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Abstract

Straw biochar has the potential to improve rice productivity and mitigate greenhouse gas
emissions. However, its synergistic regulatory effects on yield performance and methane
(CH4) emissions in double-cropping rice systems, especially under the intermediate climate
warming scenario, remain poorly understood. A two-year field experiment was carried out
from 2022 to 2023 with four treatments: ambient temperature with direct straw incorpora-
tion (CKS), ambient temperature with straw biochar incorporation (CKB), warming with
direct straw incorporation (WS), and warming with straw biochar incorporation (WB). Rice
yield and yield components, CH4 emission characteristics, soil physicochemical properties,
and functional microbial abundance were systematically determined. The results showed
that for early rice, compared with CKS, CKB maintained a stable yield, while WS had a sig-
nificantly reduced yield of 7.01% (p < 0.05); compared with WS, WB had an increased yield
of 4.65% (p > 0.05), which was mainly attributed to the increases in grain weight, dry matter
accumulation from heading to maturity, and leaf SPAD value after heading. For late rice,
compared with CKS, CKB had no significant difference in yield, while WS had a decreased
yield of 8.47% (p < 0.05); compared with WS, WB had a significantly increased yield of 6.47%
(p < 0.05), mainly due to the increases in spikelets per panicle, dry matter accumulation at
tillering, as well as the number of secondary branches and spikelets on secondary branches.
For CH4 emissions, compared with CKS, CKB significantly reduced CH4 emissions and
yield-scaled CH4 emissions by 48.67% (p < 0.05) and 47.75% (p < 0.05) in early rice, and by
35.22% (p < 0.05) and 37.22% (p < 0.05) in late rice, respectively. Compared with WS, WB
significantly reduced CH4 emissions and yield-scaled CH4 emissions by 57.81% (p < 0.05)
and 59.61% (p < 0.05) in early rice, and by 42.55% (p < 0.05) and 46.09% (p < 0.05) in late rice,
respectively. Correlation analysis revealed that CKB and WB reduced CH4 emissions by
decreasing soil NH+

4 -N, DOC, and methanogen abundance in early rice, and by lowering
DOC and methanogen abundance in late rice. In summary, straw biochar incorporation
can significantly reduce CH4 emissions from double-cropping rice paddies under ambient
temperature. Under the intermediate climate warming scenario, this practice can partially
mitigate yield losses (significant in the late-rice season) and simultaneously lower CH4

emissions. It is an efficient agricultural management strategy adapted to climate warming,
providing a key scientific basis and feasible technical pathways for sustainable production
in double-cropping rice regions of South China.
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1. Introduction
Climate warming is a critical environmental challenge facing humanity today. The

Sixth Assessment Report of the Intergovernmental Panel on Climate Change reported that
the global average surface temperature has risen by 1.1 ◦C relative to the pre-industrial
period [1]. Climate-model projections further indicate that under the intermediate climate
warming scenario (SSP2-4.5), the global mean temperature is expected to increase by
1.6–2.5 ◦C by the mid-21st century [1,2]. This will exert profound and irreversible impacts
on agroecosystems, highlighting the urgency of developing climate-resilient agricultural
practices [3]. Rice is one of the world’s most vital staple crops, feeding more than half of
the global population [4]. The double-rice cropping system in southern China represents
a core region for rice production, accounting for 34.0% of China’s total rice planting area
and 28.6% of national rice yield, respectively [5]. This system plays an irreplaceable role in
safeguarding national food security. Nevertheless, this typical cropping system is highly
vulnerable to climate warming. Therefore, it is crucial to explore feasible optimization
strategies for the double-cropping rice system to achieve stable and high yields under
future climate warming.

Climate warming has become a key environmental factor limiting stable and high
rice yields across China [6,7]. Numerous previous studies confirmed that climate warming
accelerates rice growth stages, restricts photosynthate accumulation, reduces productive
panicle number and seed setting rate, and ultimately causes substantial yield losses [8–12].
Meanwhile, warming alters paddy soil conditions as well as disturbing soil microbial
activity and nutrient cycling within paddy ecosystems, thereby modifying methane (CH4)
emissions from rice paddies [13,14]. Rice paddies constitute the dominant source of CH4

emissions from agricultural ecosystems, contributing 8% of global anthropogenic CH4

emissions [15]. CH4 has a global warming potential 28 times higher than carbon dioxide
(CO2), highlighting its severe environmental impacts [1]. To date, extensive domestic and
international research has explored the linkage between climate warming and paddy CH4

emissions. Recent findings reveal that warming does not produce consistent significant
effects on paddy CH4 fluxes, and its regulatory patterns are largely dependent on ambient
background temperature [13,14,16].

Crop straws are major by-products of agricultural production and are rich in nitrogen,
phosphorus, potassium, and other nutrients required for crop growth. Straw incorporation
has become the main straw utilization method in China due to its simple operation and
excellent ability to improve soil fertility [17–19]. However, this agricultural practice also
poses considerable environmental risks. Fresh straw is readily decomposed by soil microor-
ganisms [17]. Following straw incorporation into paddy fields, the abundant substrates
supplied for methanogens substantially promote CH4 emissions [19–21]. Under climate
warming conditions, rising temperatures further accelerate straw decomposition and the
mineralization of soil organic carbon, and thus strengthen the promoting effect of straw
incorporation on CH4 emissions [22,23]. There is an obvious conflicting relationship be-
tween the advantages of straw incorporation (improving soil fertility and crop yield) and
its disadvantage of increasing greenhouse gas emissions. This conflict greatly hinders the
coordinated development of food security and ecological protection. Therefore, optimizing
straw incorporation management to maintain soil fertility and high crop yield and reducing
the promotion effect of straw incorporation on paddy CH4 emissions are essential. In
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particular, realizing the coordinated goal of stable crop yield and reduced greenhouse gas
emissions under climate warming has become a key research focus and technical bottleneck
in agricultural climate change research.

