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Abstract

Paddy soils developed from four typical parent materials (granite weathering
products, Quaternary red clay, slate weathering products, and recent fluvial
deposits) in subtropical regions were selected, with adjacent upland soils as a
comparison, to investigate the characteristics and differences of mineralization
and transformation of exogenously input straw in paddy and upland soils under
45% field water holding capacity (WHC) conditions through laboratory incu-
bation experiments. The results showed that during the 180-day incubation
period, the cumulative mineralization rate of exogenously input straw in the
four selected paddy soils (18%-21%) was significantly lower than that in the
corresponding upland soils (21%-28%), and the priming effect of straw input on
native soil organic carbon mineralization was also markedly lower in paddy soils
(5%-30%) than in the corresponding upland soils (17%-65%). The decomposi-
tion products of exogenous straw in soils were primarily allocated to particulate
organic carbon (POC) and iron/aluminum-bound organic carbon (Fe/Al-OC),
with allocation proportions of 9%-21% and 12%-24%, respectively, followed by
humus carbon (HMC) (11%-15%), while the proportions allocated to microbial
biomass carbon (MBC) and dissolved organic carbon (DOC) were minimal, at
only 2%-7% and 0.1%-0.7%, respectively. Compared with upland soils, the pro-
portions of decomposition products from exogenous straw allocated to POC,
Fe/Al-OC, and MBC were higher in paddy soils, at 15%-21%, 17%-24%, and
6%-7%, respectively, whereas those in upland soils were 9%-17%, 13%-18%, and
2%-4%. Additionally, the proportion of exogenous straw decomposition prod-
ucts allocated to 2000-250 m water-stable macroaggregates was also higher in
paddy soils (10%-13%) than in upland soils (6%-7%), with no significant differ-
ences between paddy and corresponding upland soils observed for other particle
sizes. These findings indicate that the phenomenon of lower mineralization
rates of exogenously input straw in paddy soils compared to upland soils may
be widespread across soils developed from different parent materials, which may
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be attributed to stronger physical protection by water-stable aggregates, chemi-
cal binding with iron/aluminum oxides, and allocation to stable organic carbon
fractions for decomposition products of exogenous straw in paddy soils, thereby
contributing to the higher organic carbon accumulation in paddy soils.
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Abstract

This study investigated the decomposition and transformation of input straw
in four types of paddy soils derived from different parent materials (weathered
granite, quaternary red clay, weathered shale, and river alluvium) in subtropical
China, using adjacent upland soils as controls. Soils were incubated at 25°C and
45% water holding capacity (WHC) for 180 days. During the incubation period,
the cumulative mineralization rates of input straw in the selected paddy soils
(18%—21%) were significantly lower than those in the corresponding upland soils
(21%—28%). The priming effects of straw amendment on native soil organic car-
bon mineralization were also lower in paddy soils (5%—30%) than in upland soils
(23%—65%). The decomposition products of input straw were mainly distributed
in particulate organic carbon (POC, 9%—21%) and Fe/Al-bound organic carbon
(Fe/Al-OC, 12%—24%), followed by humus carbon (HMC, 11%—15%), whereas
only small portions were allocated to microbial biomass carbon (MBC, 2%—7%)
and dissolved organic carbon (DOC, 0.1%—0.7%). In paddy soils, the conver-
sion ratios of input straw into POC, Fe/Al-OC, and MBC (15%—21%, 17%—
24%, and 6%—7%) were higher than those in upland soils (9%—17%, 13%—18%,
and 2%—4%). Additionally, the 2000—250 m coarse water-stable aggregates in
paddy soils tended to receive more decomposition products of input straw than
those in upland soils (10%—13% vs. 6%—7%), whereas no significant difference
was observed between paddy and upland soils in other aggregate size fractions.
These results indicate that the mineralization of input straw may be consistently
lower in paddy soils than in upland soils derived from different parent materi-
als, possibly due to stronger physical protection within soil coarse aggregates,
chemical protection through binding with Fe/Al oxyhydrates, and greater trans-
formation into stable fractions during decomposition. This fate of input straw
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decomposition may contribute to higher organic carbon accumulation in paddy
soils compared to upland soils.

