of soil
during different incubation periods. Different lowercase letters indicate significant differences
among different particle-size aggregates under the same treatment for the same incubation
period (P<0.05), and different uppercase letters indicate significant differences among the same
particle-size aggregates in the same soil type under different treatments for different incubation
period (P<0.05). R Soil, red soil; LCB Soil, lime concretion black soil; FA Soil, fluvo-aquic soil

Contribution rate of organic carbon in different particle-size aggregates of three types
of soil to the soil organic carbon

Straw addition also had a great impact on the contribution rate of OC in different
particle-size aggregates to the SOC (Table 3). For the control soil, there was slight

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(5):6511-6528.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/acer/1805_ 65116528
© 2020, ALOKI Kft., Budapest, Hungary



Liu et al.: Effects of straw decomposition on aggregate composition and aggregate-associated organic carbon in different soil
mineral types
- 6520 -

change in the contribution rate of OC in different particle-size aggregates to the SOC,
which was mainly reflected in the contribution rate of water-stable microaggregate OC
to SOC. Compared with the control soil, after 15 days of incubation, the three straw-
amended soil types showed a significant increase in the contribution rate of >2 mm
water-stable macroaggregates and significant decrease (P<0.05) in the contribution rate
of 0.053-0.25 mm and <0.053 mm water-stable microaggregates. After 120 days of
incubation, the contribution rate of OC in >2 mm aggregates of R soil, LCB soil and FA
soil increased by 105.6%, 290.8% and 541.0%, respectively; the contribution rate of OC
in >0.25 mm aggregates of R soil, LCB soil and FA soil increased by 18.6%, 20.7%,
and 29.4%, respectively; and the contribution rate of water-stable macroaggregates in
the three types of soil reached 51.98%, 59.07%, 66.14%, respectively; the highest
contribution rate of water-stable macroaggregates to the SOC was found in the FA soil
and the lowest of that was found in the R soil.

Table 3. Contributing rates of water-stable aggregates carbon of different particle-size to
soil organic carbon (%)

Soil | Time Treatments Aggregate size
type | (days) >2 mm 0.25-2mm  |0.053-0.25mm | <0.053 mm
5 control soil 4.85+£0.35bD | 32.54+4.35aAB | 34.23+4.83aA | 28.38+0.88aC
straw-amended soil | 21.84+2.48bA | 27.47+1.65aC |27.48+3.48aBC| 23.24+2.36abD
Rsoil | 60 control soil 9.61+1.31dC | 30.71+1.97bAB (23.45+1.94cAB| 36.23+0.53aA
straw-amended so0il[20.07+1.02cAB| 27.94+0.76aBC | 28.56+2.01aB | 23.43+2.53bD
120 control soil 8.52+1.77¢C | 35.32+3.17aA |24.28+1.96bBC| 31.89+0.61aB
straw-amended soil| 17.52+0.89dB | 34.46+2.16aA | 22.27+0.84cC | 25.75+0.95bCD
5 control soil 1.63+0.21cAB| 36.82+2.63aB |28.07+2.63bAB| 33.46+£2.93abA
straw-amended soil| 3.96+0.53cA | 47.34+4.78aA | 24.96+£3.84bA | 23.74+1.68bB
LCB 60 control soil 2.38+0.24cA | 36.76+£2.69aB | 30.79+2.59bA | 30.06+3.27bA
Soil straw-amended soil| 4.68+0.49cA | 41.27+3.05aB | 27.47+3.75bA | 26.58+2.27bA
120 control soil 0.87+£0.06cB | 48.05+£2.56aA | 24.27+1.47bB | 26.82+1.94bB
straw-amended soil| 3.404+0.30cA | 55.67+£3.36aA | 20.77+1.54bA | 20.16+1.66bB
(5 control soil 4.27+0.04cB | 45.37£1.53aA | 21.40£1.18bB | 28.96+2.14bA
straw-amended soil| 17.70+2.46bA | 33.804+2.73aB |25.494+2.90abA | 23.02+1.39abB
FA Soill 60 control soil 4.40+0.26cB | 40.19+4.93aA | 27.74+3.90bA | 27.68+£2.51bA
straw-amended soil | 25.42+4 96bA | 32.054+2.26aB | 24.11+3.18bA | 18.42+4.61bB
120 control soil 3.66+0.42dB | 47.47£2.41aA | 20.90£1.22cA | 27.97+£2.89bA
straw-amended soil| 23.46+1.98bA | 42.68+1.91aB | 13.92+0.80cB | 19.94+3.03bB

Different lowercase letters indicate significant differences among different particle-size aggregates
under the same treatments for the same incubation period (P<0.05), and different uppercase letters
indicate significant differences among the same particle-size aggregates in the same soil type under
different treatments for different incubation periods (P<0.05)