Straw biochar incorporation is a new method for straw resource utilization. This
process converts crop straw into biochar via pyrolysis before applying it to farmland [24,25].
Straw-derived biochar is characterized by porous structures, stable carbon constituents, and
strong nutrient retention capacity [26]. Its soil amendment can improve soil physicochemi-
cal properties and modulate soil microbial communities, thereby simultaneously increasing
crop yields and reducing greenhouse gas emissions [26–29]. Existing studies show that
straw biochar amendment improves soil water and nutrient retention and optimizes nutri-
ent supply to increase rice grain yield [29,30]. Meanwhile, it reduces paddy CH4 emissions
by improving soil aeration, suppressing methanogen activity, and boosting the growth of
methane-oxidizing bacteria [29–31]. In addition, climatic factors, particularly temperature,
regulate crop growth, nutrient absorption, and phenological development [29,32,33]. Such
temperature-driven shifts may further modify the functional performance of biochar [29,33].
However, most current studies are carried out under ambient temperature. To the best of
our knowledge, scarcely any studies have explored the combined effects of straw biochar
incorporation on double-rice yield and CH4 emissions under climate warming.

Accordingly, we hypothesized that the effects of straw biochar incorporation on rice
yield and CH4 emissions differ between early and late rice, owing to fundamental dif-
ferences in climatic conditions and rice phenology across growing seasons. Early rice
grows during the transition from spring to summer (March–July), with gradually rising
temperatures and relatively abundant rainfall. By contrast, late rice develops from summer
to autumn (July–November), experiencing high initial temperatures followed by a gradual
temperature decline. These divergent thermal conditions may affect the decomposition
rate of straw biochar, soil nutrient availability, and the sensitivity of rice plants to warming.
Specifically, we expected that late-rice yield would be more vulnerable to warming, because
high temperatures during its early-growth stage (tillering and panicle differentiation) coin-
cide with the period when rice is most sensitive to heat stress. Conversely, we anticipated
that straw biochar incorporation would confer greater relative benefits to late rice, as it may
mitigate nutrient competition induced by direct incorporation of fresh straw under high
temperature conditions. We further hypothesized that the CH4 mitigation effect of straw
biochar incorporation would be more pronounced under warming. Higher temperatures
can accelerate microbial decomposition and increase substrate supply for methanogenesis,
whereas biochar incorporation could constrain this temperature driven stimulation by
reducing the availability of labile carbon substrates.

To test this hypothesis, a two-year fixed-site field experiment was carried out from
2022 to 2023 in a typical double-rice cropping system of South China. A free-air temperature
increase (FATI) system was adopted to simulate the intermediate warming scenario and
two straw management treatments were set up, including direct straw incorporation and
straw biochar incorporation. Multiple indicators were systematically measured across all
treatments, including rice yield and yield components, dry matter accumulation, paddy
CH4 emissions, soil physicochemical properties, as well as the abundances of methanogens
and methanotrophs. This study aimed to clarify the regulatory effects and potential
mechanisms of straw biochar incorporation on yield performance and CH4 emissions of
double rice under ambient temperature and climate warming conditions. The findings
provide technical references for optimizing agricultural management practices to balance
food security and ecological protection in double-rice cropping regions under current and
future climate warming conditions.
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2. Materials and Methods
2.1. Experimental Site

A two-year fixed-site field experiment was carried out from 2022 to 2023 at Dafeng
Experimental Base of Guangdong Academy of Agricultural Sciences (23◦09′ N, 113◦22′ E;
Figure 1A–C). This region has a subtropical monsoon climate. The daily average tempera-
ture, precipitation, and sunshine hours during the two experimental years are shown in
Figure S1. Before the experiment, the basic physiochemical properties of topsoil (0–15 cm)
were as follows: pH 5.6, soil organic matter 25.4 g kg−1, total nitrogen 1.12 g kg−1, rep-
resenting medium soil fertility. According to the Chinese Soil Taxonomy (3rd edition), the
experimental soil belongs to Stagnic Anthrosols.

 

Figure 1. Satellite images of the experimental site obtained from Google Earth: (A) location of the
study site within China (marked in red); (B) location within Guangdong Province (marked in red);
(C) plot location at the Dafeng Experimental Base, Guangdong Academy of Agricultural Sciences
(marked in red); and (D) representative field photograph of the experiment.

2.2. Test Materials

Yuehesimiao, a widely cultivated inbred indica rice variety in Guangdong Province,
was used in this study. Straw biochar was derived from rice straw through pyrolysis.
Briefly, rice straw was cut into approximately 10 cm segments, placed in stainless steel
barrels, and carbonized in a muffle furnace. The pyrolysis process was performed at 500 ◦C
with a heating rate of 15 ◦C min−1 and a holding duration of 2 h. The resulting biochar was
cooled naturally prior to use. Only minor differences were observed in the physicochemical
properties of biochar prepared in 2022 and 2023 (Table 1).
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Table 1. Physicochemical properties of straw biochar.