Keywords: paddy soil; organic carbon; mineralization; priming effect; organic
carbon fractions

Introduction

Soil organic carbon (SOC) accumulation depends on the balance between carbon
inputs and outputs. Different agricultural management practices affect this bal-
ance. In China, paddy soils demonstrate significant carbon sequestration effects,
with sequestration rates markedly higher than those of upland soils and even
forest soils [1-4], indicating substantial sequestration potential. The strongest
carbon sequestration capacity is observed in subtropical paddy soils, primar-
ily attributed to increased organic matter inputs resulting from enhanced rice
yields under long-term rice cultivation systems [2,5]. Our previous simulation
experiments with a subtropical paddy soil derived from quaternary red clay par-
ent material showed that, compared to upland soils, although paddy soils had
larger microbial biomass and faster turnover rates, the mineralization rates of
both added crop straw and native soil organic carbon were significantly lower in
paddy soils [6-7]. The high carbon sequestration rates observed in subtropical
paddy soils in recent decades are also associated with relatively low mineral-
ization losses of soil organic carbon under reasonable agricultural management
practices. Whether this phenomenon is universal across paddy soils developed
from different parent materials requires further verification.

As a crucial source of soil organic carbon, the labile components of exogenous
straw are the primary source of microbial decomposition products. After enter-
ing the soil, exogenous straw undergoes a series of physical, chemical, and micro-
bial transformation processes. These microbial decomposition products further
promote soil organic carbon accumulation by facilitating soil aggregate forma-
tion and adsorption and chemical bonding with soil minerals [8-10]. Spaccini et
al. [11] suggested that in upland soils, fresh corn straw tends to transform into
humic and fulvic acids, and that fresh plant residues in soils are mainly stored
in hydrophilic components of humus through mineralization and decomposition,
proposing that native humus promotes the accumulation of fresh crop straw
in soil. Song et al. [12] also reported that newly added corn straw carbon in
paddy soils is significantly positively correlated with Fe/Al-bound organic car-
bon, free iron oxides, and humin. We hypothesize that if the mineralization rate
of exogenous straw is lower in subtropical paddy soils than in upland soils, then
the distribution and stabilization of its decomposition products among different
soil carbon pool fractions may also differ from those in upland soils, poten-
tially through chemical bonding with soil mineral components and subsequent
transformation into stable organic carbon fractions. This study aimed to inves-
tigate the mineralization and transformation characteristics of exogenous straw
in paddy and upland soils under controlled moisture conditions (45% WHC) and
to elucidate the distribution patterns of decomposition products in soil carbon
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1. Materials and Methods

1.1 Experimental Soils

Four types of paddy soils with long rice cultivation histories in Hunan Province
were selected as research objects, with adjacent upland soils of the same par-
ent material serving as controls. The four parent material types were: weath-
ered granite from Jinjing Town, Changsha County (113°20 E, 28°33 N); qua-
ternary red clay from Pantang Town, Wangcheng County (111°32 E, 29°14 N);
weathered shale from Yutian Township, Guiyang County (112°69 E, 25°94 N);
and river sediments from Shuangxikou Township, Lianyuan County (111°62 E,
29°10 N). The selected paddy soils had long-term cropping systems of rice-rice-
fallow or rice-oilseed rape, while upland soils were primarily planted with oilseed
rape. All crops were managed under conventional fertilization practices.

At each sampling area, five random points were collected from the topsoil layer
(0—20 cm). Visible plant and animal residues were removed. A portion of the
soil samples was passed through a 2 mm sieve, adjusted to 45% WHC, and
pre-incubated for 7—10 days at 25°C in darkness. Another small portion was
air-dried indoors for determination of basic soil physicochemical properties. The
basic physicochemical properties of the soils are presented in .

Basic physical and chemical properties of the soils studied (0—20 cm)

1.2 Experimental Treatments

The straw added in this experiment was crushed corn straw passed through a 10
mg/g sieve. The organic carbon and total nitrogen contents of the corn straw
were 497.34 g/kg and -12.74%o, respectively. Each soil type had two treatments:
no straw addition (CK) and straw addition (S).

For gas sampling, 20 g of pre-incubated soil was placed in 120 mL bottles. After
treatment, the bottles were immediately sealed with silicone stoppers. The gap
between the silicone stopper and bottle was sealed with glue. The stopper had a
small hole in the center with a glass tube inserted, which was further sealed with
a section of silicone hose as a gas sampling port [13]. The incubation bottles
were then placed under constant temperature (25°C) and dark conditions. Each
treatment had three replicates. Gas samples were collected on days 0, 0.5, 1, 2,
5, 10, 20, 40, 60, 80, 100, 140, and 180 of incubation.