Correlation between water-stable macroaggregates(Ro.2s) and mean weight diameter
(MWD) in different mineral soils

There was a significant positive correlation between the >0.25 mm water-stable
macroaggregates (Ro.2s) of the three types of soil and MWD (Fig. 4; R Soil, R?=0.9446,
P<0.0001; FA Soil, R>=0.9610, P<0.0001; LCB Soil, R?=0.9758, P<0.0001), indicating
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that the more the Ro.2s, the larger the MWD value of soil aggregates, and the greater
water stability of soil aggregates and the more stable of the soil structure. In general, as
the addition of rice straw to three different types of soil could increase the proportion of
macroaggregate and its water stability, it was an effective way to improve the physical
and chemical properties of soil and enhanced the erosion resistance, but the
improvement degree of aggregate stability of different mineral soils was different.

12 o R soil
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1.1 F m] FA soil
- o R soil (m]
1.0 F — [ A so0il &
------ LCB soil y=0.0179x-0.2174
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Figure 4. Correlation between the proportion of >0.25 mm water-stable aggregates (Ry.»s) and
mean weight diameter (MWD). R Soil, red soil; LCB Soil, lime concretion black soil; FA Soil,
fluvo-aquic soil

Discussions

Effect of rice straw addition on distribution and stability of water-stable aggregates in
different types of soil

The results of this study showed that rice straw addition had a significant impact on
the distribution and stability of three different types of soil aggregates. For the three
types of straw-amended soil, the proportion of >2 mm and 0.25-2 mm water-stable
macroaggregates increased significantly, and the proportion of 0.053-0.25 mm and
<0.053 mm water-stable microaggregates decreased significantly during the incubation
period of day 15 day 60 and day 120 compared to the control treatment (Fig. 2)
(P<0.05). As a new exogenous carbon source, rice straw could increase the input of soil
organic materials. The research showed that the increase of exogenous organic materials
improved the activity of microorganisms and enzymes, and promoted the growth of
microbial hyphae. With the growth of fungal mycelium and the decomposition of other
microorganisms, the organic materials would be transformed to humus which was an
important cement for the formation of aggregates. The humus can promote the
combination of soil particles and minerals, with a stimulating effect on the formation of
aggregates to promote microaggregates to be formed into macroaggregates (Verchot et
al., 2011; Cui et al., 2011). The results of the experiment were similar to those of Sodhi
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et al. (2009), who found that rice straw compost could significantly increase the
proportion of >0.25 mm water- stability macroaggregates in sandy loam. However,
straw addition had different distribution and migration of three types of soil aggregates
at different particle sizes, the amounts of newly formed >2 mm macroaggregates were
significantly larger at the early incubation stage (within 15 days) than later incubation
stage (from day 60 to day 120). After 120 days of incubation, the >2 mm water-stable
aggregates in straw-amended R soil, LCB soil and FA soil were 113.5%, 298.0% and
595.8% higher than those in the control soil with the largest increase in FA soil and
their concentrations were 17.68%, 4.02% and 23.18%, respectively. The order of the
proportion of water-stable macroaggregate in the three types of soil was FA soil > LCB
soil > R soil, and the increasing proportion of water-stable macroaggregate in FA soil
was the most obvious from day 15 to day 120 (Fig. 2). On the one hand, the reason may
be that the added rice straw was more finely crushed, and the finer the straw was, the
easier it was to be used by microorganisms, and the closer it would be combined with
the soil. After the straw was decomposed, it could provide rich carbon source for the
microorganisms in the soil, stimulate the microbial activity, and lead to the increase of
water-stable macroaggregates. On the other hand, the FA soil and LCB soil were 2:1-
type clay minerals mainly composed of montmorillonite with high constant surface
charge and large specific surface, but R soil was a highly weathered soil mainly
composed of iron aluminum oxide and 1:1 clay mineral with large crystal particles and
relatively small specific surface. ANOVA results of control soils from Figure 2 showed
that incubation time and soil types were not the major factors on the formation of
aggregates, while according to ANOVA results of straw-amended soils, straw
application was considered as the main effect on the formation of aggregates compared
with control soils. According to the multilevel aggregate formation theory, 2:1 clay
minerals (FA soil and LCB soil) had stronger adsorption capacity for organic matter
than 1:1 clay minerals (R soil), and the organic binding agents play dominant roles in
the formation and stabilization of soil aggregates with 2:1 clay minerals. Compared with
R soil, FA soil and LCB soil would be more conducive to the formation of water-stable
macroaggregates (Tisdall and Oades, 1982; Lugato et al., 2010).