Year Season Recovery
Rate % pH C Concentration

g kg−1
N Concentration

g kg−1
P Concentration

g kg−1
K Concentration

g kg−1

2022 Early 35.6 9.6 456.4 13.2 3.89 13.7

Late 36.3 9.9 457.5 12.4 3.69 14.3

2023 Early 35.7 10.1 451.0 11.5 3.33 13.0

Late 36.2 9.8 457.5 12.2 3.62 13.3

2.3. Experimental Design

The experiment adopted a split-plot design with warming treatment as the main plot
and straw incorporation mode as the subplot, with three replicates for each treatment. A
40 cm wide waterproof ridge was built between adjacent plots to prevent cross-leakage
of water and fertilizer. Two main plot levels were set: ambient temperature (no warming)
and warming. A FATI system was used for continuous warming of the paddy ecosystem
(Figure 1D). The FATI system is a well-established method for simulating future climate
warming under field conditions and has been widely applied in warming experiments
for rice ecosystems [8,11–13]. This system heats the rice canopy using infrared heaters
suspended above the canopy. The warming ran day and night from rice transplanting until
harvest, and the detailed operation was described by Yang et al. [12].

Two subplot levels were included: direct straw incorporation, and straw biochar incor-
poration. For direct straw incorporation, all straw from the previous rice crop was returned
to the field after harvest. The biochar application rate for straw biochar incorporation was
calculated based on the aboveground straw biomass of the previous crop multiplied by
the biochar yield rate. The actual application rates are presented in Table 2. In total, four
treatments were established: ambient temperature with direct straw incorporation (CKS),
ambient temperature with straw biochar incorporation (CKB), warming with direct straw
incorporation (WS), warming with straw biochar incorporation (WB). Each plot covered an
area of 10.5 m2 (3.5 m long × 3.0 m wide).

Table 2. Application rates of straw and biochar under different treatments in 2022 and 2023 (g m−2).

Material Season Treatments 2022 2023

Straw Early rice CKS 750.0 665.3
WS 750.0 636.5

Late rice CKS 611.7 657.8
WS 573.9 617.0

Biochar Early rice CKB 267.0 247.9
WB 267.0 240.3

Late rice CKB 223.0 252.4
WB 226.1 237.6

CKS, ambient temperature with direct straw incorporation; CKB, ambient temperature with straw
biochar incorporation; WS, warming with direct straw incorporation; WB, warming with straw
biochar incorporation.

As shown in Figure S2, compared with the CKS and CKB treatments, the WS and WB
treatments increased the canopy temperature by 2.0 ◦C in the early season and 2.0 ◦C in the
late season of 2022, as well as by 1.8 ◦C in the early season and 1.9 ◦C in the late season
of 2023. For soil temperature, the warming treatments increased the soil temperature by
1.0 ◦C and 0.7 ◦C in the early and late seasons of 2022, and by 0.9 ◦C and 1.1 ◦C in the early
and late seasons of 2023, respectively.
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2.4. Field Management

Both early- and late-rice seedlings were raised under nursery conditions and trans-
planted manually at a planting spacing of 19.8 cm × 16.5 cm. Three to four seedlings
were planted per hill for early rice and two to three seedlings per hill for late rice. The
sowing, transplanting, heading, and maturity dates of early and late rice in 2022 and 2023
are presented in Table S1.

Uniform high-yield local cultivation practices were applied to all treatments for water
and fertilizer management [34,35]. Pure nitrogen was applied at 150 kg·hm−2 for both
early and late rice, with the ratio of base fertilizer:tillering fertilizer:anicle fertilizer = 5:2:3.
Phosphorus (P2O5) was supplied at 48 kg·hm−2 as base fertilizer only. Potassium (K2O)
was applied at 180 kg·hm−2 with a base fertilizer:panicle fertilizer ratio of 6:4. Base fertilizer
was applied two days before transplanting, tillering fertilizer seven days after transplanting,
and panicle fertilizer at the second stage of panicle differentiation.

Water management followed local standard practices: shallow water for transplanting,
thin water layer at tillering, field drainage for seedling control, shallow water during
panicle initiation, and alternating wet and dry conditions during grain filling. Pests, weeds,
and diseases were controlled uniformly following local production standards to avoid
obvious biotic stress during rice growth.

2.5. Measurements
2.5.1. Grain Yield and Yield Components

At maturity, three representative sampling points were selected in each plot, with
20 consecutive rice hills surveyed at each point to count the number of panicles. Five repre-
sentative hills were collected for indoor grain testing to determine spikelets per panicle,
filled grain percentage, and grain weight. Forty hills were harvested from each plot for
yield measurement, and the grain yield was converted to a standard moisture content
of 13.5%.

2.5.2. Dry Matter Accumulation

At the tillering stage (25 days after transplanting), heading stage, and maturity stage,
five representative rice plants were collected per plot and separated into stem-leaf and
panicle fractions. Samples were deactivated at 105 ◦C for 30 min and dried at 75 ◦C to
constant weight to record dry weight and to calculate total dry matter accumulation.

2.5.3. Leaf SPAD Value of Early Rice

During the heading stage of early rice in 2023, 20 panicles with consistent growth
and uniform heading date were marked. SPAD values of the top first, second, and third
leaves of marked panicles were measured using a SPAD-502 chlorophyll meter (SPAD-502
Plus, Konica Minolta, Tokyo, Japan) at 5, 10, 15, 20, and 25 days after heading, and average
values were calculated.