For soil organic carbon fraction analysis, 400 g of pre-incubated soil was placed in
plastic buckets. The buckets were sealed to maintain air humidity, and deionized
water was periodically added to the bottom to maintain humidity. The samples
were incubated under constant temperature (25°C) and dark conditions for 180
days. After incubation, soil samples were analyzed for dissolved organic carbon
(DOCQ), particulate organic carbon (POC), microbial biomass carbon (MBC),
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Fe/Al-bound organic carbon (Fe/Al-OC), humus carbon (HMC), water-stable
aggregates (2000—250 m, 250—53 m, <53 m), and SOC. Each treatment had
three replicates.

2. Analysis and Calculation Methods

Microbial biomass carbon was determined using the fumigation-extraction
method with a carbon auto-analyzer [14]. Dissolved organic carbon was
measured following the method of Zhou et al. [15]. Particulate organic carbon
was determined using the method of Xu et al. [16]. Soil humus composition
was analyzed using the method of Dou et al. [17]. Water-stable aggregates
were measured using the method of Cambardella and Elliott [18]. Soil organic
carbon was determined by the K Cr O external heating method [19]. Clay
content was measured using a laser particle size analyzer (Mastersizer 2000).
Total nitrogen was determined by the semi-micro Kjeldahl method [20]. CO
concentrations in gas samples were measured using a gas chromatograph
(Agilent Technologies 7890A, USA).

The '3C (%o) values were calculated as follows: 3C (%0) = 1000 x (R._sample
- R_standard)/R_standard, where R_sample and R_standard represent the
relative abundances of the soil sample and standard sample, respectively. The
proportion of organic matter components derived from exogenous straw versus
native soil was calculated based on measured '3C values using the following
formulas:

f=(_M- _B)/(_A- _B)

where f represents the proportion of carbon derived from corn straw in the soil
sample (%), _M is the 3C of soil samples with added corn straw, _ B is the
13C of soil samples without corn straw, and _ A is the '3C of corn straw. All
tested soils in this study were planted with C3 crops, while corn straw (C4) was
relatively enriched in 13C.

Before analysis, soil samples were dried, ground, and passed through a 0.149
mm sieve. For MBC, DOC, Fe/Al-OC, and HMC '3C determination, the ex-
tracts were freeze-dried before analysis using a stable isotope mass spectrometer
(Thermo Scientific MAT 253).

3. Statistical Analysis

All experimental results are expressed as means of three replicates. Data pro-
cessing was performed using Microsoft Excel 2007 software. Differences were
tested for significance using ANOVA in SPSS 13.0. The significance level was
set at P < 0.05, and the highly significant level at P < 0.01.
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4. Results

4.1 Mineralization Dynamics of Input Straw in Paddy and Upland
Soils

During the 180-day incubation period, the mineralization of input straw in soils
could be divided into three stages: 0—5 days was the rapid mineralization stage,
with relatively high straw mineralization rates of 11%—14% in paddy soils and
14%—19% in upland soils; 6—20 days was the slow mineralization stage, with
straw mineralization rates of 1%—2% in paddy soils and 2%—3% in upland soils;
and 21—180 days was the stable mineralization stage, with relatively flat changes
in straw mineralization rates of 3%—7% in paddy soils and 2%—7% in upland
soils. At the end of incubation, the cumulative mineralization rates of input
straw in paddy soils derived from granite weathering material, quaternary red
clay, shale weathering material, and river sediments were 18%, 21%, 19%, and
21%, respectively, all significantly lower than those in the corresponding upland
soils (28%, 28%, 23%, and 21%, respectively, P < 0.05). The difference was
particularly pronounced for granite weathering material [Figure 1: see original

paper].

4.2 Effects of Input Straw on Native Soil Organic Carbon Mineral-
ization

The mineralization of native soil organic carbon increased rapidly within 0—20
days of incubation. The cumulative mineralization of native organic carbon in
paddy soils under CK treatment ranged from 69.22 to 226.30 g/g, while in up-
land soils it ranged from 120.49 to 260.89 g/g. After adding exogenous straw,
the cumulative mineralization of native organic carbon in paddy soils increased
by 5%—30%, whereas in upland soils it increased by 20%—78%. The growth
magnitude of native organic carbon cumulative mineralization in the selected
paddy soils was significantly lower than that in upland soils of the same par-
ent material (P < 0.05). In the later stage of incubation (20—180 days), the
cumulative mineralization of native organic carbon in granite weathering mate-
rial, quaternary red clay, shale weathering material, and river sediment-derived
paddy soils was 376.17, 303.41, 167.91, and 225.38 g/g, respectively, represent-
ing increases of 5%, 9%, 30%, and 28% compared to CK (P < 0.01). During
the same period, the cumulative mineralization of native organic carbon in the
corresponding upland soils was 361.68, 286.05, 140.02, and 102.34 g/g, respec-
tively, showing increases of 37%, 17%, 53%, and 36% (P < 0.01). The selected
paddy soils exhibited weak priming effects, particularly for granite weathering
material and quaternary red clay-derived paddy soils, which showed almost no
priming effect, while upland soils showed significantly enhanced priming effects
after straw addition [FIGURE:2, FIGURE:3].
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4.3 Distribution of Straw Decomposition Products in Different Or-
ganic Carbon Fractions