MWD, GMD, D and E_r of soil aggregates can better reflect the size distribution
transformation, aggregation and erosion resistance of soil aggregates. The larger MWD
and GMD values as well as the smaller D and E_r values that indicate the higher
average aggregation, the better structure and stability of the soil, and the stronger
erosion resistance (Stoops, 2003; Wang et al., 2013; Tang et al., 2016). Compared with
the control soil, the MWD and GMD values of water-stable aggregates in three types of
straw-amended soil increased significantly and the D and E.t values in them decreased
significantly. The differences of MWD, GMD, E_t and D values of three types of soil in
different incubation periods (from day 0 to day 120) were not always significantly in the
control soil, but the MWD, GMD, E.r and D values of straw-amended soil showed
continuous improvement during the 120 days of incubation period, and the change of
aggregate stability of FA soil was the most obvious at 120-day compared with LCB soil
and R soil (Table 2). There was a significant positive correlation between Ro.2s and
MWD in three mineral soils, which indicated that as Ro2s increased due to straw
application, the MWD values also increased. Straw is an important resource of SOC,
which promotes the aggregation and water stability of aggregates. The difference of
determination coefficient in correlation analysis showed that the improvement effect on
LCB soil and FA soil, which were mainly composed of 2:1 clay mineral, was better (Fig.
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4). These results showed that with the addition of rice straw and the extension of
incubation time, which improved the activity of microorganisms and enzymes, soil
microorganisms can transform plant residues into organic binding agents, promoted the
agglomeration of soil aggregates, and the degree of aggregation and stability of the three
types of soil were significantly enhanced, and the soil structure was improved. Among
them, the change of the stability of the FA soil was significant, which was consistent
with the change of the macroaggregates, and the FA soil also enjoyed the best
improvement of aggregate structural stability because FA soil was dominated by 2:1
clay mineral with high calcium carbonate contents, the content of silt and clay particles
was greater than 77%, and the organic binding agents play dominant roles in the
stabilization of soil aggregates. This was similar to the research results of Lu et al.
(2014) and Sodhi et al. (2009). Sodhi et al. (2009), which concluded that straw
composting treatment could significantly improve MWD and soil structural stability of
sandy loam; Lu et al. (2014) found that rice husk biochar treatment could not only
significantly improve the proportion of 2-5 mm and 0.25-0.5 mm macroaggregates of
modified clay, but also reduce the proportion of <0.25 mm microaggregates,
significantly improving MWD and GMD.

Effect of rice straw addition on distribution and contribution rate of organic carbon
in different particle-size aggregates

The content of water-stable aggregates is an important indication to evaluate the
stability of soil structure and erosion resistance, and relevant experimental studies had
also revealed that the distribution of OC in different particle-size aggregates was
different and the stability of OC in different particle-size aggregates was also different.
The possible reason lies in that the distribution of exogenous new carbon in aggregates
is different due to factors such as incubation conditions, soil types and types of
exogenous materials (Tripathi et al., 2014; Zhang et al., 2016). The results of this study
showed that the OC concentration of three types of straw-amended soil in four different
particle-size aggregates was significantly (P<0.05) higher than that of the control soil
during the 120 days of incubation periods, and there was a certain difference in the OC
concentration of different particle-size aggregates (Fig. 3). For the transport and
distribution of aggregate-associated OC, compared with the control soil, when the
straw-amended soil was incubated for 120 days, the concentration of OC in the >2,
0.25-2, 0.053-0.25 and <0.053 mm aggregates of FA soil increased by 20.0%, 17.4%,
62.6% and 50.4%, respectively; the concentration of OC in the >2, 0.25-2, 0.053-0.25
and <0.053 mm aggregates of R soil increased by 14.7%, 0.2%, 41.9%, and 28.4%,
respectively; the concentration of OC in the >2, 0.25-2, 0.053-0.25 and <0.053 mm
aggregates of LCB soil increased by 19.9%, 14.1%, 32.0% and 8.4%, respectively (Fig.
3). The results showed that the lower the initial organic carbon concentration of soil
aggregates was, the larger the increase range of the aggregate-associated OC was, the
OC concentration increased rapidly during the early incubation stage (within 15 days) in
all three amended soils, especially, the FA soil increased the most, and the OC
concentration of the straw-amended soil aggregates decreased gradually from day 15 to
day 120.