2.5.4. Panicle Structure of Late Rice

At the heading stage of late rice in 2023, three rice hills with uniform growth
were selected from each plot, and all panicles were picked. The following indicators
were recorded: number of primary branches, degraded primary branches, secondary
branches, degraded secondary branches, spikelets on primary branches, degraded spikelets
on primary branches, spikelets on secondary branches, and degraded spikelets on sec-
ondary branches.
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2.5.5. CH4 Emissions

Methane flux was measured using the static chamber–gas chromatography method [36].
Sampling was conducted once every 7 days between 9:00 and 11:00 in the morning. The
stainless-steel static chamber was 50 cm × 50 cm × 50 cm, equipped with a fan and
temperature sensor on the top. During each sampling, the chamber was placed on a
fixed base in the paddy field and sealed. Gas samples were collected at 0, 10, 20, and
30 min after sealing. An Agilent 7890A gas chromatograph (Agilent Technologies, Santa
Clara, CA, USA) was used to test CH4 concentration. Methane flux was calculated based
on concentration changes, and the total seasonal CH4 emissions and methane emission
intensity were further computed.

2.5.6. Soil Physiochemical Properties

Topsoil (0–15 cm) samples were collected from each plot at tillering, heading, and
maturity stages of early and late rice in 2023 via the five-point mixing sampling method.
Stones and plant residues were removed. A portion of fresh soil was stored under re-
frigeration for measuring extractable nitrogen and dissolved organic carbon (DOC). The
remaining soil was air-dried and sieved for soil pH measurement.

Soil pH was determined by the potentiometric method at a soil–water ratio of 1:2.5.
Extractable nitrogen (NH+

4 -N and NO−
3 -N) was extracted with 2 mol L−1 KCl solution and

quantified by a flow injection analyzer (FIA star 5000, FOSS, Hillerød, Denmark). DOC was
extracted with deionized water and measured by a total organic carbon analyzer (Multi
N/C 3100, Jena AG, Jena, Germany).

2.5.7. Abundance of Functional Soil Microorganisms

Real-time quantitative PCR (qPCR) was applied to quantify the abundances of soil
methanogens and methanotrophs. Fresh topsoil (0–15 cm) was sampled at the tillering
stage of early and late rice in 2023, and total soil microbial DNA was extracted with
commercial extraction kits. The functional marker genes mcrA (for methanogens) and pmoA
(for methanotrophs) were selected as target genes for quantification. All qPCR assays were
conducted on a CFX96 real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA,
USA) with two specific primer pairs: MLf/MLr for mcrA and A189f/mb661r for pmoA [13].
Finally, the copy numbers of mcrA and pmoA genes were quantified to reflect the respective
abundances of methanogens and methanotrophs.

2.6. Statistical Analysis

Microsoft Excel 2021 was used for data calculation. Two-way analysis of variance was
performed using R software (Version 4.3.1), and the LSD test from the agricolae package
was adopted for multiple comparisons at the significance level of p < 0.05. All figures and
graphs were plotted with Origin 2021.

3. Results
3.1. Grain Yield and Yield Components of Early and Late Rice

The effects of straw biochar incorporation on double-rice yield differed greatly under
ambient and warming conditions (Figure 2). For early rice (Figure 2A,C,D,G,H): Under
ambient temperature, grain yield and yield components showed no obvious differences
between CKS and CKB. Compared with CKS, WS reduced the two-year average grain
yield by 7.01% (p < 0.05). The panicle number, spikelets per panicle, and filled grain
percentage did not change significantly, while the grain weight decreased by 2.02% on
average (p < 0.05). Under warming conditions, WB increased the two-year average grain
yield by 4.65% relative to WS (p > 0.05). No significant differences were found in panicle
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number, spikelets per panicle, and filled grain percentage, but grain weight rose by 1.90%
(p < 0.05).

 

Figure 2. Effects of straw biochar incorporation on yield and yield components under ambient
and warming conditions. (A,C,D,G,H)—early rice; (B,E,F,I,J)—late rice. CKS, ambient temperature
with direct straw incorporation; CKB, ambient temperature with straw biochar incorporation; WS,
warming with direct straw incorporation; WB, warming with straw biochar incorporation. The lower
and upper boundaries of the box correspond to the lower and upper quartiles, respectively; the
square within the box denotes the arithmetic mean of the data; and the vertical lines extending from
the box represent the overall distribution range of the data. (n = 6). Different lowercase letters indicate
significant differences among treatments (p < 0.05).

For late rice (Figure 2B,E,F,I,J): Under ambient temperature, CKB slightly raised the
grain yield with a two-year average increase of 3.19% relative to CKS (p > 0.05). Its panicle
number increased by 7.10% on average (p < 0.05), whereas spikelets per panicle, filled grain
percentage, and grain weight remained unchanged. Compared with CKS, WS lowered the
two-year average grain yield by 8.47% (p < 0.05). Panicle number, filled grain percentage,
and grain weight showed no obvious variation, but spikelets per panicle dropped by 7.61%
(p < 0.05). Under warming conditions, WB increased the two-year average grain yield by
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6.47% compared with WS (p < 0.05). Panicle number, filled grain percentage, and grain
weight had no significant changes, while spikelets per panicle increased by 8.58% (p < 0.05).

3.2. Dry Matter Accumulation of Early and Late Rice

The responses of dry matter accumulation to straw biochar incorporation varied under
ambient and warming treatments (Figure 3). For early rice (Figure 3A–D): Under ambient
temperature, compared with CKS, CKB increased dry matter accumulation at tillering,
maturity, and dry matter accumulation from heading to maturity by 3.89% (p > 0.05), 4.21%
(p < 0.05), and 8.96% (p < 0.05), respectively. Dry matter accumulation at heading was not
significantly affected. Relative to CKS, WS raised dry matter accumulation at tillering by
8.51% (p < 0.05), with no change at heading. However, dry matter accumulation at maturity
and dry matter accumulation from heading to maturity declined by 5.70% (p < 0.05) and
18.07% (p < 0.05). Under warming conditions, WB increased dry matter accumulation
at tillering, maturity, and dry matter accumulation from heading to maturity by 3.74%
(p > 0.05), 8.44% (p < 0.05), and 22.87% (p < 0.05) compared with WS, while dry matter
accumulation at heading remained similar.