Using granite weathering material and quaternary red clay-derived paddy and
upland soils as examples, the distribution of straw decomposition products in
soil organic carbon fractions after incubation was analyzed. In granite weath-
ering material-derived paddy and upland soils, the distribution proportions of
straw decomposition products were 13%—24% in Fe/Al-OC, 9%—21% in POC,
12%—15% in HMC, and only minimal allocation to MBC and DOC at 2%—7%
and 0.1%—0.7%, respectively. In quaternary red clay-derived paddy and upland
soils, the distribution patterns were similar, with higher proportions in paddy
soils than in upland soils for all fractions. The allocation to Fe/Al-OC, POC,
and HMC in paddy soils was 15%—21%, 17%—24%, and 14%—15%, respectively,
compared to 9%—17%, 13%—18%, and 11%—13% in upland soils .

4.4 Distribution of Straw Decomposition Products in Water-Stable
Aggregates

The distribution of straw decomposition products in water-stable aggregates is
shown in [Figure 4: see original paper]. In granite weathering material-derived
paddy and upland soils, the distribution proportions of straw decomposition
products in the 2000—250 m, 250—53 m, and <53 m fractions were 10% vs. 6%,
7% vs. 7%, and 5% vs. 6%, respectively. In quaternary red clay-derived paddy
and upland soils, the corresponding proportions were 13% vs. 7%, 7% vs. 5%,
and 6% vs. 8%, respectively. The differences in distribution between paddy
and upland soils were primarily observed in the 2000—250 m fraction, where
paddy soils had relatively higher proportions, while no significant differences
were found in the other two size fractions (P > 0.05).

5. Discussion

Land use type plays a key role in the dynamic changes of soil organic carbon
pools, primarily by altering soil structure and nutrient status through different
cropping systems and field management practices, which in turn changes soil
biological, physical, and chemical characteristics, leading to differences in soil
organic carbon mineralization [22-23]. Typically, paddy soils have higher mi-
crobial quantity, community, and functional diversity than upland soils, which
would seemingly promote greater utilization of crop straw by microorganisms
and thus higher straw mineralization in paddy soils [24-25]. Many studies have
reported that straw mineralization is higher in paddy soils than in upland soils.
For example, Huang et al. [26] used ! C tracing technology to find that rice
and corn straw mineralized faster in flooded paddy soils than in upland soils.
Inubushi et al. [27] found that CO emissions from paddy soils were higher than
from upland soils. Zhao et al. [28] reported that biochar application had bet-
ter carbon sequestration and emission reduction effects in upland soils than
in paddy soils. Jian et al. [29] also noted that the mineralization rate of au-
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totrophic microbial assimilated carbon was significantly higher in paddy soils
than in upland soils.

However, our previous studies [6,30] on straw mineralization in a subtropical
paddy soil reported results inconsistent with the above literature. Despite paddy
soils having much larger microbial biomass than upland soils, the mineralization
rate of exogenous straw and its priming effect on native soil organic carbon
mineralization were both significantly lower in paddy soils, demonstrating higher
organic carbon accumulation effects. Building on this, the present study further
found that the cumulative mineralization rates of exogenous straw in paddy
soils developed from different parent materials were all lower than those in
corresponding upland soils, suggesting a certain universality. This indicates
that paddy soil organic matter turnover may involve special biogeochemical
processes that are more conducive to the accumulation of exogenous straw in
paddy soils.

Aerobic conditions promote soil organic carbon mineralization [31], and organic
carbon mineralization decreases with increasing soil clay content, as soils with
higher clay content protect crop straw decomposition [32-33]. In this study,
both paddy and upland soils were incubated at 45% WHC, and paddy soils had
lower clay content than upland soils to varying degrees. These conditions would
seemingly favor organic carbon mineralization in paddy soils. However, our
results showed that the mineralization of exogenous straw and its priming effect
on native organic carbon in paddy soils were not higher than in upland soils
as suggested above, but were instead significantly suppressed. This suggests
that moisture conditions and clay content may not be the main factors affecting
organic carbon mineralization in paddy soils.