The increase range of the OC concentration of water-stable microaggregate was
significantly larger than that of the macroaggregate, and the increase range of
aggregate-associated OC in FA soil was the largest from day 15 to day 120, and the OC
concentration in the water-stable microaggregates of the three types of soil was
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generally higher than that of in the macroaggregates. This was similar to the results of
Lee's study. Lee et al. (2009) studied the effect of different fertilization treatments on
SOC and found that straw composting significantly increased the OC concentration of
aggregates, and the OC concentration of water-stable microaggregates was higher than
that of water-stable macroaggregates. The reason may be that the mineral types and clay
content of the three types of soil were different, 2:1 clay minerals had stronger
adsorption capacity for organic matter than 1:1 clay minerals. Due to the influence of
biological, chemical and environmental factors, with the extension of incubation period,
the aggregate-associated OC was gradually decomposing, OC available for
microorganisms will decrease, and the straw crushing was relatively fine, which would
have different effects on the increase and sequestration of OC of different particle-size
aggregates. Moreover, the carbon sequestration by the microaggregates was not easy to
decompose as it was protected physically and had biochemical resistance. Therefore, the
OC of the microaggregates was more durable and stable in the soil. The FA soil and
LCB soil contained higher silt and clay particles content with high constant surface
charge and large specific surface, which would contribute to the increase and
sequestration of the OC in the water-stable microaggregate. Therefore, the straw
addition was of great significance to improve the soil structure and stability, increase
OC concentration of soil aggregates, and improve carbon sequestration capacity (Six et
al., 2000; Dimoyiannis, 2012; Song et al., 2019).

Compared with the control soil, after 15 days of incubation, all straw-amended soil
types showed a significant increase in the contribution rate of water-stable
macroaggregates and remarkable decrease (P<0.05) in the contribution rate of
water-stable microaggregates. After 120 days of incubation, the contribution rate of OC
in water-stable macroaggregates of R soil, LCB soil and FA soil was 51.98%, 59.07%,
66.14%, respectively. The FA soil enjoyed the largest contribution rate of OC in
water-stable macroaggregates to SOC (Table 3). The reason for the decrease of the
contribution rate of OC in water-stable microaggregates may be that the addition of rice
straw promoted the activity of microorganisms and enzymes, increased the organic
cementing substance, and helped the water-stable microaggregates to continuously bond
and aggregate into water-stable macroaggregates, and the distribution proportion
of >2 mm and 0.25-2 mm water-stable macroaggregates increased significantly. The
increase extent of water-stable macroaggregates was larger than that of OC
concentration in water-stable microaggregates, and the distribution proportion of water-
stable microaggregates in the whole aggregates was relatively low.

Conclusions

Rice straw application resulted in significant effect on water-stable aggregates and
aggregate-associated OC of the three typical types of soil during the whole incubation
stage, which promoted the aggregation of water-stable microaggregates to
macroaggregates. After 120 days of incubation, the proportion of water-stable
macroaggregates in R soil, LCB soil and FA soil reached 54.8%, 63.3% and 70.4%,
respectively, becoming the dominant aggregates, significantly improving the MWD and
GMD of soil water-stable aggregates, and reducing the D and E.t values (P<0.05).
Furthermore, MWD and Ro2s showed a significant positive correlation (P<0.001).
These results suggest that the addition of straw enhanced the degree of aggregation of
water-stable aggregates and improved soil aggregate stability, the increase degree of
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aggregates content and stability was different, probably due to stronger adsorption
capacity and high constant surface charge in 2:1 clay minerals than 1:1 clay minerals.

The straw addition also increased OC concentration in different particle-size
aggregates of three types of amended soil, and the OC concentration increased rapidly
during the early 15 days of incubation in the three amended soils, the contribution rate
of organic carbon in >2 mm water-stable macroaggregates also significantly improved.
Meanwhile, the increase of OC in water-stable microaggregates was larger than that in
macroaggregates in all straw-amended soil. In conclusion, the addition of rice straw to
three different types of soil was an effective way to increase the aggregates stability and
aggregate-associated OC concentration, and the increase degree of aggregates stability
and OC concentration of different types of soil was different, which could play a more
important role in FA soil than in R soil and LCB soil.

This study analyzed the effects of straw addition on the distribution and stability of
water-stable aggregates and aggregate associated OC in three different soil clay mineral
types. Microbial processes related to decomposition of plant debris or root growth can
greatly promote the formation of soil aggregates and nutrient decomposition. Therefore,
the influence of straw addition on soil microbial biomass and microbial activity at
different incubation stage should be further studied, and main factors affecting soil
aggregates formation are also needed to be noticed. Additionally, the effect of straw
addition on soil interparticle forces (electrostatic repulsive force, van der Waals
attractive force and surface-hydration repulsive force) in different mineral types should
be considered because they can reveal the relationship between the interparticle forces
and soil structural stability. These further studies help to provide theoretical support for
soil quality improvement in different mineral types.
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