 

Figure 3. Effects of straw biochar incorporation on dry matter accumulation under ambient and
warming conditions. (A–D)—early rice; (E–H)—late rice. CKS, ambient temperature with direct
straw incorporation; CKB, ambient temperature with straw biochar incorporation; WS, warming
with direct straw incorporation; WB, warming with straw biochar incorporation. The lower and
upper boundaries of the box correspond to the lower and upper quartiles, respectively; the square
within the box denotes the arithmetic mean of the data; and the vertical lines extending from the
box represent the overall distribution range of the data. (n = 6). Different lowercase letters indicate
significant differences among treatments (p < 0.05).

For late rice (Figure 3E–H): Under ambient temperature, CKB increased dry matter
accumulation at tillering by 6.85% relative to CKS (p > 0.05). Dry matter accumulation
at heading, maturity, and dry matter accumulation from heading to maturity had no
significant differences between the two treatments. Compared with CKS, WS reduced dry
matter accumulation at tillering, heading, and maturity by 7.45% (p > 0.05), 9.50% (p < 0.05),
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and 6.37% (p < 0.05), respectively. Dry matter accumulation from heading to maturity
was not affected. Under warming conditions, WB increased dry matter accumulation at
tillering, heading, and maturity by 6.35% (p > 0.05), 6.33% (p < 0.05), and 5.98% (p < 0.05)
compared with WS, with no difference in post-heading dry matter accumulation.

3.3. Leaf SPAD Value and Soil Extractable Nitrogen Concentration of Early Rice in 2023

Leaf SPAD values of early rice in all treatments gradually decreased with the increase
of days after heading in 2023 (Figure 4). After heading, CKS and CKB maintained higher
leaf SPAD values than WS and WB. In addition, WB showed higher SPAD values than WS.

 
Figure 4. Effects of straw biochar incorporation on leaf SPAD values of early rice under ambient and
warming conditions (2023). CKS, ambient temperature with direct straw incorporation; CKB, ambient
temperature with straw biochar incorporation; WS, canopy warming with direct straw incorporation;
WB, canopy warming with straw biochar incorporation. Error bars represent standard deviation (n = 3).

Straw biochar incorporation changed soil NH+
4 -N concentrations at heading and ma-

turity of early rice but barely affected NO−
3 -N levels (Figure 5). Under ambient temperature,

CKB raised NH+
4 -N concentration by 25.83% at heading relative to CKS (p < 0.05), while no

difference was observed at maturity. Compared with CKS, WS increased NH+
4 -N concen-

trations by 30.71% at heading (p < 0.05) and 22.08% at maturity (p > 0.05). Under warming
conditions, soil NH+

4 -N concentrations at heading and maturity showed no significant
difference between WB and WS.

3.4. Panicle Structure of Late Rice in 2023

Results from 2023 showed that straw biochar incorporation had no influence on
late-rice panicle structure under ambient temperature (Figure 6). Under warming, straw
biochar incorporation only altered the number of secondary branches and spikelets on
secondary branches, with minor effects on other panicle traits (Figure 6C,G). Specifically,
WS reduced the number of secondary branches by 11.07% (p < 0.05) and the number of
spikelets on secondary branches by 13.48% (p < 0.05) compared with CKS. Relative to
WS, WB increased secondary branches by 7.36% (p < 0.05) and the number of spikelets on
secondary branches by 8.40% (p < 0.05). In addition, WS and WB had significantly more
degraded primary branches but fewer degraded spikelets on primary branches than CKS
and CKB (Figure 6B,F).
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Figure 5. Effects of straw biochar incorporation on soil extractable nitrogen concentration of early
rice under ambient and warming conditions (2023). (A,C)—heading; (B,D)—maturity. CKS, ambient
temperature with direct straw incorporation; CKB, ambient temperature with straw biochar incorpora-
tion; WS, canopy warming with direct straw incorporation; WB, canopy warming with straw biochar
incorporation. Different lowercase letters indicate significant differences among treatments (p < 0.05).

3.5. Pearson Correlations Between Grain Yield and Yield-Related Physiological and
Agronomic Traits

Pearson correlation analyses were performed to explore the relationships between
the grain yield and key yield-related agronomic and physiological traits (Figure 7). For
early rice, the grain yield exhibited significant positive correlations with the grain weight
(p < 0.01), dry-matter accumulation at maturity (p < 0.01), dry-matter accumulation from
heading to maturity (p < 0.01), and average SPAD value (p < 0.01). For late rice, the grain
yield exhibited significant positive correlations with spikelets per panicle (p < 0.01) dry-
matter accumulation at tillering (p < 0.01), number of secondary branches (p < 0.01), and
number of spikelets on secondary branches (p < 0.01).