Straw input affects soil microbial community composition and activity, thereby
producing positive or negative priming effects on native soil organic carbon
mineralization [34-35]. Some studies on paddy soil organic carbon mineralization
have also suggested that exogenous straw addition causes significant negative
priming effects [7,36] or no significant priming effect [6,30] on native soil organic
carbon. Our results showed that although paddy soils had larger carbon pools
and microbial biomass than upland soils, the priming effect of exogenous straw
addition on native soil organic carbon mineralization was significantly lower in
paddy soils than in corresponding upland soils. Granite weathering material
and quaternary red clay-derived paddy soils showed almost no priming effect,
while upland soils showed enhanced priming effects after straw addition, possibly
due to reduced physical protection by aggregates, leading to decreased stable
organic carbon fractions [37].

The decomposition rate of exogenous straw in soils is an external manifestation
of soil microbial activity. Previous studies suggested that microbial quantity
and activity determine soil organic carbon decomposition [38]. The MEMS
framework proposed by Cotrufo et al. [39] suggests that soil organic matter
decomposition includes two stages: transformation of non-biologically active or-
ganic matter into biologically active organic matter through abiotic processes
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(including chemical oxidation, hydrolysis, release from aggregates and biologi-
cally inaccessible pores, desorption from solid phases, and extracellular enzy-
matic processes), followed by biological mineralization. The former stage is the
rate-limiting step in soil organic matter decomposition. In this study, paddy
soils had higher microbial biomass carbon content and higher distribution pro-
portions of straw decomposition products in microbial biomass carbon than
corresponding upland soils, yet exogenous straw did not show higher mineral-
ization rates in paddy soils. This indirectly verifies that straw mineralization in
paddy soils is not entirely controlled by soil microorganisms.

Recent studies have also indicated that soil microbial biomass and its activ-
ity composition cannot effectively indicate organic carbon mineralization. Soil
structure, aggregates, and associated physicochemical properties may play im-
portant roles in soil organic carbon mineralization and further affect soil organic
carbon accumulation [40-41]. Zhou et al. [6] also found in their research that
fresh crop straw mineralization did not decrease with increasing soil clay con-
tent. Soils containing large amounts of iron and aluminum oxides can reduce
soil organic carbon mineralization and better protect organic matter and its
decomposition products. Our results showed that the distribution proportions
of exogenous straw decomposition products in 2000—250 m water-stable aggre-
gates, Fe/Al-OC, and HMC in paddy soils were all significantly higher than
in corresponding upland soils (10%—13%, 15%—21%, 17%—24%, and 14%—15%
vs. 6%—7%, 9%—17%, 13%—18%, and 11%—13%, respectively). The lower min-
eralization rate of exogenous straw in paddy soils may be related to stronger
physical protection by water-stable aggregates, chemical bonding with Fe/Al
oxides, and allocation to humus components. Although paddy soils had higher
microbial biomass, the distribution proportion of straw decomposition products
in DOC was lower than in upland soils. As DOC is a direct substrate for micro-
bial decomposition, this may lead to higher mineralization losses of exogenous
straw in upland soils. The strong physical protection and chemical stabilization
of organic carbon in paddy soils further promote the chemical stabilization pro-
cess of Fe/Al-OC, thereby resulting in lower organic carbon mineralization rates
and higher accumulation in paddy soils compared to upland soils [42]. Lei et
al. [43] also noted that enhanced physical and chemical protection of organic car-
bon in subtropical paddy soils helps maintain high carbon sequestration rates.
Song et al. [12] reported that exogenous carbon in soils is ultimately sequestered
primarily through transformation into stable humus carbon fractions.

6. Conclusion

Under 45% WHC conditions for 180 days, the cumulative mineralization rates
of exogenous straw and their priming effects on native soil organic carbon min-
eralization were consistently lower in the selected four typical parent material-
derived paddy soils than in corresponding upland soils, suggesting a certain
universality. Compared to upland soils, the decomposition products of exoge-
nous straw in paddy soils received stronger physical protection by water-stable
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aggregates, chemical bonding with Fe/Al oxides, and allocation to stable organic
carbon fractions, thereby potentially suppressing straw decomposition and min-
eralization and promoting its accumulation in paddy soils.
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