3.6. CH4 Flux, CH4 Emissions, and Yield-Scaled CH4 Emissions of Early and Late Rice

Straw biochar incorporation significantly changed CH4 flux under both ambient and
warming conditions and greatly lowered the peak CH4 flux from paddy fields (Figure 8).
For CH4 emissions (Figure 9A,B): Compared with CKS, CKB reduced CH4 emissions by
48.67% (p < 0.05) in early rice and 35.22% (p < 0.05) in late rice. WS showed no obvious
change in early-rice CH4 emissions but decreased late-rice emissions by 18.43% relative to
CKS (p < 0.05). Compared with WS, WB reduced CH4 emissions by 57.81% (p < 0.05) in
early rice and 42.55% (p < 0.05) in late rice. For yield-scaled CH4 emissions (Figure 9C,D):
Relative to CKS, CKB lowered yield-scaled CH4 emissions by 47.75% (p < 0.05) in early
rice and 37.22% (p < 0.05) in late rice. WS had no significant influence on CH4 emission
intensity in both rice seasons relative to CKS. Compared with WS, WB reduced yield-scaled
CH4 emissions by 59.61% (p < 0.05) in early rice and 46.09% (p < 0.05) in late rice.
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Figure 6. Effects of straw biochar incorporation on panicle structure of late rice under ambient and
warming conditions (2023). (A) number of primary branches; (B) number of degenerated primary
branches; (C) number of secondary branches; (D) number of degenerated secondary branches;
(E) number of spikelets on primary branches; (F) number of degenerated spikelets on primary
branches; (G) number of spikelets on secondary branches; (H) number of degenerated spikelets
on secondary branches. CKS, ambient temperature with direct straw incorporation; CKB, ambient
temperature with straw biochar incorporation; WS, canopy warming with direct straw incorporation;
WB, canopy warming with straw biochar incorporation. Different lowercase letters indicate significant
differences among treatments (p < 0.05).

3.7. Soil Physicochemical Properties and Functional Microbial Abundance at Peak CH4 Flux Stage
in 2023

Data from 2023 indicated that straw biochar incorporation had no significant effect on
soil pH and NO−

3 -N concentration under ambient and warming conditions for both rice sea-
sons (Figure 10A,C,G,I). In the early season under ambient temperature (Figure 10B,D–F):
Compared with CKS, CKB decreased NH+

4 -N concentration by 13.47% (p < 0.05), DOC
concentration by 23.02% (p > 0.05), methanogen abundance by 21.12% (p > 0.05), and
methanotroph abundance by 14.08% (p > 0.05). Under warming conditions, WB reduced
NH+

4 -N concentration by 28.98% (p < 0.05), DOC concentration by 64.73% (p < 0.05),
methanogen abundance by 10.66% (p > 0.05), and methanotroph abundance by 23.09%
(p > 0.05) relative to WS.

In the late-rice season under ambient temperature (Figure 10H,J–L): Compared with
CKS, CKB lowered NH+

4 -N concentration by 12.23% (p > 0.05), DOC concentration by
45.02% (p < 0.05), and methanogen abundance by 13.23% (p > 0.05), while methanotroph
abundance showed no difference. Under warming conditions, WB reduced NH+

4 -N con-
centration by 11.98% (p > 0.05), DOC concentration by 69.19% (p < 0.05), and methanogen
abundance by 64.31% (p < 0.05) compared with WS, with no significant variation observed
in methanotroph abundance.
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Figure 7. Pearson correlations between grain yield and yield-related physiological and agronomic
traits. (A,C,E,G)—early rice; (B,D,F,H)—late rice. ** denote extremely significant correlations
(p < 0.01). (A–E)—n = 24; (F–H)—n = 12.

3.8. Pearson Correlations Between CH4 Emissions, NH+
4 -N Concentration, DOC Concentration,

and Abundance of Methanogens

As shown in Figure 11, CH4 emissions exhibited a significant positive correlation
with soil NH+

4 -N concentration in the early-rice season (Figure 11A, p < 0.01), whereas
no significant correlation was observed for late rice (Figure 11B, p > 0.05). CH4 emissions
were significantly positively correlated with soil DOC concentration in both the early- and
late-rice seasons (Figure 11C,D, p < 0.01). Additionally, CH4 emissions were significantly
positively correlated with mcrA gene abundance in the early-rice season (Figure 11E,
p < 0.05) and late-rice season (Figure 11F, p < 0.01).
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Figure 8. Effects of straw biochar incorporation on CH4 flux under ambient and warming conditions.
(A,C)—early rice; (B,D)—late rice. (A,B)—2022; (C,D)—2023. CKS, ambient temperature with direct
straw incorporation; CKB, ambient temperature with straw biochar incorporation; WS, canopy
warming with direct straw incorporation; WB, canopy warming with straw biochar incorporation.
Error bars represent standard deviation (n = 3).

 
Figure 9. Effects of straw biochar incorporation on CH4 emissions and yield-scaled CH4 emissions
under ambient and warming conditions. (A,C)—early rice; (B,D)—late rice. CKS, ambient tempera-
ture with direct straw incorporation; CKB, ambient temperature with straw biochar incorporation;
WS, warming with direct straw incorporation; WB, warming with straw biochar incorporation. The
lower and upper boundaries of the box correspond to the lower and upper quartiles, respectively;
the square within the box denotes the arithmetic mean of the data; and the vertical lines extending
from the box represent the overall distribution range of the data. (n = 6). Different lowercase letters
indicate significant differences among treatments (p < 0.05).
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Figure 10. Effects of straw biochar incorporation on soil pH, extractable nitrogen, DOC, and abun-
dance of methanogens and methanotrophs at tillering under ambient and warming conditions (2023).
(A–F)—early rice; (G–L)—late rice. CKS, ambient temperature with direct straw incorporation; CKB,
ambient temperature with straw biochar incorporation; WS, warming with direct straw incorpora-
tion; WB, warming with straw biochar incorporation. Different lowercase letters indicate significant
differences among treatments (p < 0.05).
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Figure 11. Pearson correlations between CH4 emissions, NH+
4 -N concentration, DOC concentration,

and abundance of methanogens. (A,C,E)—early rice; (B,D,F)—late rice. * and ** denote significant
(p < 0.05) and extremely significant (p < 0.01) correlations, respectively. n = 12.

4. Discussion
4.1. Differential Regulatory Effects of Straw Biochar Incorporation on Early- and Late-Rice Yield

Grain yield is a core index to judge the practical value of agricultural management
practices. Based on a two-year field experiment, this study found that the yield regulation
of straw biochar incorporation showed obvious dependence on climate conditions and
differed between early- and late-rice seasons (Figure 2A,B). This result matches previous
reports that the yield effect of straw biochar incorporation varies with environmental
backgrounds [29,31]. Under ambient temperature, there was no significant difference in
grain yield of early and late rice between CKB and CKS (Figure 2A,B). Earlier studies
reported inconsistent yield responses to biochar application. Most studies stated that
biochar increased rice grain yield [30,31,37]. However, several works found no obvious
yield improvement or even yield reduction after biochar addition [38–40]. The yield
performance of biochar incorporation depends on application rate, initial soil fertility, and
experimental duration. Biochar usually brings larger yield gains in poor soil or under high
application rates [38,41]. The experimental soil in this study had medium fertility, and
the seasonal biochar application rates were relatively low. The supply of nutrients and
improvement of soil structure failed to reach the threshold for significant yield promotion.
Therefore, straw biochar incorporation could not further raise grain yield under the present
experimental conditions.
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Under warming conditions, WS significantly reduced early-rice yield compared with
CKS (Figure 2A,B). This further demonstrates the negative effects of the intermediate
climate warming scenario on rice grain yield [12,42]. This study revealed different yield
reduction mechanisms induced by warming between the two rice seasons. The reduction
in early-rice yield was mainly attributed to weakened photosynthate production after
heading: lower leaf SPAD values after heading (Figure 4) not only reduced dry matter
accumulation at maturity, but also decreased dry matter accumulation from heading to
maturity, ultimately resulting in lower grain weight (Figures 2H and 3C,D). In contrast, the
decrease in late-rice yield was mainly caused by warming-induced inhibition of early-stage
plant growth. Under warming conditions, late rice showed reduced dry matter accumu-
lation at the tillering stage (Figure 3E) and declines in the number of secondary branches
and spikelets on secondary branches (Figure 6C,G), which in turn reduced spikelets per
panicle (Figure 2F). Correlation analyses also supported the above mechanisms: early-rice
yield was significantly positively correlated with leaf SPAD values (Figure 7G), dry matter
accumulation at maturity (Figure 7C), dry matter accumulation from heading to matu-
rity (Figure 7E), and grain weight (Figure 7A); late-rice yield was significantly positively
correlated with dry matter accumulation at the tillering stage (Figure 7D), the number of
secondary branches (Figure 7F), spikelets on secondary branches (Figure 7H), and spikelets
per panicle (Figure 7B). These observations agree with previous conclusions that warming
accelerates plant phenology, shortens the period for dry matter accumulation, disturbs
panicle differentiation, and thus cuts spikelets per panicle and grain weight [8,12,43].

Notably, WB could mitigate yield loss caused by warming, whereas this mitigating
effect exhibited seasonal dependence (Figure 2A,B). For late rice, WB significantly increased
grain yields relative to WS. For early rice, WB produced a numerical increase in yield
without reaching statistical significance. These findings suggest that straw biochar incorpo-
ration can partially mitigate warming-induced yield losses under the intermediate climate
warming scenario. Further analyses of yield-formation processes together with correlation
analyses revealed that the mitigation of early-rice yield loss under WB mainly benefited
from higher grain weight (Figure 2H), increased post-heading dry matter accumulation
(Figure 3D), and the maintenance of high leaf SPAD values after heading (Figure 4). By
contrast, the recovery of late-rice yield was primarily attributed to more spikelets per
panicle (Figure 2F), improved dry matter accumulation at the tillering stage (Figure 3E), as
well as increases in the number of secondary branches and spikelets on secondary branches
(Figure 6C,G).

Such seasonal differences may arise from distinct temperature conditions in growing
seasons and the ability of biochar incorporation to ease high-temperature stress during the
early growth of late rice. Fresh straw incorporated in the late-rice season competes with
rice seedlings for nutrients during decomposition, which restricts seedling recovery and
early growth. This nutrient competition became more serious under warming, as reflected
by the difference in tillering dry matter accumulation of late rice (Figure 3E). In contrast,
straw biochar incorporation supported better seedling recovery and early growth of late
rice, also supported by tillering dry matter data (Figure 3E). The stable structure of biochar
can absorb nutrients and release them slowly, avoiding short-term nutrient competition.
In addition, its porous structure improves soil aeration and nutrient retention, creating a
better soil environment for early growth of late rice.

4.2. Inhibitory Effect of Straw Biochar Incorporation on CH4 Emissions from Double-Cropping
Rice Paddies

Paddy fields are the dominant source of CH4 emissions in agricultural ecosystems,
and straw incorporation methods largely control CH4 release [19,25,44]. In this study,
straw biochar incorporation greatly reduced seasonal CH4 emissions under both ambient
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and warming treatments, with a tendency toward numerically greater reductions under
warming (Figure 9A,B). Accordingly, straw biochar incorporation acts as an effective
mitigation strategy under the intermediate climate warming scenario and can support the
emission reduction targets projected for this scenario. This finding further demonstrates
that straw biochar incorporation avoids the risk of extra CH4 emissions brought by direct
straw incorporation [44,45]. It provides an important solution to balance soil fertility
improvement and greenhouse gas reduction [30,31,45].

Previous studies summarized several mechanisms for biochar incorporation to cut
CH4 emissions: biochar incorporation raises soil pH [36,46], lowers NH+

4 -N concentra-
tion [47] and DOC concentration [45], decreases methanogen abundance, and increases
methanotroph abundance [44].

By analyzing soil physicochemical properties, functional microbial abundance, and
their correlations with CH4 emissions, this study clarified three core mechanisms through
which straw biochar incorporation suppresses CH4 production in paddies. First, straw
biochar incorporation reduces soil DOC concentration (Figure 10D,J), and soil DOC con-
centration is significantly positively correlated with CH4 emissions (Figure 11C,D). As
the primary carbon substrate for methanogens, lower DOC input following straw biochar
incorporation suppresses CH4 production via substrate limitation [17,45]. Second, straw
biochar incorporation decreases soil NH+

4 -N concentration (Figure 10B,H), which is also
significantly positively correlated with CH4 emissions in early-rice season (Figure 11A).
Low NH+

4 -N levels can inhibit methanogen growth and reproduction [47,48]. Third, straw
biochar incorporation reduces methanogen abundance (Figure 10E,K), and methanogen
abundance shows a significant positive correlation with CH4 emissions (Figure 11E,F).
This phenomenon may be attributed to the simultaneous decline in DOC and NH+

4 -N
concentrations, which together restricted the reproduction of methanogens [45,49]. In
addition, no obvious change in methanotroph abundance was observed within the same
temperature treatment. This means straw biochar incorporation suppresses CH4 emissions
mainly by cutting CH4 production rather than boosting CH4 oxidation.

This study also observed that direct straw incorporation under warming (WS) reduced
total late-rice CH4 emissions compared with CKS (Figure 9B). This result differs from
most previous reports which stated warming either increases CH4 emissions or causes
no significant change [13,14,16]. One plausible explanation for future research is that
warming inhibits the early-stage growth of late rice and significantly reduces dry matter
accumulation at the tillering stage (Figure 3E). Reduced plant biomass may result in lower
root exudates, which serve as key carbon substrates for methanogens [50]. However,
since root biomass and root exudates were not measured in this study, this mechanism
remains speculative.

Combining grain yield and CH4 emission responses, straw biochar incorporation
achieves two targets under the current climate: stable rice yield and lower CH4 emissions.
Under the intermediate climate warming scenario, this practice can partially mitigate
warming-induced yield losses while simultaneously reducing paddy CH4 emissions. This
study provides scientific evidence for shifting straw management from direct incorporation
to biochar incorporation: policy-wise, the transition should be incentivized through subsi-
dies and carbon trading; extension-wise, barriers related to cost and awareness should be
overcome via mobile pyrolysis units, demonstration plots, and training programs; strategi-
cally, this practice can be integrated into climate adaptation plans for the double-cropping
rice region in South China, achieving both stable yield and emission reduction.
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4.3. Limitations and Perspectives

Although this two-year fixed-site field experiment clarified the combined effects and
mechanisms of straw biochar incorporation on double-cropping rice yield and CH4 emissions
under ambient and warming conditions, three limitations should be noted. First, this study
demonstrated that straw biochar incorporation could partially mitigate warming-induced
yield loss and substantially reduce CH4 emissions under the intermediate climate warming
scenario, whereas its performance under other climate warming scenarios remains unclear.
Second, the experiment lasted only two years. Long-term ecological effects, such as soil carbon
pool accumulation and yield stability, were not fully evaluated. Because biochar is very stable,
its long-term effects may differ from the short-term responses [27,38,40]. Beyond ecological
responses, its broader climate benefits and economic feasibility also remain to be further
assessed through life-cycle analysis and multi-site long-term investigations. Third, only a
single biochar application rate was adopted in this study, which precludes exploration of the
dose-response effect of straw biochar incorporation [27,38]. Future research should establish
gradient biochar application rates, integrate long-term field monitoring, and perform process-
based model simulation and economic benefit analysis, to further improve the generalizability
and predictability of the research conclusions.

5. Conclusions
A two-year field experiment conducted from 2022 to 2023 yielded the following con-

clusions. Under ambient temperature, straw biochar incorporation stabilized the grain
yield of both early and late rice and substantially reduced CH4 emissions across both rice
growing seasons. Under the intermediate climate warming scenario, straw biochar incor-
poration can partially mitigate grain yield losses while markedly lowering seasonal CH4

emissions. Straw biochar incorporation suppressed CH4 emissions mainly by lowering soil
NH+

4 -N, DOC concentrations, and methanogen abundance. Straw biochar incorporation
alleviated warming-induced yield loss through different pathways for the two rice seasons.
For early rice, it raised grain weight, dry matter accumulation from heading to maturity,
and post-heading leaf SPAD values. For late rice, it increased spikelets per panicle, dry
matter accumulation at the tillering stage, as well as the number of secondary branches
and spikelets on secondary branches. In summary, straw biochar incorporation achieves
stable rice yield and CH4 mitigation under the current climate conditions. It further realizes
coordinated yield loss reduction and CH4 mitigation under future climate warming. This
management practice can help double-rice cropping systems in South China to cope with
climate warming and to balance rice productivity and ecological conservation goals.

Supplementary Materials: The following supporting information can be downloaded at: https:
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and soil temperature under ambient (CKS/CKB) and warming (WS/WB) conditions; Table S1: Key
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